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The clinical treatment of diseases affecting the eye globe, and specifically the retina
and posterior eye segment, is often hindered by the physiological protection structures
and mechanisms of the organ, as well as by the unsuitable physico-chemical features
of the active molecules. Intravitreal injection of drugs and monoclonal antibodies is at
present the most common therapeutic procedure to reach the retinal area; however, it is
associated with a high risk of side effects and requires the intervention of a physician.
One of the ‘dream goals’ in this field is to reach the retinal area using a simple topically
applied eye-drop formulation. Research in recent years has progressively made new
strategies and technologies available in order to overcome the problems that hinder an
efficacious ocular drug bioavailability, leading to even more safe, easy-to-use, and highly
compliant therapeutic means. Controlled release as well as nanomedicine approaches,
mainly based on polymeric or lipid matrices, are among the most largely explored strategies
to pursue this aim. This Topic is aimed at collecting the most recent studies from worldwide
laboratories to make an update of the state of the art and open new perspectives toward
innovative and effective ocular therapies. In particular, studies dealing with biotech
products and gene material will be welcomed, since the association of new therapeutic
means with personalized treatments is set to become the most exciting objective for the
future of ophthalmology.

We are extremely delighted to present the latest research, and review works that
demonstrate the new challenges to achieving an effective ocular drug delivery to increase
bioavailability and therapeutic efficacy, while at the same time reducing the risk of side
effects. The articles selected for this Topic include the following;:

1.  “Suprachoroidal Injection: A Novel Approach for Targeted Drug Delivery”.

2. “Innovative Strategies for Drug Delivery to the Ocular Posterior Segment”.

3. “Honey-Related Treatment Strategies in Dry Eye Disease”.

4 “Rutin/Sulfobutylether-3-Cyclodextrin as a Promising Therapeutic Formulation for
Ocular Infection”.

5. “Formulating Resveratrol and Melatonin Self-Nanoemulsifying Drug Delivery Sys-
tems (SNEDDS) for Ocular Administration Using Design of Experiments”.

6.  “Fabrication and Characterization of an Enzyme-Triggered, Therapeutic-Releasing
Hydrogel Bandage Contact Lens Material”.

7. “Celecoxib/Cyclodextrin Eye Drop Microsuspensions: Evaluation of In Vitro Cytotox-
icity and Anti-VEGF Efficacy for Retinal Diseases”.

8. “A Rapid Screening Platform for Simultaneous Evaluation of Biodegradation and
Therapeutic Release of an Ocular Hydrogel”.

Pharmaceutics 2024, 16, 794. https:/ /doi.org/10.3390/ pharmaceutics16060794
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9.  “Development of ARPE-19-Equipped Ocular Cell Model for In Vitro Investigation on
Ophthalmic Formulations”.

10. “Development and Bioactivity of Zinc Sulfate Cross-Linked Polysaccharide Delivery
System of Dexamethasone Phosphate”.

11.  “Development of Osthole-Loaded Microemulsions as a Prospective Ocular Delivery Sys-
tem for the Treatment of Corneal Neovascularization: In Vitro and In Vivo Assessments”.

12.  “Discovery and Potential Utility of a Novel Non-Invasive Ocular Delivery Platform”.

13.  “Travoprost Liquid Nanocrystals: An Innovative Armamentarium for Effective Glau-
coma Therapy”.

In this way, readers will have the opportunity to read three excellent review articles
on different topics, including the use of suprachoroidal injection for drug delivery. The
second article covers different innovative strategies for drug delivery to the ocular posterior
segment, namely, the use of nanomedicine, liposomes, nanomicelles, dendrimers, organic
nanopolymers, ocular inserts, hydrogels, and contact lenses, among others. Finally, the last
article covers the use of honey in the treatment of dry eye disease.

As far as the research articles are concerned, several examples of targeted and con-
trolled release of ocular drugs are presented, namely, rutin/sulfobutylether-3-cyclodextrin
for ocular injection, resveratrol and melatonin self-nanoemulsifying drug delivery systems
(SNEDDS) for ocular administration, enzyme-triggered, therapeutic-releasing hydrogel ban-
dage contact lens material, celecoxib/cyclodextrin eye drop microsuspensions, zinc sulfate
cross-linked polysaccharide delivery system of dexamethasone phosphate, osthole-loaded
microemulsions for the treatment of corneal neovascularization, and finally, travoprost
liquid nanocrystals for the treatment of glaucoma.

We would like to take this opportunity to thank all the authors who have made an
exemplary contribution with their valuable literature reviews and scientific research in the
field of the ocular drug delivery.

We also believe that the works carried out by everyone and presented in this excellent
Topic are exceptional contributions to the continued and future scientific progress in the
field of ophthalmic modified drug release.

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

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
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Abstract: Treating posterior segment and retinal diseases poses challenges due to the complex
structures in the eye that act as robust barriers, limiting medication delivery and bioavailability. This
necessitates frequent dosing, typically via eye drops or intravitreal injections, to manage diseases,
often leading to side effects with long-term use. Suprachoroidal injection is a novel approach for
targeted drug delivery to the posterior segment. The suprachoroidal space is the region between the
sclera and the choroid and provides a potential route for minimally invasive medication delivery.
Through a more targeted delivery to the posterior segment, this method offers advantages over
other routes of administration, such as higher drug concentrations, increased bioavailability, and
prolonged duration of action. Additionally, this approach minimizes the risk of corticosteroid-related
adverse events such as cataracts and intraocular pressure elevation via compartmentalization. This
review focuses on preclinical and clinical studies published between 2019 and 2023, highlighting the
potential of suprachoroidal injection in treating a variety of posterior segment diseases. However, to
fully harness its potential, more research is needed to address current challenges and limitations, such
as the need for technological advancements, refinement of injection techniques, and consideration of
cost and accessibility factors. Future studies exploring its use in conjunction with biotech products,
gene therapies, and cell-based therapies can lead to personalized treatments that can revolutionize
the field of ophthalmology.

Keywords: ophthalmology; ocular diseases; drug delivery; controlled drug release; retina; posterior
segment diseases; ocular drug bioavailability; suprachoroidal injection

1. Introduction

The landscape of ocular drug delivery is in constant evolution, presenting new chal-
lenges and opportunities in the field of ophthalmology. Treating posterior segment and
retinal diseases is particularly challenging due to the eye’s complex structures that act as
barriers to drug delivery and bioavailability [1]. Traditional administration methods, such
as eye drops, periocular and intravitreal (IV) injections, and systemic medications, often
require frequent dosing and can result in substantial side effects with long-term use [2].
Recently, suprachoroidal (SC) injection has emerged as a novel strategy for targeted drug
delivery to the posterior segment of the eye, offering an innovative approach to address
these challenges [3].

The suprachoroidal space (S5CS), an anatomical niche nestled between the sclera and
the choroid, provides a minimally invasive conduit for precise medication delivery. This
approach not only enhances drug concentrations in the posterior segment, increasing drug
bioavailability and duration of action but also minimizes the risk of corticosteroid-related
adverse events through compartmentalization [4]. The potential of SC injection has been
highlighted by promising results from recent preclinical and clinical studies.

Pharmaceuticals 2023, 16, 1241. https://doi.org/10.3390/ph16091241 3
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This review offers a comprehensive overview of SC injection, covering its rationale,
techniques, biomechanics, and implications in treating diverse ocular diseases, particularly
those affecting the posterior segment. We also explore the current challenges and future
prospects of this technique.

While prior review articles have mainly addressed the use of SC injection for macular
edema secondary to conditions such as uveitis, diabetic retinopathy, or CRVO [5-7], our
review uniquely extends beyond existing clinical data. We explore not only the application
of this technique in clinical settings but also delve into preclinical studies for other ocular
conditions such as glaucoma, retinitis pigmentosa, and various chorioretinal diseases. This
review goes beyond simply informing clinicians about existing indications as we shed
light on new therapeutic possibilities emerging from preclinical studies yet to be applied to
human subjects. Furthermore, our examination of the biomechanics of SC injection serves
to bridge the gap between theoretical understanding and clinical practice by exploring how
alterations in various physical parameters of the injection can influence its applicability.

To achieve this, we performed an extensive literature review, mainly focusing on
articles published post-2020, to ensure the inclusion of the latest advancements and insights.
Through this exploration, we aspire to capture the current state of this technique, elucidate
potential avenues for improvement and innovation, and provide a reference point for
further research and clinical applications in this rapidly evolving field.

2. Anatomy and Physiology
2.1. Choroid

The choroid, a layer in the eye, is nourished by blood from the posterior ciliary arteries.
This blood flows through two key sub-layers of choroidal vessels, the Haller and Sattler
layers, to reach the choriocapillaris, where arterial pressure reduces to a lower level. The
choroid’s thickness varies across its expanse, being thickest in the central macular region
and thinnest at the ora serrata. Typically, in most 50-year-olds, the choroid measures about
287 um subfoveally, though thickness can vary with age and ocular disease conditions [8].

Located in the posterior pole, the choriocapillaries feature an intricate capillary net-
work that is more irregular toward the periphery. The choroid’s composition also includes
loose connective tissue, fibroblasts, and melanocytes. In the post-choriocapillaris, blood is
gathered in venules, followed by larger channels, to drain into the superior and inferior
ophthalmic veins through the vortex veins [9].

The choroid plays a crucial role in supplying nutrients, particularly oxygen, to the
retina, one of the body’s most metabolically active tissues (Figure 1). Approximately 90%
of the oxygen consumed by the outer retina, housing photoreceptors, and retinal pigment
epithelium (RPE), is provided by choroidal circulation. Furthermore, the choroid features
the highest blood flow rate of any tissue in the body. Despite the high metabolic demand
of these tissues, the exiting venous blood maintains high oxygen tension, reflecting the
choroid’s efficient function in nutrient delivery and metabolic waste removal [9].

2.2. Sclera

The sclera consists of collagen and a small number of elastic fibers embedded in a
proteoglycan matrix. Its thickness varies, being the thinnest near the muscle insertion sites
and thicker posterior to the limbus, where it terminates [10].

An essential characteristic of the sclera is its permeability, facilitating bidirectional
molecular transport. Its permeability enables drug delivery via injections into the sub-
Tenon space. However, the sclera’s hydrophilic nature means that its permeability to
hydrophobic or amphiphilic substances, including certain medications, can vary. This prop-
erty is a crucial factor to consider when planning periocular injections of pharmacological
agents [11].
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Figure 1. Anatomy of the Retina and Choroid. Critical Role of the Choroid in Nutrient Supply to the
Retina.

The thickness of the human sclera varies between individuals and across different
regions of the eye. A histomorphometric study conducted by Vurgese, Panda-Jonas, and
Jonas on 238 human eyes found that in non-axially elongated eyes (axial length < 26 mm,
with the average axial length usually being around 23 mm), the sclera was thickest at the
posterior pole (0.94 & 0.18 mm), followed by the peri-optic nerve region (0.86 & 0.21 mm),
and the midpoint between the posterior pole and equator (0.65 £ 0.15 mm). The thick-
ness decreases toward the limbus (0.50 £+ 0.11 mm), the ora serrata (0.43 + 0.14 mm),
and the equator (0.42 £ 0.15 mm) and is the thinnest at the peripapillary scleral flange
(0.39 = 0.09 mm) [11]. The relatively small inter-individual variability in scleral thickness
supports a standardized approach to injections, allowing clinicians to use a uniform mi-
croneedle length. For most cases, a 0.9 mm microneedle suffices, while certain scenarios
may require a slightly longer 1.1 mm microneedle [12,13]. This finding simplifies the
suprachoroidal injection procedure, as it reduces the need for individualized microneedle
length adjustments based on patient-specific ocular characteristics.

For axially elongated eyes (i.e., myopic eyes, axial length > 26 mm), scleral thinning
is more pronounced at and posterior to the equator, with a greater thinning as it nears
the posterior pole [11]. Interestingly, the inter-individual variability in scleral thickness is
found to be different in high myopia. However, despite this regional scleral thinning, it
does not necessitate alterations in the needle length for suprachoroidal injections. This is
due to the fact that these injections are typically administered at an anterior location where
the thickness of the sclera is relatively consistent among individuals [14].
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2.3. Suprachoroidal Space

The SCS is a potential area nestled between the sclera and the choroid (Figure 2) [15].
This space is often in close contact due to the intraocular pressure (IOP) [16] and the
presence of attaching fibers [17]. However, the introduction of fluid, whether internally or
externally, can transform this potential space into a more defined one.

Sclera

Suprachoroidal Space
Choroid
Retina

Vitreous

Figure 2. Anatomy of the Suprachoroidal Space and Posterior Segment.

The SCS has shown considerable expansion following the injection of certain drugs in
this area. A study involving the injection of triamcinolone acetonide in the SCS demon-
strated a notable increase in mean SCS width, from 9.9 um to 75.1 um [4]. This expansion
proved the influence of SC injection in manipulating the SCS’s physical attributes. However,
the increase was temporary, with the SCS width returning to approximately 14.9 um a
month after the final injection, revealing no lasting impact on the SCS’s anatomy [4].

The SCS, located between the sclera and choroid, has boundaries that are anatomically
distinct. Anteriorly, the SCS extends up to the scleral spur, a pivotal landmark that marks
the juncture of scleral attachment to the ciliary body. Posteriorly, the SCS is situated near
the optic nerve and short posterior ciliary arteries [3,12,18,19]. It is essential to recognize the
anatomical placement of the SCS when considering pharmacological interventions, such as
SC injections. Distinguishing the SCS from the subretinal space is crucial, as the former
lacks the immune privilege characteristic due to its position outside the blood-retinal
barrier. For clarity, it is worth revisiting the structure of the blood—ocular barrier. This
barrier consists of the vascular endothelium of the retina, which is non-fenestrated and
bound by tight junctions. Although the choroidal vessels are fenestrated, the barrier is
maintained through the presence of tight junctions within the retinal pigment epithelium
(RPE) [3,12,18,19].

3. Route of Administration

Numerous routes are available for administering ocular medications, each with unique
strengths and weaknesses. Standard methods include systemic delivery (e.g., oral, intra-
venous, and subcutaneous routes) and local delivery methods (e.g., topical eye drops,
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periocular or IV injections, and IV implants). While these methods can be effective, they
can also come with certain limitations [20]. An overview of the advantages and disadvan-
tages associated with each ocular drug administration method is summarized in Table 1:
Comparison of Different Ocular Drug Administration Methods and Figure 3 [2,21].

Table 1. Comparison of Different Ocular Drug Administration Methods [2,20,21].

Injection Method Advantages Disadvantages
Prevalent, well-known method Low bioavailability to posterior segment tissues
Non-invasive method for ocular drug Short duration of action, requiring frequent
delivery administration

Topical Eye Drops [22]

Relies on patient’s compliance

Local complications (ocular surface irritation,
cataracts, ocular hypertension, periocular aesthetic

Systemic Drug Administration

issues)
Noninvasive and potentially High doses often required due to reduced
patient-preferred accessibility to targeted ocular tissues

Usable as standalone or in combination ~ Potential systemic side effects due to high dosage,
with topical delivery necessitating safety and toxicity considerations

Effective bioavailability is challenging due to
blood-ocular barriers

Intravitreal Injection [23]

Office-based, outpatient procedure Requires frequent in-office visits

Potential for severe complications

High bioavailability (bypass corneal and (Endophthalmitis, retinal detachment, vitreous

blood-retinal barriers)

hemorrhage)
Fewer systemic side effects compared to Local complications (increased IOP, cataract
oral or IV administration formation)
Rapid therapeutic onset Possible post-injection floaters

Systemic absorption and side effects can still occur

Subretinal Injection [24]

Targeted treatment for the RPE and outer

. Invasive procedure, requires vitrectomy
retina

Reduced immune reactions for gene
therapy using viral vectors (due to
injection in an immune-privileged site)

Limited distribution of injectate within subretinal
space; effects confined to injection site

3.1. Topical Administration

Topical administration, often in the form of eye drops, is a prevalent non-invasive
method for ocular drug delivery. However, it is associated with several challenges as a
consequence of the anatomy and physiology of the eye.

First, the concentration gradient from the tear reservoir to the cornea or conjunctiva
drives passive absorption, but only approximately 20% of a drop (about 10 uL of the 50 pL
drop) is retained in the eye [25]. Within 3—4 min, half of the administered medication has
typically left the eye, with a turnover rate of roughly 15% per minute. Factors such as
reflex tearing, consecutive dosing, and the small cul-de-sac of the eye contribute to a fast
tear turnover time, further accelerating drug clearance and challenging the effective drug
absorption [2,21].

Second, medications need to travel through the dual barriers posed by the hydrophobic
tight junctions formed by the epithelium and endothelium, as well as the hydrophilic stroma
layer of the cornea (Figure 3) [26]. The inherent low permeability of the cornea and sclera
impedes this process, diminishing the bioavailability of the topically administered drug.
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5. Intravitreal route

4. Subretinal route

1. Tropical route

2. Subconjunctival
route

3. Suprachoroidal route
A\ (microneedle)

Figure 3. An Overview of Various Ophthalmic Medication Delivery Routes. This figure illustrates the
range of administration methods used in ophthalmic medicine, including topical, subconjunctival,
intravitreal, suprachoroidal, and subretinal techniques.

Due to the relatively impermeable corneal barriers and high tear turnover rates, topical
administration often necessitates frequent, high-dose applications. This approach can cause
local and systemic side effects, potentially reducing patient compliance [27]. Remarkably,
studies have indicated that the rate of medication non-compliance in the general population
is approximately 80% [28]. Such challenges are often exacerbated in certain populations,
such as the elderly and those with physical disabilities.

Additionally, the exposure of unaffected tissue to drugs may lead to certain side effects.
For instance, chronic usage of topical steroids can result in complications such as cataracts
and ocular hypertension [22]. Similarly, topical prostaglandins can lead to undesirable
periocular aesthetic concerns [29].

Overall, while topical application serves as a primary mode of ocular drug delivery,
these complexities underline the need for advancements in methods of drug delivery.

3.2. Systemic Administration

Oral delivery has been explored as a potential drug administration route for ocular
conditions, either standalone or in combination with topical delivery [30-33]. Although it
could be a noninvasive, patient-preferred method for managing chronic retinal diseases,
the limitations of oral administration include its reduced accessibility to many targeted
ocular tissues, necessitating high doses for therapeutic efficacy. However, high dosage can
result in systemic side effects, making safety and toxicity critical considerations [34,35].

For the oral route to be effective in ocular applications, high oral bioavailability is a key
requirement. Furthermore, following oral absorption, molecules must navigate through
systemic circulation and across the blood—ocular barriers, notably the blood-aqueous and
blood-retinal barriers (Figure 4). The blood-retinal barrier is further stratified into an
inner barrier, protected by the fenestrated endothelium of retinal vasculature, and an outer
barrier, upheld by tight junctions within the RPE. The functional properties and inherent
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barriers posed by these protective ocular structures represent significant challenges for the
systemic drug administration [34,35].

Blood Aqueous Barrier
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Figure 4. Anatomical and Physiological Barriers in the Eye Impacting Drug Delivery.

For instance, systemic medications, such as steroidal and nonsteroidal anti-inflammato
ry drugs and biologic and nonbiologic immunomodulatory agents, can effectively treat
uveitic macular edema (UME) but are often recommended for bilateral disease or cases resis-
tant to local therapy due to AEs such as infections and GI disturbances [20,36,37]. Further-
more, nonsteroidal anti-inflammatory drugs and systemic immunomodulatory agents may
increase the risk of GI disturbances when used alone or combined with steroids [20,36,37].

3.3. Periocular Injection

Periocular drug administration is employed to address the inefficiencies of topical
and systemic dosing, both of which struggle to deliver therapeutic drug concentrations
to the posterior segment [2]. The periocular route, including subconjunctival, subtenon,
retrobulbar, and peribulbar administrations, is comparatively less invasive than IV drug
administration [2].

Subconjunctival injections can improve water-soluble drug absorption by bypassing
the conjunctival epithelial barrier. However, drug access to the posterior eye segment is still
restricted due to various barriers, including dynamic ones such as conjunctival blood and
lymphatic circulation [38-40]. These dynamic barriers often result in rapid drug elimination,
reducing ocular bioavailability and vitreous drug levels post-administration [38-40]. While
the permeable sclera allows for some molecules to reach the neural retina and photoreceptor
cells [20,41], the choroid’s high blood flow can remove a significant drug fraction before it
reaches its target. Further limitations are posed by the blood-retinal barriers formed by the
tight junction within the RPE, restricting drug availability to the photoreceptor cells.
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3.4. Intravitreal Injection

In the realm of ocular drug delivery, IV administration offers numerous advantages
and has been widely adopted as a first-line therapy for conditions such as neovascular
age-related macular degeneration (nAMD) [42], diabetic macular edema (DME) [43], and
macular edema secondary to retinal vein occlusion (RVO) [44]. It has been well-accepted
due to its proven safety and efficacy alongside the convenience of application in an office
setting. Its popularity arises from its salient advantages, such as direct medication deliv-
ery to the retina and vitreous by bypassing corneal and scleral barriers (as compared to
topical eyedrops) and the ability to circumvent the blood-retinal barrier (unlike systemic
medications). This ensures high bioavailability in the target area, triggering rapid thera-
peutic effects. This method also addresses issues with patient non-compliance typically
associated with topical eyedrops, as the administration is under the direct control of an
ophthalmologist. The versatility of IV administration covers a spectrum of therapeutics,
including anti-VEGF agents and corticosteroids, rendering it highly effective for a wide
range of retinal diseases [45].

However, IV injections are not without certain drawbacks and potential complications.
Severe complications can occur, which include the risk of endophthalmitis, retinal detach-
ment, and vitreous hemorrhage. Furthermore, IV steroids specifically have associated
complications such as increased intraocular pressure and cataract development [43]. These
complexities not only challenge the treatment process but also hinder achieving optimal
visual outcomes [43]. Minor side effects and inconveniences, such as floaters post-injection
and the potential for systemic absorption and resultant side effects, can also adversely
affect patient satisfaction and treatment adherence [43].

Another hindrance to optimal IV injection outcomes lies in the necessity for a frequent
injection regimen due to the short half-life of these drugs [46—48]. After the IV injection,
the drug is primarily expelled either anteriorly or posteriorly. Anterior elimination entails
drug diffusion through the vitreous to the aqueous humor and then removal via aqueous
turnover and uveal blood flow. Posterior elimination involves the drug permeating the
blood-retinal barrier, necessitating either effective passive permeability or active transport
mechanisms. Consequently, compounds with hydrophilic properties and large molecular
weights tend to have longer half-lives within the vitreous humor [20]. In contrast, hy-
drophobic drugs with smaller molecular weights tend to have a shorter half-life, implying
the need for frequent injections. Regular in-office visits can be burdensome for individuals
residing in rural areas or managing chronic conditions, leading to patient non-compliance,
which inevitably reduces the overall effectiveness of the treatment [48]. Furthermore, the
clearance rate can vary based on patient-specific factors, such as age and whether the pa-
tient has undergone a vitrectomy, which adds another layer of complexity to the treatment
regimen [49].

To address the challenges of short treatment duration and frequent in-office visits,
intraocular implants have been strategically designed. For instance, the Multicenter Uveitis
Steroid Treatment (MUST) randomized controlled trial (RCT) (NCT00132691) evaluated
the efficacy and safety of a 0.59 mg fluocinolone acetonide (FA) intraocular implant, which
releases the drug over approximately 30 months [50]. The study found that the FA implant
improved uveitic inflammation control and reduced macular edema (ME) more effectively
than systemic corticosteroids in the short term, although the differences diminished by
24 months [51]. Additionally, the FA implant was linked to a fourfold increase in the risk
of elevated intraocular pressure (IOP) requiring intervention [51]. After seven years of
extended follow-up, patients who received systemic therapy demonstrated better visual
acuity than those with IV FA implants [51].

In the field of gene therapy, while early trials on an anti-VEGF transgene product
(Adverum Biotechnologies) have shown promise, concerns arise due to the significant in-
flammatory responses of injecting it intravitreally [52-55]. The vitreous poses an additional
hurdle for retinal gene delivery due to its component, particularly hyaluronan, which can
interact with cationic lipid, polymeric, and liposomal DNA complexes, leading to severe
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aggregation and immobilization of DNA /liposome complexes [56,57]. Moreover, the inner
limiting membrane (ILM), which separates the retina and vitreous, serves as a barrier to
the retinal delivery of gene-based therapies [58]. For choroidal diseases, drug transport
from the vitreous to the choroid is difficult due to the presence of the RPE, which serves as
a barrier (i.e., outer blood-retinal barrier formed by the tight junction within RPE) [9].

Emerging alternatives, such as subretinal and SC drug delivery, could potentially offer
longer-lasting effects, reducing injection frequency and limiting side effects, including gene
therapy-induced inflammation [59].

3.5. Subretinal Injection

Subretinal delivery presents a compelling avenue for retinal gene therapy, especially
for the treatment of retinal degeneration and vascular diseases. This approach involves
the direct introduction of viral vectors into the subretinal space—an immune-privileged
site—thus allowing targeted treatment for the RPE and outer retina while reducing the
likelihood of immune reactions [24].

The first FDA-approved gene therapy for RPE65-associated inherited retinal dystrophy,
Voretigene neparvovec-rzyl (Luxturna), has provided promising outcomes [60,61]. The
potential of gene therapy also extends to conditions such as diabetic retinopathy (DR)
and age-related macular degeneration (AMD), suggesting the possibility of a single-dose
treatment for these chronic diseases. Early data from studies using subretinal adenoviral
vector anti-VEGF gene therapy point toward a significant decrease in treatment burden
and an encouraging safety profile for nAMD [62].

However, it is important to note that subretinal delivery does have its own set of
challenges. It is invasive in nature, requiring a vitrectomy for administration. Moreover,
the localized nature of the injectate can limit its distribution within the subretinal space,
potentially confining the therapeutic effects to the area surrounding the injection site [59].

4. Suprachoroidal Injection: Rationale

SC injection offers a treatment pathway that is both minimally invasive and potentially
long-lasting, effectively combining the advantages of IV and subretinal injections [59,63].
Notably, the SCS can be accessed using a variety of tools, including catheters, needles, and
microneedles. The use of a microneedle provides more precise targeting and control during
in-office deliveries to the SCS compared to traditional hypodermic needles [59].

4.1. Advantages over the Intravitreal Injection

SC injection stands out as a method that enables precise and targeted delivery to the
retina, RPE, and choroid. By bypassing barriers such as the ILM and vitreous, which are
commonly encountered in the IV drug administration [64], this method achieves broader
bioavailability across the diseased retina and choroid [59,63].

The unique compartmentalization provided by SC injection within the SCS plays a
pivotal role in its advantages. This containment restricts drug exposure to target tissues,
minimizing unnecessary contact with the anterior segment [59,64], which, in turn, reduces
the risk of complications such as cataract formation and elevated intraocular pressure [24].
Furthermore, this compartmentalization minimizes systemic absorption, leading to fewer
systemic side effects [24]. Supporting these benefits, a 2022 study involving rabbits demon-
strated that SC delivery of TRIESENCE provided a 12-fold greater exposure to the RPE,
choroid, sclera, and retina compared to IV delivery [24]. Remarkably, the same study
found that SC delivery resulted in a 460-, 34-, and 22-fold reduction in drug exposure to
anterior chamber structures, specifically the lens, iris ciliary body, and the vitreous humor,
respectively [24]. This decreased exposure highlights the enhanced safety profile of SC
drug delivery [24].

Moreover, SC injection offers a sustained-release mechanism, reducing the frequency
of injections and, consequently, the number of patient appointments [59]. Unlike the
IV space, the SCS is not immune-privileged, thereby theoretically posing a lower risk
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of endophthalmitis, although further studies are required to substantiate this claim [24].
Furthermore, by avoiding injections directly into the vitreous cavity, risks associated with
this method, such as traumatic cataracts and retinal tears with their subsequent potential
for detachments, might also be diminished. Further enhancing the patient experience,
SC injection mitigates the risk of visual axis obstruction, leading to fewer incidences of
post-injection floaters, a common side effect with IV methods [59].

4.2. Advantages over Subretinal Injection

When compared to subretinal injection, the SC method can be administered in an
outpatient setting, reducing the need for complex surgical procedures such as vitrec-
tomy [59,63]. Furthermore, it offers the potential to provide a broader distribution of drugs
across the posterior segment [64].

4.3. Drug Suspension Size and Formulation Viscosity

Current research is exploring the potential to alter drug suspension size and formula-
tion viscosity in order to adjust the duration and distribution of the injected drugs. This
flexibility could allow precise tailoring of drug delivery, ensuring that the right amount of
medication reaches the target location.

4.4. Cost-Effectiveness

Over a 10-year horizon, a simulated US adult patient-level model evaluated the cost-
effectiveness of suprachoroidal triamcinolone acetonide (SC-TA) compared to the best
supportive care for UME derived from the PEACHTREE trial. The authors determined that,
at willingness-to-pay thresholds of $50,000 or more (2020 US dollars) per quality-adjusted
life-year gained, SCTA was a cost-effective procedure [5].

The combined practicality, enhanced safety profile, proven efficacy, targeted delivery,
and durability offered by SC drug delivery have made SC injections an innovative treatment
modality for diverse ocular conditions. This underlines the imperative for more extensive
research into this therapeutic strategy, which is also the focus of this review article.

5. Suprachoroidal Injection Techniques

Access to the SCS is typically achieved using the following three methods: micro-
catheters; needles; and microneedles. Catheter-based technology, such as the iTrack mi-
crocatheter, involves the insertion of a 250 A microcatheter into the SCS [65]. Using an
incision site in the sclera, the microcatheter is carefully advanced through the SCS toward
the designated treatment zone. The placement of the microcatheter can be confirmed
and adjusted as needed using indirect ophthalmoscopy to ensure accurate positioning.
Advantages of this technique include precise targeting and visualization, as the catheter
can be guided with a flashing diode [7]. However, drawbacks of using this method include
the fact that it is an invasive procedure that typically requires an operating room, and the
success of the injection relies on the skills of the administrator. As with all procedures, there
are risks of adverse events and complications such as vitreous penetration, SC hemorrhage,
choroidal tears, irregularities in choroidal blood flow, post-operative inflammation, scleral
ectasia, retinal detachment, wound abscess, and endophthalmitis among others.

Injection into the SCS can also be achieved by a free-hand technique using a standard
hypodermic needle attached to a Hamilton syringe or insulin syringe [7,66,67]. In this
approach, the needle is inserted through the sclera behind the limbus, with or without
sclerotomy. Slow and controlled advancement of the needle is performed by applying gentle
pressure on the plunger, and the injection is administered gradually upon experiencing a
loss of resistance. The use of standard hypodermic needles offers the advantage of readily
available materials and a less invasive procedure, making it more accessible and convenient.
However, this technique lacks visualization capabilities and, thus, requires a high level
of training and skill to ensure precise injection. There is a risk of inadvertently injecting
into unintended structures, which can lead to complications such as choroidal hemorrhage
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and retinal detachment. The difficulty in controlling the insertion depth and angle further
increases the likelihood of unintentional IV or subretinal injections.

Hollow microneedles are miniature devices used primarily for transdermal drug
delivery [7,13]. These microneedles possess a hollow internal compartment filled with drug
dispersion or solution and tips with small holes. Recent advancements in microneedle
technology have revolutionized the accessibility of the SCS without the need for surgical
procedures. The SCS microinjector is a manual piston syringe used for accessing the SCS
non-surgically. It is designed to be used with varying microneedle lengths (900 um or
1100 um) depending on the scleral thickness, which is penetrated until a loss of resistance
is felt [68]. In order to minimize the risk of vitreous perforation, the microneedle is
slightly longer than the scleral and conjunctival layers. Drug administration with the SCS
microinjector involves several steps. First, under local anesthesia, a 900 um microneedle is
positioned perpendicularly 4.5 mm posterior to the limbus at the pars plana (the flat area of
the ciliary body). Gentle pressure is applied to the ocular surface to create a sealing gasket
between the needle hub and conjunctiva, preventing the backflow of the injectate. The
injection into the SCS occurs over 5-10 s while maintaining the perpendicular position and
compressing the conjunctiva. After the injection, upon reaching the SCS, the needle hub
should be kept in place for 3 to 5 s. If scleral resistance is still felt, an 1100 um microneedle
should be used instead [69].

Microneedle technology offers precise control in reaching the SCS, unlike standard
hypodermic needles [7,13]. Short microneedles limit penetration into the SCS by penetrating
the sclera consistently and facilitating drug delivery to the intended site. Once inside the
SCS, the injectate spreads posteriorly and circumferentially, ensuring broad coverage. In
contrast to catheter-based procedures, microneedle-based SC injections can be performed
in an office setting under aseptic conditions without requiring vitrectomy or sclerotomy.
These SCS microneedles are specifically designed to match the approximate thickness of
the sclera and offer several advantages, including ease of use, minimal pain, affordability,
minimal invasiveness, low training requirements, outpatient suitability, and improved
safety profile. As a result, they represent the most promising route for drug administration.

6. Biomechanics of Suprachoroidal Injection
6.1. Injection Forces

SC injections performed with a microinjector only require the mechanical force applied
by a physician’s hand to deliver the therapeutic formulation into the SCS. An average
glide force of 2.07 N was recorded as the mechanical pressure necessary to administer
suprachoroidal triamcinolone acetonide (SCTA) into the SCS of in vivo porcine eyes [70,71].
An SCTA prototype, X-TA, was specifically formulated by Muya and collaborators for SC
injections aiming to reduce friction, minimize foaming, and prevent microbubble formation.
The glide force of X-TA was compared to Triesence TA (TRI) formulated for IV injections,
as well as water and air, which served as control measurements. Interestingly, they found
that the injection of X-TA required a smaller glide force (0.73 N) with lower variability than
TRI (1.31 N), closer to that of air (0.19 N) and water (0.23 N). This discrepancy could be
attributed to the larger size of TRI particles, which likely contributed to the higher and more
inconsistent glide force required for its delivery. Adapting formulations specifically for SC
injections has the potential to reduce the required glide force and improve the stability of
the procedure. This is important for achieving higher success rates of therapeutic injections
into the SCS for the treatment of various ocular diseases [72].

6.2. Volume and Injections into Multiple Quadrants

Optimizing SC surface coverage is crucial for the effective treatment of posterior
segment pathologies such as AMD, DR, and RVOs. The volume of injectate has a signifi-
cant role in drug distribution, directly influencing therapeutic coverage and, as a result,
outcomes.
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In an animal study by Gu and collaborators, it was found that injecting 20 pL of saline
and TA expanded the SCS by 130% to 200% more than a 10 uL injection, highlighting the
effect of the volume of injectate [73]. However, ex vivo experiments using rabbit eyes
demonstrated that larger volumes injected in the SCS primarily increased circumferential
coverage rather than thickness [19]. Quantitatively, injecting >75 uL of fluorescein covered
at least 50% of the choroidal surface, while 100 uL covered approximately 75% of the
posterior globe [74,75]. At smaller volumes, thickness expansion appeared to be influenced
by the volume of injectate, whereas at larger volumes, circumferential distribution played
a more significant role. This discrepancy could be attributed to the presence of lamellae
structures between the choroid and the sclera, which restrict expansion of the SCS and
direct the flow of fluid posteriorly with larger volumes [75]. One potential solution to
overcome this restriction is to degrade the fibrils using collagenase, as adding a 0.5 mg/mL
collagenase preparation to the formulation of 1 pm latex microparticles resulted in a
20% to 45% increase in SCS coverage during ex vivo experiments with rabbit eyes [76].
Simultaneous injection of collagenase and latex particles in a single injection yielded
better outcomes than subsequent injections. However, this approach is not suitable for
individuals with a latex allergy. Non-uniform fluid distribution of injectate in the SCS
occurs partially due to anatomical barriers, such as the scleral spur, optic nerve, and short
ciliary arteries. To enhance coverage and achieve even more fluid distribution, Nork
and collaborators performed injections in multiple eye quadrants in a rabbit study [77].
They were able to demonstrate that injecting 50 uL of sodium fluorescein in the superior-
temporal and inferonasal quadrants was sufficient to cover the entire choroid, suggesting
that multiple injections in opposing quadrants could be an effective strategy to maximize
SCS coverage [77]. This comprehensive coverage of the entire choroid surface can be
particularly important in the treatment of certain generalized choroidal-retinal dystrophies,
such as retinitis pigmentosa. In these cases, it is beneficial to deliver the therapeutic agent
across all affected areas, making the approach of multiple injections in opposing quadrants
particularly valuable.

6.3. Viscosity and Polymeric Solution Formulations

Viscosity is another modifiable characteristic of formulations that can be adjusted to
optimize the treatment of specific posterior segment conditions. The behavior of fluids with
different viscosities, such as Hank’s Balanced salt solution (HBSS, viscosity of ~75,000 +
35,000 cPs), DisCoVisc (viscosity of ~75,000 + 35,000 cPs), and 5% carboxymethyl cellulose
(CMC, viscosity of ~200,000 cPs) has been analyzed [75,78]. The size of the injection site
opening was found to be 0.43 & 0.06 mm for HBSS and 2.1 & 0.1 mm for 5% CMC. The
SCS collapse rate after injection was 19 min for HBSS and 9 days for CMC. HBSS was no
longer detectable after 0.33 £ 0.05 days, whereas it took 1.7 & 0.7 days for the 5% CMC
to be cleared. Higher viscosity agents tend to induce greater expansion and slower SCS
collapse rates due to their low aqueous solubility and slow dissolution rate [68].

The shear-thinning (S-T) property is the non-Newtonian behavior of fluids, charac-
terized by lower viscosity as the shear rate increases. Kim and collaborators investigated
the following fluids with different behaviors: HBSS (lower S-T fluid); DisCoVisc, 2.2 wt%
950 kDa hyaluronic acid (HA) (moderate S-T fluids); and 1.7 wt% 700 kDa CMC and 3 wt%
90 kDa methylcellulose (higher S-T fluids) [79]. These fluids were mixed with fluorescent
particles, injected, and analyzed. HBSS spread more rapidly compared to moderate and
high S-T fluids. After 14 days, circumferential spread increased more for moderate S-T
fluids and remained relatively unchanged for high S-T fluids [79]. In addition to these
results, Jung and collaborators developed an in situ-forming hydrogel of Bevacizumab and
HA cross-linked with poly (ethylene glycol) diacrylate. When liquid Bevacizumab was
used alone, it was cleared from the SCS within 5 days. However, when formulated with
a high molecular weight (MW) HA or cross-linked to poly (ethylene glycol) diacrylate, it
took 1 month and 6 months, respectively, for clearance [80]. These studies demonstrate that
viscosity is an important property of fluids and that polymeric solutions can be manipu-
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lated to optimize SC injections. The utilization of polymers extends the duration of drug
retention within the suprachoroidal space (SCS) and assists in managing its dispersion.
Polymers with elevated molecular weight (MW) and a moderate degree of non-Newtonian
behavior, such as hyaluronic acid (HA), have been demonstrated to promote the dispersion
of particles. Conversely, polymer solutions with pronounced non-Newtonian character-
istics, such as methylcellulose (MC) and carboxymethylcellulose (CMC), tend to remain
stationary at the injection site. This approach potentially enhances the efficiency of the
treatment by maintaining a higher and more sustained concentration of the drug at the
target site, thereby reducing the rate of systemic absorption.

6.4. Particle Suspensions

Particle suspensions, which gradually dissolve over time, can be beneficial in achieving
prolonged therapeutic effects on ocular tissues. The clearance kinetics of these suspensions
are significantly influenced by the MW of the particles. In order to investigate this rela-
tionship, Chiang and collaborators conducted experiments using injections of fluorescein
and HBSS containing fluorescent polymeric particles. While fluorescein was detectable for
only 1 day, the fluorescent particles in the HBSS suspension were detected for up to 21 days
post-injection [81]. Similarly, another experiment comparing fluorescein (detectable for
12 h) with fluorescent dextran (higher MW and hydrodynamic radius than fluorescein,
detectable up to 4 days) observed that MW influences the duration of detection [82,83].

Particle size is another factor that significantly affects the clearance kinetics of particle
suspensions. Clearance routes include diffusion into the sclera and choroid, transscleral
leakage, and choroidal blood flow. The fenestrations of the choriocapillaris allow particles
with an estimated size range of 6 to 12 nm to be cleared through choriocapillaris circulation.
Larger particles ranging from 20 nm to 10 um were found to remain in the SCS for several
months [79]. In an experiment conducted by Hackett and collaborators using polymeric
microparticles of poly (lacto-co-glycolic acid) (PLGA) loaded with acriflavine (ACF) of size
7 um in Brown Norway rats, the particles were present in the SCS throughout the 16-weeks
of the study [84].

However, larger particles may encounter injection difficulties due to their potential
blockage by collagen fibers within the sclera, especially when using short microneedles.
The spacing between collagen fibers is estimated to be around 300 nm, making injections of
particles sized 500-1000 nm more challenging. Therefore, glide force becomes an important
parameter for successful SCS delivery when injecting formulations of larger particles [85].
Patel and colleagues observed a significant difference in the distribution of small particles
(20-100 nm) and large particles (500-1000 nm) with shorter needles. However, for longer
microneedles (1000 um), all particles behaved similarly, suggesting successful reach of the
SCS [3].

Manual injections of particle suspensions ranging from 20 nm to 10 um were per-
formed by Kim and collaborators and Chiang and collaborators, who both reported similar
findings, with particles remaining in the SCS for up to 3 months and consistent fluorescence
levels for all particle sizes. This indicates that particle size does not substantially affect SCS
distribution but can influence clearance kinetics within a specific size range determined by
the choriocapillaris and scleral extracellular matrix pore size [19,79]. The results of these
two studies indicate that particle suspensions can be adapted to suit therapeutic needs.

6.5. Osmotic Characteristics and Ionic Charges of Formulation

Osmotic power and ionic charge are additional factors that appear to impact drug
distribution within the SCS. In a study by Jung and collaborators, osmotic power was
demonstrated through the use of highly concentrated HA solution injection, following a
less concentrated HA solution containing fluorescent particles. The highly concentrated HA
solution was able to attract fluid, leading to greater expansion of the SCS and displacement
of the fluorescent particles toward the posterior pole [86].

15



Pharmaceuticals 2023, 16, 1241

Regarding the influence of ionic charge on drug distribution, negatively charged
nanoparticles were injected into the SCS, and their concentration in the posterior pole of
the eye increased significantly when exposed to a positively charged cathodal current in
the same study [87]. Touchard and collaborators obtained similar results with non-viral
negatively charged DNA particles exposed to electric current in a rat model [88]. Hence,
osmotic power and ionic charge are fluid properties that can be leveraged to optimize drug
spread in SC injections.

6.6. Compartmentalization and Duration of Injectates in the SCS

SC injection offers an advantage in terms of injectate compartmentalization and pro-
longed drug effect, thereby minimizing side effects by avoiding exposure to distal ocular
tissues. Microscopic analysis of the compartmentalization of SC injections in porcine eyes
with red fluorescent sulforhodamine injectate was conducted by Patel and collaborators [3].
Using in vivo studies on rabbit models, the degree of choroid and retina targeting by SC
and IV injections was further quantified. SC injection of fluorescein resulted in the detection
of 10 to 100 times more content in the choroid and retina compared to IV injections, where
the signals produced were more uniformly distributed throughout the visual axis [12].
Tyagi and collaborators performed SC injections of NaF and found peak concentrations in
the choroid retina that were 36 times higher than subconjunctival injections and 25 times
higher than IV injections. The SC route provided a 6-fold higher choroid and retina NaF
exposure compared to the posterior subconjunctival route and 2-fold higher exposure
compared to the IV route [23].

Similar compartmentalization was observed in studies involving TA injections in
rabbit models. Negligible amounts of TA were detected in the anterior segment of the eye
after 91 days, while the sclera, choroid, and RPE displayed the highest concentrations [89].
SCTA led to scleral, choroidal, and retinal concentrations 12 times higher than IV injections,
while concentrations in the lens, iris-ciliary body, and vitreous humor were 460, 32, and
22 folds lower, respectively. Aqueous humor levels were negligible, and plasma levels
were undetectable [90]. Similar observations were made with other molecules, such as
Axitinib and A01017, showing maximal concentrations in the SCR at 67 days and 90 days,
respectively [91,92]. Compartmentalization was further demonstrated in another study on
SCTA, which showed plasma levels below 1 ng/L for up to 24 weeks [93].

6.7. Tailoring Suprachoroidal Drug Delivery

In summary, SC injections are a valuable strategy for ocular drug delivery. Its effec-
tiveness is dependent on numerous parameters such as injection force, volume of injectate,
formulation characteristics, and compartmentalization. A critical factor is viscosity, with
higher viscosity agents favoring drug localization more anterior to the ocular equator and
lower viscosity enabling greater posterior delivery. Furthermore, higher viscosity formula-
tions slow clearance rates, thereby prolonging the drug’s duration of action. In addition to
viscosity, the size of particle suspensions is key [64]. Larger particles tend to stay longer in
the SCS and are less subject to washout by the choroidal circulation, thus extending the
therapeutic effect [82,83]. By skillfully manipulating these parameters, researchers and
clinicians can tailor drug delivery to individual patients’ needs, depending on the specific
location and chronicity of the ocular disease being treated [1-3]. This personalization could
significantly enhance treatment outcomes and patient satisfaction, marking an important
step toward precision medicine in ophthalmology.

7. Suprachoroidal Injection in Ocular Diseases

This section presents a detailed overview of the application of SC injection in the
treatment of various ocular diseases, encompassing a spectrum of studies from preclinical
to clinical stages. We encourage readers to consult Table Al in Appendix A for a more
in-depth understanding of each individual study referenced in our analysis.
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7.1. Macular Edema
7.1.1. Suprachoroidal Injection for Macular Edema Secondary to Non-Infectious Uveitis

Favorable results from preclinical studies, where SCTA injection effectively concen-
trated corticosteroid levels in the retina, RPE, and choroid while minimizing exposure
to anterior chamber structures, paved the way for subsequent clinical trials [5]. The
PEACHTREE clinical trial, led by Yeh and colleagues, demonstrated the effectiveness and
safety of SCTA in treating ME secondary to non-infectious uveitis (NIU). This randomized,
double-masked study encompassed 160 eyes assigned to receive either 4.0 mg SCTA at
two time points (day 0 and week 12) or a sham injection in a 3:2 ratio. Remarkably, by
week 24, nearly half (46.9%) of the eyes treated with SCTA exhibited significant visual
improvement, gaining 15 or more early treatment diabetic retinopathy study (ETDRS)
letters from baseline, compared to only 15.6% in the control group. This improvement was
observed as early as 4 weeks and was maintained through week 24. Similarly, a difference
of more than 100 pm in mean central subfield thickness (CST) was observed between the
two groups at week 4 (—148 um in the SCTA group vs. —4 pm in the control group) and
maintained by week 24. Moreover, ME resolution (CST < 300 um) was substantially higher
in the SCTA group (53% vs. 2% in controls) as early as week 4 until the study’s end. SCTA
was also effective in reducing the need for rescue therapy (13.5% vs. 72% in controls)
and in extending the median time to the first rescue to 89 days versus 36 days. While
treatment-related AEs were noted in both groups at rates of 29% (SCTA) and 8% (control),
the incidence of cataracts and elevated IOP were comparable with no treatment related
serious AEs. Thus, the PEACHTREE trial demonstrated the robust potential of SCTA as a
therapeutic approach to managing ocular diseases, showing clinically significant vision
improvement and suggesting that further exploration in this domain is both warranted
and promising [94].

Henry and collaborators confirmed that patients undergoing SCTA injection for the
treatment of ME due to NIU experienced improved visual and anatomical outcomes
alongside comparable rates of AEs, regardless of age at 24 weeks [95]. A post-hoc analysis
by Merrill and colleagues also found that benefits demonstrated in the PEACHTREE
remained consistent regardless of concurrent systemic corticosteroid use or steroid-sparing
therapy. The only difference was that among patients receiving steroid therapy, the mean
best corrected visual acuity (BCVA) change was statistically significant, while the mean
CST change was not statistically significant between the SCTA and control groups. Among
patients who did not receive steroid therapy at baseline, 14.7% of those treated with SCTA
versus 69.4% in the control group received rescue therapy. In contrast, for patients who
received steroid therapy at baseline, the need for rescue therapy was 10.7% versus 80.0% in
the SCTA and control groups, respectively. These results showed a statistically significant
difference between the groups that received no steroid therapy and those that received
it [96]. These post-hoc analyses reaffirm that SCTA outperforms sham treatment in terms
of both functional and anatomical outcomes. Notably, the use of SCTA did not result in a
statistically significant improvement in CST for patients who received concurrent steroid
therapy. This finding highlights the need for additional studies that identify the suitability
of SCTA therapy for patients on different concurrent treatment regimens. Certain factors,
such as prior steroid therapy, may have the potential to impact treatment outcomes.

Khurana and colleagues conducted MAGNOLIA, an extension safety study of the
PEACHTREE trial in 2022. Their results revealed that the statistically significant improve-
ment in BCVA and CST reduction was maintained for the 28 eyes that received treatment
versus the 5 eyes in the control group until 48 weeks. While the need for rescue treatment
was not statistically different between each group, the median time to rescue therapy was
significantly longer in the SCTA group compared to the control group (257 days versus
55.5 days). The proportion of individuals with at least one ocular AE was 64.3% for SCTA
eyes and 60% in the control group, with the most common AE being subcapsular cataract.
In the 48-week duration study period, eight patients (seven in the SCTA and one in the con-
trol group) had a cataract-related AE, with two of them requiring surgery (both in the SCTA
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group). In total, 14.3% of SCTA patients had at least 1 elevated IOP reading >10 mmHg,
versus 0% in the control group, with no one requiring surgical management [97]. In addi-
tion to MAGNOLIA, Henry and colleagues (2022) conducted a safety clinical trial called
AZALEA. The study involved 38 eyes, with 53% of them having ME, who received two
4.0 mg SCTA injections spaced 12 weeks apart. The results demonstrated that SCTA was
well tolerated and safe for a duration of over 24 weeks in these patients. The mean BCVA,
CST, and excess retinal thickness improved at all visits until week 24; however, there were
no statistical analyses to determine the significance of this improvement. The proportion of
individuals with a treatment-related AE was 18.4%, with pain (7.9%), IOP rise >10 mmHg
(15.8%), and IOP >30 mmHg (5.3%) being the most common. No one required surgery for
their elevated IOP, but 87.5% required treatment with IOP lowering drops. The formation
or worsening of a cataract was experienced by 10.5%, with none requiring surgery [93]. As
seen in both AZALEA and MAGNOLIA, the efficacy of SCTA treatment for ME due to NIU
was maintained for up to 48 weeks. Few experienced treatment-related AEs, most notably,
cataract progression and IOP elevation.

Prior to their pivotal clinical trial, PEACHTREE, Yeh and collaborators conducted
DOGWOOD, a randomized, masked study in 2019. They concluded that a 4.0 mg injection
of SCTA in patients with ME secondary to NIU was efficacious and well-tolerated. A
total of 22 eyes received 4.0 mg or 0.8 mg SCTA in a 4:1 ratio and were assessed at 1
and 2 months. In the group that received 4.0 mg, CST and BCVA were both statistically
significantly improved at 1 and 2 months. Of the 10 subjects in the 4.0 mg SCTA treatment
group with an anterior cell grade >0 cells at baseline, all subjects showed improvement at
month 2 with a 60% resolution (change to score of 0). The remaining seven patients had
an anterior cell grade of 0, with 85.7% maintaining this grade status at 2 months. Among
10 subjects in the 4.0 mg SCTA treatment arm that had a vitreous haze score >0 at baseline,
80% showed improvement. Patients with a vitreous haze score of 0 at baseline maintained
their grade in the second month. At least one AE was reported by 47% and 100% of the
4.0 mg SCTA and 0.8 mg SCTA groups, respectively, with the most common events being
eye or injection site pain (18%), conjunctival hemorrhage (13.6%) and ME (13.6%) that all
resolved without treatment. No significant elevation in IOP nor serious treatment-related
AEs were reported [98]. Hanif and colleagues (2021) found that 4.0 mg SCTA was safe and
efficacious for the treatment of ME secondary to NIU, supporting the initiation of larger-
scale studies. Their single-arm study involving 30 eyes with ME secondary to NIU found
statistically significant differences in CMT and BCVA from baseline to 1 and 3 months.
While five patients were found to have lenticular changes, none of these changes had an
effect on patient-reported vision, and there was no statistically significant change in IOP at
3 months [99]. Munir and colleagues, using a similar methodology to Hanif and colleagues,
found that the mean BCVA improved as early as 1 week for up to 6 months in 50 patients
with ME, of which 30 of them were secondary to NIU (other diagnoses included vascular
disorders, diabetic ME, sarcoidosis, and pseudophakic edema). In terms of AEs, IOP was
highest at 6 months in cases with baseline IOPs of 11-15 mmHg up to 35 mmHg and highest
at 1 month in the baseline IOP group of 16-20 mmHg up to 30 mmHg [100].

The functional and anatomic improvement experienced post-SCTA injection for the
treatment of ME due to NIU has been repeatedly shown in multiple clinical studies. The
improvement in BCVA, CST, and longer time to rescue therapy was present regardless of
patient age or concurrent use of systemic corticosteroid or steroid-sparing therapy. The
sustained drug effect, as evidenced by patients not requiring rescue treatment for a mean
time of 257 days, has the potential to reduce the treatment burden in comparison to current
therapeutic regimens. Safety studies, such as MAGNOLIA, confirm that these benefits are
longstanding for up to 48 weeks with minimal AEs.

Due to the unique compartmentalization and ocular distribution provided by SC
injection, these studies found a low incidence of AEs. The MAGNOLIA and AZALEA trials
demonstrate that the rates of AEs, such as increased IOP and cataract progression, were
low. However, cataract progression and elevated IOP occurred and sometimes necessitated
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surgical or medical management, respectively. There were uniformly no reports of serious
AEs, such as retinal detachment (RD) or increased IOP requiring surgery. The studies
reported varied rates of AEs ranging from 18.4% to 64.3% and described different occur-
rence rates of IOP elevation, cataract formation, and cataract progression. This variability
underscores the importance of conducting larger-scale, masked, and randomized studies
with a larger number of enrolled participants. Such studies would provide more reliable
and generalizable results, reduce the impact of potential confounders, and increase the
overall robustness of the findings. Additionally, the efficacy and safety of SCTA cannot
be compared to other therapeutics, injected either suprachoroidally or intravitreally, as all
the studies to date have been single-arm interventional trials of SCTA or in comparison to
sham injection.

Nevertheless, these studies collectively reinforce SCTA’s potential as an efficacious
and safe therapeutic approach. As such, SCTA has been the first and only FDA-approved
therapy leveraging the SCS for the treatment of ME secondary to NIU. The findings of these
studies have paved the way for the study of additional therapeutics administered in the
SCS, such as anti-VEGF and viral gene agents.

7.1.2. Suprachoroidal Injection for Diabetic Macular Edema

DME is a common complication of diabetic retinopathy and a leading cause of
vision loss. Its current first-line treatment involves IV injections of anti-VEGF agents
(Ranibizumab, Aflibercept, and Bevacizumab), which have shown significant efficacy in
improving vision [101]. However, these treatments have limitations, including the need
for frequent injections and potential AEs related to the IV application. As an alternative,
corticosteroids, such as triamcinolone acetonide (TA), have been applied as a second-line
treatment due to their anti-inflammatory properties. Intravitreal triamcinolone acetonide
(IVTA) has been shown to effectively reduce DME and improve vision but is associated
with ocular AEs, such as increased IOP and cataract progression [45].

In this landscape, SCTA has emerged as an alternative for DME treatment. SCTA offers
the potential to limit anterior exposure and possibly decrease ocular AEs. The HULK trial
by Wykoff and colleagues (2018) evaluated the safety and efficacy of SCTA for the treatment
of DME. They administered SCTA (4.0 mg/0.1 mL) alone or combined with IV Aflibercept
(2.0 mg/0.05 mL). The combination group (10 treatment-naive participants) received IV
Aflibercept followed by SCTA, with an average of 2.6 injections. The monotherapy group
(10 participants who had received previous treatment) had an average of 3.3 SCTA injections.
After 6 months, the monotherapy group had a greater reduction in CMT (128 pm) compared
to the combination group (91 um), while the combination group exhibited better visual
acuity gains (8.5 ETDRS letters) compared to the monotherapy group (1.1 letters). No
serious or systemic ocular AEs were observed, indicating the safety of SCTA in treating
DME [102]. A post-hoc analysis of the HULK trial showed that SCTA caused a measurable
increase in the SCS, which returned to baseline levels 1 month following injection with
no lasting anatomical impacts [4]. Similarly, the TYBEE trial by Barakat and collaborators
(2021) compared SCTA with IV Aflibercept versus IV Aflibercept alone in treatment-naive
DME patients among 36 versus 35 participants, respectively. After 24 weeks, the difference
in BCVA improvement was not statistically significant between groups. The combination
group showed a notable advantage in that they exhibited a greater reduction in CMT and
necessitated fewer prn injections compared to the monotherapy group [103].

Studies have also compared the efficacy and safety of SCTA in combination with IV
Bevacizumab versus IV Bevacizumab alone. In a phase II/IIl randomized controlled pilot
trial, Fazel and colleagues (2023) randomly assigned 66 eyes with untreated DME to receive
SCTA in combination with IV Bevacizumab or IV Bevacizumab alone. They found that
adding a single dose of SCTA prior to IV Bevacizumab led to significant improvements
in BCVA and reductions in CMT without major ocular AEs. After 3 months, there was
a significant improvement in mean BVCA, a significant reduction in mean CST, and no
significant change in mean IOP, which remained at around 15 mmHg [104]. They also
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determined that SCTA with IV Bevacizumab was more effective in reducing CMT compared
to IV Bevacizumab alone. However, BCVA changes were not directly assessed in this study,
which assumed a correlation between CMT decline and BCVA improvements based on
other trials [105]. After randomly assigning 136 participants to receive either SCTA or IV
Bevacizumab, Anwar and colleagues (2022) determined that a single dose of SCTA resulted
in greater improvements in visual acuity and a more significant reduction in CMT [106].

Comparisons have also been made between SC and IV administration of corticos-
teroids. In their prospective interventional study, Zakaria and collaborators (2022) ran-
domized 45 eyes in 32 patients to receive IVTA alone or with two different doses of SCTA
(4.0mg/0.1 mL or 2.0 mg/0.1 mL). Significant improvements in visual acuity and CMT
were observed in both treatment arms after 1 and 3 months. However, after 3 months, CMT
started to increase, and the reduction was not significantly different compared to baseline
except in the 4.0 mg SCTA group which sustained a reduction of 60.16 pm. The 4.0 mg SCTA
group demonstrated the most substantial improvement in visual acuity and sustained its
effect for a longer duration, thereby confirming the effectiveness of this dosage in clinical
practice. The incidence of AEs, such as IOP elevation and cataract progression, did not
significantly differ between the two routes. Given that CMT had nearly returned to baseline
values in most patients, they recommended considering reinjection before 6 months [107].

Other research has identified that SCTA and IVTA are similarly effective at reducing
CMT and BCVA at 3 months. However, IVTA has been associated with significantly higher
IOP levels and a shorter duration of effect, suggesting SCTA may be a more beneficial
treatment option. For instance, Shaikh and colleagues (2023) observed comparable efficacy
of SCTA and IVTA in improving BCVA and CMT at 3 months. Their study included 34
patients randomly assigned to each treatment group, with a second injection administered
at 6 weeks. After 1 and 6 months, both groups demonstrated statistically significant
improvements in BCVA and CMT compared to baseline, but no significant differences were
observed between the groups. At 3 and 6 months, there was a significant increase in IOP in
the IVTA group compared to the SCTA group. Thus, both routes were equally effective,
but the SC route maintained a more favorable effect on IOP. Cataract progression was also
found to be slower in eyes that received SCTA [108].

SCTA has also shown promising results in DME post-vitrectomy, with improved
visual acuity and reduced macular thickness. In a study by Marashi and Zaza (2022), it
was observed that among 11 (1 phakic and 10 pseudophakic) eyes treated with SCTA,
significant vision improvement and a 45.74% reduction in CMT from baseline was noted
after 8 weeks. Importantly, no IOP elevation or cataract progression was observed [109].

Several nonrandomized, single-arm studies have also provided evidence supporting the
effectiveness of SCTA in improving BCVA and reducing CST with minimal AEs [110-115].
However, a study by Tharwat and colleagues (2022) suggests that formulated posterior
subtenon TA (PSTA) injection may offer better outcomes for managing rDME with reduced
risk of IOP elevation. In their prospective study, 75 patients were randomly assigned to
three treatment groups (SCTA (4.0 mg/0.1 mL) alone, a combination of PSTA (40 mg)
formulated with VISCOAT containing sodium chondroitin sulfate (20 mg) and sodium
hyaluronate (15 mg), or unformulated PSTA (40 mg)). All groups showed a significant
increase in BCVA and a significant decrease in CMT at months 1, 3, and 6. However, the
group receiving formulated PSTA exhibited the highest BCVA and the lowest CST 6 months
post-procedure, suggesting that this may be more therapeutic due to its prolonged contact
and increased diffusion through the scleral barrier [116].

There is also emerging research investigating the application of SC-administered
gene therapy for DME. RGX-314 is a gene therapy product that contains an AAVS vector
encoding an antibody fragment designed to inhibit anti-VEGF. The ALTITUDE trial, an
ongoing industry-sponsored, phase II, randomized, dose-escalation study, is currently
exploring the efficacy, safety, and tolerability of delivering this suprachoroidally in patients
with center-involved DME [117]. Approximately 100 participants will be enrolled into one
of five cohorts containing different dosages of RGX-314 with or without post-procedure
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steroid injection. While the trial is currently recruiting participants, interim 3-month data
suggest that 33% of participants in the treatment arm had a >2 improvement in their
diabetic retinopathy severity score compared with 0% in the control arm.

Overall, the available data suggest that SCTA at a 4.0 mg/mL dose offers numer-
ous advantages over conventional therapies for both primary and rDME. SCTA used in
combination with IV anti-VEGF agents has consistently shown effectiveness in reducing
macular thickness, improving visual acuity, and providing a longer duration of action
compared to IV anti-VEGF treatments alone. Notably, SCTA was found to be beneficial
for patients with rDME despite prior anti-VEGF injections, potentially reducing the need
for multiple injections and their associated costs. TA acts as an anti-inflammatory agent,
inhibiting factors, such as VEGF, that are involved in DME pathogenesis. Previous studies
combining IV corticosteroids with anti-VEGF agents for rDME have demonstrated im-
proved functional and anatomical outcomes at the expense of ocular AEs related to diffuse
corticosteroid delivery [118]. In contrast, SCTA combined with anti-VEGF agents addresses
both the vascular and inflammatory aspects of DME with targeted delivery and reduced
anterior segment exposure. Data comparing SCTA and IVTA have shown that both routes
of administration result in significant CMT and BVCA improvement. However, SCTA is
associated with fewer IOP-related AEs and a longer duration of effect, indicating SCTA
may be more efficacious in resolving DME through corticosteroids.

Despite promising evidence, further research is needed to explore the long-term
efficacy, optimal dosing strategies, and comparative effectiveness of SCTA for the treatment
of DME, including its impact on visual outcomes, durability of effect, and potential AEs.
Most studies have reported significant functional and anatomical improvements in BCVA
and CST after SCTA administration within a 3-month timeframe. However, ocular AEs,
such as increased IOP and cataract progression, can still occur, although they may have a
lower incidence compared to IV administration. Further, comparative studies examining
the efficacy and safety of SCTA with other therapeutic approaches, such as PSTA, would be
valuable. Additionally, larger multicenter studies with longer follow-up periods are needed
to determine whether the improvements in BCVA and CMT are transient or long-lasting.

7.1.3. Suprachoroidal Injection for Macular Edema Secondary to Retina Vein Occlusion

The treatment of ME resulting from RVO has been the focus of several industry-
sponsored clinical trials assessing the effectiveness of combined SCTA with IV anti-VEGF
agents versus IV anti-VEGF monotherapy alone. For instance, the TANZANITE trial, a
phase II, multicenter, masked, industry-sponsored RCT conducted by Campochiaro and
colleagues (2018), compared the combination of SCTA (4.0 mg/0.1 mL) with IV Aflibercept
(2.0 mg/0.05 mL) to IV Aflibercept monotherapy. Forty-six patients were randomized
to either treatment arm and received IV Aflibercept as needed over a 3 month study
period. Results showed that the combination therapy significantly reduced the need for
retreatment, with 23 retreatments in the combination group versus 9 in the monotherapy
group. Moreover, a higher percentage of patients did not require retreatments (78% versus
30%, respectively). The combination group also led to greater visual acuity improvement
(18.9 versus 11.3 ETDRS letters in month 3) and a decrease in CST from baseline (731.1 pm
to 284.7 um at month one, stable at 2 and 3 months). In contrast, the IV Aflibercept group
had an increase in CST at 2 and 3 months. Additionally, the combination group exhibited a
higher percentage of edema resolution (78.3% versus 47.8%) at month 3. Although four
patients in the combination group experienced elevated IOP, that was resolved with topical
anti-glaucoma agents [119]. Extension data from the study indicated that 74% of patients
in the combination group did not require retreatments over a 9-month period compared to
17% in the control arm [120].

Another noteworthy study, the phase III SAPPHIRE study, also compared the com-
bination of SCTA (4.0 mg/0.1 mL) with IV Aflibercept therapy (2 mg/0.05 mL) to IV
Aflibercept monotherapy in 460 eyes with RVO. After 8 weeks, approximately 50.0% of
patients in both groups reported a significant improvement of >15 ETDRS letters in BCVA.
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However, no other benefits were observed in the combination arm, leading to the study’s
discontinuation. Nevertheless, preliminary data from 128 patients in the combination
group and 127 patients in the control group revealed that the combination procedure had a
favourable safety profile, as only one case of RD and one case of vitreous hemorrhage were
reported. These findings indicate that SCTA and IV Aflibercept combination therapy was
well-tolerated, without significant ocular AEs [121].

A phase III, randomized, masked RCT (TOPAZ) was designed to investigate if SCTA
in combination with IV Ranibizumab or IV Bevacizumab was superior to IV Ranibizumab
or IV Bevacizumab alone. Treatment groups received either a combination therapy of
IV Ranibizumab (0.5 mg/0.05 mL) with SCTA (4.0 mg/0.10 mL) or IV Bevacizumab
(1.25 mg/0.05 mL) with SCTA (4.0 mg/0.10 mL). The control arms received either IV
Ranibizumab or IV Bevacizumab, followed by a sham SC procedure. However, the trial
was prematurely stopped due to the results of the SAPPHIRE trial findings [122].

In addition to industry-sponsored trials, independent studies have also examined
the effectiveness and safety of combining SCTA administration with IV anti-VEGF agents.
Nawar (2022) conducted a prospective randomized study on 60 patients with branch retinal
vein occlusion (BRVO) to explore this treatment approach. The patients were divided into
two groups, one receiving combined IV Ranibizumab with SCTA and the other receiving
IV Ranibizumab alone. Both groups received monthly Ranibizumab injections as needed
during the 12-month study period. Participants in the combination arm required fewer
injections (2.47 & 1.2) compared to those in the monotherapy arm (4.4 £ 1.5). At 12 months,
both groups demonstrated significant reductions in CMT, along with significant improve-
ments in BVCA. The combination group showed more significant BVCA improvement at 6
and 12 months [123].

Studies investigating SCTA as a monotherapy for RVO-associated ME have also shown
promising results in terms of BCVA improvement and CST reduction. Recent research
conducted by Ali and colleagues (2023) investigated SCTA as a standalone treatment in
16 patients with ME secondary to RVO. Their findings demonstrated that 68.7% of patients
had a BCVA improvement of >15 letters by week 1 and a range of 50% to 62.5% showing this
improvement during months 1 to 3. There was also a notable CST reduction throughout the
follow-up period. One patient experienced elevated IOP of >20 mmHg in the first month,
but their IOP decreased by the second month [124]. Similarly, Muslim and colleagues
(2022) studied the application of SCTA (4.0 mg/0.1 mL) in 45 patients with unilateral
RVO-associated ME. A statistically significant improvement in BCVA was observed after
1 month and with further improvement at 3 months. There was also a significant reduction
in central retinal thickness (CRT) after 3 months [125].

Stanislao and colleagues (2012) conducted a prospective study of six eyes of six patients
with central retinal vein occlusion (CRVO), BRVO, or diffuse DME accompanied by severe
refractory subfoveal hard exudates (SHE). Participants received a single SC infusion of
Bevacizumab and TA administered into the submacular SCS using a microcatheter at the
pars plana. Four eyes showed an improvement of >2 lines in BCVA, while two eyes
remained stable. By 1 to 2 months, SHE was almost completely resolved in all eyes, and ME
was significantly reduced with no surgical or post-injection complications reported [126].

Based on these findings, the benefits of a combination of SCTA and IV anti-VEGF
therapy for RVO-associated ME include fewer retreatment needs, improved visual acuity,
anatomical improvements, and resolution of subretinal exudates. Corticosteroids have
shown efficacy in addressing inflammation associated with RVO by targeting molecules
that affect vascular permeability and inflammation. The SCS offers a targeted pathway for
drug delivery to manage ME secondary to RVO. However, given the lack of large-scale,
independent, and multicenter studies examining the application of SCTA in the context of
ME secondary to RVO, additional research is required to confirm the optimal combination
therapies, most effective drug combinations, and long-term efficacy and safety of SCTA.
To address this knowledge gap, an ongoing clinical trial is taking place in Egypt that is
investigating the long-term effects of SC injection, including ocular hypertension, cataract
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progression, and ME resolution, in the treatment of RVO alongside other retinal diseases
such as Vogt Koyanagi Harada disease and DME. The trial is still in the recruitment phase,
with results pending study completion [127].

7.1.4. Suprachoroidal Injection for Post-Operative /Pseudophakic Cystoid Macular Edema

SCTA has also shown promise as a potential treatment for pseudophakic cystoid
macular edema (PCME), a common post-operative complication of cataract surgery. A
study by Tabl and colleagues (2022) demonstrated the efficacy of SCTA and IVTA in
reducing CFT and improving visual acuity in pseudophakic patients with rDME caused
by the epiretinal membrane. They injected SCTA (4.0 mg/0.1 mL, in 13 eyes) or IVTA
(4.0 mg/0.1 mL, in 10 eyes) with results consistent with Zakaria and collaborator’s findings
on the significant improvements in CFT (see Figure 5) and BCVA with a 4.0 mg dose of SCTA.
The IVTA group had significantly higher elevations in IOP in the first month (15 mmHg)
compared to the SCTA group (12 mmHg). Furthermore, by the third month, the IVTA group
still exhibited significantly higher IOP levels (18 mmHg) compared to the SCTA group
(14 mmHg), indicating a sustained difference between the two groups [128]. Similarly,
Zhang and colleagues (2022) injected SCTA (0.2 mL of 40 mg/mL) in 20 eyes of 20 patients
with CME and PCME, resulting from various conditions such as BRVO, CRVO, DME and
previous epiretinal membrane (ERM) peeling surgery. Optical coherence tomography
(OCT) examination confirmed drug delivery as determined by SCS expansion near the
injection site. The injections led to significant improvements in BCVA and CST without
significant differences in IOP. No complications, such as cataract induction, hemorrhage,
retinal detachment, or endophthalmitis, were observed during the 3-month study period.
The authors proposed that the anterior SCS is the most accessible location for injection,
in alignment with previous animal and human studies. However, the long-term efficacy
and safety of SCTA for CME could not be established due to the lack of participant follow-
up [129].

Figure 5. Example of CFT changes measured by OCT after IVTA and SCTA injection at baseline, 1,
and 3 months. IVTA group (a—c). SCTA group (d-f). Reprinted with permission from Ref. [128]. 2023,
Ahmed Abdelshafy Tabl et al.
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Other case studies by Oli and Waikar (2021) and Marashi and Zazo (2022) also re-
ported positive outcomes with SCTA for PCME, including improved BCVA and decreased
CMT [130,131]. Additionally, a clinical trial is currently investigating the impact of SCTA
on CME caused by Irving-Gass syndrome following cataract surgery [132].

Overall, preliminary research suggests that SCTA could be effective for managing
PCME. The results align with previous investigations that treated ME secondary to uveitis,
DME, or RVO with SCTA using a microinjector approach. However, more extensive
randomized studies are needed to evaluate the long-term efficacy and safety of SCTA for
post-operative complications such as PCME.

7.2. Photoreceptor Loss
7.2.1. Suprachoroidal Injection of AAV Vectors for the Treatment of Inherited and Acquired
Retinal Disorders

Preclinical studies have shown that SC delivery of adeno-associated vectors (AAV) is a
promising technique for treating inherited and acquired retinal diseases. Peden and collab-
orators (2011) conducted a pioneering study using a microcatheter to deliver AAV5 (100 uL
of sc-AAV5-smCBA-hGFP vector at a concentration of 4.5 x 103 vector genomes/mL)
into the SCS of eight healthy rabbits. The treatment was well tolerated, with no reports
of serious AEs. Analysis of whole-mounted treated eyes 6 weeks post-injection revealed
robust transfection, evidenced by the presence of GFP expression in the choroid, the
RPE, photoreceptors, and retinal ganglion cells. In contrast, the control group did not
exhibit any GFP expression. The authors concluded that the microcatheter approach for
SC AAV delivery demonstrated safety, tolerability, and effective gene transfer to target
areas [65]. Similarly, Martorana and colleagues (2012) compared the gene transfer of AAV2,
AAV5, and AAV2, containing three tyrosine-phenylalanine mutations on the capsid surface
[AAV2(triple)]. The efficiency of SC and subretinal transduction was further compared
in rabbits. Immunostaining showed that GFP expression was observed in all eyes that
received vitrectomy /subretinal or SC injections, with AAV2 producing the strongest GFP
expression. There was intermediate expression with AAV2 treatment and minimal expres-
sion with AAV5 treatment, unlike Peden’s findings. Transduction profiles were not affected
significantly by the vector concentration [133]. Both studies demonstrated the feasibility of
delivering AAV vectors through SC injection, although outcomes varied depending on the
serotypes used. Importantly, this approach reduced the surgical risks associated with the
current approach of conventional 3-port PPV followed by subretinal treatment.

Woodard and colleagues (2016) compared different routes of AAV2 administration in
mice, including intrastromal, intracameral, IV, subretinal, and SC injections. In their mouse
model, AAV2 was used to deliver a genetic construct containing a promoter region derived
from cytomegalovirus (CMV) alongside a GFP reporter gene. Examination with fundoscopy
and OCT assessed the anatomical impact of the injections at the time of administration,
and transduction was evaluated after 6 weeks using fundoscopy and histological analysis
of whole globes. Transduction was observed in multiple ocular structures, including
the stroma, ciliary body, retinal ganglion cells, outer retina, and the RPE, irrespective of
delivery route. Notably, SC injections demonstrated transduction across multiple retinal
layers throughout the entire retina. This ability to transduce retinal layers without inducing
a temporary RD led the authors to conclude that SC delivery may offer unique advantages
over subretinal delivery [134].

Recent studies have investigated the effectiveness of SC AAV delivery in animal
models using a conventional hypodermic needle and free-hand method. Ding and col-
leagues (2020) used this method to inject a GFP-reporter gene with RGX-314, an AAV8
vector expressing a VEGF-neutralizing protein, into the SCS in animal models. India ink
injection into the SCS confirmed its spread throughout the posterior segment without
entering the RPE or retina. Two weeks later, treated eyes displayed robust fluorescence
in the RPE and outer retina on the injected side, extending to the opposite side of the eye.
Immunohistochemical staining confirmed GFP presence in the RPE, photoreceptor cell
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bodies, inner segments, and outer segments, with stronger staining near the injection site.
Conversely, subretinal injection resulted in strong fluorescence and GFP staining only on
the injected side, with minimal staining in remote quadrants. Rats that received a second
SC injection of AAVS8 showed increased GFP expression compared to a single injection.
The study also compared SC delivery of AAV8, AAV9, and AAV2 serotypes, with AAVS
and AAV9Y displaying strong GFP expression in the injected eye quadrant, while AAV2
exhibited limited fluorescence in the far periphery. Serum albumin, an endogenous marker
for vascular leakage, was used to assess retinal vascular permeability. Eyes treated with
SC or subretinal delivery of RGX-314 showed significantly lower vitreous albumin levels
compared to control eyes injected with AAVS, indicating the suppression of VEGF-induced
vasodilation and vascular permeability by RGX-314. Additionally, the study confirmed
similar levels of anti-VEGF Fab protein in the retina, the RPE, and the choroid between SC
and subretinal routes [135].

Ding and colleagues (2020) also conducted a study comparing SC delivery of AAV2tYF-
CBA-hGFP, AAV2tYF-GRK1-hGFP, AAV5-GRK1-hGFP, or AAV2-CBA-hGFP in 65 Norway
brown rats. Peak GFP expression was achieved by each vector at 2 weeks, with AAV2tYF
showing further increase between weeks 2 and 4. AAV2tYF exhibited stronger and more
widespread GFP expression, extending approximately % of the circumference of the eye in
the RPE and all layers of the retina. Significant transduction of photoreceptors and inner
retinal cells was also observed with AAV2tYF-GRK1-GFP and AAV5tYF-GRK1-GFP via
the SC route. AAV2tYF-CBA provided significantly greater transduction than AAV2-CBA
after SC injection. While not as extensive as AAV8 and AAV9, AAV2tYF-CBA resulted
in more transduction of inner retinal cells. AAV2tYF-GRK1 demonstrated superior and
more extensive transduction of photoreceptors compared to AAV5-GRK1. These findings
support the potential of SC injection of AAV2tYF-CBA and AAV2tYF-GRK1 for efficient
transduction of retinal cells, particularly photoreceptors [136].

Yiu and colleagues (2020) conducted a study on non-human primates to compare the
efficacy of SC, subretinal, and IV gene delivery using AAVS carrying an enhanced GFP
sequence. SC injection resulted in widespread transgene expression in the RPE, while
subretinal delivery showed focal transduction in the RPE, photoreceptors, and some gan-
glion cells near the injection site. IV injection led to scant peripapillary GFP expression in
cells, potentially astrocytes or Miiller glia. Other studies comparing SC delivery of AAV
serotypes with other routes of transmission in animal models have confirmed that SC ad-
ministration may be preferable due to their widespread transduction and lack of associated
retinal complications. However, Han and colleagues (2020) and Tian and colleagues (2021)
investigated the use of different AAV serotypes for gene transfer in animal models, which
showed that transduction, estimated by GFP expression, varied among serotypes [59,137].

Further, the initial enthusiasm for gene therapy may be tempered by emerging evi-
dence of AAV-associated inflammation. For instance, Yiu and colleagues discovered that
SC AAVS delivery resulted in transient expression, peaking at month 1 with a subsequent
decline by months 2 and 3. This decline was attributed to cellular damage and the phago-
cytic activity of local inflammatory cells. In contrast, subretinal and IV delivery showed
lower localized chorioretinitis, although IV administration produced a stronger systemic
humoral immune response [24]. A subsequent study by Ching and collaborators (2021)
demonstrated that SC delivery induced a lower systemic immune response compared to
IV delivery but higher elevations in IOP compared to subretinal delivery. These results
were anticipated due to the SCS being located outside the blood-retinal barrier, rendering
it susceptible to immune surveillance cells. While the study refrained from extensive
immunosuppression to assess the natural immune response to SC AAVS delivery, future
research could explore the influence of corticosteroids. The authors also observed reduced
transgene expression after 2 and 3 months, likely due to phagocytic activity of infiltrated
macrophages and leukocytes observed at 1 month [138]. In a separate study, Wiley and
collaborators (2023) examined the extent and retinal pattern of AAV-associated inflamma-
tion in rats following the administration of five distinct AAV vectors (AAV1, AAV2, AAV6,
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AAVS, and AAV9). AAV2 and AAV6 consistently induced higher levels of inflammation
levels compared to control groups across all delivery routes. Specifically, AAV6 triggered
the highest inflammation when delivered using the SC route. AAV1 exhibited significant
inflammation with SC delivery but minimal inflammation with IV delivery. AAV1, AAV2,
and AAV6 also activated adaptive immune cells. AAV8 and AAV9 caused the least inflam-
mation regardless of the delivery route. Interestingly, the amount of inflammation was not
correlated with transduction and GFP expression [139].

Over the past decade, gene therapy using AAV vectors has shown promising results
in animal trials, but delivery methods need further investigation to reduce risks and for
optimal targeting. By enabling the transduction of multiple retinal layers without the
risk of complications such as RD, this route may enhance the efficacy and distribution
of gene therapy in the retina. However, translating these findings into clinical practice
presents several challenges. First, the precise targeting of specific retinal regions using
the SC approach remains unclear. These studies demonstrate that SC injections can treat
larger peripheral areas affected by retinal diseases. However, some studies have indi-
cated that SC delivery may result in less exposure to the inner retinal layer, minimizing
transduction of retinal ganglion cells in comparison to IV administration. Thus, SC gene
delivery using a microneedle may lack regional specificity and require optimization for
macular targeting. Strategies such as using a “pushing” formulation that exerts pressure to
facilitate movement of therapeutics, iontophoresis, collagenase to expand the SCS, higher
injection volume, or catheter-based delivery could improve SC targeting [140]. Another
challenge is the potential for immune responses and inflammation associated with AAV
gene therapy. Although research suggests that SC AAV injections are associated with re-
duced systemic inflammation, they can potentially induce local inflammation. For instance,
Yiu and colleagues found that persistent transgene expression in scleral cells following SC
AAYV administration may decrease over time due to the presence of inflammatory cells,
leading to disruption of the RPE and photoreceptor segments [24]. Interestingly, [V AAV
injections resulted in a stronger systemic immune response compared to subretinal or
SC gene delivery, highlighting the different immune consequences of AAV exposure in
different compartments surrounding the outer blood-retinal barrier. Further research is
needed to explore local inflammatory responses associated with SC gene administration.
Additionally, advances in AAV technology, such as the application of multiple AAV vectors
simultaneously and intein-mediated protein trans-splicing, should be evaluated for SC
delivery.

7.2.2. Suprachoroidal Injection of DNPs for the Treatment of Inherited and Acquired
Retinal Disorders

SC injection of nanoparticles is an emerging approach for ocular gene therapy. DNA
nanoparticles (DNPs), composed of DNA molecules, can be used to deliver therapeutic
genes or gene-editing tools into target cells [59]. Researchers commonly use DNPs carrying
a luciferase gene to measure luciferase activity and assess gene delivery efficiency. Kansara
and colleagues (2019) performed SC injection of ellipsoid-shaped DNPs, rod-shaped DNPs,
or saline in non-human primates, alongside SC injection of analogous DNPs and subretinal
injection of rod-shaped DNPs in rabbits. Luciferase activity was observed in the retina,
choroid, and the RPE. Ellipsoid-shaped DNPs showed persistent luciferase activity up
to day 22, while rod-shaped DNPs declined in non-human primates. In rabbits, both
SC-injected rod and ellipsoid-shaped DNPs showed similar luciferase activity after 1 week.
The study demonstrated successful transfection of chorioretinal cells using SC-delivered
DNPs [137].

In a follow-up study, Kansara and collaborators (2020) compared SC and subretinal
injections of DNPs in rabbits. Microneedle-based SC administration of DNPs was also well-
tolerated and effective in transfected chorioretinal tissues. SC injection provided greater
surface area coverage and aided in the transfection of the peripheral retina. DNPs injected
into the SCS showed minimal intraocular toxicity, while subretinal injections displayed
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ocular toxicity. The study established the potential of nonviral-based gene delivery to the
chorioretina via the SC administration [139].

SC delivery of poly (B-amino ester)s nanoparticles (PBAE NPs), a biodegradable poly-
mer used for gene delivery, has also been explored. In a study involving Brown Norway
rats, performed by Shen and colleagues, SC injections of PBAE NPs containing various
plasmids showed widespread GFP expression throughout the retina. However, this was
less intense in the RPE and photoreceptors compared to AAVS injections. Widespread
lateral and radial penetration of polymeric NPs via SC delivery was attributed to a tran-
sient pressure increase induced by the injected volume into the SCS space. However, SC
injection of PBAE NPs containing a VEGF expression plasmid caused severe subretinal
neovascularization, similar to AMD. Conversely, SC injection of PBAE NPs containing a
VEGF-binding protein suppressed VEGF-induced retinal vascular leakage and neovascu-
larization, demonstrating therapeutic potential. Expression was quite strong 2 weeks after
injection and was maintained for at least 8 months. Compared to a single SC injection
of NPs containing pEGFP-N1, three injections resulted in a five-fold increase in ocular
expression of GFP, demonstrating the feasibility of increasing expression using repeated
injections [140].

Overall, SC injection of nanoparticles holds promise for treating various retinal dis-
eases. Unlike AAVs, nanoparticles offer a nonviral-based gene therapy option that can
be repeated over time, allowing for multiple treatments if needed. They can also transfer
large genes common in inherited retinal disorders, such as Stargart’s macular dystrophy
(SMD) [59]. However, they may result in variable gene expression intensity and neovascu-
larization risk. AAVs, on the other hand, may trigger elevated immune responses due to
pre-existing antibodies against AAV capsid antigens. As research progresses, SC injection
of nanoparticles may become a valuable therapeutic strategy to address the underlying
genetic causes of retinal diseases.

7.2.3. Suprachoroidal Injection for the Treatment Dry-Aged Macular Degeneration and
Stargardt’s Macular Dystrophy

Ongoing research is exploring the use of non-retinal-derived stem cells, specifically
mesenchymal stem cells, for the treatment of degenerative retinal diseases. These stem cells
secrete various factors that have anti-apoptotic, anti-inflammatory, immunomodulatory,
and angiogenic effects, providing trophic support for damaged retinal cells [141]. Recent
studies have explored SC delivery of mesenchymal stem cells for dry AMD and SMD. In
a prospective study conducted by Kahraman and colleagues (2021), eight patients with
advanced-stage dry-type AMD and SMD underwent SC implantation of adipose tissue-
derived mesenchymal stem cells (ADMSCs) in their worst eye. All patients experienced
improvements in visual acuity, visual field, and multifocal electroretinography (mfERG)
with no serious complications. These improvements persisted throughout the 1-year follow-
up period, accompanied by choroidal thickening, indicating increased choroidal perfusion.
The proximity of SC implantation allows the produced growth factors to enter into the
choroidal flow, enhancing interactions with retinal cells. However, the study included
only patients with severe visual loss [142]. Thus, future research should focus on larger
patient cohorts at earlier stages of the disease to refine treatment timing, graft replacement
strategies, and delivery methods. Nevertheless, these findings offer promising evidence for
effective treatment of degenerative retinal diseases.

7.2.4. Suprachoroidal Injection for the Treatment of Retinitis Pigmentosa

Retinitis pigmentosa (RP), a collection of inherited retinal disorders, is characterized by
progressive photoreceptor loss, leading to significant visual impairment. A wide spectrum
of genetic mutations challenge the development of efficacious treatments for RP. Expanding
our understanding of potential therapeutic strategies, as demonstrated in Figure 6, remains
a critical objective. We have previously highlighted the potential of SC injection as a
delivery mechanism for gene therapy in the management of RP. The focus of the current
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section is to extend this discussion to illustrate the application of SC injections in cell
therapy, specifically the use of umbilical cord-derived mesenchymal stem cells (UCMSCs).
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Figure 6. Emerging Therapeutic Modalities for Retinitis Pigmentosa.

Oner and colleagues conducted two studies assessing the effects of UCMSC implan-
tation on RP patients. In their first study, significant improvements were observed in
mean BCVA and visual field scores over a 12-month period. Notably, the treatment also
led to an improvement in disease score and grade [143]. In their second study, which fo-
cused on pediatric RP patients, UCMSC implantation resulted in significant enhancements
in BCVA, visual field examination, and mfERG measurements in all 46 eyes of patients.
No systemic or ocular complications were reported [144]. However, the use of SC mes-
enchymal spheroidal stem cell implantation is still being evaluated, and study results are
pending [145]. Further research is required to gain a comprehensive understanding of the
potential advantages and limitations of this treatment approach for RP.

7.2.5. Suprachoroidal Injection for Solar Retinopathy

Marashi et al. (2021) published a case report describing a 17-year-old female with a sud-
den scotoma due to solar retinopathy. The patient received a single SCTA (4.0 mg/0.1 mL)
injection with a custom-made needle. After 1 week, the patient’'s BCVA improved from 0.1
to 1.0, and her scotoma disappeared. A mild elevation in IOP to 28 mmHg was observed at
7 weeks, which resolved to normal limits with topical anti-glaucoma agents. After 4 weeks,
there was a full recovery in her BCVA, and OCT demonstrated anatomical improvement in
the ellipsoid zone layer. No serious AEs were reported [146]. Overall, the implications of
this case suggest SCTA may be a promising therapeutic option for solar retinopathy, leading
to significant improvements in visual acuity and anatomical changes without serious or
unmanageable AEs. However, further research is needed to establish the efficacy, safety,
and long-term outcomes of this approach in larger patient cohorts.
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7.3. Choroidal Neovascularization
7.3.1. Suprachoroidal Injection for Solar Retinopathy

In individuals with choroidal neovascularization (CNV), the production of VEGF
triggers abnormal and chronic angiogenesis. Consequently, sustained suppression of
VEGEF is required to effectively manage CNV. For this purpose, VEGF inhibitors such
as Ranibizumab, Aflibercept, and Bevacizumab are typically intravitreally injected for
CNV treatment. However, the need for frequent injections, as often as monthly, can be
burdensome for patients and impose substantial costs on the healthcare system [147,148].
Additionally, IV injections of anti-VEGF agents are associated with AEs such as endoph-
thalmitis, cataract, or RD [149,150]. This situation has driven research toward newer
delivery methods and longer-lasting alternative medications.

To optimize drug delivery to the macula, Tran and colleagues conducted a preclinical
study in 2017. A total of 39 surgical pig models with surgically induced CNV were injected
with either 2.5 mg IV Bevacizumab, 1 mg IV Pazopanib, 300 pug IV hl-conl, or 1 mg SC
Pazopanib, with comparable SC and IV vehicle controls. This study used novel anti-
VEGEF agents, such as Pazopanib and ghl-conl, to evaluate their efficacy. IV Pazopanib
resulted in smaller mean height measurements of CNV type 2 lesions compared to the
SC Pazopanib, and these measurements were statistically smaller than controls. For eyes
treated with IV Bevacizumab, there was only a small decrease in the height of the lesions
in comparison to controls. There were no significant differences between the surface area
of CNV lesions between the three treatment groups. While IV-injected hl-con1 resulted
in lesions that were thinner than controls, these results were not statistically significant.
Their study concluded that IV Pazopanib, and, to a lesser extent, hl-con1, inhibits induced
CNV lesions in pig models [151]. Given the similar properties between Pazopanib and
TA, Tran and colleagues hypothesized that this medication would be a well-suited SC
injection. Surprisingly, they found that IV injections yielded more significant inhibition
of CNV lesions than SC injection. This could be due to Pazopanib’s limited solubility,
potentially resulting in adequate distribution to the posterior segment. Additionally, the
low solubility might lead to a slower drug distribution, causing an insufficient amount to
reach the posterior eye. Additionally, there could have been underdosing if some material
remained in the syringe, in addition to dosing variations per injection. Consequently,
comprehensive studies measuring the precise amount of Pazopanib injected into the SCS
and analyzing its pharmacokinetics and distribution in animal models are necessary before
advancing to human trials [151].

On the other hand, Mansoor and collaborators (2012) concluded that Bevacizumab
(Avastin, 1250 pg/50 uL) injected into the SCS reached excellent levels in the choroid,
sclera, and retina but exhibited a rapid decline in the choroid after only 1 day. They at-
tributed this outcome to the suboptimal formulation of SC Bevacizumab, which failed to
effectively target the posterior eye segments in a sustained-release matter [152]. Earlier
studies of porcine models also demonstrated the rapid clearance of Bevacizumab when
injected suprachoroidally in comparison to intravitreally [153]. These findings emphasize
the need for optimizing drug formulations for SC injection, potentially through methods
such as increasing injectate viscosity and particle size or using novel vehicles to create
sustained-release formulations. Interestingly, Tyagi and colleagues (2013) successfully
formulated a gel network using light-activated polycaprolactone dimethacrylate and hy-
droxyethyl methacrylate. This network enabled the sustained release of Bevacizumab
for over 4 months when injected into the SCS in animal models. This sustained release
approach did not compromise the mechanism of action of Bevacizumab [66]. Similarly,
Jung and colleagues (2022) demonstrated that an in-situ forming hydrogel comprised
Bevacizumab and HA crosslinked within 1 h of injection into the SCS of a rabbit allowed
for slower release as the hydrogel underwent biodegradation. The degradation happened
for over 6 months, and ophthalmological examination, fundoscopy, imaging, histological
analysis, and IOP assessments confirmed it was well-tolerated [80].
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Acriflavine is recognized for its ability to suppress neovascularization by reducing the
transcriptional activities of hypoxia-inducible factor-1 and factor-2 involved in pathogenesis.
Zeng and colleagues conducted a study using a laser-induced rat model of CNV in 2017 and
found that 300 ng of SC Acriflavine spread throughout the retina and choroid by day 1 and
was maintained for 5 days. Additionally, this treatment caused a CNV reduction 14 days
after Bruch’s membrane rupture. They also examined intraocular injection of 100 ng and
extraocular 0.5% drops, but there was no formal comparison between different routes
of administration. They concluded that various modes of Acriflavine delivery have the
potential to be used for CNV treatment pending further research [154]. Building on this,
Hackett and collaborators (2020) developed a sustained delivery method that increased the
delivery time of Acriflavine into the SCS using poly (lactic-co-glycolic acid) microparticles
for up to 60 days. They found IV and SC injections of Acriflavine using this microparticle
suppressed CNV for 9 weeks in mice and 18 weeks in rats, respectively. Notably, IV
injection of 38 ug Acriflavine resulted in a modest reduction in full field electroretinogram
function, while SC injection resulted in no electroretinogram functional, IOP, or retinal
changes over 28 days [84].

Emerging methods, such as SC electrotransfer, present alternatives for drug delivery
into the SCS. Touchard and colleagues (2012) found that SC electrotransfer of a VEGFR-1
(sFlt-1)-encoding plasmid significantly inhibited laser-induced CNV in rats at 15 days. No
retinal or vascular AEs were observed, suggesting that this minimally invasive method
opens the door for novel research in the retinal disease treatment [88].

Animal studies have demonstrated the efficacy of established and novel anti-VEGF
agents in the SCS for the treatment of CNV, including Bevacizumab, Pazopanib, and
Acriflavine. Notably, sustained-release formulations have prolonged the efficacy of SC
Bevacizumab and Acriflavine without compromising their safety. However, human trials
are essential to confirm their safety and effectiveness, with further comparative studies
needed to assess the suitability of various drugs. It is also crucial to recognize that animal
studies have limitations, particularly their inability to replicate aging-related CNV lesions
driven by VEGE, which are typically type 1 lesions seen in humans, unlike the type 2 lesions
induced by Tran and colleagues [151]. Resultantly, clinical studies are imperative to bridge
this gap [80]. Nonetheless, the relevance of porcine models should not be underestimated
due to their anatomic similarities to humans, including comparable scleral thickness size,
ocular blood flow, and RPE characteristics [155].

7.3.2. Suprachoroidal Injection for Choroidal Neovascularization Secondary to
Neovascular Age-Related Macular Degeneration

Gene therapy is a promising treatment for inherited and acquired retinal diseases, with
its use being explored for CNV. In a 2022 phase II clinical trial of 50 patients, Khanani used
an AAVS vector to deliver anti-VEGF fab transgene with the goal of creating continuous
therapy in the eye. Patients were randomized to receive SC RGX-314 at levels of 2.5 x 101
and 5 x 1011 genomic copies/eye or monthly 0.5 mg IV Ranibizumab. Patients were found
to have stable BCVA and CRT at 6 months, with a meaningful reduction in anti-VEGF
treatment burden (>70%). In both groups, 29% and 40%, respectively, received no anti-
VEGEF injections over 6 months following RGX-314 administration. Treatment-related AEs
were mild, with 23% of participants experiencing mild intraocular inflammation at similar
rates for both dose levels that resolved with topical corticosteroids. While the full results
of this study remain unpublished, this approach could transform the landscape of nAMD
treatment by offering an alternative regimen with reduced injection frequency [156,157].

Another area of investigation centers on the safety of SC Bevacizumab and TA for
resolving treatment-resistant nAMD. Using a new microcatheter, Tetz and collaborators
injected a combination of Bevacizumab and TA in the SCS in 21 eyes. After 6 months, they
observed no serious intraoperative or postoperative complications. IOP elevation was
experienced by 4.76% of participants at 3 months that normalized with medical treatment,
and an increase in nuclear sclerotic cataracts was noted in 10.5% [158]. Similarly, a phase I
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clinical trial by Morales-Canton and colleagues (2013) injected four patients with CNV sec-
ondary to wet AMD with 100 uL of Bevacizumab. While patients reported moderate pain,
there were no serious AEs, IOP elevation, nor need for rescue therapy at 2 months [159].

Patel and colleagues compared the effects of SC saline to 40 mg/mL SC Aflibercept in
a laser-induced CNV rat model. The study revealed a notable and significant reduction in
the neovascular leak area on fluorescein angiography at 21 days in those treated with SC
Aflibercept [160]. Another molecule, CLS011A, has anti-VEGFR and anti-PDGFR binding
properties, making it a promising new candidate for CNV treatment [92]. Kissner and
colleagues (2016) injected 4 mg SC CLS011A into the eyes of rabbits and found this to be
well tolerated until day 91. Over 60% of the molecule remained in the sclera, choroid, and
RPE at this time point. There were no signs of toxicity and no detectable drug levels in
the plasma or aqueous humor. The drug was present for the full study duration in the
following areas in order from the highest concentration to the lowest: sclera; choroid; RPE;
retina; and vitreous humor [161].

The safety of Axitinib, a protein kinase inhibitor that also acts as an anti-VEGF agent,
is currently being assessed in a multi-center study for the treatment of nAMD at doses of
0.03,0.10, 0.50, and 1.0 mg injected into the SCS following IV 2 mg Aflibercept in 27 eyes
for 12 weeks. Preliminary safety data show that all doses were well-tolerated with no
treatment-related serious AEs. Final safety data are anticipated to be released later in
2023 [162]. Further, an ongoing extension study is underway, which aims to evaluate
long-term outcomes for an additional 12 weeks [163]. Before these human clinical trials,
Axitinib’s safety and drug characteristics were tested in laser-induced CNV animal models
by two separate studies. Both studies revealed favorable tolerance and no detectable
presence of the drug in plasma or aqueous humor. Moreover, sustained high levels of
Axitinib were observed in the sclera, choroid, RPE, and vitreous humor for an extended
period. In a rat CNV model, 40% of eyes showed improvement by day 21 in contrast to
the saline-injected group. Meanwhile, in the pig CNV model, a statistically significant
reduction in fluorescein leakage was observed at weeks 1 and 2 when compared to the
saline-injected group [90,92].

Given the successful outcomes of SC therapeutic agents in treating ME secondary
to NIU, DME, and CNV, it is unsurprising that well-established corticosteroids and anti-
VEGF agents also offer promise for SC treatment of nAMD with minimal AEs. To advance
our understanding, larger and longer multicenter trials are needed to assess the safety
and feasibility of SC Bevacizumab and TA. While animal studies have demonstrated
Aflibercept’s efficacy and CLS011A’s favorable pharmacokinetic profile, clinical trials are
required to confirm their safety and effectiveness. As discussed, a multi-center phase I/1I
study for the treatment of nAMD with SC Axitinib was initiated based on encouraging data
from animal studies. While the preliminary safety results of this clinical trial are promising,
the final efficacy and safety results, along with the extension safety study data, are critical to
determine if SC Axitinib is a viable treatment option for nAMD in the long term [162,163].
In addition, novel research assessing the anatomical and functional effects of SC RGX-314
for nAMD highlights exciting new advancements that may reduce the need for frequent
injections [156,157]. After the results of these clinical trials are released, comparative studies
should be leveraged to identify the safest and most efficacious pharmacological agent for
long-term nAMD treatment. Emerging research is also exploring novel therapeutic agents.
For instance, an ongoing phase I clinical trial aims to assess the use of an integration-
deficient lentiviral vector, BD311, to deliver a VEGF antibody gene for the treatment of
ocular diseases characterized by CNV, such as nAMD, DME, and ME following RVO. The
goal of this study is to achieve constant anti-VEGF activity by delivering the gene to the
posterior segment of the eye, suppressing CNV [164].

The separation between the RPE and the innermost part of Bruch’s membrane is known
as retinal pigment epithelial detachment. Many chorioretinal diseases, such as nAMD,
can lead to this pathology alongside idiopathic causes. Recently, Datta and colleagues
studied the efficacy and safety of two 0.1 mL SC injections of Bevacizumab administered
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1 month apart in 30 patients with serous pigment epithelial detachment for 8 weeks.
BCVA improved for all patients 1 week after the first injection, which was maintained and
statistically significant at 8 weeks post-injection. There was an objective decrease in pigment
epithelium detachment at 2 weeks post-injection, with a statistically significant decrease in
mean height of the pigment epithelium detachment at 6 weeks. IOP rose transiently after
injection, and patients were treated with 500 mg oral acetazolamide. Patients noted more
pain in comparison to IV injections, but no other AEs were reported [165]. Considering the
absence of established treatment guidelines for serous pigment epithelial detachment, as
well as its limited response to existing treatment options, the findings of this study offer
promising prospects for the management of this condition pending larger studies of longer
duration.

7.4. Suprachoroidal Injection for Retinal Detachment

The safety and efficacy of SCTA have been well-established in preclinical and clinical
studies for ocular diseases, such as ME, secondary to NIU and DME, leading to further
investigation of its application for RD. Traditionally, surgical intervention has been the
cornerstone for managing rhegmatogenous RD, but addressing the underlying inflamma-
tory process associated with this approach has been deemed beneficial. Systemic steroid
therapy may not be universally applicable due to patients’ medical comorbidities, such as
uncontrolled diabetes and hypertension. Topical steroids pose an increased risk of globe
perforation and result in inconsistent drug bioavailability. Likewise, IV corticosteroids can
raise JOP and increase the risk of cataract formation and progression [166].

Given these challenges, the utilization of SCTA injections has emerged as a potential
alternative to address the limitations associated with other treatment options. Tabl and
collaborators (2022) conducted the first clinical trial assessing the use of SC injection for
the treatment of RD via injection of SCTA. The study encompassed six eyes with serous
retinal detachment caused by Vogt-Koyanagi disease, with untreated eyes serving as
controls. Notably, all patients were in the acute phase of the disease and concurrently
receiving systemic steroids. The trial demonstrated significant improvements in BCVA
and central foveal thickness (CFT) in eyes treated with SCTA at both 1 and 3 months, with
no significant difference in IOP between the treated and untreated eyes. These findings
confirm the potential of SCTA as an effective adjunctive treatment, along with oral steroids,
for managing serous RD due to Vogt-Koyanagi disease [167]. Similarly, another study
by Kohli and collaborators (2022) showcased the success of using 4.0 mg SCTA prior to
vitrectomy and scleral buckle surgery in 10 patients with serous choroidal detachment
associated with rhegmatogenous RD. This prospective, non-comparative study revealed
that SCTA resulted in 50% of eyes having >50% reduction in fluid by day 3 and 20% by day
5. In total, only 30% of eyes required surgical drainage before proceeding with vitrectomy.
While one eye (10%) experienced a transient increase in IOP to 30 mmHg, which was
managed with topical anti-glaucoma medications, no other treatment-related AEs were
reported [166].

While preliminary studies show that SCTA may be a promising adjuvant treatment for
two types of RD, larger comparative studies are needed to assess if the long-term outcomes
of this additional procedure are worth the extra cost and time required to perform it.
Currently, clinical research on SCTA is limited to serous RD due to Vogt-Koyanagi disease
and serous choroidal detachment associated with rhegmatogenous RD. Expanding research
to other RD could shed light on responsive cases warranting SCTA alongside corticosteroid
use. Furthermore, longer-term safety studies are required to assess for common AEs known
to SCTA use, including cataract progression and IOP elevation.

Several studies have investigated the injection of non-pharmacological substances into
the SCS as a medical alternative to scleral buckling procedures for improving outcomes
in patients with RD. Gao and colleagues (2019) explored sodium hyaluronate injection
into the SCS, followed by retinal hole scleral freezing and laser photocoagulation for
rhegmatogenous RD. Remarkably, 50% of the eyes achieved complete reattachment, 33.33%
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were partially reattached with subsequent reabsorption of subretinal fluid, and 16.67% did
not reattach and required further intervention [168]. The concept of sodium hyaluronate
acting as an internal buckle through SCS injection was initially explored in rabbit models
by Mittl and collaborators (1987). They demonstrated that, while the buckling effect was
short-lived (between 12 and 72 h), sodium hyaluronate remained in the SCS for 10 and
14 days, regardless of the concentration or formulation used [169]. Earlier, Smith (1952)
reported a series of five RD cases in which air was injected into the SCS to act as an internal
buckle. Satisfactory repositioning of the retina was achieved in all five retinas. However,
one case experienced vitreous hemorrhage, two cases had relapsed at 2 and 3 months
that required surgical management, and one case required further diathermy [170]. The
injection of sodium hyaluronate has shown efficacy in the treatment of rhegmatogenous
RD in combination with current standards of treatment in one small clinical study. Larger
comparative studies are needed to assess if SC sodium hyaluronate results in improved
efficacy compared to the current treatment alone. Additionally, further optimization of
the formulation of sodium hyaluronate could result in sustained treatment levels that
induce buckling via the SCS for a longer duration. While sodium hyaluronate injection has
shown promise in small-scale studies, the scarcity of follow-up research since 2019 may be
attributed to advancements achieved through SCTA. Moreover, examining the functional
and anatomical changes associated with anatomical improvements is crucial. Comparative
clinical trials comparing SC sodium hyaluronate and SCTA versus placebo could lead to
new treatment regimens that yield better outcomes for patients with various types of RD.

7.5. Suprachoroidal Injection for Uveitis

SCTA has demonstrated positive effects on visual and anatomical outcomes with min-
imal AEs in the treatment of ME secondary to NIU, as previously discussed. Moreover, the
literature has provided insights regarding its potential role in managing uveitis. Goldstein
and colleagues (2016) were the first to explore the use of 4.0 mg SCTA for eight eyes with
NIU to assess the preliminary efficacy and safety of this approach. All treated eyes showed
improvements in BCVA by 26 weeks. Among the 38 AEs reported, 89% were mild or
moderate in severity, and 58% affected the ocular domain. Notably, 18% were related to
uveitis progression, 3% were associated with cataract progression requiring extraction, and
16% were attributed to ocular pain with no cases of increased IOP [171].

Prior to human studies, Noronha and colleagues (2015) examined the use of SCTA in a
porcine model of acute uveitis induced by lipopolysaccharide injection. The study assessed
the anti-inflammatory effects of SCTA in comparison to oral prednisone. Single eyes of 16
porcine models received either SC salt solution, 2.0 mg SCTA, or 0.1 or 1.0 mg/kg/d of
prednisone every 24 h for a total of 3 days, with the other untreated eye acting as a control.
The results demonstrated that SCTA (day 1) resulted in more rapid anti-inflammatory
effects than oral prednisone (day 3). SCTA was found to be as effective as high-dose
oral prednisone and superior to low-dose prednisone. On the first and second days of
treatment, SCTA showed lower inflammation scores compared to controls. On the third
day, both high-dose prednisone and SCTA had lower inflammation scores than controls.
These findings highlighted the advantages of local drug administration with SCTA over
systemic prednisone, which has the potential to lead to side effects such as hyperglycemia,
immunosuppression, osteoporosis, and adrenal suppression with long-term use [172].

In another study by Gilger and colleagues (2013), the difference between IVTA and
SCTA was investigated for the treatment of acute posterior uveitis in a similar porcine
model. The researchers compared the efficacy and safety of different doses and administra-
tion routes of TA (0.2 mg or 2.0 mg TA using SC or IV injection). The results suggest that
0.2 mg and 2.0 mg of SCTA were equally effective as 2.0 mg IVTA in reducing inflammation
and were similar in terms of IOP and OCT measurements. Eyes in the high-dose SCTA
group had mean histologic inflammatory scores in the ocular posterior segment that were
significantly lower than eyes treated with IVTA, as seen in Figure 7. Additionally, the mean
vitreous humor cell count and protein concentration were lower in the high-dose SCTA
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group when compared to low-dose SCTA and IVTA groups. There were no significant
differences in mean aqueous humor protein concentration among the groups, and there
were AEs reported within 3 days of treatment [173].

Figure 7. Ocular histopathology of eyes 3 days after IVT injection of balanced salt solution (BSS) or
100 ng of lipopolysaccharide (LPS) and 72 h after SCS or IVT injection of vehicle, 0.2 mg TA (low-dose
TA), or 2.0 mg of TA (high-dose TA). Hematoxylin and eosin stain. (A) Anterior segment of eyes
injected with BSS IVT and vehicle in SCS (group 1). (B) Posterior segment of eyes injected with BSS
IVT and vehicle in SCS (group 1). (C) Anterior segment of eyes injected with LPS IVT and vehicle
in SCS (group 2). (D) Posterior segment of eyes injected with LPS IVT and vehicle in SCS (group 2).
(E) Anterior segment of eyes injected with LPS IVT and low-dose TA in SCS (group 3). (F) Posterior
segment of eyes injected with LPS IVT and low-dose TA in SCS (group 3). (G) Anterior segment of
eyes injected with LPS IVT and high-dose TA in SCS (group 4). (H) Posterior segment of eyes injected
with LPS IVT and high-dose TA in SCS (group 4). Arrows indicate presence of TA in SCS. (I) Anterior
segment of eyes injected with LPS IVT and low-dose TA IVT (group 5). (J) Posterior segment of eyes
injected with LPSIVT and low-dose TA IVT (group 5). (K) Anterior segment of eyes injected with
LPSIVT and high-dose TA IVT (group 6). (L) Posterior segment of eyes injected with LPSIVT and
high-dose TA IVT (group 6). Reproduced with permission [173].

Similarly, Patel and collaborators (2013) conducted a study using a subretinal endotoxin-
induced model of panuveitis in rabbits and found that 4.0 mg SCTA was equally effective as
IVTA in reducing ocular inflammation. The study lasted for 22 days, and no AEs, including

34



Pharmaceuticals 2023, 16, 1241

IOP changes, were reported. After 24 h, eyes treated with SCTA showed less panuveitis
than IVTA and control eyes. Both SCTA and IVTA resulted in significantly reduced viritis,
aqueous flare, cellularity, and histopathological inflammation compared to controls [174].

In 2015, Chen and collaborators used a rabbit model of uveitis induced by lipopolysac-
charide to compare the effects of 50 uL (2.0 mg) SCTA and subtenon injection of 20 mg
TA. They found that SCTA was well tolerated and provided better therapeutic effects than
subtenon 20 mg. Following SCTA, there was an acute elevation in IOP, with higher volumes
of SCTA leading to higher IOP. The peak concentration of TA (<1.0 ng/mL) was detected in
the retina and posterior vitreous, with nondetectable in the aqueous and 11.6 ng/mL in
the plasma. SCTA demonstrated better efficacy with significantly lower aqueous humor
cells, lower vitreous opacity scores, and reduced vitreous inflammation on histology when
compared to subtenon TA [67].

Porcine models, with similarities in terms of anatomy, size, and retinal vascular pattern
to the human eye, have offered valuable insights into the study of SC injection. While animal
models are of critical importance, it should be noted that these animal models represent
only acute disease and do not fully capture the chronic nature of uveitis, highlighting the
need for human clinical trials. Following the improvement in BCVA that was observed in
the study by Goldstein and colleagues, further exploration of the use of SCTA for treating
ME due to uveitis was conducted by PEACHTREE, as seen previously. However, there still
remains a need for these large, long-term, and masked controlled studies to evaluate the
efficacy and safety of SCTA for treating the different types of uveitis without ME affecting
different parts of the eye.

7.6. Suprachoroidal Injection for Glaucoma

Pharmacological treatments for lowering IOP in glaucoma patients often have low
bioavailability when administered topically. This results in the need for multiple daily
eye drops, leading to poor treatment adherence and systemic side effects [175-178]. SC
injection, which offers higher drug bioavailability at the ciliary body, has gained interest
in glaucoma research. Kim and collaborators (2014) found significant dose-sparing of
anti-glaucoma medications, Sulprostone (a prostaglandin analog) and Brimonidine (an a2-
adrenergic agonist), when injected into the supraciliary zone of the SCS of rabbits compared
to topical administration. SC injection of both medications reduced IOP maximally by
3 mmHg in a dose-dependent manner for 9 h [179]. Chiang and colleagues (2016) were
able to sustain levels of Brimonidine in the SCS using Brimonidine-loaded poly (lactic acid)
microspheres for the treatment of glaucoma for 1 month. In rabbits, these microspheres
were found to reduce IOP by 6 mmHg initially and then, by progressively lower amounts
for over 1 month. AEs included mild conjunctival redness treated with antibiotic or steroid
ointment, difficulty healing at the injection site, and a histological foreign body response to
the microspheres with no serious AEs [180].

By employing a direct injection approach into the anterior portion of the SC space,
Kim et al. effectively demonstrated therapeutic IOP reduction with lower doses compared
to topical treatment in animals. This injection site, termed the supraciliary zone of the
SCS, closely neighbors the site of action of many anti-glaucoma drugs, namely the ciliary
body. However, prior to initiating human trials to assess the safety and efficacy of the
SCS for targeting glaucoma treatment, it is imperative to conduct more extensive safety
studies involving more animal models and comparative investigations against current
standard treatments. Interestingly, Chiang’s study was able to demonstrate that therapeutic
loaded microspheres can also lengthen the time of therapy for up to 1 month. While further
refinement of microspheres is needed for optimal results, their study demonstrated that
sustained levels of medications in the SCS can be achieved for the treatment of glaucoma
for up to 1 month. Notably, high-viscosity formulations injected into this space ensure
minimal diffusion toward posterior eye structures, thus enhancing therapeutic effects.
These studies collectively underscore the need for additional research aimed at optimizing
anti-glaucoma treatment in the supraciliary zone for a longer duration of action using
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varying drug formulations, viscosities, particle suspensions, particle size, and osmotic and
ionic characteristics.

Furthermore, the potential space between the sclera and choroid can temporarily be
expanded without long-term AEs and has been well tolerated in animals and humans
[66,173,181]. To find a medication and surgery-free method to treat glaucoma, Chae and
collaborators (2020) found that SCS expansion using an in situ-forming hydrogel, as seen in
Figure 8, reduced IOP in rabbit models for 1 and 4 months, respectively. Their hypothesis
was that SCS expansion increases the drainage of aqueous humor from the eye through
the uveovortex pathway [182]. No AEs were reported, but minor hemorrhage and fibrosis
were observed at the injection site.

HA-XL

D+91 D+60 D+42

D+120

Figure 8. Ultrasound biomicroscopy imaging of hydrogel-injected eyes. Rabbit eyes were injected
with Hanks’ Balanced Salt Solution (Sham), commercial hyaluronic acid hydrogel (HA), or in situ-
forming hyaluronic acid hydrogel group (HA-XL) and imaged over time. The yellow arrow indicates
the approximate injection site, and the yellow dashed line roughly outlines the expanded supra-
choroidal space. Images are representative of seven eyes per group (HA-XL group), two eyes per
group (Sham), or the only eye available from the HA group. Abbreviations—C: Cornea; CB: Ciliary
Body; I: Iris; S: Sclera. D + 0 refers to day zero after injection; D + 7 to 7 days after, etc. Scale bar:
2 mm. Reproduced with permission [182].

Hao and colleagues (2022) confirmed these findings by assessing the effect of an
in situ-forming polyzwitterion polycarboxybetaine hydrogel, which decreased IOP for
6 weeks. The treatment was well tolerated with no serious AEs, minimal inflammatory
reaction, and histopathological evidence that the SCS became expanded post hydrogel
injection [183]. The use of a non-pharmacological approach through SC injection shows
promising results in terms of IOP reduction with minor AEs in animal models, such as
inflammatory reactions at the injection site. These results pave the way for clinical trials
assessing the safety and efficacy of SC expansion to manage glaucoma in humans; however,
none have been initiated at present. If shown to be safe and efficacious in human studies,
the combination of SC expansion and SC anti-glaucoma medications could stand to lower
the incidence of blindness from glaucoma.
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7.7. Suprachoroidal Injection for Uveal Melanoma

AU-011, also known as Belzupacap Sarotalocan, is a promising treatment for ocular
melanoma. This compound triggers cellular necrosis through an immune-mediated re-
sponse when light is activated. Savinainen and collaborators (2020) found that AU-011
was well distributed in the choroid and resulted in effective anticancer activity due to its
long duration of action in rabbit models of choroidal melanoma. Notably, a 100 uL dose
of AU-011 remained in the choroid for several days, with distribution across 75% of the
posterior globe. Tumor regression and cancer cell necrosis were observed histologically [74].
In 2021, the same researchers determined that SC AU-011 outperformed IV injection in
terms of tumor distribution and bioavailability and decreased unintended exposure in a
similar rabbit model of choroidal melanoma. Staining showed SC injection resulted in
AU-011 tumor penetration at levels five times higher than IV injection, which remained
up to 48 h post-injection. In contrast, IV injection resulted in AU-011 staying primarily on
the tumor surface. After SC administration, negligible levels of AU-011 were present in
the vitreous, and high exposure levels were present in the tumor and choroid-retina [184].
While these two studies focused on AU-011 as a therapeutic in the treatment of choroidal
melanoma, Kang and colleagues (2011) found that suprachoroidally injected resin beads
and fluorescent microspheres were successfully delivered using a microcatheter to the
site of intraocular melanoma. They found no inflammatory reaction associated with the
injection [185].

AU-011 stands at the forefront of choroidal melanoma research as an alternative to
radiotherapy in preventing vision loss. The interim results of an ongoing multi-center trial
for primary choroidal melanoma by IV AU-011 injection have shown the treatment to be
well tolerated and produce adequate tumor control, in addition to maintaining vision [186].
Following these results, Demirci and collaborators (2022) demonstrated that SC injection of
AU-011 was also safe in the dose escalation phase of the trial. In this phase, 17 subjects with
primary indeterminate lesions and small choroidal melanoma received up to three cycles
of 3 weekly SC AU-011 injections (max dose of 80 ug) with two rounds of laser. In terms
of AEs, 24% experienced anterior chamber inflammation, 12% experienced conjunctival
hyperemia, 21% had eye pain, and 12% reported punctate keratitis with no serious AEs
related to treatment [187].

While brachytherapy is currently the standard of treatment for uveal melanoma, it
is associated with extraocular muscle trauma, radiation toxicity in the form of radiation
retinopathy and maculopathy, and ocular conditions such as strabismus, cataracts, and
glaucoma [188]. Animal studies have shown that SC injection allows for adequate drug
delivery directly to the tumor with a quick onset of action at lower doses. This targeted
delivery can increase the range of tumor sizes that can be treated and enable direct penetra-
tion while reducing the risk of AEs. The efficacy results of the clinical trial by Demirci and
collaborators, to be released later this year, stand to revolutionize the treatment of choroidal
melanoma [189]. As ocular AEs can still occur using this method of injection, including
changes to BCVA, larger multicenter studies with longer follow-ups are required to assess
its safety and to determine long-term remission rates. Future RCTs between patients under-
going radiotherapy, IV AU-011, and SC AU-011 could determine the treatment with the
best efficacy and safety profile for patients with uveal melanoma.

7.8. Suprachoroidal Injection for Myopia

Currently, there is a lack of animal and clinical studies investigating the use of SC
injection for the treatment of myopia. However, Venkatesh and Takkar (2017) proposed
that injecting biological cement into the SCS could halt the pathological elongation of the
eyeball associated with this condition [190]. In pathological myopia, the sagittal axial length
of the eye is longer than expected, which can lead to complications, such as RD [14,191].
However, at present, there is a need for preclinical animal studies to assess safety prior
to initiating human trials. While the injection of cement is currently used in a variety of
orthopedic conditions, its therapeutic potential in the eye may be limited by the eye’s
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aqueous environment. Elevating pressure in this area to induce beneficial alterations in
elongation mechanics could potentially lead to ocular complications, including trauma.
Given the availability of non-invasive, affordable, and effective treatments for myopia, such
as glasses and atropine, there might be limited motivation to explore the utilization of SC
injection for myopia treatment.

7.9. Suprachoroidal Injection for Ocular Inflammatory Diseases

Ketorolac, a short-acting nonsteroidal inflammatory drug, is commonly used topically
to relieve ocular inflammation and the resulting pain. However, its topical administration
results in suboptimal therapeutic drug levels or AEs with increasing drug dosages. Side ef-
fects can include burning and stinging, as well as delayed corneal healing and conjunctival
hyperemia [192]. IV injection carries the risk of vitreous opacity and various retinal patholo-
gies [193]. In an animal study involving 54 rabbits, Wang and collaborators (2012) found
that IV injection of 250 pg/0.05 mL Ketorolac Tromethamine resulted in higher intraocular
concentrations for a longer duration in comparison to SC and IC groups. Mean maximum
concentrations of Ketorolac in the vitreous and retina-choroid were highest for IV, followed
by the SC and IC injections. In the retina-choroid, there was a statistically significant larger
amount of Ketorolac with IV injection compared to SC injection. The half-life of Ketorolac
was also longer with IV injection, with plasma concentrations below 0.4 pug/mL in all three
groups. Ketorolac remained detectable in the retina-choroid for 24 and 8 h after the IV
and SC injection, respectively [194]. Liu and colleagues found unilateral SC injections of
3.0 mg and 6.0 mg Ketorolac Tromethamine in rabbits to be safe as compared to controls
in a 2012 animal study. Electroretinography showed no abnormal changes at 1 to 4 weeks
post-injection, and the histomorphology of retinal cells was preserved at 4 weeks when
compared to the control group [195].

At present, there is limited research on the use of SC Ketorolac in the treatment of
ocular inflammatory diseases. Current evidence indicates that up to 6.0 mg of SC Ketorolac
was safe from functional and anatomical perspectives on the rabbit retina, warranting larger
animal studies to demonstrate efficacy and further safety. Wang and collaborators observed
an increase in the maximum mean concentrations of Ketorolac in the vitreous and retina—
choroid and an increased half-life for IV as opposed to SC injection. This finding aligns
with other CNV animal models showing faster Bevacizumab and Pazopanib clearance
with SC injection due to factors that can affect the duration of therapeutic action, such
as the drug formulation, volume, viscosity, particle size, in addition to osmotic and ionic
characteristics [152,153]. Thus, further studies are required to assess the optimization of
Ketorolac drug formulations to obtain a longer duration of action in the SCS. The efficacy
and safety of SC injection of Ketorolac should also be compared with other methods of
delivery to the eye, including IV injection, retrobulbar injection, and topical administration,
to determine the most efficacious approach for patients with a variety of inflammatory
diseases, including scleritis, uveitis, keratitis, and conjunctivitis in future larger, multi-
center human trials. Interestingly, there have been studies assessing the use of IV injection
of Ketorolac, including nonsteroidal anti-inflammatory drugs, as opposed to corticosteroids,
in the treatment of CME, DME, CNV, uveitis, and AMD [196-199]. Due to the low AE
profile of nonsteroidal anti-inflammatory drugs compared to corticosteroids, particularly
in relation to cataract progression and IOP elevation, further research on its administration
using SC injection is warranted.

8. Conclusions

Throughout this review, we have endeavored to shed light on the potential of SC
injection as an innovative and effective technique for targeted drug delivery to the posterior
segment of the eye. Our comprehensive review of the most recent literature has provided
compelling evidence of the utility of this minimally invasive method in addressing the
challenges associated with traditional treatment approaches. SC injections present a sig-
nificant advancement over conventional administration routes, such as eye drops and
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IV injections, offering increased drug bioavailability, extended duration of action, and a
marked reduction in off-target adverse effects.

While suprachoroidal injection offers a promising and innovative approach to targeted
drug delivery for various ocular conditions, its widespread use is hindered by several
current challenges:

1. Biomechanical Considerations: Optimizing the chemical and physical properties of
the injectate (such as size and viscosity) is crucial for different indications and dis-
eases, depending on the anatomical location. This requires the refinement of current
techniques, including injection speed and approach (single quadrant vs. multiple
quadrant), to ensure the precise delivery of the correct amount of drug to the appro-
priate anatomical site for the desired duration of action;

2. Need for Further Clinical Studies: More phase 3 clinical trials will be essential for
broader clinical adoption. As it stands, most studies of indications other than macular
edema are either preclinical or early-stage clinical trials. Comprehensive late-stage
clinical research is paramount to assess the efficacy, safety, and applicability of supra-
choroidal injections across various ocular and retinal conditions;

3. Clinical Translation Challenges: Factors such as drug storage, cost-effectiveness, and
efficiency compared to IV injection (the current go-to administration route for posterior
segment diseases due to its efficacy) must be carefully considered. Reimbursement
considerations also play a vital role in the practical implementation of this technique;

4. Transition Challenges: The shift away from IV to SC injections will not be instan-
taneous. Strong evidence and concerted efforts will be required for clinicians to be
willing to adapt to and learn this new technique and to overcome logistical issues
such as in-office procedures.

Despite these challenges, the potential of SC injection is undeniable. Looking forward,
it is encouraging to envision a future in which SC injection can be used in conjunction
with biotech products, genes, and cell-based therapies to initiate a new era of personalized
treatments. This could revolutionize the field of ophthalmology, enhance patient care, and
improve outcomes in ocular disease management.

While there is certainly more work to be performed, the path is clear for the continua-
tion of rigorous research into this technique. The potential of SC injection in reshaping the
landscape of ocular drug delivery provides a compelling call to action for researchers, clini-
cians, and stakeholders in the field of ophthalmology. Guided by the powerful intersection
of interdisciplinary collaboration, we aim to illuminate a future where devastating vision
loss from diseases such as retinitis pigmentosa, severe diabetic retinopathy, and advanced
age-related macular degeneration is no longer a life sentence. Together, we strive to restore
not only sight but hope, dignity, and quality of life for those grappling with the darkness of
these ocular diseases.
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Abstract: Innovative and new drug delivery systems (DDSs) have recently been developed to vehicle
treatments and drugs to the ocular posterior segment and the retina. New formulations and technological
developments, such as nanotechnology, novel matrices, and non-traditional treatment strategies, open
new perspectives in this field. The aim of this mini-review is to highlight promising strategies reported
in the current literature based on innovative routes to overcome the anatomical and physiological
barriers of the vitreoretinal structures. The paper also describes the challenges in finding appropriate
and pertinent treatments that provide safety and efficacy and the problems related to patient compliance,
acceptability, effectiveness, and sustained drug delivery. The clinical application of these experimental
approaches can help pave the way for standardizing the use of DDSs in developing enhanced treatment
strategies and personalized therapeutic options for ocular pathologies.

Keywords: drug delivery systems (DDSs); nanotechnology; matrices; ocular posterior segment; vitreoretinal

1. Introduction

New drug delivery methods to target specific ocular tissues and treat debilitating
ocular diseases have been proposed in the past decade. Of all ocular diseases, 55% originate
from the posterior segment [1]. Retinal diseases, such as age-related macular degeneration
(AMD), diabetic retinopathy (DR), diabetic macular edema (DME), endophthalmitis, viral
retinitis, proliferative vitreoretinopathy (PVR), posterior uveitis, retinal vascular occlusions,
retinitis pigmentosa (RP), and inherited retinal diseases (IRDs), represent the leading cause
of vision impairment [2,3].

The presence of static barriers (different layers of the cornea, sclera, retina, blood-aqueous
(BAB) and (BRB) blood-retinal barriers) (Figure 1) and dynamic barriers (conjunctival and
choroidal blood flow, tear turnover, and lymphatic clearance) represent an obstacle to the
delivery of a drug to a particular ocular tissue and to treating these retinal diseases [4].
The research field based on ocular “drug delivery”, which refers to numerous innovative
techniques to target retinal tissue and overcome ocular barriers, has witnessed huge growth
in recent years.

Depending on disease type, drug property, and target site, drugs can be administered
through different routes, including topical, intravitreal, periocular, and systemic. Several
types of ophthalmic drug delivery systems (DDSs) are currently available on the market,
and range from eyedrops, eye ointments, gels, and ocular inserts, such as eye dosage
formulations that are created to increase the holding time of drugs in the eye. Topical drug
instillation on the ocular surface is a common and non-invasive application method for
the treatment modalities of eye disorders. This route, however, offers suboptimal ocular
bioavailability. Studies have shown that 90% of eyedrops available on the market only
provide 5% of drug bioavailability, while the rest of the drug gets washed away through
different elimination routes, such as tear fluid, nasolacrimal secretion, protein binding,
enzymatic degradation, or metabolism by protease and esterase enzyme [5]. Despite the
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possible in the future [6,7].
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Figure 1. Ocular anatomy.

Injection into the globe is very often recommended for drug delivery into the posterior
region, but it is painful, causes patient non-compliance, has risks of infection, and is associ-
ated with various side effects. Over the past decade, thanks to advances in nanotechnology
and the development of many drug delivery systems, such as implants, in situ gel, contact
lenses, microneedles, liposomes, nanomicelles, dendrimers, and other nanoparticles (NPs),
numerous drug-delivery solutions have been proposed. The polymeric nature of these
various technologies includes the distinction between microparticles, which are polymeric
systems larger than 1 pm, and nanoparticles that have a smaller diameter. Structurally,
these particles can be broadly described as micro/nanospheres, when the loaded drug is
integrated in the matrix and nano/microcapsules, when the drug is enclosed in a poly-
meric shell. Although most of the studies in this field are still in the preclinical stages,
micro/nanotechnology-based DDSs possess great potential to solve the shortcomings of
currently available drug delivery systems. These new strategies can potentially allow safe
and effective drug administration to the ocular posterior segment and retina [8-11].

In this mini-review, we attempt to focus on and highlight promising strategies re-
ported in the current literature based on innovative routes to overcome the anatomical and
physiological barriers of the vitreoretinal structures. We also describe the challenges in
finding appropriate and pertinent treatments for delivering therapeutic agents to retinal
tissues in a safe and effective manner.

2. Ocular Barriers

Pharmaceutical formulations via the anterior segment, mostly liquid solutions, or
suspensions, are the most common treatment used in ophthalmology. These locally admin-
istered drops include a broad range of molecules, such as antibiotics, anti-inflammatory
agents, anti-glaucomatous drops, lubricants, and diagnostic agents. Topical formulations
tend to be used for the ocular surface and do not allow topical drugs to reach therapeutic
concentrations in the posterior ocular segment (vitreous, retina, choroid) due to several
anatomical and functional barriers.
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2.1. Lacrimal Wash-Out and Mucosal Capillary Circulation

The first and most important factor that decreases topic drop efficacy in the posterior
segment is the continuous lacrimal wash-out of the ocular surface. This shortens the contact
between eyedrops and the ocular surface so that an instilled volume of topical drug is
usually drained via the nasolacrimal duct in approximately 2 min [12]. Capillary vessels,
both in the nasal mucosa and conjunctiva, also prevent a portion of the active drug from
reaching therapeutic concentration within the eye by dispersing molecules in the systemic
blood flow [13].

2.2. Cornea

The epithelium of the cornea is the principal barrier of this multilayered bio-membrane.
Epithelial cells are lipophilic, tightly interconnected, organized in a 3 to 6 layer structure,
and continuously replaced with newer cells migrating from the limbus to the corneal apex.
The intercellular tight junctions limit the paracellular passage of hydrophilic molecules
and ions, making the cornea much more permeable to lipophilic drugs, and capable of
transcellular passage. The corneal stroma, which is rich in collagen fibrils and glycosamino-
glycan, is hydrophilic, thus limiting the absorption rate of lipophilic molecules crossing the
epithelium. The endothelium, with its monolayer structure, seems to offer little resistance to
lipophilic substances. For these reasons, corneal permeation is currently the preferred way
to deliver lipophilic drugs with a small molecular weight in the anterior chamber [14,15].

2.3. Conjunctiva

Studies have reported that the conjunctiva is approximately 20 times more perme-
able than the cornea, and that allows for the absorption of more hydrophilic and larger
molecules, thus offering a potential route of administration for new therapeutic proteins
and peptides [16-18].

2.4. Sclera

The sclera is composed of collagen fibers embedded in mucopolysaccharides, thus
making it more permeable to drugs than the cornea and less than the conjunctiva. It is
important to remember that the conjunctiva is the most vascularized and porous structure
of the ocular surface [19]. Scleral permeation mostly occurs through passive diffusion,
with a permeability coefficient inversely related to the molecular weight of the permeating
substances [16,20].

2.5. BAB and BRB

Systemic drug administration provides low ocular bioavailability (<5%) due to the
limited fraction of the entire blood reaching the eye and the presence of the BAB and BRB,
which render systemic administration effective only for drugs with high therapeutic index,
and for treatments given in high doses, such as antibiotics and antiviral agents [13,21].

Non-pigmented ciliary cells and endothelial cells of the irideal vessels are the main
elements of the BAB. The tight intersections of this structure render the wall of the capillaries
impermeable to the plasma albumin, thus avoiding access to the aqueous humor and
limiting the passage of hydrophilic drugs from the systemic circulation to the anterior
chamber. The disruption of BAB in inflammatory conditions can allow systemic drugs to
freely distribute to the anterior chamber [13].

The blood flow through the choroidal vasculature passively contributes to the clear-
ance of systemic drugs, preventing penetration into the eye. The choroidal vessel walls,
however, are rather permeable, so blood and drugs can easily leak through. A more active
barrier to penetration is represented by the retinal pigment epithelium (RPE) and Bruch’s
membrane, which constitute the outer part of the BRB. Retinal vessel endothelium and
intertwining connections also block drug passage from systemic circulation to the retina
and vitreous, constituting the inner part of the BRB [13,22,23]. The metabolic, molecular,
and pharmacokinetic characteristics of blood—ocular barriers are not completely known;
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future histological and molecular pathologic studies are needed to better understand the
underlying mechanisms involved in these structures.

3. Methods

We conducted a search of the literature published between 1 January 2002 and
28 February 2023 using MEDLINE (PubMed). The database was first searched using the
key words “drug delivery system, ocular posterior segment, AND vitreoretinal, AND
nanotechnologies AND matrices”. We considered only studies in English and those with
an abstract. The reference lists of all retrieved articles were assessed to identify addi-
tional relevant studies. The research of articles was performed using PubMed (https:
/ /pubmed.ncbi.nlm.nih.gov, accessed on 28 February 2023).

Only articles with an abstract were considered. Studies in which small case series
were described and those that assessed surgical techniques were analyzed. Each study
was independently assessed by at least two reviewers (A.G., L.E, and M.Z.), and rating
decisions were based on the consensus of the reviewing authors. A total of 233 references
were included in the review. This search strategy was limiting in the midst of the vast
literature, which could have thus potentially and unintentionally excluded opinion leaders
in this field of research.

4. Innovative Drug Delivery Systems
4.1. Nanomedicine

Systems and devices developed for scientific purposes, with a size scale of cellular
and molecular structures ranging from 1 to 1000 nanometer (1 nanometer = 102 m), are
commonly defined as nanotechnology. Nanoparticles (NPs) possess ideal characteristics
for ocular drug delivery due to their nanometric and controllable size, and their ability
to protect the carried active molecule from degradation, allowing it to be released in a
targeted manner and at a controlled rate [24]. In addition, the NP surface area is highly
specific and mucoadhesive in comparison to larger bulk polymers due to its high interface
availability for hydrogen and ionic bonding, or hydrophobic interaction with mucous
surfaces [25]. Drug-loaded NPs with sizes between 50 and 500 nm are the most adapted
for ocular delivery, overcoming physiological barriers and mucin mesh [26-28]. NPs
larger than 1000 nm, however, are unfit to pass through mucous channels, poorly adhere
to mucus surfaces, and are easily cleared from them. Nanomaterials studied for retinal
diseases consist of amphiphilic molecules, such as liposomes and micelles, polymers, such
as dendrimers, and organic and non-organic nanoparticles. The properties of these NPs
play a crucial role in their effectiveness in ocular drug delivery. The high surface-to-volume
ratio makes them ideal vehicles for therapeutic and targeting agents. Their size must be
large enough to avoid drug leakage and dispersion into the blood vessels, and small enough
to permit its penetration across the ocular barriers and/or allow for intraocular injection
and permanence, when needed.

4.1.1. Liposomes

Liposomes are spherical vesicular structures comprised of amphiphilic molecules,
such as phospholipids and sterols, organized to form a lipidic bilayer membrane enclosing
an inner aqueous space. Smaller unilamellar liposomes are composed of a bilayer mem-
brane, typically up to 100 nm. Larger versions can have a diameter > 100 nm. Multilamellar
liposomimial vesicles, composed of several bilayers, tend to be larger than 500 nm. This
architecture, resembling a cellular membrane, provides good biocompatibility and the ca-
pability of liposomes to carry considerable quantities of both hydrophobic and hydrophilic
drugs and to present variable surface polymers to target different cells and tissues [29].

Liposome-based drug delivery has been studied since 1960 and was the first medi-
cal nanotechnology to receive Food and Drugs Administration (FDA) approval in 1995.
Verteporfin (Visudyne, Bausch, and Lomb), used to treat choroidal neovascularization
(CNV) secondary to AMD, was one of the first commercially available products to adopt
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liposomes. Choroidal neovascularization was also experimentally treated with liposomes
via intravitreal injection, embedding polyethilen glycol (PEG) in the liposomial wall, and
via intravenous injection of cationic liposomes loaded with paclitaxel [30-32]. Liposomes
loaded with the immunosuppressant tacrolimus have been injected into the vitreous to
treat autoimmune uveoretinitis. Topical instillation of eyedrops containing TA-loaded
liposomes has been shown to improve refractory macular edema both anatomically and
functionally [33].

In a study conducted by Gu et al., dexamethasone was successfully delivered in the
posterior ocular segment using liposomes. The authors obtained a therapeutic concentration
of this drug in the choroid and retina within 2 h from instillation of eyedrops containing
dexamethasone salt-loaded liposomes [34]. Despite these promising results, liposome-
based ocular therapies present critical drawbacks. NPs cause allergic and hypersensitivity
reactions in animal models [35]. Cationic liposomes, in particular, seem more at risk of
triggering inflammatory responses [36]. Moreover, liposome aggregation can occur as a
consequence of their instability during storage and transportation, resulting in blurred
vision with poor functional outcomes, and the need for excipients to stabilize and preserve
them limits their therapeutic employment [37,38].

4.1.2. Nanomicelles

Nanomicelles are spherical nanostructures with a hydrophobic stiff core, ideal to
encapsulate hydrophobic drugs, and an hydrophilic outer surface facing the aqueous
medium. They are usually formulated of a small size (5-30 nm), which makes them ideal
for delivering their pharmaceutical content to subcellular targets. Micelles are structurally
stable but susceptible to environmental changes (pH, temperature, ionic strength) that can
easily precipitate their content (i.e., during storage). Standard, reverse, or unimolecular
micelles can be created depending on the amphiphilic molecule and solvent we choose.
Furthermore, these NPs have a prolonged circulation time, since they are not recognized
by hepatic macrophages, and present a low tendency to aggregate [39,40].

Anti-viral prodrugs were successfully carried to the retina in vivo, using micelles of
polyoxyethylene hydroigenated castor oil, across the ocular barriers, after topical adminis-
tration [41]. Nanomicelles resulting from the polymerization of octoxynol, vitamin E, and
tocopherol-PEG-succinate have been used topically to deliver rapamyecin to the choroid
and retina in vivo, avoiding undesirable concentrations of this antiblastic in the vitreous
and with limited cytotoxicity in vitro [42].

Among the hydrophobic drugs that can be vehiculated inside nanomicelles to treat
posterior ocular pathologies, we found cyclosporine-A, cyclosporine, and curcumin [43-45].
Conjunctival/scleral injection seems a better way to deliver drugs than intraocular injection.
Following the conjunctival/scleral route, micelles diffuse through the scleral water channels
and then reach the retina without retinal damage after multiple injections [46,47]. Micellar core
cross-linking using functional groups and lowering the critical solution temperature have been
shown to improve the duration and solubility of nanomicellar preparations [48]. Intravenous
administration of nanomicelles was also investigated by Ideta et al. Polyion nanomicelles,
encapsulating fluorescein istiocyanate-labeled poly-L-lysine, accumulated around CNV in
a rat model of exudative AMD for as long as 168 h after intravenous injection. However,
signs of toxicity were detected, demanding further studies on nanomicelle characteristics and
administration pathways [49].

Nanotubes can be considered a particular type of nanomicelle. Panda et al. reported
the successful intraocular delivery of pazopanib using dipeptidic phenylalanine-alpha and
beta-hydroxyphenilalalnine nanotubes as carriers. The preparation was administered via
intravitreal injection, obtaining sustained pazopanib concentration in the vitreous, retina,
RPE, and choroid for 15 days [50].
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4.1.3. Nanospheres and Solid Lipids

Nanospheres are particles encapsulated in polymeric delivery systems. They self-assemble
with a uniform distribution of their content, which reduces damage and inflammation in their
target tissues. This differentiates them from nanocapsules, which are similar but less uniform
polymeric structures [35]. Nanospheres with diameters varying from 50 to 200 nm have been
successfully tested in rabbits [51].

Solid lipids are another nanotechnology used to deliver drugs and genes to the retina.
As suggested by their name, these particles consist of a solid lipid core stabilized with
surfactants. This simple structure makes them resistant, long-standing, and even resistant
to autoclave sterilization, but biodegradable and economical to produce, not requiring
solvents. Solid lipids have been employed to deliver non-viral gene vectors to RPE cells
and photoreceptors in a murine model of X-linked juvenile retinoschisis (XLRS) [52].

4.1.4. Dendrimers

Dendrimers are ramified polymers characterized by a symmetrical core and the pres-
ence of functional groups on each branch, with neutral, negative, or positive activity [53,54].
The size usually ranges from 1 to 100 nm, depending on their complexity. PAMAM den-
drimers have been used to deliver DEX in vivo, both with topical and subconjunctival
administration, in diabetic retinopathy (DR) model rats [55]. Intravitreal and intravenous
administration in vivo also showed anti-inflammatory action in murine models by target-
ing retinal microglia and macrophages, offering interesting perspectives for the treatment
of retinopathies where inflammation is dysregulated, such as AMD, DR, and retinal vein
occlusion [56]. Neuroinflammation was reduced and photoreceptor loss was halted for
4 weeks in retinal degeneration mice using intravitreal PAMAM dendrimers carrying
steroids [57].

Dendrimer clearance was seen to be slowed in target tissues, where it is more needed,
than in non-target organs, such as the healthy eye, and interestingly, in comparison to the
half-life of other drugs, such as bevacizumab [58].

Dendrimers loaded with brimonidine-tartrate were demonstrated to be more effec-
tive than the ordinary topical formulation of this drug in glaucomatous model rats [59].
Similarly, IOP reduction was observed with acetazolamide-loaded dendrimers in albino
rabbits [60]. Mouse models of retinoblastoma responded well to PAMAM dendrimers
loaded with carboplatin, which, after subconjunctival injection and scleral penetration,
reached the tumor, suppressing its vasculature for 22 days [61].

Considerable concerns remain about dendrimers’ safety due to their cytotoxicity. Since
the main mechanism for their toxic effect seems to be the disruptive interaction between the
positive charge on the dendrimer and the negatively charged biological membranes, several
strategies to impede this interaction have been studied, such as acetylation, PEGylation,
and peptide conjugation [62].

4.1.5. Organic Nanopolymers

Several types of biodegradable polymers have been developed to deliver ocular
drugs in a safe, effective, and sustained way. Among these chemical compounds, we
found polyvinylpyrrolidone (PVP), polylactic acid (PLA), polyglycolide (PGA), and their
copolymers poly(lactic-co-glycolic acid) (PLGA), poly(n-butyl cyanoacrylate) (PBCA), and
polycaprolactone (PCL) [22].

PVP can be injected in hydrogel form, presenting stable retention at the injection
site, lasting several weeks. Polymers of PVP have been tested as artificial vitreous sub-
stances (cross-linked PVP), lens regeneration scaffolds, and slow-release implants for
anti-glaucomatous drugs, acting for 300 days [63-66]. Small fluorescent hydrophobic
molecules conjugated to PVP were effectively delivered to retinal cells after intravenous
administration in rats by Tawfik et al. [67]. These results indicate that PVP nanoparticles are
promising carriers for hydrophobic drugs in the retina. Nevertheless, other studies have
shown possible side effects of this compound, such as corneal and vitreous opacification
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and inflammation, suggesting that further investigations are required to ameliorate this
delivery strategy [68].

PLGA, a well-established and FDA-approved polymer used for the preparation of
drug-delivering nanoparticles due to its biodegradability, is the most used drug delivery
polymer in ophthalmology. Innovative uses of PLGA to treat retinal disorders have been
reported by several authors. PLGA NPs loaded with dexamethasone and injected into
the vitreous were able to sustain 50% of the drug level for one month, as compared to the
7 days obtained injecting a simple dexamethasone solution [69]. Light-responsive implants
containing PLGA NPs were injected in situ to deliver peptides to the posterior segment [70].
Fragments of plasminogen with anti-angiogenic effect (K5) were delivered to the retina, per
intravitreal injection, loaded in PLGA-chitosan nanoparticles. Expressed K5 was detectable
in the murine model retina more than 2 weeks after the injection, whereas inflammation
resolved in 3 days [71]. Transferrin conjugation to PLGA NPs allowed precise delivery
via intravenous injection of a plasmid expressing an anti-VEGF receptor to endothelial
cells and the RPE of choroidal neovascular lesions in rats [72]. PLGA NPs loaded with
brinzolamide effectively reduced IOP in rabbits, releasing the anti-glaucomatous drug up to
10 days after their subconjunctival injection [73]. Overall, the use of PLGA as a drug-vehicle
presents some drawbacks, including weak protein stability, suboptimal loading efficiency,
and abrupt drug release.

Bourges et al. tested the intravitreal injection of PLA NPs loaded with fluorochromes
in rats. They observed a sustained presence of fluorochromes in the mice’s retinal cells for
1 month, with detectable levels in the ganglion cells for up to 4 months [74]. Dexamethasone
loaded on PLA NPs and administered intravenously to uveoretinitis model rats was
demonstrated to be effective in controlling inflammation [75].

PCL, a polyester derived from polymerization of caprolactone, can also be loaded
with dexamethasone. This implant provided a therapeutic concentration of dexamethasone
for one year in rabbit eyes [76]. Inmunosuppression with cyclosporine loaded in PCL NPs
was studied by Yenice et al. They reported a drug bioavailability 10 to 15-fold higher with
this formulation than with its solution in castor oil [77].

PCL copolymerization with PEG, forming PEG-PCL-PEG polymers, resulted in a
biocompatible triblock nanocarrier that was potentially effective in retinal drug delivery,
whereas combinations of PCL with PLA or PGA were seen to induce permeability and
crystallinity alterations [78].

The first NPs for ocular drug delivery were polymers of PBCA, following their broad
use as drug delivery carriers [79]. PBCA NPs present favorable characteristics for this
function, including stability, biocompatibility, biodegradability, targetability, and the ca-
pability to cross the blood-brain barrier when coated with polysorbate 80 [80-85]. In vivo
confocal neuroimaging (ICON) allowed some authors to be the first to record in real time
the NP crossing of BRB [86-88]. The effects of the nanoparticles’ size and zeta potential on
their capability to trespass the biological barriers were also studied, showing that larger
PBCA NPs (272 versus 172 nm) with intermediate z potential (5 V versus 0 V and 15 V)
were more likely to concentrate in the retina. Their accumulation in RGCs, together with
their well-documented safety profile in humans, makes this polymer a viable option for
delivering retinal therapies [89,90].

4.1.6. Chitosan and Chitosan-Based Nanotechnologies

Chitosan (CS), a highly diffused polysaccharide (the second most abundant in na-
ture), represents an important structural component of the exoskeleton of several insects,
crustaceans, and fungi. This substance has been used as a penetration enhancer in phar-
maceutical research and industry for decades [91]. The favorable properties of CS include
the absence of cytotoxicity, high biocompatibility and biodegradability, and a polycationic
and mucoadhesive nature. For these reasons, the addition of CS to ocular topical drugs
represents a safe and effective strategy for prolonging the drug presence in the precorneal
area and making the active drug more bioavailable. Several studies have been conducted on
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the use of CS and its derivatives for drug-loaded NPs, liposomes, and solid lipid matrixes
to improve their adhesion and penetration across ocular tissues.

Chitosan Nanoparticles

The encapsulation of ophthalmic drugs in CS-coated NPs and their administration in
solution have been shown to prolong their residence time in the precorneal area [92-94].
NPs for ocular formulations generally do not exceed 10 um to avoid foreign body sensation
and ocular irritation. CS NPs are generally spherical and smooth, therefore possessing an
optimal surface area-to-volume ratio that also enhances their reactive surface and thera-
peutic potential. Several methods have been proposed to prepare different types of CS
NPs, such as ionotropic gelation, spray drying, water-in-oil emulsion crosslinking, reverse
micelle formation, emulsion droplet coalescence, nanoprecipitation, or self-assembly, with
the first usually preferred due to its relative simplicity and convenience. Several drugs
have been loaded in CS NPs to treat different diseases in the posterior segment of the eye,
including implants containing bevacizumab-loaded CS NPs [95] and PLGA microparticles
entrapping ranibizumab-loaded C NPs [96] for the treatment of choroidal neovasculariza-
tion (vide infra), CS NPs for delivery of daptomycin in bacterial endophthalmitis, although
showing lower antimicrobial susceptibility as compared to the antibiotic in its free form [97].

Carboxymethyl chitosan (CMCS) was used by Wang et al. to coat nanocomposite
carriers used to deliver dexamethasone (DEX) to the posterior pole. Topical eyedrops con-
taining coated nanocomposites, non-coated nanocomposites, and commercially available
DEX were instilled in albino rabbits. Retina-choroid homogenates were then analyzed us-
ing high-performance liquid chromatography (HPLC), showing higher concentration and
longer permanence of DEX when delivered by CMCS-coated nanocomposites than by non-
coated composites or commercial DEX eyedrops. The nanocomposite absorption was seen
to occur mainly via the conjunctival-scleral pathway using in vivo fluorescence imaging.
The cellular uptake was studied in vitro on human conjunctival cells, and appeared to be
energy dependent, consisting of clathrin-mediated endocytosis, as demonstrated by a 54%
reduction in cellular uptake in the presence of specific inhibitors of this clathrin-mediated
mechanism [98].

Polymeric nanocarriers made of CS-grafted poly(ethylene glycol) methacrylate
(CS-g-PEGMA) were loaded with bevacizumab in a study by Savin et al. The authors
crosslinked the polymer using either sodium tripolyphosphate (TPP) or Na;SOy, forming
200-900 nm or 1000-1500 nm NPs due to lower and higher molecular crosslinking density,
respectively, and obtained a prolonged and sustained drug release with a small burst
effect [99].

Chitosan Micelles

CS has been tested as a component of polymeric micelles to facilitate the ocular
release of several ocular drugs. Xu et al. synthesized a CS derivative (CS oligosaccharide-
valyvaline-stearic acid) to prepare dexamethasone-loaded nanomicelles (30 nm) for the
topical treatment of macula edema [100].

The presence of the oligosaccharide was a key factor in reaching the posterior ocular
pole via the conjunctival route, and the positive electric potential on the naonomicelle
surface (+30 mV) favored their adhesion to the anionic ocular surface. In vitro analysis
demonstrated sustained drug release without bursts and no toxic effects.

Chitosan Lipid Nanoparticles and Liposomes

As a polysaccharide, CS can be used to prepare lipid NPs (LNPs) and liposomes. LNPs
consist of a lipidic core stabilized by a surfactant on the surface that stabilizes the particle in
an aqueous environment. These characteristics make LNPs potential vehicles for lipophilic
molecules by all administration routes, although their drug-loading efficacy is relatively
poor. As for micelles, their content can be expulsed rather easily during storage.
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Different from LNPs, liposomes consist of a double surfactant layer, structurally
resembling a living cell, that can include both lipophilic and hydrophilic compounds and
makes these particles highly biocompatible and biodegradable with low inner toxicity.
Li et al. tested the ocular penetration enhancement effects of a CS coating on liposomes
containing triamcinolone acetonide (TA), an intermediate-acting corticosteroid employed to
treat ocular inflammatory and angiogenic conditions. After topical administration to mice,
the presence of TA in the posterior segment was tested using optical coherence tomography
(OCT). The OCT scans showed a stronger signal from the retinal surface of mice treated
with CS-coated liposomes than in controls receiving non-coated liposomes, although the
difference in signal strength was not significant. The TA effect on the signal was detectable
10 min after instillation, peaked at 6 h, and lasted up to 12 and 10 h in subjects receiving
coated and non-coated preparation, respectively, thus indicative of a chitosan effect on the
TA permanence time [101]. The effectiveness of these CS-coated liposomes was further
studied by Cheng et al., showing their efficiency in relieving laser-induced retinal edema
without toxic effects [102].

Similar results were observed by Khalil et al., who prepared CS-coated liposomes
encapsulating TA, and administered as topical treatment to rat models. After 15 days, the
drug was detectable in the ocular posterior chamber in vivo [103].

Chitosan in Combined Drug Delivery Systems

The drug targeting and release modulation of CS-containing nanocarriers can be further
ameliorated by combining them with other delivery vehicles, such as polymeric coatings, larger
molecules, gels, lenses, and inserts. PLGA has been experimentally associated with CS for
retinal drug delivery. Elsaid and his collaborators formulated a system-within-system matrix
consisting of PLGA microparticles containing CS-based nanoparticles to deliver ranibizumab to
the vitreous. The authors showed that the presence of CS enhanced ranibizumab loading and
release thanks to the bonds between the drug and the nanoparticles [96].

NPs loaded with the anti-VEGF molecule bevacizumab were inserted by Badiee et al.
into a hyaluronic acid (HA)/zinc implant. The system presented a homogeneous NP
distribution and offered sustained drug release over two months in vitro [95].

A CS-based injectable hydrogel for the delivery of retinal progenitor stem cells was
fabricated by Jiang et al. for the treatment of retinal degeneration. Oxidized dextran (Odex)
was bonded with the CS amine groups to form the hydrogel. The proliferation of retinal
progenitor cells and their differentiation toward neurons was favored by the CS/Odex
hydrogel [104].

A modified CS-based hydrogel was synthesized by Moreno et al. for the administration
of ranibizumab and adflibercept, two for neovascular AMD and corneal neovessels. The
investigators created a thiolated, more densely cross-linked hydrogel capable of retaining
the drug-load molecules for a more prolonged time, preventing burst release in vitro [105].

Abe et al. created a silicone-made refillable reservoir for transscleral drug delivery
containing 1% CS and 3% gelatin matrix for the treatment of retinal diseases. The gel itself
resulted in a 5-day drug release, with an initial burst, whereas its insertion in the reservoir
extended it by 2-5 times. In vitro, and up to 12 weeks in vivo [106].

4.1.7. Metallic and Other Inorganic Nanomaterials

Gold, silver, and platinum NPs have shown important therapeutic properties. The ability
to permeate the BRP seems to be size dependent. Gold NPs of a 20 nm size can cross this
barrier, even after intravenous administration, differently from 100 nm NPs [107]. Silver NPs
demonstrated anti-angiogenic effects in AMD models. Vascular permeability is also impaired
by these nanoparticles, interfering with pathologic endothelial mechanisms occurring in retinal
diseases, such as retinopathy of prematurity (ROP), RF, and DR [108,109]. Similarly, gold NPs
were seen to contrast angiogenesis and inflammation in retinal pathologies [110]. Intravitreal
injections of magnetic nanoparticles (MNPs) delivered neuronal growth factors (NGF) to the
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retina for neuroprotection in Xenopus embryos. In detail, injecting MNPS-GNF complexes
prevented retinal ganglion cell apoptosis, whereas injection of free GNF did not [111].

Cerium NPs, also called nanoceria, delivered by intravitreal injection, protected retinal
cells from oxidation, caspase-induced apoptosis, and retinal degeneration in AMD model
mice [112,113]. A decrease in rod cell apoptosis and an augment of retinal lipid peroxidation
were obtained in RP model rats treated with nanoceria, proving their important antioxi-
dant properties and potential application in other types of retinal degeneration [114,115].
Nanoceria were detectable for more than 1 year after its intravitreal injection in murine
models, without development of inflammatory or other pathological side effects, indicating
a sustained and safe action of this type of NP [116].

Silicate antiangiogenic properties emerged from studies on intravitreal silicate-based
NPs in mice with oxygen-induced retinopathy [117]. A helical vector containing a silica
scaffold and a magnetic element of iron or nickel was experimented with to deliver ther-
apeutic substances to the retina. The vector was precisely moved through the vitreous
applying a magnetic field ab externo coated in perfluorocarbon liquid to reduce attrition,
and its position was monitored in real time by OCT imaging [118].

Relevant potential risks in using inorganic materials in vivo derive from their poor
or absent biodegradation or clearance [119]. Metal nanoparticles 20 to 80 nm in diameter
showed toxic effects on photoreceptors in vitro and damage to the blood-retinal barrier
derived from intravitreal injection of NPs containing titanium [120,121]. Therefore, further
studies are required to assess and optimize the safety of therapeutic delivery systems based
on these materials.

4.1.8. Encapsulated Cell Technology

A new technology using encapsulated human RPE cells has been developed by Neu-
rothec Pharmaceuticals. NT-501 (Renexus®) consists of an implantable polymeric scaffold,
encapsulating cells that are genetically modified to secrete ciliary neurotrophic factor
(CNTE). This capsule-containing cells is composed of a semipermeable membrane sur-
rounding a scaffold made of polyethylene terephthalate strands, which protects the cells
from the immune system while allowing the passage of nutrients and therapeutic molecules.
A titanium loop is attached to the extremity of this capsule, allowing anchorage to the
scleral wall after surgical implantation via the pars plana. Initially developed to treat RP
and dry AMD, this device has also been considered in the management of patients with
glaucoma and type 2 macular teleangectasia. Studies have reported that NT-501 slowed
retinal degeneration and stabilized patients’ reading speed [122-124].

4.2. Other Topical Absorption Enhancers

Technologies to enhance the absorption of topical drugs have recently emerged as
a promising solution to increase bioavailability. Ocular penetration enhancers (PEs) are
chemical or biological agents that are associated with topical drugs, such as excipients or
additives, and are used to increase the ability of the active drug to overcome ocular barriers
and penetrate the eye. Several types of PEs have been reported in the literature, and most of
them limit the drug delivery action to the anterior chamber. Benzalkonium chloride (BAC)
and different types of cell-penetrating peptides, however, have shown significant results in
internalizing drugs across cellular membranes to the posterior segment [125-128]. These
peptides have been initially studied to carry drugs across skin, respiratory tract mucosae,
blood-brain barrier (BBB), and, more recently, into the ocular tissues.

4.2.1. Cell-Penetrating Peptides (CPPs)

CPPs are short-chain peptides, usually composed of 30 or less amino acid residues, ca-
pable of trespassing membranes with no need for chiral interactions with surface receptors.
The transactivator of transcription (TAT), a protein transduction domain (PTD) and one of
the most studied CPPs, was investigated by Wang et al. to deliver growth factors to retinal
tissue in vivo. The group performed studies in which TAT was conjugated with acidic
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fibroblast growth factor (aFGF) and topically administered by eyedrops to rats with retinal
ischemia reperfusion. Immunohistochemical (IHC) studies documented the presence of
TAT-aFGF in retinal tissue 30 min after instillation. The major concentration was observed
in the ganglion cell layer (GCL), suggesting a cell-specific uptake mechanism of TAT, with a
peak between 30 and 60 min after administration and detectable presence for up to 8 h. The
histological and electrophysiological analysis of the treated eyes also identified a reduction
in GCL apoptosis and a faster functional recovery compared to non-treated and aFGF-only
treated eyes. The absence of TAT-aFGF in the deeper corneal stroma and endothelium
indicated to the authors the involvement of a non-corneal absorption route [129].

Zhang et al. also reported that TAT is an effective carrier for treating retinal diseases in
animal models. They conjugated TAT to endostatin (Es), an inhibitor of choroidal neovas-
cularization (CNV), and topically administered TAT-Es to experimental mice. IHC exams
revealed a good retinal distribution of TAT-Es in treated subjects, and a significant reduc-
tion in their CNV areas in comparison to controls and to mice treated with unconjugated
Es. Furthermore, the CNV area reduction obtained with topical TAT-Es was comparable
to that induced in controls receiving intravitreal bevacizumab and intravitreal TAT-Es.
Endocytosis, majorly micropinocytosis, was suggested as the principal uptake mechanism
in this study, with clathrin- and caveolae-mediated endocytosis and energy-independent
direct translocation serving as secondary mechanisms [130].

TAT conjugated with Es or with Es and an arginine-glycine-aspartic tripeptide (RGD)
was tested by Li et al. on experimental mice with oxygen-induced retinopathy. The investi-
gators aimed at verifying the inhibitory properties of this fusion protein on angiogenesis
and neo-vessels formation. The retinal concentration at 1 h from topical instillation was
seen to be 14-fold higher than Es alone by ELISA testing, with TAT-Es-RGD slightly more
concentrated than TAT-Es, due to the specific RGD binding properties with the integrins
on the angiogenic endothelial cell surface. Histologically, the investigators observed the
significant angio-inhibitory effects of topical TAT-Es and TAT-Es-RGD, as a reduction of
vessel tufts and avascular areas on fluorescein microscopy, and as a reduction in endothelial
cell nuclei breaking through the inner limiting membrane on microscopy. No difference
was observed between the groups of mice treated with non-conjugated Es and Es-RGD
and the control group of untreated mice. Moreover, vascular endothelial growth factor
(VEGF) levels detected by IHC similarly dropped in response to topical TAT-Es-RGD and
intravitreal anti-VEGF [131].

In a study by Chu et al., dual TAT-RGD peptides were bound to PEG-PLGA nanopar-
ticles (NP) to enhance the penetration in murine eyes affected by laser-induced CNV.
Confocal microscopy of choroid-and-retina samples from the CNV areas revealed the
highest NP presence, expressed as fluorescence intensity, in mice treated with eyedrops
containing TAT-RGD-NPs, when compared to mice receiving topical NP alone (11-fold
higher), with TAT-NP and RGD-NP preparations resulting in intermediate fluorescence
intensities. RGD was confirmed in this study to concentrate specifically in the CNV area
due to its affinity with the endothelial integrin «-V 3-3 [132].

Retinal protection was obtained in rats by Atlasz et al. by topical administration of TAT
bound to two peptides: vasoactive intestinal peptide (VIP) and pituitary adenylate cyclase-
activating polypeptide (PACAP), with considerable retinoprotective and anti-inflammatory
activity, respectively. Similar to other studies, conjugation with TAT allowed these therapeutic
molecules to target retinal cells more efficiently. This was demonstrated by fluorescence
microscopy, which showed a much higher fluorescence per retinal unit area in rats receiving
PACAP-TAT/ VIP-TAT eyedrops in comparison with rats receiving PACAP/VIP. The authors
also calculated the efficiency for traversing the eye to the retina, finding it 3-fold higher in
PACAP-TAT/ VIP-TAT than in PACAP/VIP [133].

Penetratin, another CPP derived from Drosophila melanogaster, has been reported to
act as a drug PE in several studies. Liu et al. were the first to report the penetration
efficiency and biodistribution of topically administered penetratin in both anterior and
posterior ocular structures. Fluorescence microscopy showed internalization of this agent
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within 10 min of the eyedrop instillation, with maximum uptake in the photoreceptors and
RPE layers. Accumulation was detectable for up to 6 h, with a peak around 30 min after
administration. Penetratin also showed low conjunctival cytotoxicity in vitro, with an IC50
value of 2.5 mM, which was lower than TAT IC50 (2 mM), and 100% of cellular viability
even at concentrations as high as 30 mM. Penetration into the posterior segments tends to
be favored by its cationic and amphipathic nature, in addition to the helicoidal structure
(polyproline type 2) of this agent [134].

Further studies by Liu et al. demonstrated the penetration and retinal localization of a
topical preparation of penetratin conjugated with polyamidoamine (PAMAM) dendrimers
delivering red fluorescent protein plasmid (pRFP) in retinal cells. Fluorescence microscopy
detected penetratin-PAMAM-pRFP in the posterior segment after 10 min, with an accumu-
lation peak at 1 to 2 h and persistence for up to 8 h. The molecular complex was mostly
observed in photoreceptors and the RPE, in which the fluorescence was more intense.
Similarly, the transfected gene expression was evident in photoreceptors, inner plexiform,
and outer plexiform layers and absent in control subjects treated with non-conjugated
plasmid [135].

Penetratin hydrophobic derivates were seen to perform even better by Jiang et al., who
compared them with wild-type penetratin and penetratin hydrophilic derivates. All three
types of peptides, administered in vivo by eyedrops, showed penetration in the anterior
and posterior ocular segments after 10 min, peaking at 1 h. Hydrophobic derivates reached
the highest retinal concentration among them, resulting in the most intense fluorescence on
microscopy. Hydrophilic derivates, however, resulted in a weaker fluorescence compared to
the wild-type penetratin. As a possible explanation for these findings, the authors suggested
a higher presence of a helix structure in the hydrophobic peptides that could facilitate the
interaction with biological membranes and permeation across them. In vitro toxicity assays
on human corneal and conjunctival cells, using MTT, and ex vivo biocompatibility testing
on excised rabbit corneas and sclera also showed good results [136].

Yang et al. conjugated penetratin and RGD peptide with PEG-PAMAM dendrimers
nanocarriers (NCs) and demonstrated that these 2 peptides enhanced ocular permeation
and posterior segment localization after topical ocular administration in mice. Conjugation
of NCs with penetratin or RGD-penetratin resulted in higher peptide retinal concentration,
evident as a 3 times more intense retinal fluorescence, and a prolonged permanence in the
retinal tissue, expressed as a longer fluorescence emission (24 h vs. 12 h), in comparison
to mice receiving non-conjugated NCs. No cytotoxicity emerged in vitro by testing these
NCs on human corneal epithelial cells and umbilical vein endothelial cells. PEG conjuga-
tion seemed to reduce PAMAM cytotoxicity, preventing direct contact between cells and
amines [137].

A specific peptide for ocular delivery (POD) was investigated by Johnson et al. to vehi-
cle drugs to the posterior segment in vivo. They instilled this carrier-drug complex in mice
as topical eyedrops, and by using microscopical studies, the authors revealed localization
of this agent in the sclera, choroid, and the optic nerve dura after 45 min, being eliminated
at 24 h. No localization was observed in the controls treated with the non-conjugated drug.
The uptake seemed to be temperature dependent, whereas inhibitors of endocytosis in vitro
did not stop internalization, excluding endocytosis as a key element [138].

A novel CPP based on poly-arginine was tested by de Cogan et al. to deliver anti-
VEGF in animal models. Topical treatment was administered to Sprague-Dawley rats and
wild-type mice populations to study the pharmacokinetic and angio-inhibitory aspects of
the CPP-drug complex, respectively. ELISA testing revealed a 10-11 times higher drug
concentration in the target tissue when the anti-VEGF was conjugated with CPP. The
angio-inhibitory effect CPP drug was recorded as a reduction of the CNV and scarring area
using fluorescein angiography (FA), IHC, and infrared imaging on choroid /RPE samples.
A similar response was achieved with intravitreal anti-VEGF, whereas non-treated mice
and those receiving the non-conjugated anti-VEGF eyedrops showed no response. No
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cytotoxicity emerged when this compound was tested on murine retinal cells, human
ARPE-19 cells, and human corneal fibroblasts in vitro [139].

4.2.2. Cyclodextrins

Cyclodextrins (CDs) are a group of oligosaccharides composed of six («-CD), seven
(B-CD) or eight (y-CD) glucose molecules. They possess a truncated cone shape, with a
more lipophilic central cavity and a more hydrophilic outer surface. This configuration pro-
vides protection from degradation and potential environmental detrimental factors (e.g., re-
active molecules). The solubility in water of CDs in their natural forms is relatively poor but
can be artificially enhanced to derive molecules such as 2-hydroxyoropyl-3-CD (HPBCD),
sulphobutyl ether-CD (SBEBCD), methylated- CD (MBCD) and 2-hydroxypropyl- yCD
(HPyCD), which can be used to augment the topical absorption of hydrophobic drugs.
The concentration of dexamethasone in the anterior and posterior ocular segment has
been studied by Sigurdsson et al. The study reported that two hours after topical ocu-
lar administration of 0.5% dexamethasone/MpCD aggregates in albino rabbits, the drug
retinal concentration were 33 £ 7 ng/g in the study eye vs. 14 + 3ng/g in the control
eye, indicating that 19 ng/g (58%) was derived from topical absorption and 14ng/g (42%)
from systemic absorption. In the vitreous and optic nerves, the portions of dexamethasone
topically absorbed were 55% and 17%, respectively [140]. Loftsson et al. compared the
ocular absorption in albino rabbits of 1.5% dexamethasone either aggregated with MBCD
(solution) or yCD (suspension). The dexamethasone 1.5%/vyCD aggregated suspension
resulted in 49% of retinal dexamethasone derived from topical administration vs. 14%
using the dexamethasone 1.5%/MPCD aggregates solution, whereas in the vitreous humor,
the portions of drug coming from the topical instillation were 86% and 73%, respectively,
for these two preparations. In the study, the authors observed that suspensions contain-
ing dexamethasone/yCD aggregates effectively targeted the ocular posterior segment,
especially the retina, and that yCD limits the systemic absorption of the drug by 80% [141].

Clinical studies involving CDs in the topical treatment of diabetic macula edema have
been conducted by Tanito et al. The investigators administered 1.5% dexamethasone/yCD
eyedrops 3 times per day in 19 patients affected by diabetic macular edema, obtaining
a significant central macular thickness (CMT) reduction at week 4 from 512 £ 164 um
to 399 £ 154 um (p = 0.0016), with a > 10% reduction in 12 out of 19 patients and a
mean reduction of —20.3% (range —65.4% to + 9.8%), significantly higher in vitrectomized
(—47%) than in un-vitrectomized (—15%) eyes (p = 0.009). LogMAR VA also significantly
improved from baseline (mean £ SD) 0.52 + 0.41) to week 4 (0.37 £ 0.40) (p = 0.0025)
with 14 of 19 eyes (74%) improving by more than 0.1. Intraocular pressure slightly increased
from (mean =+ SD) 15.2 + 3.1 mmHg at baseline to 17.4 + 4.2mmHg (p = 0.0015) at week
4, then returning to pretreatment values at week 8 (15.8 £ 4.0) [142].

In a randomized controlled trial, Ohira et al. compared the effects of topical 1.5%
dexamethasone/yCD (12 eyes) tapered every 4 weeks from 3 to 2 and finally to 1 time
per day, and, as a control, the results of one subtenon injection of 20 mg of triamcinolone
acetonide (10 eyes) in patients with diabetic macular edema. Both LogMAR VA and CMT
significantly improved in both groups from baseline to 4 weeks (treatment group: from
Log MAR 0.41 £ 0.3 to 0.09 % 0.15, p < 0.05; from 483 £ 141 pum to 99 + 169 um, p < 0.05;
control group: from Log MAR 0.42 £ 0.28 to 0.1 £ 0.14, p < 0.01; from 494 £ 94 um to
106 £ 88 pum, p < 0.001) and to 8 weeks (treatment group: Log MAR 0.11 £ 0.13, p < 0.05;
141 £ 211 pm, p < 0.01; control group: Log MAR 0.08 =+ 0.16, not significant; 106 + 92 pm,
p <0.001). CMT was reduced > 20% in one-half of the topically treated patients and 60%
of the controls. VA improved by 2 or more lines in 42% of the topically treated patients
vs. 20% of the control group. A modest IOP elevation was detected in the treatment group
only at 4, 8, and 12 weeks, whereas both groups showed a transient lowering in cortisol
and adrenocorticotropic hormone (ACTH), indicating systemic absorption, and lasting, in
the topical therapy group, up to 4 weeks after the treatment suspension. No significant
glycemic alterations were observed. This study confirmed the anatomical and functional
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improvements of topical 1.5% dexamethasone/yCD aggregated suspensions, which were
comparable to those obtained with a sub-tenon injection of triamcinolone acetonide [143].

Studies have reported noninfectious posterior uveitis treated with 1.5% dexamethasone/
vCD aggregated suspension. Shulman et al. administered this preparation in 5 uveitic patients
(1 female and 4 males, age range 45-65 years) affected by vitritis (3 eyes) and macular edema
(5 eyes), starting with 4 instillations per day and tapering the drug by 1 drop per day every
10 days. The study was open-label and non-comparative. Macular edema completely resolved
in 4 eyes, relapsed at week 12 after initial response in one case. VA improved in 3 eyes, remained
stable in 3 eyes, and decreased in the other 2 eyes, also because of cataract in one of them, with
median VA significantly improved at week 4, but returning to baseline values at 12 weeks.
Vitritis completely resolved in 2 eyes, but improved in the third. One patient, who was known
to be a steroid-responder prior to the study, actually presented with IOP elevation after the
treatment [144].

Upveitis and macular edema were also treated with eyedrops containing 1.5% dexamethasone/
YCD particles in studies by Krag & Hassellund. They administered the topical preparation in
3 cases. The posology was 4 times daily for one month in the affected eye in one case, obtaining
macular edema reabsorption, therefore switched to conventional topical dexamethasone, with
edema recurrence after one month. The second case was bilateral: one eye was treated with
2 drops of preparation, instilled 4 times per day for three weeks, then tapered to 1 drop 3 times per
day, whereas the other eye underwent an intravitreal implant of Ozurdex. Both eyes responded
well, showing edema resolution. The third patient also presented with bilateral uveitic macular
edema, which had recurred in both eyes 3 months after intravitreal Ozurdex. The recurrence was
treated in one eye with topical 1.5% dexamethasone/yCD 6 times daily for one week, then 4 times
daily for another week, but without success. The CME augment required a second Ozurdex
implant [145].

42.3. BAC

BAC is a widely used preservative in ocular topical formulations. It acts as a PE by
damaging the anatomical barriers of the ocular surface and facilitating the penetration
of solutes and solvents through the external ocular epithelia. Studies on nanoparticles
administered via eyedrops in association with BAC were performed on mice by Mahaling
and Katti. The enhancement power of BAC was not as strong as expected on fluores-
cence biomicroscopy, although increased bioavailability of BAC-coated nanoparticles was
recorded in the retina, choroid, and sclera compared with non-coated nanoparticles [146].

4.2.4. Jontophoresis

Tontophoresis can also be used to transport drugs across ocular membranes with a non-
invasive mechanism. This technique uses a low-amplitude electrical current delivered in a
continuous or pulsatile way without damaging the ocular tissues. Iontophoretic treatment
for the posterior segment forces the passage of dedicated topical drug formulations through
the transscleral pathway to avoid anterior anatomical barriers.

Several preclinical studies have shown interesting results in delivering corticosteroids
to the inner ocular structures, including the vitreous, choroid, and retina. Hemisuccinate
methylprednisolone (HMP) was administered to rabbits using transscleral iontophoresis,
reaching higher and more sustained concentrations than with intravenous administration,
and with minimal systemic absorption and ocular complications [147].

Cathodal transscleral iontophoresis, experimented on rabbits, allowed us to obtain
intraocular concentrations of topical DEX higher than those obtained via passive diffusion
of the same preparation. The concentration measured in the vitreous was well above the
concentration needed to suppress inflammation [148].

Preliminary encouraging results on the transscleral iontophoretic administration of
dexamethasone phosphate and its favorable molecular characteristics (high water solubility,
2 negative charges at physiologic Ph) led to the development of dedicated patented devices,
such as the EyeGate II delivery system (EGDS; EyeGate Pharmaceuticals, Inc, Encintas, CA,
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USA.). The device contains an electrode housed in an annular ocular applicator, which
produces ions that push the drug, a dedicated dexamethasone phosphate formulation,
through the conjunctiva and sclera by electrochemical repulsion [149].

A phase-1 clinical trial has recently started to deliver bevacizumab and ranibizumab
using an iontophoretic device called Visulex-1; however, concerns about skin exposure to
prolonged electric currents have been reported [150-152].

4.3. Sustained Drug-Release Systems
4.3.1. Ocular Inserts

Ocular inserts (Ois) are sterile, non-implantable, thin, multilayered routes of adminis-
tration with a solid or semisolid consistency developed to achieve better ocular bioavailabil-
ity and sustained drug action over a prolonged period [153,154]. They have been designed
to overcome eyedrop limitations and increase the contact time between the preparation
and the conjunctival tissue to ensure a sustained and accurate release suited for topical or
systemic treatments [155]. They are placed in the fornix of the conjunctival sac of the lower
eyelid and, less frequently, in the upper fornix or on the cornea, offering an alternative
approach to the difficult problem of limited pre-corneal drug residence time [156]. Such
systems can achieve prolonged therapeutic drug concentrations in ocular target tissues
while limiting systemic exposure and side effects and improving patient adherence to
therapy [157]. Based upon solubility, they can be classified as insoluble (osmotic, diffusion,
contact lens); soluble (based on natural polymers, e.g., collagen, or based on synthetic or
semi-synthetic polymers, e.g., cellulose derivatives, such as HPMC, HPC, MC, etc.); and
bioerodible [158].

Ois have been used to treat conditions, such as glaucoma, Ocusert ®(pilocarpine-
alginate), NODS ®, New Ophthalmic Delivery System (pilocarpine) dry eye, and al-
lergy [159-162]. In addition, Ois has been utilized for the treatment of common ocular
infections, such as bacterial keratitis [163-165]. Ois loaded with cyclosporine (Cys) has
been reported by Grimaudo et al. [166]. Ois based on sodium hyaluronate (HA) nanofibers
loaded with the antioxidant compound ferulic acid (FA) and the antimicrobial peptide
e-polylysine (¢-PL) have shown high antibacterial activity against Pseudomonas aeruginosa
and Staphylococcus aureus [163-167]. Other Ois have been developed and loaded with
Ketorolac Tromethamine (KT) Eudragit ®, Atorvastatin Cakcium (ATC) to treat ocular
inflammatory conditions [168-171]. Moreover, Ois offers the possibility of targeting inter-
nal ocular tissues through non-corneal conjunctival-scleral penetration routes to reach the
ocular posterior segment. A new technique used to develop new synthetic Ois is electro-
spinning, which is a method that obtains nanofibers that have the property to encapsulate
and control the release profile of multiple drugs [172]. Nanofibers, due to their unique
structural features, show great promise for drug delivery to the retinal segment following
topical application. Preclinical results have shown that preservative-free polycaprolactone
(PCL) electrospun nanofibers can be considered a primary drug carrier for the delivery
of fluocinolone acetonide into the posterior eye segment, particularly for retinal epithe-
lium [173]. The melt-cast method has been used to fabricate topical Ois for the delivery
of indomethacin, prednisolone sodium phosphate, and ciprofloxacin hydrochloride com-
monly employed in the treatment of ocular inflammation and infections. Studies have
shown that these devices generated significantly higher drug levels in all ocular tissues,
including the retina-choroid, when compared to their control formulations, demonstrating
that the melt-cast/melt-extruded films could shift the paradigm for drug delivery to the
posterior segment of the eye [174]. More recently, the effects of Ois for the administration
of progesterone (PG), a sexual hormone characterized by neuroprotection activity and
used for the treatment of posterior degenerative ocular diseases associated with oxidative
stress, have been evaluated using permeation enhancer technology. Due to the fact that
the PG is a hydrophobic drug, it was incorporated in (3-cyclodextrins in order to solubilize
it. A controlled diffusion of PG was obtained by in vitro grafting of 59% polyvinyl alcohol
(PVA), 39% polyvinylpyrrolidone K30 (PVP-K30), and 2% propylene glycol (PGL). Ex vivo
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analyses assessed trans-corneal and trans-scleral diffusion of PG and allowed the authors
to conclude that the PG-loaded Ois can be suitable for the treatment of various posterior
eye diseases such as DR, AMD, cataracts, glaucoma, and retinitis [175]. Ois are placed in
the conjunctival fornix or on the cornea and increase the contact time between the drug and
the conjunctival/corneal tissue in order to ensure a long-lasting, controlled, and precise
release of the preparation. In this way, they overcome the problem of limited pre-corneal
drug residence time, leading to increased bioavailability. By avoiding the use of preser-
vatives, they decrease the likelihood of sensitivity reactions and minimize systemic side
effects. Other advantages include precision dosing with controlled release and minimal
systemic absorption, reduced administration frequency, and improved patient compliance.
Electrospinning allows nanofibers to be obtained that encapsulate and control the release
profile of numerous drugs to the posterior eye segment [172]. Moreover, the melt-cast
method allows the generation of higher drug levels in ocular tissues, including the retina
and choroid [174]. Despite these advantages, the major disadvantages of Ois reside in
patient non-compliance with frequent feelings, such as the entry of a foreign body into the
eye, difficulty in self-insertion or removal, potential accidental loss and movement around
the eye that could interfere with vision. Ois can be specifically formulated to address the
unique characteristics of retinal diseases, such as the need for long-term treatment and
the delicate nature of the retina. Research and development in this area is ongoing, with a
focus on optimizing the design, drug release, and biocompatibility of ocular inserts for the
treatment of retinal diseases. These advancements hold great promise in improving the
outcomes and quality of life of patients with retinal conditions.

4.3.2. Ocular Implants

Intraocular/intravitreal implants are relatively new routes of administration designed
to be inserted into the eye to achieve a sustained release mechanism of the drug in the
vitreous and to provide a long-term therapeutic effect in a controlled and prolonged way.
They can bypass the BRB, avoid burst release, provide a reduction in the dose, and deliver
therapeutics at a constant rate directly at the ocular site, with no need to perform repeated
injections intravitreally. These implants have an increased half-life, reduced peak plasma
levels, and improved patient compliance [176,177]. The mechanism of drug release from
implants showed three phases, which include an early burst, a middle diffusive phase, and
a final burst. There are two major categories of materials used in the development of these
implants: non-biodegradables and biodegradables.

Non-biodegradable implants (NBI), such as scleral, intra-scleral (disc), and intravitreal
implants (encapsulated cell), do not experience changes in structure and require two
surgical procedures, which entails one for implantation and a second one for removal
or replacement. They are larger in size, thus requiring a larger incision for implantation.
They are made up of ethylene vinyl acetate (EVA), polyvinyl alcohol (PVA), or polysulfone
capillary fiber (PCF).

Biodegradables implants (BI), such as injectable microparticles, intravitreal implant (in-
jectable rod), intra-scleral, and epi-scleral implant (disc, scleral implant (plug), degrade and
disintegrate over time. All the components from the implant are eliminated autonomously;
thus, only a single surgical procedure is needed for insertion [176]. They are made of
polylactic acid (PLA), polyglycolic acid (PGA), PLGA, or polycaprolactones.

With regards to the currently available NBIs, the first insert was developed and
approved in 1996 Vitrasert® (Bausch and Lomb, Rochester, NY, USA) was designed for
the treatment of cytomegalovirus retinitis with ganciclovir. It has been demonstrated to
control inflammation, reduce recurrences in patients with viral retinitis, and improve visual
acuity [40,178]. Retisert (Bausch & Lomb, Rochester, NY, USA) is an intravitreal NBI of a
corticosteroid, fluocinolone acetonide, which the FDA approved in 2005 for treating chronic
non-infectious uveitis [179]. The main indications for this insert include chronic non-
infectious posterior uveitis (NIPU), but it has also been shown to be effective in DME and
macular edema (ME) secondary to central retinal vein occlusion (RVO) [180,181]. Iluvien
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(Alimera Sciences Inc., Alpharetta, GA, USA) is the smallest NBI of FA. It is cylindrically
shaped and has a composition similar to Retisert. This insert is used to treat DME but is
also currently being evaluated in phase 2 trials for dry AMD, retinal vein occlusion, and
non-infectious uveitis [182,183].

Yutiq (EyePoint Pharmaceuticals, Inc., MA, USA) is similar to Iluvien and is another
intravitreal NBI of FA that received FDA approval in 2018 for the treatment of chronic
NIPU [184]. I-vation (SurModics, Eden Prairie, MN, USA) is an NBI that releases triamci-
nolone acetonide (TA) and is used to treat DME [185,186]. The Ranibizumab Port Delivery
System (PDS) is a new intraocular DDS for continuously delivering an anti-vascular en-
dothelial growth factor (VEGF) antibody, ranibizumab, for the treatment of neovascular
AMD (nAMD). It is made up of an ocular implant and four ancillary devices that are
utilized for initially filling ranibizumab, surgical implantation, refilling exchange, and
explantation [187].

The DEX implant (Ozurdex, Allergan Inc., Irvine, CA, USA) is a dexamethasone
intravitreal implant composed of poly lactic-co-glycolic acid (PLGA), a synthetic aliphatic
polyester predominantly biodegraded via non-enzymatic hydrolysis of the ester linkages
under physiological conditions. It contains 0.7 mg dexamethasone, which is released
sustainably in the vitreous for up to 6 months. This device received FDA approval in June
2009 for treating retinal vein occlusion-associated macular edema and in 2010 for treating
non-infectious posterior uveitis. The main indications include RVO (central and branch)
associated with ME, DME, and NIPU. It also has off-label use in Irvine Gass syndrome,
nAMD, vasoproliferative retinal tumors, retinal telangiectasia, Coats” disease, radiation
maculopathy, retinitis pigmentosa, and macular edema secondary to scleral buckle and
pars plana vitrectomy [188]. The DEX implant offers prolonged and targeted drug delivery
and is placed directly into the vitreous to maximize its therapeutic effect while minimizing
systemic side effects. By delivering a consistent and controlled amount of dexamethasone,
it can maintain therapeutic drug levels over an extended period. Moreover, patients may
experience a reduced treatment burden compared to other forms of medication, thus
improving their convenience and compliance. On the other half, potential disadvantages
may consist of invasiveness, limited indications and reversibility, and side effects, such
as increased intraocular pressure, cataract formation, and infection. Verisome (Ramscor,
Inc., Menlo Park, CA, USA) is a long-acting intravitreal injectable drug delivery system
for different drugs, and it is with TA to treat chronic cystoid macular edema (CME) due to
RVO and with ranibizumab to treat nAMD [186-189].

Ocular implants can provide a sustained and controlled mechanism of drug release
over an extended period. They are designed to release medications slowly and maintain
therapeutic levels in the eye for a longer duration. This allows for a more consistent
therapeutic effect and reduces the need for frequent administration of eyedrops or injections,
enhancing patient compliance and convenience. These types of DDSs can enhance drug
bioavailability by increasing the residence time of the drug in the eye and in a direct
manner at the site of action, ensuring efficient delivery and reducing systemic absorption
and consequent potential side effects. They can overcome the challenges associated with
short drug half-lives and rapid clearance and can shield drugs from degradation by tear
fluid and enzymes, enhancing their stability and prolonging their shelf life. While ocular
implants offer several advantages, they also have potential disadvantages. Biodegradable
implants generally require a single surgical procedure, while non-biodegradable implants
require two surgical procedures under local or general anesthesia, increasing some inherent
risks, including infections, bleeding, and damage to surrounding tissues. Additionally, the
need for surgery may not be suitable for all patients, especially those who are not surgical
candidates or have contraindications. Another disadvantage is irreversibility because some
ocular implants, such as sustained-release devices, are designed to remain in the eye for
an extended period of time; therefore, they cannot be easily removed or adjusted once
implanted. While this may be advantageous for long-term treatment, it can pose challenges
if there are complications, adverse reactions, or the need to change the treatment plan.
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Another limitation is the lack of flexibility due to the fact that, once implanted, it may not
be possible to modify the drug or change the medication regimen easily. Like any foreign
body, ocular implants carry a risk of complications, including infection, inflammation,
implant migration, erosion, or extrusion, which can compromise the effectiveness of the
treatment and may require further medical or surgical intervention. In retinal disease,
ocular implants have shown promising results in improving visual function, restoring
vision, and providing targeted drug delivery to the retina. It is important to note that these
routes of administration are still evolving, and their effectiveness may vary depending on
the specific retinal condition, patient characteristics, and implant design.

4.3.3. Hydrogels

Hydrogels are well-defined structures composed of a wide variety of hydrophilic
monomers connected with crosslinked bonds, which are capable of swelling when placed
in water or an aqueous environment [190]. They are highly soft and elastic in nature,
have physicochemical similarities with ocular fluids, and are adequate for intraocular
use [176]. Hydrogels have been developed to deliver proteins, peptides, and antibodies,
as the formation of the hydrogel can occur at ambient temperature conditions. These
components are currently used in clinical research utilizing soft contact lenses and foldable
intraocular lenses to deliver drugs to the anterior segment and to the posterior segment
of the eye and have been considered in the treatment of diabetic retinopathy, age-related
macular degeneration, or rhegmatogenous retinal detachment [177,191-193].

Several in situ hydrogel systems are prepared with hyaluronic acid, chitosan, poloxamer,
hydroxypropyl methylcellulose (HPMC), and polycaprolactone. These components have
demonstrated safe use as depot systems in the ocular environment. They can be injected into
the vitreous cavity through a small gauge needle, as “in situ”, which then transforms into
gel in response to internal and/or external stimuli mediated by pH, temperature, ions, or
enzymes [194]. The sol-gel phase transition occurs within seconds to minutes, entrapping, and
stabilizing the therapeutic proteins in an aqueous polymeric network [195]. After injection, the
hydrogel forms a reservoir, allowing for the continuous release of loaded protein molecules
over time [196,197]. Drug release occurs via diffusion-controlled and degradation-controlled
processes from the reservoir [198,199].

Hydrogels can play a vital role in the development of nanotechnologies for the delivery
of drugs to the eye. Regarding posterior segment delivery, polymeric natural-based hydrogels
and synthetic hydrogels are characterized by easy injectability and long residence times, thus
potentially promising candidates for ideal vitreous substitutes [200]. It has been demonstrated
that polysaccharide crosslinked hydrogels showed sustained release of bevacizumab for three
days with a low initial burst, while thermosensitive hydrogels exhibited sustained release of
bevacizumab for 18 days [201]. In a recent study, the hyaluronic acid-bearing furan with 4 arm-
PEG10K-maleimide (4APM-HAFU) (ratio 1:5) hydrogel formulation was easily injected into
the vitreous cavity using a small needle (29G) and showed sustained release of bevacizumab
>400 days by a combination of diffusion, swelling, and degradation. A bioassay showed that
the released bevacizumab remained bioactive [202].

This hydrogel platform offers high potential for the sustained release of therapeutic
antibodies to treat ocular diseases, such as age-related macular degeneration. An injectable
antibody-loaded supramolecular nanofiber hydrogel has been created by simply mixing
betamethasone phosphate (BetP), a clinical anti-inflammatory drug, anti-VEGE, the gold-
standard anti-VEGF drug for AMD treatment, with CaCl,. Upon intravitreal injection, such
BetP-based hydrogel (BetP-Gel), while enabling a long-term sustained release of anti-VEG, can
also scavenge reactive oxygen species to reduce local inflammation and prolong the effective
treatment time of conventional anti-VEGF therapy [203]. Overall, various pre-clinical studies
on rabbit eye models have shown good biocompatibility of anti-VEGF-loaded hydrogel after
intravitreal injection, exhibiting sustained release properties [195,204,205]. These agents may
be readily translated into clinical use for AMD treatment with the potential to replace current
anti-VEGEF therapy.
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In vivo investigation with fibrin hydrogels revealed high short-term subretinal bio-
compatibility of this type of DDS, which is a suitable scaffold for human Embryonic Stem
Cell- Derived Retinal Pigment Epithelial Cells (hESC-RPE) transplantation, which could be
anew grafting material for tissue engineering RPE cells [206]. A small series of rhegmatoge-
nous retinal detachment models with short-term follow-up provide preliminary evidence
to support the favorable biocompatibility and efficacy of the hyaluronic acid (HA) hydrogel
as a promising retinal patch for sealing retinal breaks in retinal detachment repair [207].
Moreover, gene delivery using an injectable hydrogel has also been studied as a treatment
for retinitis pigmentosa [208,209].

Hydrogels can be combined with microparticles/nanoparticles (NPs) in order to
form a hybrid “combined-DDS” for the controlled delivery of therapeutics, especially
for localized applications, which can be useful to increase therapeutic efficacy and to
limit particle movement in the eye. An injectable hydrogel loaded with retinal-targeted,
biodegradable hybrid NPs with a hyaluronic acid coating has been developed to improve
in vivo distribution throughout the vitreous and delivery to retinal cells. It has been shown
to greatly improve the administration of sensitive therapeutic molecules to the retina by
exploiting both the targeting ability and protective effect of NPs while prolonging their
release [210]. The use of anti-VEGF-loaded microspheres suspended within an injectable,
egener-responsive hydrogel has shown controlled, extended, and bioactive release for
approximately 200 days of ranibizumab and aflibercept in vitro. [211]. In a laser-induced
CNV model in nonhuman primate models, Kim et al. demonstrated that an aflibercept-
loaded microsphere and hydrogel combination system was an effective treatment for
up to 6 months post-injection, without adverse events [212]. Recently, a biodegradable
microparticle- and nanoparticle-hydrogel DDS was developed to obtain the simultaneous
release of aflibercept and dexamethasone. The Combo-DDS has proven to be an effective
method for simultaneously releasing dexamethasone and aflibercept for up to six months.
This may eliminate the need for separate dosing regimens of anti-VEGF and corticosteroids
for patients with wet AMD [213]. The key advantages of hydrogels include the fact that
they can provide sustained and controlled release of drugs within intraocular tissues, such
as the aqueous humor and vitreous cavity. The gel-like structure of hydrogels allows for the
gradual release of drugs, ensuring a sustained therapeutic effect and reducing the frequency
of drug administration. Furthermore, certain ocular drugs, particularly biologics, exhibit
low stability and/or short half-life when present in the vitreous humor. By encapsulating
these biologics within hydrogels, both drug stability and release duration can be improved.
In some ocular conditions, such as retinal diseases, monotherapy may not be adequate
to achieve optimal therapeutic efficacy, and hydrogels can integrate different drugs into
a single platform, simplifying the treatment regimen and improving patient compliance.
Therefore, combination therapy has emerged as a crucial strategy for enhancing clinical
outcomes through synergistic effects. This class of DDSs can be designed to specifically
target the ocular posterior segment and retina. By incorporating drugs into hydrogels, they
can be delivered directly to the desired site of action, minimizing systemic exposure, and
reducing potential side effects. This targeted drug delivery approach enhances therapeutic
efficacy while minimizing off-target effects. Hydrogels can enhance drug penetration
through ocular tissues, including the cornea and sclera, to reach the ocular posterior
segment and retina because their gel-like nature can promote sustained contact with eye
tissues, facilitating better drug permeation and bioavailability in these deep ocular layers.
Disadvantages include the fact that hydrogels may have limitations in terms of their loading
capacity for drugs. The gel matrix can accommodate a certain amount of drug molecules,
and exceeding this limit may lead to reduced gel integrity or compromised release kinetics.
This limitation can restrict the use of hydrogels for high-dose drug delivery or when large
quantities of drugs need to be administered. Hydrogels, especially those with higher
viscosity, may face challenges in effectively penetrating dense ocular tissues, such as the
cornea. Their viscosity can impede diffusion and hinder the efficient delivery of drugs to
the desired target sites. This limitation may require additional strategies or modifications to

94



Pharmaceutics 2023, 15, 1862

enhance the penetration capabilities of hydrogel-based DDSs. While hydrogels can provide
sustained drug release, their long-term stability can be a concern because, over time, they
may undergo physical or chemical changes, leading to alterations in their drug release
profiles. Factors such as degradation, water evaporation, or interactions with ocular fluids
can affect the stability and performance of hydrogel-based DDSs. Ensuring long-term
stability is essential for maintaining consistent drug release over extended periods.

While hydrogels offer several advantages as DDSs to the ocular posterior segment,
further research is still needed to optimize their performance, ensure long-term stability, and
address the specific challenges associated with these targeted applications. Nonetheless,
hydrogels hold great promise for delivering therapeutics to these critical ocular regions,
potentially revolutionizing the treatment of posterior segment and retinal disorders.

4.3.4. Contact Lens

The use of contact lenses (CLs) as routes of administration has been increasingly evalu-
ated in recent years [214]. The idea of using CLs as carriers of active ingredients is a relatively
new strategy that is still being developed and improved. There are two main groups of
contact lenses depending on the designed material: soft contact lenses made of hydrogel
or silicone hydrogel polymers, and rigid gas-permeable contact lenses. Therapeutic con-
tact lenses include polymeric carriers, such as drug-containing polymer nanoparticles and
polymeric implants [215]. In recent years, studies have focused on ways to extend the drug
residence time and improve the bioavailability of various lens-based DDSs. Surface modifying
methods include dip-coating (soaking), diffusion barrier insertion (Vitamin E), incorporation
of functional monomers, ligands, and a polymeric matrix, molecular imprinting, cyclodextrin
vaccination, incorporation of colloidal, drug-loaded nanoparticles, or other colloidal nanos-
tructured systems, and surface coating by multilayer film deposition of colloidal nanoparticles
or ligands [215]. The advantages of using control-released drug systems in the form of contact
lenses are the drug dosing regimen, bioavailability, and prolonged residence time of drugs in
the eye [216,217]. The use of contact lenses as a reservoir of drugs is a promising treatment
system for: chronic eye diseases (such as glaucoma); ocular allergies; controlled release of
antimicrobial peptides on the ocular surface; and drug delivery with antiviral, antifungal,
anti-inflammatory, and /or immunosuppressive agents [218-222].

A commercially approved silicon hydrogel CL named ACUVUE® OASYS®, has been
modified to control the delivery of pirfenidone (PFD) to ameliorate corneal inflammation
and fibrosis conditions [223]. The same authors used the ACUVUE® Oasys® and the 1-DAY
ACUVUE® TruEyeTM lens soaked with vitamin E. These CL have been employed to
evaluate the release profiles of ketorolac tromethamine (KT) and flurbiprofen sodium (FS),
which have shown a better drug delivery dosage in the treatment of ocular inflammatory
conditions [224]. CLs based on methacrylic acid (MAA) loaded with acyclovir (ACV)
and valacyclovir (VACV) have been used to treat ocular keratitis caused by the herpes
simplex virus (HSV) [221]. Moxifloxacin (MF) and dexamethasone (DM) were loaded on
chitosan-, glycerol-, and polyethylene glycol (PEG)-based CLs, which were developed
using the solvent casting approach. These CLs showed efficacy in delivering MF and DM
in the treatment of postoperative conditions to prevent ocular infections [225]. Silicone
hydrogel soft CLs loaded with brinzolamide or latanoprost have also been developed,
allowing constant release of the drug and thus representing a good alternative to eyedrops
for treating glaucoma [226,227].

Regarding drug delivery to the posterior segment of the eye, Alvarez-Rivera et al.
developed CLs suitable for the local prevention/treatment of diabetes-related eye patholo-
gies. The main idea was to incorporate functional groups into the polymer matrix that could
reversibly interact with epalrestat, an aldose reductase inhibitor used for the treatment of
diabetic neuropathy, promoting drug accumulation and diffusion through the cornea [228].
Moreover, it has been hypothesized that ocular drug flux to the retina can be improved by
providing sustained drug delivery directly to the cornea, increasing drug concentrations at
the ocular surface, increasing drug residence time at the ocular surface, and using mechani-
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cal forces as a permeation enhancer. In vitro and ex vivo experiments have been performed,
and the results have shown that these drug-loaded hydrogels may be useful as ocular
devices for regulating the posterior release of epalrestat, thus facilitating its accumulation
and diffusion across the cornea [229]. Recently, soft hydrogel CLs have been employed
to obtain a sustained release of naringenin (NAR), a flavonoid anti-inflammatory and
antioxidant substance used for treating posterior eye segment disease, such as age-related
macular degeneration [230,231].

A sustained drug-eluting contact lens positioned directly over the cornea has been devel-
oped for drug delivery to the eye, including the retina. This contact lens has shown sustained
drug delivery to the retina at therapeutic levels using a dexamethasone delivery system
(Dex-DS), which consists of a dexamethasone-polymer film encapsulated inside a contact lens.
Rabbits wearing Dex-DS achieved retinal drug concentrations that were 200 times greater than
those from intensive (hourly) dexamethasone drops. Conversely, Dex-DS demonstrated lower
systemic dexamethasone concentrations. In an efficacy study in rabbits, Dex-DS successfully
inhibited retinal vascular leakage induced by intravitreal injection of vascular endothelial
growth factor (VEGF) [232]. Recently, a drug-loaded contact lens combined with electrodes
placed on cadaver rabbit eyes and positioned diametrically opposite and beyond the limbus
has been shown to potentially deliver ionic drugs directly to the vitreous. Incorporation of
an electric field with multiple electrodes on a single lens can effectively deliver ionic drugs
to the posterior region at levels comparable to current methods, with the benefits of being
safer and less invasive [233]. CLs offer several advantages over traditional methods of drug
administration, providing enhanced effectiveness and patient convenience. This type of route
of administration allows the delivery of drugs directly to the ocular posterior segment and
retina, enabling targeted drug delivery, minimizing systemic exposure, and reducing potential
side effects. Contact lenses can be designed to release drugs continuously over an extended
period, ensuring consistent therapeutic concentration at the target site and enhancing treat-
ment efficacy while reducing the frequency of drug administration. This type of route of
administration provides a larger surface area for drug absorption compared to traditional
delivery methods, such as eyedrops, allowing for better drug penetration into the ocular
tissues, enhancing bioavailability, and optimizing the therapeutic effect. Moreover, modern
contact lenses are designed to provide excellent comfort and vision, and by incorporating drug
delivery capabilities, patients can benefit from both vision correction and therapeutic drug
administration simultaneously. This approach eliminates the need for multiple interventions,
enhancing patient convenience and acceptance. This type of route of administration is a
non-invasive method that reduces the associated risks and complications while offering a less
intimidating option for patients. The ease of administration also makes contact lens-based
drug delivery suitable for long-term treatment plans. The drug release rate, duration, and
dosage can be adjusted based on the specific needs of each patient’s condition. This level of cus-
tomization allows for personalized treatment strategies and optimized therapeutic outcomes.
Contact lenses can accommodate various types of drugs, including small molecules, biologics,
nanoparticles, and gene therapies. Nevertheless, there are also some potential disadvantages
and challenges that need to be considered. CLs have a limited capacity to carry drugs due to
their small size and thickness. This can restrict the amount of drug that can be loaded into the
lens, potentially limiting the duration of drug release or requiring frequent lens replacement.
The release kinetics of drugs from CLs may vary depending on factors, such as lens material,
drug characteristics, and environmental conditions. Achieving a consistent and controlled
release profile can be challenging, potentially leading to unpredictable drug concentrations at
the target site. Factors such as tear film composition, blinking patterns, and lens movement
on the eye can influence drug release and bioavailability. Certain drugs, particularly larger
molecules or those with specific formulation requirements, may not be suitable for contact
lens-based delivery. This limitation may restrict the versatility of this route of administration
in some cases. The compatibility of different drugs with contact lens materials and their ability
to maintain stability during storage and wear can limit the range of drugs that can be delivered
using this approach. It is important to note that research and technological advancements are
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continuously addressing these challenges to improve the feasibility and reliability of CLs for
ocular posterior segment and retinal therapies. With further innovation and refinement, these
disadvantages can potentially be overcome, leading to more effective and patient-friendly
ocular drug delivery methods. While the contact lens-based route of administration for the
ocular posterior segment and retinal therapies holds tremendous promise, further research
and development are still required to overcome challenges related to drug loading, release
kinetics, and biocompatibility.

4.3.5. Microneedles

In recent years, due to intense research and advancements in microtechnology, there
has been remarkable interest in the development of microneedles (MNs)-based systems
as an alternative, non-invasive form for administering drugs to the eye in order to mini-
mize tissue damage, reduce the disruption of membrane continuity, eliminate the risk of
pathogen infections, and improve overall safety.

Simultaneously with the development of single-microneedle technologies, research has
focused on microneedle systems/patches for ocular drug delivery, recently, and successfully
applied to the cornea or sclera [234]. Ocular microneedles are DDSs that show passive
delivery of molecules via arrays of solid MNs coated with drug formulations that dissolve a
few minutes after insertion. They provide passive diffusion of therapeutics, overcoming the
transport barriers of epithelial tissues, eliminating clearance by conjunctival mechanisms,
and minimizing retinal damage [79]. The most common microneedle classifications are
based on geometry, the material applied to obtain the systems, the method of fabrication,
the drug loading technique, and the mode of drug delivery [235].

Regarding the use of MNs as DDSs to the posterior segment of the eye, a lot of research
has been conducted recently. Injection into the suprachoroidal space (SCS) represents an
alternative method of ocular drug delivery to the posterior segment allowed by MN-based
DDSs because it facilitates targeted distribution to affected chorioretinal tissues through
the suprachoroidal pathway. This allows potential efficacy benefits, compartmentalization
away from unaffected anterior segment tissues, and a high degree of bioavailability. The
commercially approved SCS Microinjector® (Clearside Biomedical, Inc., Alpharetta, GA,
USA) was specifically designed to provide non-surgical, reliable, and in-office access to
the SCS. Indeed, the first and only FDA-approved SC therapy (CLS-TA) is administered
via the SCS Microinjector. (Bausch+ Lomb and Clearside Biomedical 2021) Triamcinolone
acetonide injectable suspension (Xipere®, Bausch + Lomb) was successfully used as a
novel formulation optimized for use with the SCS Microinjector® [236]. This presents an
opportunity for safe and effective drug delivery for the treatment of uveitic macular edema
and, potentially, for broader use with other drugs to treat other ocular diseases that impact
chorioretinal tissues, such as age-related macular degeneration, diabetic retinopathy, and
choroidal melanoma [237,238].

Roy et al. presented two types of patches for the delivery of triamcinolone acetonide
(TA): a microneedle scleral patch (MSP) and a microneedle corneal patch (MCP). Ex vivo
experiments performed on porcine eye globe showed that, in comparison to MCP and TA
nanosuspension, MSP obtained much greater TA concentrations in the vitreous humor and
choroidoretinal complex after 5 min of application [239]. Amer and Chen fabricated PVA
hydrogel-based microneedle arrays for the delivery of immunoglobin G1, a model protein re-
sembling bevacizumab, applied in the treatment of age-related macular degeneration (AMD).
The in vitro tests showed an extended release of the active compound compared to the rapid
release after injection. The authors indicated that the MN-based arrays show a much more
uniform drug release profile than the single injections [240]. Wu and co-workers developed
nanoparticle-loaded bilayer dissolving microneedle arrays for the sustained delivery of pro-
teins to the posterior ophthalmic segment. The MNs had adequate mechanical stability to
puncture the sclera and degrade very quickly, releasing the nanoparticles (NPs) in less than
3 min. The slow disintegration of the NP-forming matrices resulted in the release of the active
ingredient in a prolonged manner [241].
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Some of the advantages of MNs as DDSs to the ocular posterior segment consist in
the fact that they enable precise, controlled, and targeted delivery of drugs, thanks to their
minimally invasive nature. MNs create micropores at the level of the sclera/suprachoroidal
space which enhance bioavailability and ensure that a higher concentration of the drug
reaches the desired site, increasing the therapeutic efficacy while minimizing the required
dosage. Compared to traditional ocular DDSs, such as injections, microneedles provide a
non-invasive and pain-free alternative method. They can be designed to deliver drugs in a
sustained manner, allowing for prolonged therapeutic effects without the need for frequent
administration and improving patient compliance with medication regimens. By avoiding
the need for preservatives or exposure to harsh conditions, such as high temperatures or
pH, microneedles minimize the risk of drug degradation and ensure that the therapeutic
agent reaches the ocular posterior segment in its active form. MNs also have some potential
disadvantages that should be considered. Their fabrication can be technically complex and
challenging. Achieving the desired dimensions, needle strength, and sharpness while ensuring
biocompatibility and reproducibility can be demanding. Developing scalable manufacturing
processes for commercial production is an ongoing area of research. Although MNs are
designed to be minimally invasive, there is still a risk of injury during the insertion process.
Their small size restricts the amount of drugs that can be loaded onto or within them. This
limitation may pose a challenge for drugs that require higher doses or those with low solubility.
MNs are often made from materials that may have limited stability, especially in terms of
long-term storage. Factors such as degradation, moisture absorption, or changes in mechanical
properties over time can impact their performance and effectiveness. It is important to note
that, while these disadvantages exist, ongoing research and development efforts are focused
on addressing these challenges and improving the performance and safety of MN-based
ocular DDSs.

Overall, MNs can be considered a minimally invasive compromise between topical
formulations, which are acceptable but reveal poor effectiveness, and direct injections,
which are more effective but invasive. With this novel approach, the drug can be delivered
to the target site with good precision and minimized the risk of tissue damage, pain, and
infection [234,242].

5. Conclusions and Future Perspectives

The development of innovative DDSs to increase the passage of therapeutic molecules
across the ocular barriers to the posterior ocular segment, with minimally invasive, safe, and
affordable technologies, is a rapidly growing research field. Figure 2 shows the different
materials used in the current DDSs, while Table 1 lists the characteristics, pros, and cons of
each. Various alternatives to ordinary intravitreal injection have been proposed to overcome
the clinical and logistic burdens for the patient and for the healthcare providers that are
intrinsic to this type of treatment and the chronic nature of most posterior segment disorders.
Nanotechnologies, alternative drug penetration enhancers, and various types of in situ devices
for sustained drug release have been extensively tested, many, for the moment, only on animal
models, in vitro, or with limited numbers and indications on humans. They seem capable of
delivering targeted retinal treatments with promising results, but more in vivo studies are
required to confirm these experimental results. The addition of mucoadhesive polymers and
aggregation with micro/nanomolecular carriers have been shown to enhance drug bioavail-
ability and promote the prolonged release of therapeutic concentrations. Nanoparticles in
general have the advantages of small size, considerable surface area, and high mucoadhesivity,
whereas the particles’ stability and loading capability is not always optimal. For these reasons,
NPs have often been integrated with more complex polymeric structures, such as gel, to
integrate the controlled delivery of the first with the higher stability and prolonged retention
time of the second. Nevertheless, several aspects of the drug penetration mechanism are
still to be clarified, as if it may trigger toxic reactions or harmful alterations to the ocular
barriers [121].
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Figure 2. Material used in Drug Delivery Systems (DDSs).

Apart from nanotechnologies, other systems have been developed and studied to
enhance drug delivery. CPPs, for example, are characterized by a general lack of cell
and tissue specificity. Although TAT and penetrates were seen to somehow accumulate
in the retina after topical administration, the use of specific CPPs to target different eye
structures demands further investigation since the available data derive from studies using
different in vivo models and conditions. In vivo experiments are generally conducted on
rats or mice. This is often a necessary choice, and differences between murine and human
eyes in relevant aspects, including ocular volumes and delivery path lengths, must be
considered when interpreting the results of this type of study. Furthermore, evidence
of ocular toxicity and uptake of CPPs is collected with experiments on isolated human
conjunctival/corneal /RPE cell lines. Although these in vitro results are considered more
replicable and less susceptible to effects derived from species-dependent differences, some
drawbacks remain. The first difficulty derives from the differences in CPP behavior in
different cell lines. For example, it is known that non-adherent cell lines show a higher
permeability toward CPPs [243]. A second issue concerns the prediction of the results
obtained in vitro when translated in vivo. In the latter set-up, not only pharmacokinetic
factors, such as lacrimal wash-out and blood and lymphatic absorption, but also a different
CPP interaction with cells integrated in an organized tissue and organism could make the
difference. For instance, a reduction in the cellular uptake of peptides for ocular delivery
was observed after incubation with proteoglycans, which are naturally present on the
cellular surface and intercellular spaces in vivo [138].

Tontophoresis seems to offer a potential route to enhance the transscleral-transconjunctival
absorption of topical drugs directed to the vitreous and retina. Again, preclinical studies have
been conducted on animals, and some concerns have emerged regarding safety due to the
exposure to prolonged electric current and feasibility in terms of logistic and technological
costs, especially in comparison to other topical treatments [122].

Different types of implants and inserts have been proposed to grant the controlled
and sustained release of ocular drugs, reducing the number of drug administrations, with
benefits on the patient comfort and compliance, and reducing the number of necessary
accesses to the health care providers for treatment and monitoring. These devices, however,
have some limitations. The positioning and size of the implant must be considered to avoid
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vision obscuration. To this extent, injection of particles below 300 nm is recommended.
Light scattering and other vision disturbances can occur because of the aggregation of
particles after injection into the vitreous. Systems allowing the sustained release of drugs
from nanoparticles may thus offer an advantage. Even with modern technology, it is still
rather challenging to load a sufficient amount of drug into small particles, which need to be
released for at least a few weeks after a single administration. This factor represents the true
bottleneck in developing a successful intravitreal treatment of this kind. For these reasons,
sustained efficacy of action in the posterior segment might be achieved by subconjunctival
injection of products with slow choroidal clearance or by using a formulation that provides
gradually releasing drugs in the suprachoroidal space. Overall, research in this sector only
produced a few implants now available for clinical use, with some of the most promising
solutions, such as nanotechnologies, not really translating the good results obtained in
preclinical studies into clinical trials. Furthermore, according to some authors, this might
also be due to the scarce investment of nanotechnologies in the development of neurological
and ocular treatments, with more tangible efforts made to develop oncological and imaging
agents [123].

Despite these considerations, the existence of different types of implants and polymeric
materials, with many of them already approved for clinical use, and the continuous development
of new drugs to treat diffuse pathologies, such as AMD and RD, makes efficiency in drug
delivery a highly dynamic field with interesting and crucial applications. Therapeutic efficacy is
certainly the primary objective of any DDS; however, a patient’s comfort is also crucial since it
considerably affects compliance with treatment, which is also a key factor, especially when it
comes to ocular treatments. More trials on existing technologies and the development of new
strategies will allow for advancements in therapeutic efficiency with reduced side effects and
better compliance in treating pathologies of the posterior ocular segment.
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Abstract: This systematic review and meta-analysis investigated whether honey-related treatment
strategies improve the signs and symptoms of patients with dry eye disease (DED). In March 2023,
the following databases were accessed for clinical trials investigating the efficacy of honey-related
treatment strategies in DED: PubMed, Web of Science, Google Scholar, and EMBASE. The following
data were extracted at baseline and at the last follow-up: Ocular Surface Disease Index, tear breakup
time, Schirmer I test, and corneal staining. Data from 323 patients were retrieved (53.3% female,
mean age 40.6 + 18.1 years). The mean follow-up was 7.0 & 4.2 weeks. All the endpoints of interest
significantly improved from baseline to the last follow-up: tear breakup time (p = 0.01), Ocular
Surface Disease Index (p < 0.0001), Schirmer I test (p = 0.0001), and corneal staining (p < 0.0001). No
difference was found in tear breakup time (p = 0.3), Ocular Surface Disease Index (p = 0.4), Schirmer I
test (p = 0.3), and corneal staining (p = 0.3) between the honey-related treatment strategies and the
control groups. According to our main results, honey-related treatment strategies are effective and
feasible to improve symptoms and signs of DED.

Keywords: dry eye disease; xerophthalmus; keratoconjunctivitis sicca; honey; Manuka; Royal Jelly

1. Introduction

Dry eye disease (DED) is a common ocular condition with a prevalence rate of
up to 74% [1-5]. The aetiology of DED is multifactorial [2]. Inflammatory or environ-
mental conditions, such as allergens, contact lens wear, cigarette smoke, previous eye
surgery, neurotrophic deficiency, exposure to pollutants, ultraviolet radiation, hormonal
imbalance—especially in perimenopausal women—and oxidative stress are implicated in
DED [6-8]. Additionally, tear film hyperosmolarity plays an important role in the pathogen-
esis of DED: damage of the corneal epithelium leads to cell death by apoptosis, followed by
a loss of goblet cells and mucin expression, increasing the presence of inflammatory media-
tors, such as tumour necrosis factor «, interleukin 6, and matrix metallopeptidase 9 [9,10].
Symptoms associated with DED include foreign body sensation, blurred vision, pain, and
photophobia [6,11]. Aqueous-deficient and evaporative DED can be distinguished, while
numerous patients show signs of both subtypes [1]. Current treatment options mainly
comprise artificial tears, lifestyle changes, topical steroids or cyclosporine, lacrimal punc-
tal occlusion, and oral omega-3 fatty acids [12-16]. Though improving both symptoms
and clinical findings, artificial tears do not treat the inflammation processes underlying
DED [17]. Topical steroids have anti-inflammatory properties, and their efficacy in improv-
ing the signs and symptoms of DED have been demonstrated before [16,18]. However,
their long-term use is not recommended, as ocular side effects such as the development of
cataract or secondary glaucoma might occur [19,20]. Further anti-inflammatory treatment
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strategies for patients with DED include cyclosporine and lifitegrast [21]. Recently, the
efficacy of naturally occurring anti-inflammatory agents as treatment strategies for patients
with DED has been investigated [21]. Altogether, the interest in alternative treatment
approaches for DED is growing [21].

Honey has been used in the management of ophthalmic diseases for thousands of
years [22]. It mainly consists of carbohydrates, water, organic acids, proteins, amino acids,
minerals, vitamins, enzymes, flavonoids, and antimicrobial components, such as hydrogen
peroxide, sugar, and antimicrobial peptides [23,24]. The flavonoids, including pinocembrin,
quercetin, chrysin, and phenolic acids might be accountable for the anti-bacterial, anti-
oxidant, anti-inflammatory, immunomodulatory and analgesic properties of honey [25].
Additionally, the anti-bacterial, anti-oxidant, and anti-fungal effects of honey have been at-
tributed to the anti-microbial effects of glucose oxidase, and a high osmolarity which might
inhibit bacterial growth [22,24,26]. More than 300 varieties of honey exist, depending on the
heterogeneity of plants and environmental conditions [23]. Manuka honey contains a pro-
prietary mix of honey from the Australian and New Zealand Leptospermum species (known
as Manuka) [27]. Its anti-bacterial efficacy includes activity against methicillin-resistant
Staphylococcus aureus and Pseudomonas aeruginosa [28]. Royal Jelly is mainly secreted by
the worker honeybees (Apis mellifera) and is required for the nutrition of the queen hon-
eybee [29]. It is secreted from the hypopharyngeal and mandibular glands of the worker
bees [29]. In general, medical-grade honey is free of toxic contaminants after sterilisation by
gamma irradiation, according to standard medical regulations [30]. The efficacy of honey in
the treatment of ophthalmic diseases such as chemical and thermal burns, corneal bacterial
ulcers, postoperative corneal oedema, bullous keratopathy, neurotrophic keratitis, vernal
keratoconjunctivitis, and catarrhal keratoconjunctivitis has been demonstrated by previous
studies [22,31-34]. It has been attributed to the capacity of honey to stimulate immune cells
and promote reepithelialisation, as well as angiogenesis [35].

The present study investigated whether honey supplementation improves the clinical
signs and symptoms in patients with DED at the last follow-up compared to baseline.
Moreover, a meta-analysis comparing honey-derived therapies vs. placebo or artificial tears
was conducted.

2. Results
2.1. Study Selection

The eligibility criteria are described in detail in paragraph 4.1. The literature search
resulted in 124 randomized clinical trials which evaluated the efficacy of topical or systemic
honey application in patients with DED. Of them, 63 were excluded because of duplication.
Another 46 articles were excluded because they did not match the eligibility criteria. Ten
further studies did not report quantitative data under the endpoints of interest and were
therefore excluded from further analysis. Finally, five randomized clinical trials were
eligible for the final analysis. The flow chart of the literature search is shown in Figure 1.

2.2. Study Risk of Bias Assessment

Given the randomized design of the patient allocation in all included studies, the risk
of selection bias was low. A moderate risk of detection bias was evidenced. Additionally,
the performance bias was considered low. The risk of attrition bias was low, and the risk of
reporting and other biases was moderate. Overall, the risk of bias graph evidenced a low
risk of publication bias in the included studies. The results of the methodological quality
assessment for the selection bias, performance bias, detection bias, attrition bias, reporting
bias, and other biases for the included studies are shown in Figure 2.
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Figure 1. PRISMA flow chart of the literature search.
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Figure 2. Methodological quality assessment.

2.3. Risk of Publication Bias

The funnel plot was performed to evaluate the risk of publication bias of the present
study. All the effects were located within the shape of acceptability, and they demonstrated
a symmetrical disposition. These features of the plot indicate a low risk of publication bias

(Figure 3).
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Figure 3. Funnel plot to evaluate the risk of publication bias.

2.4. Study Characteristics and Results of Individual Studies

Data from 323 patients were retrieved from the included studies. The study generalities
and patient characteristics of the included studies are shown in greater detail in Table 1.

Table 1. Generalities and patients baseline of the included study.

Author, Year Journal Follow-Up Treatment Patients (1) = Mean Age  Women (%)
(Weeks)
' Honey (Optimgl Manuka gel) 37 58.9 129
Albietz et al., Clin. Exp. Optom 8 plus conventional therapy
2017 [36] - BXp- ptom. Honey (Optimel Manuka
drops) plus 37 62.2 42.4
conventional therapy
Conventional therapy 40 61.4 412
Craigetal, Honey (M‘;“.“ka 53 60.0 60.0
2020 [37] Ocul. Surf. 13 microemulsion)
No treatment 53 60.0 60.0
Inoue et al,, Honey (Royal Jelly) 22 29.6 28.6
2017 [29] PLoS ONE 8 Placebo 19 37.0 545
Tan etal, Honey (Optimel Manuka+ 21 22 57.1
2020 [38] Br. J. Ophthalmol. 4 honey eye drops)
Artificial tears 21 20.6 76.2
Wong et al., Cont. Lens Honey (Optimel 10 25.7 55.0
2017 [27] Anterior Eye 2 Manuka drops)
Artificial tears 10 25.7 55.0

2.5. Efficacy of Honey-Related Treatment Strategies

All the endpoints of interest significantly changed from baseline to the last follow-up:
At the last follow-up, the tear breakup time was significantly increased (+1.1's; p = 0.01), the
Ocular Surface Disease Index score was significantly reduced (—12.8 points; p < 0.0001), the
Schirmer I test was significantly increased (+1.8 mm; p = 0.0001), and the corneal staining
score was significantly reduced (—1.2 points; p < 0.0001) compared to baseline. These
results are shown in greater detail in Table 2.
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Table 2. Comparison of the tear breakup time (s), the Ocular Surface Disease Index (points), the
Schirmer I test (mm), and corneal staining (points) from baseline to the last follow-up (FU: follow-up;
MD: mean difference; SE: standard error; 95% CI: 95% confidence interval).

Endpoint Baseline Last FU MD SE 95% CI T-Value p
Tear breakup time 50433 6.1+27 1.1 0.426 0.25to0 1.94 2.58 0.01
Ocular Surface Disease Index 329+99 201+65 —12.8 1.184 —15.13 to —10.46 —10.808 <0.0001
Schirmer I test 167 +43 185+17 1.8 0.462 0.88 to 2.71 3.893 0.0001
Corneal Staining 23+26 1.1+09 —-1.2 0.275 —1.74 to —0.65 —4.361 <0.0001

2.6. Honey-Related Treatment Strategies Compared to Other Treatments

No significant differences were found in terms of the tear breakup time (p = 0.3), the
Ocular Surface Disease Index (p = 0.4), the Schirmer I test (p = 0.3), and corneal staining
(p = 0.3) between the honey-related treatment and the control group (Figure 4).

Forest plot of the comparison: Tear breakup time test

Mean Difference Mean Difference

Study or Subgroup Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI
Albietz et al., 2017 drop 26.8% 0.70[-0.75, 2.15]

Albietz et al., 2017 gel 33.2% -0.20 [-1.50, 1.10]

Inoue et al., 2017 20.1% 0.51[-1.16, 2.18] ——
Tan etal.,, 2020 16.5% 1.10[-0.75, 2.95] T
Wong et al., 2017 3.4% -0.20 [-4.28, 3.88] —_—

Total (95% CI) 100.0% 0.40 [-0.35, 1.15]

Heterogeneity: Chi? = 1.64, df = 4 (P = 0.80); I = 0% t
Test for overall effect: Z = 1.04 (P = 0.30)

4 -2 0 2 4
Favours [honey] Favours [controi]

Risk of bias legend

(A) Random sequence generation (selection bias)

(B) Allocation concealment (selection bias)

(C) Blinding of participants and personnel (performance bias)
(D) Blinding of outcome assessment (detection bias)

(E) Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)

(G) Other bias

Forest plot of the comparison: Ocular Surface Disease Index

Mean Difference Mean Difference Risk of Bias

Study or Subgroup Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI ABCDEFG
Albietz et al., 2017 drop 20.5% 3.80[-4.16, 11.76] T
Albietz et al., 2017 gel 28.1% -0.70[-7.51, 6.11] —a—
Tan et al., 2020 43.6% -3.40 [-8.86, 2.06] —
Wong et al., 2017 7.8% -7.00[-19.88, 5.88] e
Total (95% CI) 100.0% -1.45 [-5.05, 2.15]
ity: iZ= = = s 12 = t + 1 1 +
Heterogeneity: Chi® = 2.92, df = 3 (P = 0.40); 1> = 0% 30 1o 0 10 20

Test for overall effect: Z = 0.79 (P = 0.43)

Favours [honey] Favours [control]

Risk of bias legend

(A) Random sequence generation (selection bias)

(B) Allocation concealment (selection bias)

(C) Blinding of participants and personnel (performance bias)
(D) Blinding of outcome assessment (detection bias)

(E) Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)

(G) Other bias

Figure 4. Cont.
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Forest plot of the comparison: Schirmer | test

Mean Difference Mean Difference Risk of Bias
Study or Subgroup Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI ABCDEFG
Albietz et al., 2017 drop 20.0% 3.10[-3.94, 10.14]
Albietz et al., 2017 gel 53.8%  0.60 [-3.69, 4.89]
Inoue et al., 2017 16.5% 5.15[-2.58, 12.88] S e
Wong et al., 2017 9.7% 0.00 [-10.09, 10.09] I
Total (95% CI) 100.0% 1.79 [-1.35, 4.94] ?
Heterogeneity: Chi? = 1.27, df = 3 (P = 0.74); 1> = 0% _{0 _?5 ) 5? 150
Test for overall effect: Z = 1.12 (P = 0.26) Favours [honey] Favours [control]

Risk of bias legend

(A) Random sequence generation (selection bias)

(B) Allocation concealment (selection bias)

(C) Blinding of participants and personnel (performance bias)
(D) Blinding of outcome assessment (detection bias)

(E) Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)

(G) Other bias

Forest plot of the comparison: corneal staining

Mean Difference Mean Difference Risk of Bias

Study or Subgroup Weight 1V, Fixed, 95% ClI 1V, Fixed, 95% CI ABCDEFG
Albietz et al., 2017 drop 3.1% -0.40 [-1.76, 0.96] ee

Albietz et al., 2017 gel 4.2% -1.50[-2.67,-0.33] +———— [

Inoue et al., 2017 16.9% -0.12 [-0.70, 0.46] — 7@
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(G) Other bias

Figure 4. Results of the meta-analysis [27,29,36,38].

3. Discussion

According to the main findings of the present study, topical or systemic honey-related
treatment strategies led to a significant increase in the tear breakup time and the Schirmer
I test at the last follow-up compared to baseline in patients with DED. At the last follow-
up, the Ocular Surface Disease Index score and corneal staining were significantly lower
compared to the baseline in the honey-related treatment group. No differences in the
tear breakup time, Schirmer I test, corneal staining, or Ocular Surface Disease Index
scores between the honey-related treatment group and the control groups were identified.
The proportion of females (53%) and age distribution in this study agree with previous
publications [39,40].

Studies using both Manuka honey and Royal Jelly as a treatment in patients with DED
were included in the present systematic review and meta-analysis. Manuka honey is a
monofloral honey originating from the Manuka tree (Leptospermum sp.) [41]. Royal Jelly has
been shown to have anti-bacterial, anti-inflammatory, and anti-fungal properties, and has
been used to treat a variety of disorders in humans, including ocular diseases [42], as well
as diabetes, or Alzheimer’s disease [43]. Its exact mechanism of action is not completely
understood. However, Royal Jelly has been reported to stimulate the mobilization of
calcium jons via muscarinic signal transduction pathways in the lacrimal glands [21].
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Recent studies showed that oxidative stress damages the ocular surface and plays
an important role in DED [44]. Markers of oxidative stress, such as lipid peroxidase,
myeloperoxidase, nitric oxide synthase, and reactive oxygen species were previously found
in the tears, conjunctival cells, and conjunctival biopsies of patients suffering from DED [45].
Oxidative stress occurs when the balance between the level of reactive oxygen species and
the level of protective enzymes is disrupted [46]. The ocular surface is constantly exposed
to the burden of free radical stress caused by ultraviolet radiation and environmental
pollution [8]. Honey has been demonstrated to show anti-oxidative properties as it causes
free radicals to neutralize [22,47]. These anti-oxidant properties are mainly attributable to
the flavonoids, carotenoids, and phenolic acids which are present in honey [48]. Flavonoids
are a group of plant secondary metabolites which are known for their anti-oxidative,
anti-inflammatory, anti-carcinogenic, and anti-mutagenic properties [49]. The phenolic
acids contained in honey are capable of chelating ferrous ions and scavenging hydrogen
peroxide [50]. Generally, anti-oxidants also have an anti-inflammatory effect given that
oxygen free radicals are involved in several inflammatory conditions [51,52].

At the last follow-up, the tear breakup time was increased in the honey group com-
pared to the control group. Recently, honey has been reported to promote the secretion of
tears by the lacrimal gland [47]. A previous study demonstrated that orally supplied Royal
Jelly promoted tear secretion in blink-suppressed dry eye animal models [47]. Furthermore,
an increase in adenosine triphosphate (ATP) and mitochondrial function by modulation of
the calcium signalling pathway has been demonstrated after oral administration of Royal
Jelly, suggesting a restoration in the lacrimal production by the gland cells [47].

The efficacy of Manuka honey in reducing the bacterial colonization of the lid margin
has been described in previous studies [36]. Moreover, a significant reduction in inflam-
matory markers after honey supplementation, such as matrix metallopeptidase 9, has
been presumed [36]. DED from blepharitis is mainly attributed to bacterial side products
rather than the bacteria themselves [53]. Thus, honey might reduce the susceptibility of
DED patients to bacterial conjunctivitis and relieve the symptoms of DED by reducing the
production of bacterial side products, e.g., bacterial lipases [54]. These bacterial lipases are
believed to hydrolyse the lipids of the meibomian glands, thereby releasing free fatty acids
which might destabilize the tear film and have toxic effects on the corneal epithelium [55].
Tear film hyperosmolarity has been shown to stimulate multiple inflammatory reactions
on the ocular surface, which result in apoptotic cell death of conjunctival epithelium and
goblet cells [28,56]. Decreasing goblet cell densities result in increased tear film evapora-
tion, which is one important mechanism of DED [28,56]. However, the exact underlying
mechanisms are still unclear.

Whereas no significant change in corneal staining was observed in the study by
Tan et al. [38], Albietz and Schmid reported a significant reduction in interpalpebral corneal
and conjunctival staining after Manuka honey [36]. These divergent results might be
attributable to the different underlying grading scales: Tan et al. [38] graded the extent
of staining for each quadrant using the Centre for Contact Lens Research Unit (CCLRU)
grading scale [57] and averaged the results for the quadrants to obtain an overall score
per eye [38], whereas Albietz et al. [36] used the Oxford Scheme [58] in their study [36].
Moreover, differences in baseline characteristics might explain the inhomogeneous results
between the studies. In this regard, patients in the study by Albietz et al. [36] had a
numerically higher Ocular Surface Disease Index score at baseline compared to patients
in the study by Tan et al. [38] (38.2 vs. 33.7, respectively). Previously, honey has been
demonstrated to stimulate angiogenesis, granulation, and epithelization [59]. In this context,
it has been suggested that honey might stimulate cytokine production (e.g., tumour necrosis
factor « or interleukin 6) from human monocytes [35]. However, the exact components
of honey responsible for this effect and the precise mechanism of action are not yet fully
understood [60]. Another suggestion on the efficacy of honey included the presence of
microorganisms in honey, such as aerobic and anaerobic bacteria [61]. Hypothetically,
the presence of microorganisms in honey explains its stimulation of immune cells [60,61].
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However, recently, Tonks et al. identified a 5.8 kDA component of Manuka honey that
is responsible for stimulating inflammatory responses including cytokine production in
human monocytes via the Toll-like receptor 4 [60].

Some between-studies heterogeneities should be considered. Topical honey as a treat-
ment for DED has been demonstrated to improve ocular comfort after 2 [27] to 13 weeks of
follow-up [37]. Wong et al. investigated the effect of Manuka (Leptospermum sp.) honey
eye drops in 24 patients with contact-lens-related DED [27]. They reported improve-
ments in subjective symptomology as measured by the Ocular Surface Disease Index
score in symptomatic patients. However, no improvements in objective signs, such as the
Schirmer I test or tear breakup time, were demonstrated, which was attributed to the short
follow-up period of 2 weeks by the authors [27]. Albietz et al. evaluated the efficacy of
Manuka (Leptospermum sp.) combined with conventional therapy for DED, consisting of
warm compresses, artificial tears, and lid massage, involving 114 patients. The authors
reported significant improvement in corneal staining and meibum quality after therapy
with Manuka. In addition, treatment with Manuka reduced the need for artificial tears [36].
Tan et al. [38] compared the efficacy of Manuka honey to artificial tears. The study included
46 patients with DED. After a follow-up of 4 weeks, patients treated with Manuka honey
had significantly lower Ocular Surface Disease Index scores compared to the control group.
Additionally, the authors reported a slight but not statistically significant increase in tear
breakup time in the Manuka honey group at 4 weeks follow-up compared to baseline [38].
In a recent study by Craig et al. [37], the efficacy of an eye cream consisting of Manuka
honey microemulsion on 53 patients with DED and blepharitis was evaluated [37]. Af-
ter 3 months, topical Manuka honey resulted in significant improvements in subjective
symptomology and tear breakup time [37]. Inoue et al. investigated the efficacy of Royal
Jelly honey administration in 43 Japanese patients compared to a placebo for 8 weeks [29].
The authors found that the tear volume significantly increased following treatment with
Royal Jelly honey. In patients with a baseline Schirmer I test value of <10 mm, a significant
increase compared to baseline tear volume and also compared to the placebo group was
witnessed [29]. No severe treatment-related adverse effects were reported in the included
studies [27,36-38,62]. Minor adverse effects related to the topical honey eye drop or eye
cream instillation included temporary stinging and discomfort in two of the included
studies [36,37], while the other studies did not report any adverse events attributable to
the topical honey treatment. To date, no further ongoing studies evaluating the efficacy of
honey for DED are registered in the U.S. National Library of Medicine.

This study has several limitations. The limited study size was the most important
limitation of the present study. Given the limited quantitative data available for inclusion,
it was not possible to analyse different types of honey-related treatment strategies, such
as Manuka honey or Royal Jelly, separately. Future comparative randomized controlled
trials are warranted to investigate which type of honey might be most effective in patients
with DED. The treatment protocols within the honey group were heterogeneous, including
topical and oral honey administration and different honey types. Furthermore, different
honey types which are derived from different plants might vary significantly in their
composition and their anti-bacterial and anti-oxidant properties [63]. The control group
was also heterogeneous: Conventional lubricant eye drops (Novartis International AG,
Fort Worth, TX, USA) were used as a treatment in the control group by Wong et al. [27]
and Tan et al. [38], and adjunctive conventional therapy including warm compresses, lid
massage, and lubricants by Albietz et al. [36]. In the study by Inoue et al., patients in the
control group received placebo tablets [29]. Craig et al. treated only one eye of their patients
with Manuka honey microemulsion and left the second eye of their patients untreated as a
control eye [37]. The heterogeneous length of the follow-up might also limit the reliability
of our results. Different inclusion and exclusion criteria of the different studies were not
accounted for. Future level I evidence studies should be undertaken to overcome current
obstacles to clinical translation and study the role of topical honey treatment in DED more
extensively. Moreover, future studies should focus on which cohort of DED patients can
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benefit from topical or systemic honey treatment compared to other treatment options for
DED, such as artificial tears or anti-inflammatory agents.

4. Materials and Methods
4.1. Eligibility Criteria

All the clinical trials which investigated the efficacy of topical or oral application
of honey-related treatment strategies for DED were accessed. According to the authors
language capabilities, articles in English, German, Italian, French, and Spanish were eligible.
According to the Oxford Centre of Evidence-Based Medicine [64], only level I evidence
was considered. Reviews, opinions, letters, and editorials were not considered. Animals,
in vitro, biomechanical, computational, and cadaveric studies were also not eligible. Only
studies investigating patients affected by clinically manifest DED were eligible. Studies
including patients with Sjogren’s syndrome, graft vs. host disease, or Stevens—Johnson
syndrome-related severe DED were not considered. Studies investigating the efficacy
of honey-related treatment strategies in patients receiving punctal occlusion procedures
were excluded. All types of honey-related treatment strategies as a treatment of DED
were considered eligible. Studies combining honey-related treatment strategies with other
treatments, except for conventional therapy including artificial tears, were excluded. Only
studies which reported quantitative data under the endpoints of interest were eligible.

4.2. Search Strategy

This meta-analysis systematic review was conducted according to the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses: the 2020 PRISMA statement [65].
The PICO algorithm was preliminary established:

e P (Population): patients with DED;

o [ (Intervention): Honey-related treatment strategies, including Manuka honey,
Royal Jelly;

e C (Comparison): improvement at the last follow-up and compared with placebo or
control group;

e O (Outcomes): Ocular Surface Disease Index; Tear breakup time test; Schirmer I test,
corneal staining, adverse events.

In March 2023, the following databases were accessed: PubMed, Web of Science,
Google Scholar, and Embase. No time constraints were used for the search. The following
keywords were used in combination: dry eye disease, xerophthalmus, xeropthalmia, honey,
Manuka honey, Royal Jelly, Leptospermum, Apis mellifera, management, therapy, Ocular
Surface Disease Index; Tear breakup time test; Schirmer I test, corneal staining, aqueous-
deficient dry eye disease, evaporative dry eye disease, lacrimal deficiency, lacrimal gland
duct obstruction, drug-induced dry eye disease, vitamin A deficiency associated dry eye
disease, contact lens wear associated dry eye disease, meibomian gland dysfunction.

4.3. Selection and Data Collection

Two authors (FM. and ].P.) independently performed the database search. All the
resulting titles were screened and, if suitable, the abstract of the articles was accessed.
The full text of the abstracts which matched the topic of interest was accessed. A cross
reference of the bibliography of the full-text articles was also screened for inclusion. Any
disagreements were resolved by discussion, and a third author (N.M.) was involved in the
final decision.

4.4. Data Items

Two authors (EM. and ].P.) independently performed data extraction. The following
data were extracted at baseline and at the last follow-up: Ocular Surface Disease Index [66],
tear breakup time test [67], and Schirmer I test [68]. The primary outcome of interest was to
investigate whether topical or oral honey-related treatment strategies improve the clinical
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outcome at the last follow-up compared to the baseline. The secondary outcome of interest
was to compare honey-related therapy with placebo or artificial tears.

4.5. Study Risk of Bias Assessment

The between-studies risk of bias assessment was performed using the risk of bias
tool of the Review Manager software (The Nordic Cochrane Collaboration, Copenhagen,
Denmark). The following biases were evaluated by an independent author (J.P.): selection,
performance, detection, attrition, reporting, and other sources of bias. The overall risk of
publication bias was evaluated through the funnel plot. Asymmetry of the funnel plot is
associated with a greater risk of publication bias.

4.6. Synthesis Methods

The statistical analysis was performed by the senior author (FM.). To assess the
improvement from the baseline to the last follow-up, the IBM SPSS software version 25 was
used. Mean difference (MD), standard error (SE), T value and ¢-test were evaluated. For
the comparisons, a meta-analysis was conducted using the Review Manager software (The
Nordic Cochrane Collaboration, Copenhagen, Denmark) version 5.3. Data were analysed
using the inverse variance and mean difference (MD) effect measure. The comparisons
were performed with a fixed model effect as set-up. Heterogeneity was assessed through
the Higgins-12 test. If the I test was >50%, a random model effect was adopted. The
confidence intervals (CI) were set at 95% in all analyses. Values of p < 0.05 were considered
statistically significant. Forest plots were performed for each comparison.

5. Conclusions

According to the main findings of the present study, honey-related treatment strategies
are an effective and feasible treatment option to improve symptoms and signs in patients
with DED. Honey-related treatment strategies led to a significant increase in the tear
breakup time and in the Schirmer I test and a significant reduction in the Ocular Surface
Disease Index and corneal staining at the last follow-up. No significant differences were
found in the tear breakup time, the Schirmer I test, corneal staining, or Ocular Surface
Disease Index scores between the honey-related treatment and the control groups. No
severe adverse effects were reported within the included studies. Future high-quality
studies are needed to provide further evidence and to analyse the efficacy of different
varieties of honey in the treatment of DED. Level I evidence studies are warranted to
investigate the role of topical honey treatment in DED more extensively. In addition, future
studies should determine which cohorts of DED patients could benefit from honey-related
treatment options compared to other treatment options for DED, such as artificial tears or
anti-inflammatory agents.
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Abstract: Ocular pathologies present significant challenges to achieving effective therapeutic results
due to various anatomical and physiological barriers. Natural products such as flavonoids, alone
or in association with allopathic drugs, present many therapeutic actions including anticancer,
anti-inflammatory, and antibacterial action. However, their clinical employment is challenging
for scientists due to their low water solubility. In this study, we designed a liquid formulation
based on rutin/sulfobutylether-f-cyclodextrin (RTN/SBE-f-CD) inclusion complex for treating
ocular infections. The correct stoichiometry and the accurate binding constant were determined by
employing SupraFit software (2.5.120) in the UV-vis titration experiment. A deep physical-chemical
characterization of the RTN/SBE-f-CD inclusion complex was also performed; it confirmed the
predominant formation of a stable complex (K., 9660 M’l) in a 1:1 molar ratio, with high water
solubility that was 20 times (2.5 mg/mL) higher than the free molecule (0.125 mg/mL), permitting
the dissolution of the solid complex within 30 min. NMR studies revealed the involvement of the
bicyclic flavonoid moiety in the complexation, which was also confirmed by molecular modeling
studies. In vitro, the antibacterial and antibiofilm activity of the formulation was assayed against
Staphylococcus aureus and Pseudomonas aeruginosa strains. The results demonstrated a significant
activity of the formulation than that of the free molecules.

Keywords: rutin; sulfobutylether-3-cyclodextrin; antibacterial activity; resistant strains; biofilm

1. Introduction

Ocular infections are a worldwide health problem. If not treated properly, they can
become worse, damaging the anatomic structure of the eye and leading to permanent
vision loss or blindness [1].

Common ocular infections caused by microorganisms include conjunctivitis, keratitis,
cellulitis, endophthalmitis, and dacryocystitis. Among these, keratitis is a devastating dis-
ease that is responsible for up to 2 million annual cases of blindness globally [2]. The main
microorganisms causing ocular infections are bacteria [3]. Among these, S. aureus and
P. aeruginosa are the most common pathogens [4]. S. aureus is a Gram-positive bacterium
that is a leading cause of conjunctivitis, keratitis, and endophthalmitis [5]. This species is
included in the ESKAPE group (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneu-
moniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species). These
bacteria are involved in infections and are categorized by multidrug resistance. Incidence of
ocular infection caused by methicillin-resistant S. aureus (MRSA) has increased considerably
over the last two decades [6] and this represents a significant global health concern mainly in
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hospital (HA-MRSA) and community settings (CA-MRSA) [5,6]. The Surveillance Network
in the United States reported an increase in the percentage of MRSA among S. aureus ocular
infections, from 29.5% in 2000 to 41.6% in 2005. In India, the incidence of MRSA increased
from 9% in 2007 to 38% in 2017 [7]. Moreover, S. aureus can form biofilm which aggravates
the problem of antimicrobial resistance. Biofilm is a structured consortium of bacteria
embedded in a self-produced polymer matrix of polysaccharides, proteins, and DNA; it
represents a physical barrier against drugs and host immune responses. P. aeruginosa is a
Gram-negative bacterium included in the ESKAPE group, which is resistant to treatment
with most antibiotics and causes vision-threatening ocular infections. Moreover, due to its
predisposition to form biofilms, P. aeruginosa is the major cause of keratitis in contact-lens
wearers [8]. In the United States, P. aeruginosa incidence may be as high as 70% for contact
lens-associated keratitis. Treatment for several ocular surface diseases comprises eye drops
containing antibiotics. However, this can stimulate changes in the healthy eye microbiota
and contribute to increasing the resistance of pathogenic strains [9]. Currently, treatment
for ocular surface infections involves the use of topical antibiotics such as fluoroquinolones,
tetracycline, or chloramphenicol. Alternatively, fortified antibiotics (e.g., cefazolin with
gentamicin or tobramycin) may be used in cases of severe infection [5,10,11].

As a response to rising antibiotic resistance, new therapeutic strategies are in devel-
opment. Over the years, interest in plant extracts and their metabolites has risen within
the scientific community [12,13]. Rutin (RTN) (Figure 1), which is a flavonoid isolated
from plants or fruits, showed antibacterial activity against S. aureus, A. baumannii, and
P. aeruginosa [14]. Some authors have suggested that RTN interferes with the membranes of
P. aeruginosa and MRSA cells, causing the release of proteins and nucleic acids. Moreover,
it has been demonstrated to decrease biofilm biomass of P. aeruginosa and MRSA catheter
biofilms with a mechanism leading to the reduction of cell viability, exopolysaccharide, and
extracellular DNA levels [15]. Furthermore, it has been demonstrated that RTN potentiates
the antibacterial activity of different antibiotics against MRSA strains [4].
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Rutin SBE-pB-CD
Figure 1. Molecular structure of RTN (left) and schematic structure of SBE-B3-CD (right).

Despite these exciting attributes, unfavorable physical-chemical properties of RTN—particularly
water solubility [16,17]—prevent its employment in therapy. It is highly insoluble in water and biolog-
ical fluids in the doses in which it is to be administered, showing poor and erratic bioavailability [18].
Cyclodextrins (CDs) could be used to overcome this drawback. They are cyclic oligosaccharides
that are able to complex apolar drugs and effectively improve their physicochemical properties,
including water solubility [19-26] and biological effects [27-29].

A search of the literature shows that many studies have been performed concerning
the preparation and physical-chemical characterization of the inclusion complexes between
RTN and native or modified CDs [30,31]. In some cases, in vitro or in vivo biological
activities were reported. For example, the complexation of RTN within native 3-CD [32] and
hydroxypropyl-p-CD (HP-3-CD) [33,34] improves its antioxidant and antimicrobial effects
in vitro [34,35]. Furthermore, RTN/{3-CD and RTN/dimethyl-3-CD showed improved
antioxidant activity compared with free RTN in the DPPH free radical scavenging assay [36].
Recently, RTN/-CD and RTN/HP-3-CD inclusion complexes have demonstrated good
antiproliferative activity in different cultured cancer cells [37,38]. Oral administration of
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RTN/HP-3-CD inclusion complex produced increased bioavailability of RTN from the
gastrointestinal tracts of beagle dogs due to increased water solubility, faster dissolution
rate, and gastrointestinal stability of the drug [39].

To the best of our knowledge, although substantial literature concerning the com-
plexation of RTN with different modified CDs is available, very few papers describe the
complexation of RTN with sulfobutyl-ether-3-CD (SBE-3-CD). Furthermore, none of these
concern its antimicrobial and antibiofilm activity either in vitro or in vivo. Wu et al. [40]
conducted a luminescence study to determine the association constant of RTN/SBE-3-CD
inclusion complex and applied this technique to quantify RTN on urine samples. Gozcu
et al. made a gel containing RTN/SBE-3-CD inclusion complex as a promising topical
system [41], and Zhou et al. [42] reported a UV-vis spectroscopic characterization of the
complex. However, neither were biological studies.

SBE-B-CD is an anionic modified CD (Figure 1) with higher water solubility and
complexing ability than native 3-CD or other modified 3-CDs that are usually present
in marketed pharmaceutical products. It shows high biocompatibility and non-toxicity,
and is approved by the FDA for intramuscular (IM) and intravenous (IV) administration.
Fifteen products are on the market today containing SBE-f3-CD. This CD shows excel-
lent complexing ability toward different drugs, significantly improving their solubility
and dissolution rate and potentiating their biological effects [43]. The complexation of
carbamazepine into SBE-B-CD enhances the antiepileptic activity in vivo compared with
carbamazepine suspension, due to significant improvement of the drug solubility in gas-
tric fluids, ameliorating absorption and oral bioavailability [44]. Curcumin/SBE-f-CD
inclusion complex demonstrated superior antimicrobial activity against Escherichia coli and
Staphylococcus aureus than free curcumin, showing good potential as a treatment option for
urinary tract infections [45].

Based on these excellent properties, a more remarkable improvement of physical-
chemical and biological properties of RTN could be expected using SBE-f3-CD rather than
other CDs. Thus, in this work, we developed a liquid formulation based on RTN /SBE-f3-CD
inclusion complex, which is able to improve the antibacterial and antibiofilm activity of RTN.
The formulation is designed to be administered ophthalmically. The inclusion complex
was prepared by freeze-drying and characterized by phase-solubility studies, UV-vis, and
NMR spectroscopy. Thermogravimetric analysis and X-ray diffraction were performed on
the inclusion complex in a solid state. Molecular modeling studies on the RTN/SBE-3-CD
inclusion complex were conducted to evaluate the energetic and structural rationalization
of the recognition process. Finally, the antibacterial properties of RTN/SBE-f-CD inclusion
complex were assayed in comparison with those of free components, and complexed with
SBE-B-CD by in vitro studies against Staphylococcus aureus and Pseudomonas aeruginosa.

2. Materials and Methods
2.1. Materials

Rutin (RTN, C7H30O16, molecular weight, 610.5 g/mol) and levofloxacin hydrochloride
(LVE, C18HFN304, molecular weight (MW) 361.37 g/mol) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sulfobutyl-ether-B-cyclodextrin (SBE-B3-CD, CAPTISOL®,
average degree of substitution seven, average molecular weight, 2162 g/mol) was supplied by
CyDex Pharmaceutical (Lenexa, KS, USA). Culture media were purchased from ThermoFisher
(Oxoid, Milan, Italy). The other reagents were purchased from Sigma-Aldrich (Milan, Italy)
unless otherwise specified in the text.

2.2. Preparation of RTN/SBE-B-CD Inclusion Complex and Physical Mixture

RTN/SBE-B-CD inclusion complex was prepared by lyophilization. Initially, 10 mg of
RTN (1.64 M~3) was weighed and solubilized in 2 mL of MeOH. Subsequently, 71 mg of SBE-
B-CD (3.3 M3) was solubilized in 8 mL of H,O and added to the methanol solution of RTN.
The mixture was magnetically stirred at room temperature for 30 min. The obtained solution
was freeze-dried for 72 h (VirtTis Benchtop K Instrument, SP Scientific, Gardiner, NY, USA).
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RTN/SBE-3-CD physical mixture in a 1:2 molar ratio was obtained by carefully mixing
an accurately weighed amount of drug and SBE-3-CD in a mortar, until the mixture was
homogeneously colored.

2.3. UV-Vis Titration

Free RTN (0.09 mg, 0.03 M~3) and increasing concentrations of SBE-3-CD (0.03, 0.09,
0.15,0.3,09,1.5,2.1,3 x 1073 M) were solubilized in a water/methanol mixture (80:20,
v/v) and stirred in the dark at 500 rpm for 24 h, before the analysis. The solutions were
analyzed by UV-vis spectroscopy in the spectral range 200-600 nm using a diode array
spectrophotometer, StellarNet BLACK-Comet, Model C (Tampa, FL, USA).

2.4. Phase-Solubility Studies

Phase-solubility studies of the RTN/SBE-3-CD system were performed by the Higuchi
and Connors method [46]. RTN was added to aqueous solutions containing increasing
concentrations of SBE--CD (0-12 mM) at concentrations exceeding its intrinsic solubility.
The obtained suspensions were left to stir in the dark in a thermostatic bath at 25.0 £ 0.5 °C
(Telesystem 15.40, Thermo Scientific, Waltham, MA, USA). The bath was equipped with
a temperature control unit (Telemodul 40C, Thermo Scientific, USA). After that, the sus-
pensions were filtered through Sartorius Minisart-SRP 15-PTFE filters (0.22 um, Bedford,
MA, USA). The solutions were then diluted with methanol (all final solutions were wa-
ter/methanol, 80/20, v/v) and analyzed spectrophotometrically to quantify RTN in solution.
A calibration curve prepared in water/methanol solution (20/80, v/v) at a Amax of 256 nm,
with concentrations ranging from 0.00090 to 0.036 mg/mL, was used and an R? value of
0.9953 was obtained.

The experiments were carried out in triplicate to obtain reliable results, and phase
solubility diagrams were constructed. The concentration of SBE--CD is represented on
the abscissas of these diagrams, while the concentration of RTN in solution is represented
on the ordinates. Using the following Higuchi and Connors equation (Equation (1)) [46],
the apparent 1:1 association constant (K.) of the complex was calculated, where Sy is the
intrinsic water solubility of RTN:

Slope

Ke= (1 —Slope)Sy”

@

2.5. Nuclear Magnetic Resonance Experiments

Samples containing equivalent concentrations (9 mM) of RTN, SBE-3-CD, and RTN/SBE-
3-CD inclusion complex were added to a D,O/CD3;0D (7/3, v/v) solution and transferred
to 5 mm NMR tubes. A Varian Unity Inova 500 MHz (11.75 T) instrument was used for
all spectra recorded at 300 K. The residual water peak (4.79 ppm) was used as the internal
reference to avoid adding external ones that could interact with SBE-f3-CD.

2.6. Molecular Modeling Studies
2.6.1. Structure Preparation

A 3D structure for the SBE-3-CD was not available, therefore, the structure was
built according to our precedent study [47]. The 3D coordinates of the RTN molecule
were downloaded from Pubchem (https://pubchem.ncbi.nlm.nih.gov/compound /Rutin,
accessed on 10 January 2024).

2.6.2. Molecular Dynamics

The molecular dynamics (MD) simulation was made in explicit water using the YASARA
Structure package (23.9.29) [48], according to previously reported procedures [49,50]. The RTN
and SBE-3-CD force field parameters were generated using the GAFF2 [51] and AM1BCC [52]
force fields as well as TIP3P for water. For Van der Waals forces (the default value used by
AMBER), the cutoff was 10 A [53], but no cutoff was used for electrostatic forces (the Particle
Mesh Ewald method) [54]. Using procedures previously discussed in detail, the equations
of movements were integrated with multiple time steps of 2.5 fs for bonded interactions
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and 5.0 fs for nonbonded interactions at a temperature of 298 K and a pressure of 1 atm
(NPT ensemble) [55]. The finished system was around 30 x 36 x 32 A3. To eliminate
clashes, a brief MD simulation was performed solely on the solvent. Then, in order to remove
conformational stress, the complete system was energy reduced using the steepest descent
minimization. This was followed by a simulated annealing minimization until convergence
(<0.01 keal /mol A). Ultimately, unrestricted MD simulations lasting 500 ns were run and
the conformations of each system were recorded every 250 ps. The latest three ns averaged
structures were taken into consideration for additional analysis after the solute RMSD as a
function of simulation time was examined.

2.6.3. Binding Free Energy Calculation

The binding free energy was computed using the well-known and extensively ap-
plied molecular mechanics Poisson—-Boltzmann surface area (MM /PBSA) approach [56]
on the optimized MD structure acquired from the previous phase. YASARA adopted
Nunthaboot’s consolidated procedure for this process [57].

2.7. Wide-Angle X-ray Diffraction (NAXD)

WAXD patterns of RTN/SBE-f3-CD inclusion complex were performed in comparison
with free components and the physical mixture by using an automatic Bruker D8 Advance
diffractometer (Bruker, Billerica, MA, USA), with nickel-filtered Cu-K« radiation. The analyses
were performed in reflection, in 4°-90° as the 26 range, being 20 the peak diffraction angle.

2.8. Thermogravimetric Analysis (TGA)

Thermal properties of the inclusion complex in comparison with the free components
and RTN/SBE-B-CD physical mixture were investigated by using a Perkin Elmer STA
6000 instrument (PerkinElmer Inc., Waltham, MA, USA). All scans were performed under
nitrogen. A weighed amount of each sample (5-10 mg) was heated from 30 °C to 300 °C
at a heating rate of 10 °C min~!, kept at 300 °C for 10 min, and then heated up to 550 °C
at20 °C min~1. Samples were maintained at 550 °C for 15 min, then further heated up to
900 °C (heating rate of 10 °C/min) and kept at 900 °C for 3 min, then kept at 900 °C for
30 min under flowing air (60 mL/min).

2.9. Fourier-Transform Infrared (FT-IR) Spectroscopy

The FT-IR spectra of the inclusion complex, free components and the physical mixture were
performed at 25 °C, with a wavenumber ranging from 4000 cm ! to 400 cm~!; this was done
using a FT-IR Nicolet iS5 spectrometer (Nicolet Instrument Corporation, Madison, WI, USA).

2.10. Scanning Electron Microscopy (SEM)

The surface morphologies of free RTN, SBE-3-CD, the physical mixture, and their
inclusion complex were investigated through scanning electron microscopy. SEM images
were acquired using a Zeiss Evo 50 EP (Carl Zeiss SMT, Oberkochen, Germany) with an
operating voltage of 15 kV. All samples were gold-coated using a sputtering system before
imaging; a coating of roughly 10 nm was deposited.

2.11. Determination of Water Solubility and Dissolution Profile of RTN/SBE-B-CD Inclusion Complex

The solubility of RTN/SBE-3-CD inclusion complex was determined in the dark at
25.0 £ 0.5 °C. An excess of freeze-dried RTN/SBE-3-CD inclusion complex was dispersed
into 10 mL of water. The suspension was kept under magnetic stirring for 24 h until the
equilibrium was reached. At timed intervals a sample of suspension was collected, filtered
and the RTN quantified by UV-vis spectroscopy (diode array spectrophotometer, StellarNet
BLACK-Comet, Model C—Tampa, FL, USA).

Following the 44th United States Pharmacopoeia (USP), paddle method dissolution
studies were conducted in the dark at 37.0 & 0.5 °C, keeping the dissolution medium in
a constant, smooth motion (100 rpm). Free RTN (150 mg) or a corresponding amount
in the complex was suspended in 900 mL of water. At fixed times (15, 30, 45, 60, and
120 min), 1 mL aliquot was collected, filtered, and analyzed by UV-vis using a diode array
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spectrophotometer StellarNet BLACK-Comet, Model C (Tampa, FL, USA) to determine
the concentration of RTN in the solution. The volume was kept constant by adding fresh
preheated water, and the data were corrected according to the dilutions. Experiments were
conducted in triplicate, and sink conditions were maintained for all the experiments.

2.12. In Vitro Antibacterial and Antibiofilm Activity
2.12.1. Strains

The following strains were used in this study: Staphylococcus aureus ATCC 6538, biofilm-
producing reference strain [58], S. aureus ATCC 43300 (Methicillin resistant S. aureus-MRSA),
Pseudomonas aeruginosa ATCC 9027, P. aeruginosa DSM 102273 (multidrug resistant). The strains
were stored in the private collection of the Department of Chemical, Biological, Pharmaceutical
and Environmental Sciences, University of Messina (Messina, Italy). They were stored at
—70 °C in Microbanks™ (Pro-lab Diagnostics, Neston, UK).

2.12.2. Susceptibility Tests

The antibacterial activity of the RTN/SBE-3-CD inclusion complex was evaluated com-
pared with free RTN and SBE-3-CD by determining the minimum inhibitory concentration
(MIC) and the minimum bactericidal concentration (MBC) against the strains mentioned
above. The MIC was assessed using the broth microdilution method, following the Clinical
and Laboratory Standards Institute, with some modifications [59]. An overnight culture
in Miieller-Hinton broth for each strain was adjusted to the required inoculum of 1 x 10°
enumerate colony-forming units (CFU)/mL. Aliquots of 100 uL of each suspension were
inoculated in a 96-well microtiter plate containing a serial 2-fold dilution of free RTN,
free SBE-B-CD, RTN/SBE-f3-CD inclusion complex or 100 pL medium (growth control).
Negative controls (medium + samples) were included. Levofloxacin hydrochloride (LVF)
was used as the positive drug control. The bacterial growth was indicated visually and
by a developer of enzymatic activity (Triphenyl tetrazolium chloride 0.05%, TTC). This
revealed bacterial growth, which showed as a purple color after 15 min heating at 37 °C.
The maximum RTN concentration tested was 1250 ug/mL as soluble RTN/SBE-3-CD
inclusion complex, 150 pg/mL for free RTN (maximum solubility) and 8875 ug/mL for
free SBE-B-CD, corresponding to the amount present in the assayed inclusion complex.
The MIC-values, representing the lowest concentration showing no visible bacterial growth,
were obtained after 24 h of incubation at 37 £ 1 °C. The MBC was evaluated by pipetting
10 puL from each clear well onto Miieller-Hinton agar plates. After 24 h of incubation at
37 °C, MBC was read as the lowest concentration which resulted in killing 99.9% of the
initial inoculum. All experiments were repeated in triplicate.

2.12.3. Effect on Biofilm Biomass and Viability

The antibiofilm effect was assessed, as described by Cramton et al. [60], with some mod-
ifications. Overnight cultures in Tryptic Soy Broth (TSB) with 1% glucose (TSBG) or without
were diluted to standardize S. aureus or P. aeruginosa suspensions (1 x 10° CFU/mL), re-
spectively. Aliquots of 100 pL were dispensed into each well of sterile flat-bottom 96-well
polystyrene microtiter plates (Corning Inc., Corning, New York, NY, USA) in the presence
of samples at sub-MIC concentrations (0.5 MIC) or 100 uL medium (positive control). Neg-
ative controls (medium + samples) were included. The microtiter plates were incubated
for 24 h at 37 °C. The medium was then aspirated and the wells were rinsed twice with
phosphate-buffered saline (PBS), and fixed by drying for 1 h. Once the wells were fully dry,
200 uL of 0.1% safranin was added for 5 min. The contents of the wells were then aspirated
and, after rinsing with water, 200 pL of 30% acetic acid (v/v) was added to the wells for
spectrophotometric analysis. The OD 492 nm value obtained for each strain without a
sample was used as the control. The reduction percentage of biofilm biomass formation in
the presence of different samples was calculated using the ratio between the values of OD
492 nm with and without samples, adopting the following formula:

[(OD control — OD sample)/OD control) x 100]
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All experiments were repeated in triplicate. At the same time, the percentage of
viable biomass was determined by the CFU counting method. Biofilm bacteria were
scraped thoroughly from the wells with a pipet tip, with particular attention to the edges.
The bacterial suspensions obtained were serially 10-fold diluted, plated on Tryptic Soy
Agar plates, and grown for 24 h at 37 °C to enumerate CFU. Viability measures are derived
from three separate experiments.

2.13. Statistical Analysis

Each measurement was repeated three times and the results were expressed as
mean =+ standard deviation (SD). Values were processed via one-way and two-way analy-
sis of variance (ANOVA) followed by a Bonferroni post hoc test for multiple comparisons.
A value of p < 0.05 was significant.

3. Results and Discussion
3.1. Studies of RTN/SBE-B-CD Characteristics

The interaction between SBE-3-CD and RTN has been extensively studied in solution
and at solid state. RTN/SBE-f-CD inclusion complex was prepared by freeze-drying a
hydroalcoholic solution containing RTN and SBE-3-CD in a 1:2 molar ratio. Twenty percent
(v/v) of MeOH was added to allow complete solubilization of RTN, favoring the complexation.
The excess of SBE-3-CD to 1:1 molar ratio was used to maintain the complex in solution.

3.1.1. UV-Vis Spectroscopy Studies

The host-guest interaction between RTN and SBE-f3-CD was studied by UV-vis spec-
troscopy. In Figure 2, we showed the spectra of free RTN and in the presence of increasing
concentrations of SBE--CD. RTN shows two very intense bands; the first at 256 nm
(Band II) and the second at 351 nm (Band I) [32]. These are both attributed to the t—7*
transitions. Mabri et al. [61] attributed the band at 256 nm to the m—7t* electronic rearrange-
ment of the phenyl group, and the band at 351 nm to the benzene ring of the pyrocatecholic
moiety, which can be regarded as an acyl-disubstituted benzene chromophore. Increasing
amounts of SBE-3-CD resulted in a significant variation of the UV-vis spectrum of RTN.
Both absorption bands shifted progressively towards the blue (hypsochromic effect) and
increased in intensity (Figure 2). The significant variation of the RTN spectrum observed in
the presence of SBE-f3-CD and the high value of the apparent association constant highlight
variation of the local polarity of the RTN chromophores which pass from the hydrophilic
environment into the apolar cavity of the macrocycle, with a corresponding perturbation of
the electronic transition. Furthermore, we cannot exclude that complexation produces the
breakdown of the intramolecular hydrogen bonds present in the RTN molecule between the
(C3-OH oxygen atom with the C4-OH proton of the A ring and between the C3-OH proton
of the A ring with the rhamnosidic C2-OH oxygen atom [62], followed by an establishment
of other hydrogen bonds between pyrocatecholic moiety of RTN and the sulfobutyl moiety
of the CD.

The binding stoichiometries were analyzed by using SupraFit software (2.5.120) [63].
The results of the UV-vis titration were analyzed using a 1:1, 2:1/1:1, 1:1/1:2, and a
2:1/1:1/1:2 model as implemented in SupraFit. Each best-fit model was inspected us-
ing Monte Carlo simulation to identify the 1:1/1:2 (RTN/SBE-B-CD) as the best-fitted
model with a Ky.; of 32267 M~! and a Ky, of 12 M~1 with an associated DGpinding 0f
—6.6 and —1.5 kcal/mol. Effectively, the almost exclusive complex in solution is the 1:1
one, whereas the 1:2 is present in a small amount at a high concentration of SBE-3-CD.
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Figure 2. UV-vis spectra of free RTN and in the presence of an increasing amount of SBE-3-CD in
water:MeOH 80:20 mixture (%, v/v). The experiments were carried out in triplicate.

3.1.2. Phase Solubility Studies

Figure 3 shows the phase solubility diagram obtained for RTN in the presence of in-
creasing concentrations of SBE-f3-CD. The graph obtained representing RTN concentration
vs. SBE-B3-CD concentration is of Ap, type, showing that RTN/SBE-3-CD interaction leads
to a soluble complex in the range of macrocycle concentrations considered. The slope of the
graph is less than one, demonstrating the formation of a complex with 1:1 stoichiometry,
and the association constant (K) determined following Higuchi and Connors was 9660 M~1.
This result is in line with UV-vis titration, which employs a more accurate method.
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Figure 3. Phase solubility diagram of RTN/SBE-3-CD inclusion complex. The experiments were

carried out in triplicate.

3.1.3. NMR Investigation

Nuclear magnetic resonance (NMR) is a fundamental spectroscopic technique to in-
vestigate the formation and geometry of inclusion complexes. The chemical and electronic
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environments of the protons are modified by the host-guest interactions; therefore, during
the complexation, a chemically induced shift of the corresponding protons has been ob-
served. Unfortunately, like most substituted CDs, SBE-3-CD is a statistical mixture of the
different stereoisomers, with broad unresolved peaks; this makes it almost impossible to
follow the chemical shifts of its protons, especially the H-3 and H-5 protons protruding into
the CD cavity, even though these protons were identified through 2D COSY spectra [64].
All the RTN protons of the flavonoid moiety displayed chemical shifts between 6.30 and
7.67 ppm, which are free and more evident than the broad and unsolved peaks of SBE-3-CD
proton (mainly at 5 3-4 ppm). Therefore, the RTN/SBE-3-CD inclusion complex formation
was deduced from the chemical shift changes observed in 'H NMR of the RTN aromatic
protons previously measured in the free state. The enumeration of the RTN structure is
shown in Figure 4, together with the stacked portions of the TH NMR spectra of RTN and
RTN/SBE-B-CD inclusion complex. In Table 1, we reported the chemical shift of free and
complexed RTN (RTN/SBE-f3-CD 1:1 molar ratio).

_LTfU

H-2' H-6' H-5' H-8 H-6 CH,

80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 15 L4 13 12 11 10
f1 (ppm)

Figure 4. Stacked portions of the 'H NMR spectra relative to the free RTN (blue line) and RTN /SBE-
B-CD (black line) inclusion complex. Only those diagnostic signals relative to RTN are reported.

Table 1. 'H NMR chemical shifts in § and A of RTN protons in the free state and RTN/SBE-B-CD
1:1 complex [9 mM in a 7:3 D,O/MeOD solution]; for doublet or double-doublet, the reported & refer
to the centered signal.

Protons RTN RTN/SBE-B-CD A§2
2! 7.67 (d) 7.76 (d) 0.09

5/ 6.98 (d) 7.05 (d) 0.07

6 7.61 (dd) 7.71 (dd) 0.10

6 6.30 (d) 6.35 (d) 0.05

8 6.49 (d) 6.56 (d) 1.07
CH;, 112 (d) 1.20 (d) 0.08

TA8 = 5cm‘nplex — Bfree-

The chemical shift changes of the RTN aromatic protons are diagnostics. The H-6 and H-8
protons of the RTN A ring resonate at 6.30 and 6.49 ppm, while H-2/, H-5, and H-6' B ring
protons have chemical shifts at 7.67, 6.98, and 7.61 ppm, respectively. The inclusion of RTN
in the SBE-B-CD hydrophobic cavity was confirmed by changes in the chemical shifts of the
guest and host protons that were observed in the RTN /SBE-3-CD inclusion complex spectrum,
in comparison with the chemical shift observed for the same protons in the free RTN.

In the RTN/SBE-p-CD spectrum of the complex (performed in a 7:3 D,O/CD;0D
solution), significant changes were observed in the chemical shifts of H-8 RTN proton
(Ad 1.07) due to the proximity to the oxygen atom of the 1,4-glycosidic bonds between the
seven glucopyranose units which constitute the SBE-3-CD molecule. Other interesting
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changes were observed for RTN protons H-6, H-2/, and H-5' in the RTN/SBE-B3-CD com-
plex spectrum (Table 1). From these results, it can be assumed that the RTN benzopyranone
skeleton was incorporated in the SBE-3-CD hydrophobic cavity (Figure 5).

Figure 5. The 3D full minimized structure of RTN/SBE-[3-CD inclusion complex. Top view (left) and
side view (right). Hydrogen bonds were represented as a yellow dotted line.

The changes observed for H-2, H-5', and H-6' protons of the RTN ring B indicate that
this latter is probably in close contact with the sulfobutylether groups [19].

3.1.4. Molecular Modeling Studies

In order to investigate the RTN/SBE-3-CD host-guest interactions, we started the
molecular modeling study docking the RTN into the SBE--CD hydrophobic cavity, as
described in the Supplemenatary Materials (File S1). From the 10 most stable docked poses,
the two that corresponded to the orientation of ring A or B within the hydrophobic cavity
from the secondary edge were selected. These two complexes were subjected to a 500 ns
molecular dynamics simulation. The analysis of the two simulations showed that after
about 100 ns the molecule of RTN is stabilized into the SBE-3-CD cavity. Once inside the
host molecule, the RTN establishes interactions that stabilize the complex and for the entire
simulation time (500 ns) stays inside the CD, maintaining the same orientation. On all the
trajectories of the MD simulation, we performed an MM /PBSA calculation to obtain the
binding energy and, consequently, to select the most stable complex structures for both A
and B ring orientations. Of these two optimized structures, ring A inside the RTN/SBE-
-CD hydrophobic cavity resulted in the most stability. This last structure, reported in
Figure 5, is consistent with the complex geometry deduced by the NMR experiments.
The A ring is fully inserted into the cavity and justifies the high shift registered for the
H-8; even the C ring is partially inserted into the cavity, in line with the H2 and Hé' shifts.
Finally, the methyl group in one of the sugar rings is located between two of the seven
sulfonic groups to deshield it; this also agrees with the magnitude of the low-field shift
observed in NMR analysis. This structure is stabilized by two hydrogen bonds between
two hydroxyl moieties of the sugar rings that interact with one of the alcoholic oxygens of
the secondary rim and with one of the sulphonic oxygens, respectively.

3.1.5. WAXD, TGA, and FT-IR Analyses

The inclusion complex was characterized at solid state by X-ray diffractometry (WAXD),
thermogravimetric analysis (TGA), and Fourier transform infrared spectroscopy (FI-IR).

WAXD patterns obtained for RTN/SBE-f3-CD inclusion complex, free components,
and RTN/SBE-f3-CD physical mixture are shown in Figure 6. RTN shows an intense and
sharp peak that evidences its crystalline nature. They were still present in the physical
mixture but disappeared in the inclusion complex’s spectrum. This latter showed a broad
and diffuse signal without sharp crystalline peaks, indicating the amorphous nature of the
complex due to the drug’s inclusion within the SBE-f3-CD cavity.
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Figure 6. WAXD patterns of free RTN (green line), SBE-B-CD (black line), physical mixture (blue line),
and inclusion complex (orange line).

The thermal properties of the RTN/SBE-3-CD inclusion complex, free RTN, SBE-
-CD, and the physical mixture were evaluated by TGA (Figure 7). For SBE-3-CD, the
mass loss below 150 °C can be attributed to surface water evaporation associated with the
macrocycle. For the RTN/SBE-f-CD inclusion complex, the mass loss in the 150-550 °C
range may be related to internal water evaporation and SBE-f3-CD or drug degradation.
Furthermore, a slight modification of the degradation temperature of the macrocycle in
the inclusion complex is highlighted, which would indeed suggest the formation of the
inclusion complex in the solid phase. As can be seen, the thermal stability of RTN increases
when complexed with SBE-3-CD.
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Figure 7. TGA curves of free RTN (green line), SBE-3-CD (black line), physical mixture (blue line),
and inclusion complex (orange line).

Finally, FT-IR spectroscopy was used to verify the complexation. The variation of
intensity, changes in wavenumbers, disappearance and/or magnification of the typical
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FT-IR bands of the functional groups of the molecules suggest the formation of an inclusion
complex [65]. The FT-IR spectra recorded at 25 °C of RTN/SBE-f3-CD inclusion complex,
free RTN and SBE-3-CD, and of the physical mixture are shown in Figure 8. The RTN
spectrum is characterized by stretching vibrations of the hydroxyl groups, and intense
bands are observable for the vibrations of the C=0, C=C, C-O, and C-O-C groups. Instead,
the spectrum of SBE-3-CD has absorption bands for the hydroxyl groups, -CH and -CHj,
and for the C-O-C stretching vibration. In the inclusion complex, some IR drug bands are
absent or reduced in intensity, suggesting that RTN is trapped in the macrocycle cavity.

i CH; CH,
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Figure 8. FT-IR spectra recorded at 25 °C of free RTN (green line), SBE-3-CD (black line) physical
mixture (blue line), and inclusion complex (orange line). Characteristic peaks were labeled; the
absorptions of RTN and SBE-f3-CD functional groups are in red and black, respectively.

3.1.6. Scanning Electron Microscopy (SEM) Analysis

SEM is used in the solid-state characterization of the raw materials, and their corre-
sponding physical mixtures and inclusion complexes [65]. This technique is inadequate to
identify the formation mechanism of the complex, but it evidences morphological changes
related to the interactions between the components [66]. The surface morphologies of free
RTN, SBE-3-CD, the physical mixture, and the inclusion complex are shown in Figure 9a—d.
Free RTN appeared with crystals of different sizes in rectangular blocks (Figure 9a), while
the SBE-B-CD had an almost circular form with a perfectly smooth surface (Figure 9b).
Both RTN and SBE-3-CD particles were still evident in the SEM image of the physical
mixture. As shown in Figure 9c, the circular particles do not appear perfectly smooth, but a
rough, irregular, and opaque surface characterizes this substrate. This different morphology
suggests that the drug appears to adhere to the surface of SBE-3-CD in the physical mixture,
slightly modifying its structure without interacting with it. On the other hand, the inclusion
complex showed drastic changes in particle size and the shape of particles. The original
morphology of the two pure compounds was lost, while a single solid structure is formed
(Figure 9d). Thus, the very different shape and morphology can be considered as proof that
a new structure was present.

3.2. Water Solubility and Dissolution Profile of RTN/SBE-B-CD Inclusion Complex

The inclusion of RTN into SBE-3-CD resulted in an approximately 20-fold increase in
water solubility compared to the free drug (0.125 mg/mL in water) [48]. Due to the high
solubility and complexing ability of the CD used in this study, the solubility increase of RTN is
higher than that reported by other authors in the presence of different CDs [35,36]. Complete
dissolution of the complex was observed in about 30 min, whereas only 10% of free RTN was
dissolved in the same period of time and under the same conditions (Figure 10).
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Figure 9. Scanning electron microscope (SEM) images of free RTN (a), SBE-B-CD (b), physical
mixture (c), and inclusion complex (d) at different magnifications.
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Figure 10. Dissolution profiles of free RTN (green line) and RTN/SBE-3-CD inclusion complex
(orange line) in water at 25.0 & 0.5 °C. All values of the inclusion complex are statistically significant
compared to free RTN data (*** p < 0.001). The experiments were carried out in triplicate. The results
are presented as the mean of three experiments + standard deviation (SD). The error bar, if not shown,
is inside the symbol.

3.3. Antibacterial and Antibiofilm Activity
3.3.1. Bacterial Susceptibility

The antibacterial activity of the RTN/SBE-3-CD inclusion complex compared to free
RTN and SBE-3-CD was assayed against S. aureus and P. aeruginosa, including resistant
strains. The activity of the samples was assayed by minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) methods. Due to its minimal
solubility, free RTN was assayed at 150 png/mL; higher concentrations rapidly precipitated
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in the culture medium. Several authors demonstrated the antibacterial activity of free
RTN, although different MIC values were reported on the same strains [35,67]. Among
the possible reasons, the different MIC values obtained may be due to solubility issues
leading to poorly defined concentrations. When complexed with the macrocycle, RTN
significantly increases its water solubility; thus, a higher concentration of complexed
RTN (1250 pg/mL) can be assayed to the free drug. As reported in Table 2, free RTN
showed bacteriostatic activity against S. aureus ATCC 6538 and P. aeruginosa ATCC 9027
with MIC values of 75 and 150 pg/mL, respectively. No activity was observed against
resistant strains. As demonstrated by other authors, the RTN activity could be due to
several mechanisms such as damage to the bacterial cell membrane [4] or inhibition of
nucleic acid synthesis [68], efflux pumps [69], toxin formation and biofilm formation [70].
Free SBE-3-CD showed no activity against all the tested strains. Interesting results were
obtained for the RTN/SBE-3-CD inclusion complex. The presence of macrocycle increased
RTN effectiveness against all tested strains. Complexed RTN showed bactericidal activity
against S. aureus ATCC 6538 and ATCC 43300 (MRSA) at a concentration of 4.88 ug/mL
and against P. aeruginosa ATCC 9027 at 39.06 ng/mL. Furthermore, it showed bacteriostatic
activity against P. aeruginosa DSM 102273 resistant strain with a MIC value of 1250 ng/mL.
These results could depend not only on the increased solubility of RTN by the complexation,
but also on the permeabilization of the bacterial wall produced by the macrocycle [28,71].

Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
of RTN/SBE-B-CD inclusion complex compared to free RTN.

Strains Free RTN (ug/mL) RTN/SBE-3-CD ? (ug/mL) LVF
S. aureus ATCC 6538
MIC 75 1.22 0.5
MBC 150 4.88 1
S. aureus ATCC 43300
MIC — 1.22 0.008
MBC — 4.88 0.031
P. aeruginosa ATCC
9027
MIC 150 39.06 2
MBC — 39.06 62.5
P. aeruginosa DSM
102273
MIC — 1250 125
MBC — — 500

@ The concentration is referred to as the complexed RTN; —no activity. LVF (drug control).

3.3.2. Antibiofilm Effect

Biofilm is produced by microorganisms as an extracellular matrix and is composed of
polysaccharides, secreted proteins, and extracellular DNA. It is considered an important
virulence factor causing chronic infections [72]. S. aureus and P. aeruginosa are the most
common bacterial pathogens associated with different types of eye surface infections
including keratitis, dacryocystitis, blepharokeratoconjunctivitis, and conjunctivitis [11].
Chronic S. aureus and P. aeruginosa ocular infections associated with biofilms have become
increasingly challenging to treat with current antimicrobials [11,73,74].

The activity of the RTN/SBE-3-CD inclusion complex compared to free RTN and
SBE-B-CD against biofilm formation was measured by the crystal violet method and CFU
assay. Free RTN and free SBE-f3-CD showed no antibiofilm effect against all strains at
0.5 MIC concentration. The inclusion complex significantly decreased biofilm biomass
production at 0.5 MIC against S. aureus ATCC 6538 (biofilm reduction 57%) and S. aureus
MRSA (biofilm reduction 41%). The percentage of inhibition was found to be statistically
significant compared with the negative control at p < 0.05 for S. aureus ATCC 6538 and at
p <0.01 for S. aureus MRSA (Figures 11a and 12a).
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Figure 11. The results are expressed as mean £ SD. RTN/SBE-3-CD inclusion complex significantly
reduced S. aureus ATCC 6538 biofilm formation at 0.5 MIC (0.61 pg/mL in RTN). (a) Biofilm biomass
is expressed as crystal violet optical density (O.D. 497 nm) (* p < 0.05); (b) cell viability is expressed
as Logjo CFU/mL (**** p <0.0001).

Moreover, at 0.5 MIC the inclusion complex reduced the viability of S. aureus ATCC 6538 by
2logjo units (p <0.0001), and that of S. aurers MRSA by 3.6 logy units (p < 0.0001) (Figures 11b and 12b).
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Figure 12. The results are expressed as mean =+ SD. RTN/SBE-3-CD inclusion complex significantly
reduced S. aureus ATCC 43300 (MRSA) biofilm formation at 0.5 MIC (0.61 pug/mL in RTN). (a) Biofilm
biomass is expressed as crystal violet optical density (O.D. 497 nm) (** p < 0.01); (b) cell viability is
expressed as Logjg CFU/mL (**** p < 0.0001).

However, RTN/SBE-3-CD inclusion complex showed no inhibitory effect on biofilm
production against P. aeruginosa strains at 0.5 MIC, which is equivalent to 0.25 pg/mL and
62.5 ug/mL for P. aeruginosa ATCC 9027 and P. aeruginosa DSM 102273, respectively.

4. Conclusions

In this study, we demonstrated the ability of SBE-B-CD to complex the natural drug
RTN to improve its water solubility and dissolution and potentiate its antibacterial effect. As
in-solution and solid-state investigations demonstrated, a stable inclusion complex in a 1:1
molar ratio was formed. The complexation potentiates the antibacterial activity of RTN against
Gram-positive and Gram-negative strains. Remarkably, the MIC and MBC of complexed RTN
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are, respectively, 60 times and 30 times higher than the free drug against S. aureus ATCC 6538.
The complexed RTN shows similar high activity against S. aureus ATCC 43300 (MRSA), while
free RTN shows no activity. The macrocycle increases the antibacterial activity of RTN, albeit
less intense, towards the Gram-negative P. aeruginosa ATCC 9027. Furthermore, the inclusion
complex has significant antibiofilm activity against S. aureus strains, reducing viability cells;
while no antibiofilm activity was detected for free RTN.

Our results suggest that SBE-B3-CD could be a suitable carrier for RTN, permitting
the realization of liquid formulation for ophthalmic administration with antibacterial and
antibiofilm properties, and representing a good starting point for our successive in vitro
and in vivo investigations.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ pharmaceutics16020233 /51, File S1: Initial deployment of
RTN for MD simulations and Free binding energy calculation.
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Abstract: Recent studies have demonstrated that Sirtuin-1 (SIRT-1)-activating molecules exert a
protective role in degenerative ocular diseases. However, these molecules hardly reach the back
of the eye due to poor solubility in aqueous environments and low bioavailability after topical
application on the eye’s surface. Such hindrances, combined with stability issues, call for the need
for innovative delivery strategies. Within this context, the development of self-nanoemulsifying
drug delivery systems (SNEDDS) for SIRT-1 delivery can represent a promising approach. The aim
of the work was to design and optimize SNEDDS for the ocular delivery of two natural SIRT-1
agonists, resveratrol (RSV) and melatonin (MEL), with potential implications for treating diabetic
retinopathy. Pre-formulation studies were performed by a Design of Experiment (DoE) approach
to construct the ternary phase diagram. The optimization phase was carried out using Response
Surface Methodology (RSM). Four types of SNEDDS consisting of different surfactants (Tween® 80,
Tween® 20, Solutol® HS15, and Cremophor® EL) were optimized to achieve the best physico-chemical
parameters for ocular application. Stability tests indicated that SNEDDS produced with Tween® 80
was the formulation that best preserved the stability of molecules, and so it was, therefore, selected
for further technological studies. The optimized formulation was prepared with Capryol® PGMC,
Tween® 80, and Transcutol® P and loaded with RSV or MEL. The SNEDDS were evaluated for other
parameters, such as the mean size (found to be <50 nm), size homogeneity (PDI < 0.2), emulsion time
(around 40 s), transparency, drug content (>90%), mucoadhesion strength, in vitro drug release, pH
and osmolarity, stability to dilution, and cloud point. Finally, an in vitro evaluation was performed
on a rabbit corneal epithelial cell line (SIRC) to assess their cytocompatibility. The overall results suggest
that SNEDDS can be used as promising nanocarriers for the ocular drug delivery of RSV and MEL.

Keywords: SNEDDS; ocular delivery; SIRT-1; stability; experimental design; surfactants; oils

1. Introduction

Many degenerative ocular diseases such as cataracts, macular degeneration, diabetic
retinopathy (DR), glaucoma, and optic neuritis are associated with a downregulation of
Sirtuin-1 (SIRT-1) [1-6]. Looking specifically at posterior eye diseases, the role of SIRT-1
in DR has been extensively studied, but the complex molecular interactions are not fully
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understood. However, in recent years, numerous studies have demonstrated a strong
link between SIRT-1 expression and the development of DR. In advanced pathological
conditions, hyperglycemia lowers intracellular NAD+ levels and reduces SIRT-1 expression.
SIRT-1 is a histone deacetylase protein involved in numerous pathways related to inflam-
mation and oxidative stress. An over-repression of SIRT-1 can suppress inflammation in
various tissues, whereas its deletion causes an increase in inflammation locally. By acting
on the mediators of inflammation, e.g., through the suppression of NF-kB, SIRT-1 can
modulate and reduce the inflammatory response [2]. Indeed, it becomes a therapeutic
target for oxidative stress-associated diseases that have been extensively studied. Among
them, DR, age-related macular degeneration (AMD), and glaucoma are the most studied
conditions in relation to the downregulation of this enzyme.

Some natural compounds have been shown to be potent activators of SIRT-1, inducing
beneficial effects that demonstrate SIRT-1 as a potential target against the inflammation
process [7]. For instance, resveratrol (RVS) is able to activate SIRT-1 allosterically; however,
its clinical utility is compromised by poor water solubility, instability, and scarce bioavail-
ability [8,9]. RSV protects the ocular tissues from degeneration, including the retinal tissue,
by promoting the SIRT-1 pathway [10,11]. Melatonin (MEL) is another excellent regulator
of SIRT-1 as its administration induces an upregulation of the enzyme levels. Its role as a
modulator of SIRT-1 has been observed in tissues in the testes, ovaries, heart, and nervous
system [12-15].

MEL activity on SIRT-1 has also been linked to protection at an ocular level. MEL
supplementation demonstrated a protective effect on the retina in an elderly diabetic rat
model. The protective effect of MEL supplementation occurs by increasing both retinal
antioxidant activity and retinal SIRT-1 gene expression [16]. Most treatments for ocular
disorders involve the oral administration of MEL. Its low bioavailability, however, distresses
its therapeutic efficacy. Only a low amount of the administered drug reaches the target
sites; thus, larger doses and repeated administrations are required.

In this context, discussing nanotechnological systems to improve the efficacy of these
two molecules, as well as other natural SIRT-1 agonists, appears to be an innovative
approach. Among the latest generation of colloidal carriers, in situ nanoemulsifying
systems (SNEDDS) seem to be highly promising but still insufficiently studied. No studies
in the literature concern the development of SNEDDS for delivering SIRT-1 agonists into
the eye. SNEDDS can be considered an “advanced” formulation compared to micro-
and nanoemulsions since they are emulsified directly in situ, avoiding drug loss during
storage [17]. SNEDDS are very simple formulations consisting of three components in an
anhydrous mixture: oil, surfactant, and co-surfactant (or co-solvent). When considering
ocular delivery, with the known technological constraints outlined by pharmacopeias, the
choice of the starting materials and the construction of a ternary plot are crucial factors for
obtaining formulations appropriate for an industrial scale-up [18,19]. The present work is
based on the optimization of a SNEDDS platform for the topical ophthalmic delivery of
RSV and MEL. To the best of our knowledge, there is no study published on MEL-loaded
SNEDDS (MEL-SNEDDS) and only a few publications about RSV-loaded SNEDDS (RSV-
SNEDDS), but none of them are related to the ocular field; therefore, this work can be
considered a novelty in the area of nanotechnological application to therapy.

RSV- and MEL-SNEDDS were optimized using a Quality-by-Design (QbD) approach,
first for the identification of the nanoemulsion zone and then for the optimization of the
final formulation. Four different formulations were studied based on the type of surfactant:
Tween® 80, Tween® 20, Cremophor® EL, and Solutol® HS15, respectively. Once the blank
systems in terms of physico-chemical properties were optimized, they were loaded with
RSV and MEL, respectively, resulting in RSV-SNEDDS and MEL-SNEDDS. The stability of
the formulations allowed the identification of the optimal system, which was determined
to be the one produced using Tween® 80. This formulation was subsequently selected
for further characterization. The systems were always prepared by reconstituting the
anhydrous pre-concentrated SNEDDS (pre-SNEDDS) mixtures with simulated tear fluid
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(STF, pH 7.4) to mimic the conditions post-ocular instillation. A small dilution volume,
a suitable temperature, and gentle agitation were chosen to produce the nanoemulsions,
which were then fully characterized from a technological point of view, focusing on the
requirements for ophthalmic topical formulations. Finally, cytotoxicity on rabbit corneal
cells (SIRC) was assessed following a Short-Time Exposure Test (STE) protocol.

2. Materials and Methods
2.1. Materials

Mygliol® 812 from IOI Oleo GmbH (Witten, Germany), isopropylmyristate (IPM) from
A.C.EF (Fiorenzuola d’Arda, Italy), Tegin® O (glyceryl oleate), Capryol® PGMC (Propy-
lene glycol mono and dicaprylate NF), and Capryol® 90 (propylene glycol monocaprylate
NF) donated by Gattefossé SAS (Saint-Priest, France), castor oil from Sigma (Schnelldorf,
Germany) were initially tested to assess the solubility of the model drugs in different oily ve-
hicles. For the preparation of the SNEDDS, the following surfactants were used: Tween® 80
(polysorbate 80), Tween® 20 (polysorbate 20), and Cremophor® EL (castor oil polyoxyethy-
lene ether) were purchased from Merck (Darmstadt, Germany); Solutol® HS15 (Kolliphor®
HS15, polyethylene glycol (15)-hydroxystearate) was gifted by BASF (Ludwigshafen am
Rhein, Germany). Transcutol®, (2-(2-ethoxyethoxy)ethanol) gifted by Gattefossé SAS (Saint-
Priest, France) was used as the co-surfactant. MEL (purity >98% by HPLC) was purchased
from Merck (Darmstadt, Germany); RSV [trans-3,4’,5-Trihydroxystilbene; hydroalcoholic
extract from Polygonum cuspidatum, Siebold et Zucc., roots; purity 99.0% by HPLC] was
produced by Giellepi SpA (Seregno, Italy) and kindly gifted by Labomar SpA (Istrana,
Italy). Supplementary Table S1 resumes the physico-chemical properties of the two drugs.

2.2. Solubility in Different Oil

Solubility studies were performed by UV spectroscopy (UH5300 UV-visible spec-
trophotometer, Hitachi, Chiyoda, Japan) to evaluate the solubility of RSV and MEL in
different oils (see Section 2.1). An excess amount of RSV was added to 1 mL of each oil and
mixed for 24 h at room temperature (r.t.). Samples were then centrifuged at 25 °C for 1 h
at 10,000 rpm. The supernatant was separated, and RSV was quantified after appropriate
dilutions with methanol, using a standard calibration curve at A = 306 nm, which was
linear in the concentration range 1.527-20.36 ug/mL (R? = 0.9992). The same procedure
was adopted for MEL, which was quantified in the samples against a standard calibration
curve at A = 224 nm, which was linear in the range of concentrations 12.844-0.803 ug/mL
(R% = 0.9985).

2.3. Development of SNEDDSs Employing the QbD Approach
2.3.1. Ternary Phase Construction: Choice of Oil

A prototype panel of 14 formulations of blank SNEDDS was prepared by mixing
oil, surfactant, and co-surfactant for each 8 tested mixtures: Capryol 90/ Tween 80/ Tran-
scutol P, Capryol PGMC/Tween 80/Transcutol P, Capryol 90/Tween 20/ Transcutol P,
Capryol PGMC/Tween 20/ Transcutol P, Capryol 90/Cremophor EL/Transcutol P, Capryol
PGMC/Cremophor EL/Transcutol P, Capryol 90/Solutol HS15/Transcutol P, and Capryol
PGMC/Solutol HS15/Transcutol P. The weight ratio of each component varied from 10%
to 80%. All mixtures (in a total amount of 1 g) were prepared by stirring until the three
phases were completely homogeneous. The prepared pre-SNEDDS was mixed in a 1:10
volume ratio with freshly prepared simulated tear fluid (STF, composed of 0.68 g NaCl,
0.22 g NaHCO3, 0.008 g CaCl,-2H,0, 0.14 g KCl, and distilled deionized water to 100 mL)
and the ternary phase diagram was obtained by measuring the % transmittance of the
obtained mixture using a UV-Visible Spectrometer at 650 nm, using distilled water as the
reference. Ternary phase diagrams were drawn using the Design of Experiment (DoE)
software (Design Expert® 13.0, Stat-Ease Inc., Minneapolis, MN, USA). Simplex Lattice
Design was used to perform this analysis, in which the emulsions obtained were classified
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as SNEDDS according to a clear and transparent nanoemulsion formation. The variables
and responses of the design are described in Table 1.

Table 1. Variables of Simplex Lattice Design for pseudo-ternary phase diagram.

Component Units Type Minimum Maximum
A (oil) % (w/w) Mixture 10 80
B (surfactant) % (w/w) Mixture 10 80
C (co-surfactant) % (w/w) Mixture 10 80
Constraints Total (A + B+ C) =100
Transmittance T% Response

2.3.2. Construction of the Design Space

Once the oil had been chosen and the emulsion zone was understood through the
construction of ternary graphs, the formulation was optimized by assembling an experi-
mental design using I-Optimal design (Design Expert® 13.0, Stat-Ease Inc., Minneapolis,
MN, USA). The numerical variables entered were oil concentration (% w/w) (X1), surfactant
concentration (% w/w) (Xp), and co-surfactant concentration (% w/w) (X3). For each one,
a minimum and a maximum level were chosen, as reported in Table 2. The effect of the
surfactant type (Tween® 80, Tween® 20, Cremophor® EL, and Solutol® HS15) as categorical
variable (X4) was also investigated on globule size (nm) (Y1), time of emulsification (s) (Y2),
and % transmittance (Y3) after reconstitution of SNEDDS with STF (in 1:10 volume ratio).
The type of oil and co-surfactant were constant for all the experiments. A constraint was
added to the design, i.e., the sum of the terms should be equal to 100. Table 2 summarizes
the factor and their levels and the responses used to build the experimental domain.

Table 2. Variables of the Design Space.

Level
Factors Name Units Type evels
Low High
X1 Qil conen. % (w/w) Numeric 10 30
Xo Surfactant concn. % (w/w) Numeric 10 70
Xs Co-surfactant %(w/w)  Numeric 10 70
conen.
Tween® 80
Tween® 20
®
Xy Surfactant type Categoric Crem];){) hor
Solutol®
HS15
Constraints: X7 + X + X3 = 100
Y, Size nm
y Time of S
2 emulsification
Y3 Transmittance %

2.3.3. Characterization of SNEDDS (Particle Size, Time of Emulsification and %
Transmittance)

The preconcentrate formulation was diluted with STF (pH 7.4) at a 1:10 volume ratio
under soft stirring at 30 rpm and at 35 °C to resemble the corneal surface conditions and
eyelid blinking. The formed nanoemulsion was checked for mean particle size (Z-ave), time
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of emulsification, and % transmittance as responses of the DoE. Further characterization
parameters are reported below.

Z-Ave was measured by Photon correlation spectroscopy (PCS, Zetasizer Nano S90;
Malvern Instruments, Malvern, UK) at a 90° angle of detection, at 25 °C with a 4 mW
He-Ne laser operating at 633 nm. All measurements were performed in triplicate, and the
results were expressed as mean =+ standard deviation (SD).

Time of self-emulsification was monitored by adding SNEDDDS to STF until the forma-
tion of a clear, transparent, blueish-tinted nanoemulsion was visually appreciable. The time
for transparent blueish tint appearance was registered with a chronometer and noted.

The formed nanoemulsions were also checked for % transmittance to determine the
optical clarity using a—Visible Spectrometer set at 650 nm, using distilled water as the
reference. Each measurement was made in triplicate.

2.3.4. Optimization of SNEDDS

SNEDDS optimization was performed using the “desirability tool” provided by the
Design-Expert® 13.0 software(Stat-Ease Inc., Minneapolis, MN, USA). The desirability
parameter was considered for three responses included in the experimental design: Z-
Ave, time of emulsification, and % transmittance. The desirability values ranged from 0
(undesirable) to 1 (desirable). The levels of all independent variables were then automati-
cally combined to identify the conditions within the experimental optimal domain. Four
blank formulations were optimized for each surfactant (A = Tween® 80; B = Tween® 20;
C = Cremophor® EL; D = Solutol® HS15).

2.4. Preparation of RSV-SNEDDS and MEL-SNEDDS

RSV-SNEDDS (AR, BR, CR, DR, where A, B, C, D indicate the different surfac-
tants and R indicates the addition of RSV) were prepared by mixing the oil (Capryol®
PGMC), respective surfactant (A = Tween® 80; B = Tween® 20; C = Cremophor® EL, and
D = Solutol® HS15), and cosurfactant (Transcutol® P) at predetermined amounts, defined
by optimization, until reaching a transparent and homogeneous solution. An appropriate
amount of RSV (2 mg/g) was then added, and the blend was mixed at room temperature
using a magnetic stirrer until complete dissolution of RSV. The prepared formulations
were stored for further studies out of the light. The same procedure was used to prepare
MEL-SNEDDS in order to achieve four different formulations (AM, BM, CM, DM) with
2 mg/g of MEL in the mixtures.

2.5. Characterization of Optimized SNEDDS

SNEDDS were reconstituted with a ten-fold volume of STF under faint stirring (about
30 rpm) prior to characterization to simulate the blinking phenomenon and mimic their
behavior in the ocular environment after administration. The Z-ave, polydispersity index
(PDI), and zeta potential (ZP) values of SNEDDS after reconstitution were measured by PCS
analysis, as previously described (Section 2.3.3). Analogously, the time of self-emulsification
and optical clarity (% transmittance) were measured as described for the non-optimized
systems (Section 2.3.3).

2.6. Stability Evaluation

Stability studies were performed following the ICH Q1A (R2) guidelines (Sta-
bility testing of new drug substances and products) [20]. All samples (SNEDDS,
RSV-SNEDDS, and MEL-SNEDDS) were evaluated after storage at different conditions
(4°C,25+£2°C/60 + 5% R.H, and 40 £+ 2 °C/75% =+ 5% R.H.) in a climate chamber
(Blinder GmbH, Tuttlingen, Germany). Z-ave, PDI, and ZP were measured every month
and up to 3 months, as previously described.
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2.7. Stability in Ocular Environment

To evaluate the stability of SNEDDS in the ocular environment, the pre-SNEDDS were
diluted in a ratio of 1 to 10 with STF and placed in a climatic chamber at 37 °C. At time
intervals (5, 10, 15, 20, 30, 60, 120, and 180 min), they were analyzed for size, PDI, and %
transmittance.

2.8. pH, Osmolarity, and Viscosity Determination

The pH of SNEDDS formulations was measured at 25 °C by a Mettler Toledo pH-meter
(Columbus, OH, USA). The instrument was calibrated using standard Mettler Toledo buffer
solutions (pH 4.01 + 0.02; 7.00 & 0.02, and 10.00 4 0.02; slope 99.8%). Each measurement
was performed in triplicate. The osmolality (mOsm/Kg) of the samples was determined
using a cryoscopic osmometer (Osmomat, mod. 030-D, Gonotec, Berlin, Germany). Deion-
ized water (consistent with the 0 mOsmol point) and a 300 mOsmol/L calibration standard
(consistent with the 300 mOsmol point) were used for a 2-point calibration. Each sample
was analyzed in triplicate.

Dynamic viscosity of SNEDDS preconcentrates was obtained by rheological measure-
ments with a rheometer (Haake Mars, ThermoFisher Scientific, Darmstadt, Germany). A
(C35/1° Ti-plate measuring system was used. The measurement parameters were as follows:
shear stress 1-50 Pa, frequency 1 Hz, temperature 25 4 0.5 °C.

2.9. FT-IR Analysis

FT-IR spectrophotometer (Perkin-Elmer Spectrum RX I, Waltham, MA, USA) was
employed for the measurement of pure materials (Capry01® PGMC, Transcutol® P, Tween®
80, RSV, and MEL), blank SNEDDS, RSV-SNEDDS, and MEL-SNEDDS. The tool was
equipped with an attenuated total reflectance (ATR) accessory, a diamond window, and
zinc selenide crystal (diamond/ZnSe). For each sample, 64 scans were collected at room
temperature over the 4000-600 cm~! range at a resolution of 4 cm~!. Any background
absorption was subtracted before each analysis.

2.10. Mucoadhesion Study

The mucoadhesion study was performed with the formulation produced with Tween®
80 (A). Pre-SNEDDS were reconstituted with STF (1:10 by volume), and the formed na-
noemulsion was incubated with porcine mucin (0.1%, w/v) dispersion (1:1, v/v) in STF at 37
°C. Mean globule size, % transmittance, and ZP were measured after 0, 30 min, 1, 2, and
24 h of incubation.

2.11. Drug Entrapment Efficiency (EE%)

RSV-SNEDDS and MEL-SNEDDS (1 mL) with a concentration of each drug of 2 mg/g
were centrifuged for 30 min at r.t and at 10,000 rpm. The supernatant was suitably diluted
with methanol and analyzed by UV spectrophotometry. The drugs were quantified at a
wavelength of 306 nm for RSV and 224 nm for MEL. EE% was calculated as follows for
each sample:

EE% = (total ug drug — pg of drug in the supernatant)/(total pg drug) x 100

2.12. Cloud Point Measurements

The cloud point typically refers to the temperature at which a mixture of surfactants
undergoes a phase transition, leading to the formation of a cloudy or turbid appearance
due to the separation of the emulsion components. This corresponds to the breaking of
the emulsion, and it is visually noticeable because the nanoemulsion becomes turbid. The
analysis was carried out as follows: different dilutions of SNEDDS/STF were prepared
(1:10, 1:50, 1:100, 1:200, 1:300, v/v). Each formulation was then placed in a thermostat
bath, and the temperature gradually raised. When the formulation became turbid, the
temperature was recorded, and the sample was subjected to turbidimetric UV analysis at
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650 nm to confirm the change in appearance [21]. The breaking of the nanoemulsion was
corroborated by the measurement of Z-ave and PDI changes.

2.13. High-Performance Liquid Chromatography (HPLC) Method for the Quantification of MEL

HPLC analysis was performed using an Agilent 1100 binary pump (Agilent Tech-
nologies Inc., Wilmington, DE, USA), a 1100 micro vacuum degasser, a HP 1050 Au-
tosampler, and a HP 1050 variable wavelength detector (operated at 235 nm). The chro-
matographic separation was achieved on a Supelco Supelcosil™ LC-SI analytical column
(4.6 mm x 250 mm, 5 um) (Supelco Inc., Bellefonte, PA, USA) by an isocratic elution of a
formic acid 0.1% (v/v) solution in Milli-Q® water and a formic acid methanol solution (0.1%,
v/v) (40:60, v/v). Effluent was monitored at a wavelength of 278.4 nm, with a flow rate of 1
mL/min; the injection volume was 5 uL, retention time of MEL was 3.5 min. The column
was maintained at 45.0 £ 0.2 °C throughout the whole analysis.

The standard calibration curves were prepared at different dilutions of MEL in Milli-
Q® water/methanol (1:1, v/v). The linear regression coefficient determined in the range
0.5-200 pug/mL was 0.9999.

2.14. High-Performance Liquid Chromatography (HPLC) Method for the Quantification of RSV

HPLC analysis was performed using an Agilent 1100 binary pump (Agilent Technolo-
gies Inc., Wilmington, DE, USA), a 1100 micro vacuum degasser, a HP 1050 Autosampler,
and a HP 1050 variable wavelength detector (operated at 235 nm). The chromatographic
separations were achieved on a ZORBAX® Eclipse XDB-C18 (2.1 mm x 100 mm, 1.8 um)
(Agilent, USA) by using isocratic elution of Milli-Q® water and acetonitrile (75:25, v/v).
Effluent was monitored at a wavelength of 310 nm, with a flow rate of 0.3 mL/min; the
injection volume was 5 pL; retention time of RSV was 5.2 min. The column was maintained
at 45 °C throughout the analysis.

RSV standard calibration curves were prepared in Milli-Q® water/EtOH (20% v/v)
with a linear regression coefficient determined in the range 0.1-100 pg/mL was 0.9989. All
procedures were carried out to protect the sample from light.

2.15. In Vitro Release Test

The in vitro release profile of MEL-SNEDDS and RSV-SNEDDS in STF, pH 7.4, was
performed through a dialysis bag method. One milliliter samples were transferred into a
dialysis tube (Spectrum™ Spectra/Por™ membranes, MWCO 3.5 kDa; Fisher Scientific Italia,
Segrate, Milan, Italy). The bag was incubated in 4 mL of medium and maintained under
magnetic stirring at 37 °C for up to 8 h. At predetermined time points, 2 mL of the release
solution was withdrawn and replaced with the same volume of fresh medium. The taken
specimens were immediately put into liquid nitrogen and freeze-dried (BuchiLyovaporTM
L-200 Freeze Dryer, Fisher Scientific Italia, Segrate, Milan, Italy) for 24 h at 0.1 mbar.

In order to extract MEL, each dried sample was dissolved in 0.5 mL of Milli-Q®
water/methanol (1:1, v/v) by vortexing for 5 min. The sample was then centrifuged at
10,000 g at 4 °C for 30 min to remove the lipid matrix residue, and the supernatant was
collected and injected into the HPLC to measure the MEL content. The experiment and
HPLC analyses were performed in duplicate. The concentration of MEL was quantified as
reported in Section 2.11.

To extract RSV, each dried sample was dissolved in 0.3 mL of Milli-Q® water/ethanol
(1:5, v/v) by vortexing for 5 min. The sample was then centrifuged at 10,000x g at 4 °C
for 30 min to remove the SNEDDS matrix residue, and the supernatant was collected and
injected into the HPLC to measure the RSV content. The whole procedure was carried out,
protecting the sample from light. The experiments and the HPLC analyses were performed
in duplicate. The concentration of RSV was quantified as reported in Section 2.12.

The in vitro release data of SNEDDS were analyzed according to various kinetic models:

Zero-order model: R = Kot
First-order model: R=1 — e — kt
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Higuchi model: R=KH t1/2
Hixson—Crowell model: Wol/3 — Wtl/3 = KHCt
Korsmeyer—Peppas model: R = kKP tn

The amount of the MEL and RSV released at time t; ko, k, kH, KHC, and kKp (k are
the rate constants for the different above models) was expressed by R. Wo is the initial
amount of MEL/RSV, and Wt is the amount of drug at time t; n is the release exponent in
the Korsmeyer-Peppas model [22]. The model with the highest correlation coefficient (R2)
was selected to describe the mechanism of MEL and RSV release. Calculations were made
on the linear part of the release curves (from 0.5 h forward).

2.16. Cell Cultures and Viability Assay (MTT)

The test was performed following the short-time exposure test (STE) [23,24]. The
Statens Serum Institut Rabbit Cornea (SIRC) epithelial cells (ATCC CCL-60) were grown in
specific medium, Eagle’s Minimum Essential Medium (ATCC 30-2003TM), complemented
with 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin (P/S) and maintained
at 37 °C and 5% CO,, as previously described [25]. Fresh medium was replaced every
day, and when the confluence was reached, the cells were seeded into 96-well plates at a
density of 1 x 10* cells/well in 100 uL of medium for 24 h. Subsequently, the cells were
treated with different concentrations of SNEDDS, RSV-SNEDDS and MEL-SNEDDS in a
medium supplemented with 1% FBS for 5 min. Then, the viability assay was performed
by adding 100 uL of 3-[4,5-dimethylthiazol-2-yl1]-2,5-diphenyltetrazolium bromide (MTT)
(ACROS Organics, Antwerp, Belgium) solution for 3 h at 37 °C and 5% CO, as previously
described [26]. At the end of incubation, the supernatant was removed and replaced
with 100 uL. of DMSO in order to dissolve the formazan salts produced by mitochondria.
The amount of formazan formed by the cleavage of the yellow tetrazolium salt MTT,
proportional to the number of viable cells, was measured by using a microplate reader
(Biotek Synergy-HT, Winooski, VT, USA) at 550-600 nm. Six replicate wells were used for
each group, and at least three separate experiments were performed.

2.17. Statistical Analysis

Characterization data are representative of three separate experiments, and statistical
analysis was carried out by two-way ANOVA followed by Dunnett’s test. For the mu-
coadhesion study, statistical analysis was performed by Graphpad Prism 9.5.0 (GraphPad
Software, Inc., San Diego, CA, USA) through two-way ANOVA and Siddk’s multiple com-
parisons tests. For the MTT assay, results are representative of at least three independent
experiments, and values are expressed as a percentage of control (** p < 0.01 or *** p < 0.001
vs. STF, as determined by one-way ANOVA followed by Tukey—Kramer post hoc test).

3. Results and Discussion
3.1. Solubility of Drugs in Various Oils

The solubility of RSV and MEL was determined to evaluate which oil better solubilized
the active compounds. The set of tested oils was selected based on those most commonly
used in the literature for the preparation of SNEDDS (Figure 1). Among the six assayed
oils, Capryol® PGMC showed the highest solubility (9.92 £ 1.30 mg/mL for RSV and
23.18 £ 0.88 mg/mL for MEL). Capryol® PGMS was followed by Capryol® 90 with the
capacity to solubilize 4.47 £ 1.07 mg/mL of RSV and 15.86 + 1.70 of MEL. The choice of
the oily vehicle is a crucial step; indeed, the formulation must consist of components that
solubilize the drug and form a monophasic mixture when shaken together. Furthermore,
Capryol® 90 and, even more, PGMC possess the ability to spontaneously form clear emul-
sions when mixed with surfactants with high HLB, such as polysorbates (Tween®). Both
have been extensively investigated for the development of nanoemulsion and SNEDDS,
as well as microemulsions and SMEDDS [27-30]. The emulsion formed must be clear and
limpid and must not allow the drug to precipitate [31]. Therefore, the choice of the oil in
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which the drug is most soluble is highly relevant. These two oils were chosen to continue
the study with the search for the emulsion zone using the ternary graph.
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Figure 1. Solubility of RSV and MEL in different oils.

3.2. Ternary Plot Diagram Construction

The ratio between the phases varied in each experiment, keeping the sum of the
three phases constant at 1 g in the final SNEDDS. The % transmittance was evaluated in a
range from 0.1 to 100% for the various emulsions produced. The blue zone indicated an
emulsion with a high % transmittance, followed by the green, orange, and finally red zones,
which indicated increasingly lower transmittances down to 0.1 (red zone). Obtaining a
transmittance close to 100% suggested a globule size below 100 nm. As Figure 2 shows,
Capryol® PGMC allowed to produce emulsions with a high degree of transmittance. When
comparing the graphs, it is possible to see a higher concentration of blue areas in the graphs
produced with Capryol® PGMC. Both are propylene glycol mono- and diesters of caprylic
acid (C8) but with different fractions of monoesters [32]. This slightly different composition,
combined with a different behavior with the various surfactants, gave rise to differences
in terms of spontaneous nanoemulsification in favor of Capryol® PGMC. It had already
demonstrated its superiority over Capryol® 90 in terms of self-nanoemulsification efficiency
in many mixtures with different surfactants [33].

3.3. Construction of the Experimental Design

The blank SNEDDS were first optimized with the experimental design. Forty-two
runs were formulated to obtain all possible combinations with the four surfactants. For the
construction of the experimental design, the following numerical variables were chosen: oil
concentration (% w/w), surfactant concentration (% w/w), and co-surfactant concentration
(% w/w). This is a crucial pre-formulation point. Choosing in which ratios the three
phases should co-exist allows the final goal to be achieved: a homogenous formulation
that emulsifies in a short time without giving the presence of drug precipitate. Finally,
the type of surfactant was chosen as the categorical variable. Four surfactants with a
common characteristic, i.e., hydrophilicity (HLB > 12), were tested, and they were included
in the design as they favor the occurrence of O/A emulsions. Tween® 80 (HLB = 15),
Tween® 20 (HLB = 16.7), Cremophor®-EL (HLB = 13), and Solutol® HS15 (HLB = 15) are
non-ionic surfactants, and they are considered less toxic and more cytocompatible than
ionic surfactants [34]. They also had a very good ability to emulsify Capryol® PGMC. In
fact, the possibility of quick emulsification in contact with small volumes of an aqueous
fluid, such as in the ocular surface, is possible using a surfactant with a high HLB. The
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choice of testing four surfactants was linked to the consideration that the emulsification
ability of each surfactant is typically influenced not only by the HLB and structure but also
by their physical behavior once mixed with the other two components [35].
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Figure 2. Ternary plot diagrams obtained by the mixtures of Transcutol® P, different surfactants and
Capryol® 90 (upper row) and Capryol® PGMC (bottom row).

3.3.1. Effect of Independent Variables on Globule Size

DoE involves creating a structured plan for understanding the relationship between the
independent variables (factors) and dependent variables (responses) in a system. Once all
the experiments suggested by the software are completed, it provides polynomial equations,
one for each response, to determine the influence of each factor in the response and the
interaction between factors and responses. The equation below represents the influence
of each factor on the size of SNEDDS (1). This was obtained once all the formulations of
SNEDDS were prepared and analyzed for particle size. The obtained globule size for all
experiments was in the range 13.29 & 0.135-455.1 £ 15.36 nm.

Size (Y1) = 152.98044384037 + 111.97043203167 X; + 84.068897927114 X3 — 5.413763606443 X4 [1] + ()
21.113050603648 X4 [2] — 48.03416483216 X1 x4 [1] + 8.8903231966525 X1X4 [2] + 45.844330806972 X12

The ANOVA analysis of the full regression models showed that only some factors
were statistically significant; thus, statistically non-significant terms were removed except
for terms needed for hierarchy in the reduced regression model. The quality of the fit
of the experimental data using the reduced quadratic models was assessed based on
several statistical criteria. Taking into account the R? parameter, the quadratic model
was considered the most significant since Adjusted R?, given by the software, was close
to Predicted R%. Moreover, the generated model F-value of 9.77 implies the model is
significant. The term B, which refers to co-surfactant concentration, was excluded by the
model because it had no significant influence on globule size. When both oil and surfactant
concentrations were increased, globule size decreased due to the 0il’s dominant influence
over the surfactant. Indeed, oil concentration appeared to be the factor most influential on
the mean size response, with an estimated coefficient equal to +111.97. A positive coefficient
revealed a direct relationship between the variable and the response. As shown by the
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response surface graphs, an increase in oil concentration produced larger particles (Figure 3).
Smaller particle sizes were observed when using Tween® 80, as represented in response
surface graphs (Figure 3). Tween 80® allows for better stabilization of nanoemulsions,
forming a protective layer around the micelles and preventing their aggregation. It also
has a controlling role in the whole emulsification process, reducing the surface energy
and leading to the inhibition of crystal growth during the entire process [36]. The square
bracket in polynomial Equation (1) indicates an optional third parameter associated with
the level of that factor implied in the polynomial regression. For example, the influence
associated with the type of surfactant depends mainly on the first level with Tween® 80
and on the second level and thus on Tween® 20 (a result that perfectly corroborates the
response surface plots below).

(b)

Size (nm)
Size (nm)

(d)

Size (nm)

Figure 3. Three-dimensional surface of the effect of independent variables (surfactant vs. oil concen-
tration) on the globule size of SNEDDS after reconstitution with STF (1:10 by volume) using Tween®
80 (a), Tween® 20 (b), Cremophor® EL (c), or Solutol® HS15 (d).

3.3.2. Effect of Independent Variables on Time of Emulsification

Once the values are inserted in the software, it generates a polynomial Equation (2) that
relates the influence of each factor with the time of emulsification derived from all SNEDDS
prepared. The obtained time of emulsification for all experiments was in the range of
31 4+ 1.2-134 £ 5.50 s. As demonstrated in the polynomial equation, the surfactant concen-
tration and the interaction between surfactant type and its concentration were identified as
the most influential factors regarding the time of emulsification response.

Time of emulsification = 75.162927762315 + 0.12557087841826 X; + 23.558956914706 X, +
12.877171801241 X4 [1] + 5.5936332662947 X4 [2] + 0.43202022289143 X1X4 [1] + —8.844328114505 X1X4 [2]  (2)

+20.231882039157 X2X4 [1] + 13.526675893769 X2X4 [2]

As suggested by the software, the reduced 2FI model was considered significant since
Adjusted R? was close to Predicted R?. The generated F-value of 9.30 for this model implies
the model is significant. Some factors were deleted by the model since they were considered
not significant. One of them was the co-surfactant concentration, whose influence was
considered not significant in changing the time of emulsification parameter.
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Factors X; had a positive influence on this response (+25.66). An increasing amount of
surfactant increased the emulsion time. The right surfactant concentration allows acces-
sibility to the oil/water interface, reducing interfacial tension and thus the possibility of
obtaining an emulsion in a short time. But when the surfactant is excessive, the formulation
becomes viscous, and the moment fluid comes into contact with the SNEDDS, the emulsion
time of the latter increases. It is worth noting from the graphs that the interaction between
surfactant type and oil is important (Figure 4). In the case of both Tween® 20 and 80, the
emulsion time increased with increasing surfactant concentration, without any influence
from the oil concentration. In the case of Cremophor® and Solutol® HS 15, instead, the
increase in oil concentration must also be taken into account: the emulsion time increased
when the surfactant amount decreased, and the oil concentration increased at the same
time. The formation of a mixture that was more viscous (such as with Tween® 80 and
Tween® 20) could slow down the movement of the liquid between the phases and result
in the formation of droplets for a longer time. Higher viscosities tend to slow down the
emulsification rate, as reported by Nasr et al. [37].
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Figure 4. Three-dimensional surface of the effect of independent variables (surfactant vs. oil concen-
tration) on the time of emulsification of SNEDDS after reconstitution with STF (1:10 by volume) using
Tween® 80 (a), Tween® 20 (b), Cremoph0r® EL (c), or Solutol® HS15 (d).

3.3.3. Effect of Independent Variables on Transmittance%

The obtained % transmittance for all experiments was in the range 0.1-100 =+ 0.10%.
Just as in the case of size, for transmittance, the most influential factor was the amount of oil.
Transmittance and particle size are closely linked: a high optical clarity (90-100%) stands
for globules with a size smaller than 50 nm. In contrast, a low transmittance indicates that
the emulsion formed is not clear and will certainly contain particles of the order of more
than 100 nm.

As for other responses, the equation below (3) represents the quantitative effect of
the process variables (oil, surfactant, and co-surfactant) and their interaction on the %
transmittance. In this case, all the factors investigated exerted a significant influence on the
response. The linear model (F-value of 20.94) was considered significant, with Adjusted R2
being close to Predicted R2 and, as the equation below shows, the most influential factor
was oil concentration.
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Transmittance = 38.873268681425 — 36.562914111227 X; + 11.233423582655 X, — 26.931299436827 X3

+26.002042325709 X4 [1] — 12.538357360177 X4 [2] ®)

Given the negative estimated coefficient (—36.56) of X, the relationship between %
transmittance and oil was indirect: higher oil concentrations produced milky nanoemul-
sions with low transmittance (~0.1%), which, in turn, was synonymous with the presence
of larger globules (Figure 5). The coefficient of the co-surfactant was also negative, meaning
that with increasing concentrations of the co-surfactant, the transmittance value decreased.
Formulations with a high percentage of Transcutol® P gave emulsions with a milky ap-
pearance, with transmittance values less than 30%. This could be attributed to the low
HLB of Transcutol® P, around 4-5, that allowed rapid emulsification in combination with
Tween® 80 but produced milky emulsions. Indeed, Transcutol® P is sometimes used as an
oil phase for the development of SNEDDS; and, as discussed above, an increase in the oil
phase generated a higher transmittance.

Factor Coding: Actual (a) (b)

Trasmittance (%)

oo [N o

4= Cil (%)
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220
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Figure 5. Three-dimensional surface of the effect of independent variables (surfactant vs. oil con-
centration) on the % transmittance of SNEDDS after reconstitution with STF (1:10 by volume) using
Tween® 80 (a), Tween® 20 (b), Cremophor® EL (c), or Solutol® HS15 (d).

3.4. Optimization Phase

For the optimization of SNEDDS, different criteria were set to suit the ocular adminis-
tration by topical instillation. Therefore, it was decided to (i) minimize the oil concentration,
as it affected both size and transmittance; (ii) increase the surfactant concentration, as this
choice produced smaller sizes; (iii) minimize the concentration of co-surfactant, given its
influence on % transmittance and clarity of the nanoemulsions.

The surfactant type remained in the range to have more options to optimize the
formulations: a small size was preferable, as it would improve the diffusion towards the
deeper structures of the eye globe.

Preferably, a time of less than 20 s would be perfect since SNEDDS, once applied on
the ocular surface, must emulsify with the tear fluid very quickly. A long time would not
allow the SNEDDS to emulsify before being drained away. Finally, high transmittance was
important since this would prevent blurred vision when the formulation was instilled. The
selected optimization criteria are shown in Table 3.
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Table 3. Optimization criteria for SNEDDS production.

Factors and Responses Goal Lower Limit Upper Limit
X Oil conen. % (w/w) Minimize 10 30
X Surfactant concen. % Maximize 20 70
(w/w)
Co-surfactant concn. S
X3 % (w/aw) Minimize 20 70
® ® ® ®
X, Type of surfactant In range Tween® 80, Tween™ 20, Cremophor® EL, Solutol
HS15
Y, Mean particle size Close to 20 nm 13.29 455.1
(nm)
Time of S
Y2 emulsification (s) Minimize 31 134
Y;3 % Transmittance Maximize 0.1 100
Once the optimization criteria were chosen, the software generated a set of optimized
formulations, which were sorted according to desirability values. Desirability gives an idea
of how well the predicted formulation fits with the chosen parameters. It ranges from a
value of 0 to 1. Four formulations with the highest desirability were selected, one for each
surfactant, in order to assess the stability of the active ingredients in each of them (Table 4).
Table 4. Optimized formulation according to the desirability parameter.
Sample Type of Oil Oil Concn. % Surfacti?t Conen. Co-Surfaco;ant Conen. Desirability
A Tween® 80 15.041 55.181 28.211 0.886
B Tween® 20 15.456 52.471 30.133 0.723
C Cremophor® EL 14.351 58.025 23.358 0.761
D Solutol® HS15 14.351 58.025 23.358 0.868

The produced four formulations were characterized in terms of size, emulsification
time, and % transmittance (Table 5). After calculating the % error between the predicted
response and that obtained experimentally, an error of less than 10% was registered for all
responses. The chosen model could thus be considered highly predictive for the formulation

of SNEDDS [38].
Table 5. Experimental values of size, % transmittance, and time of emulsification for optimized
SNEDDS.
Sample Size (nm) &+ SD % Transmittance Time of
Emulsification (s)

A 13.26 + 0.07 100 12.04

B 127.29 +1.12 88 12.18

C 11.29 +0.11 100 17.85

D 18.82 4+ 0.41 100 15.76

3.5. Characterization of SNEDDS, RSV-SNEDDS, and MEL-SNEDDS

MEL and RSV were loaded into the SNEDDS in order to achieve a therapeutic con-
centration of drugs after reconstitution. Literature data indicate that MEL at 104 uM
attenuates oxidative stress and inflammation of Miiller cells via activating the SIRT-1
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pathway [39,40]. RSV at 100 uM increases SIRT-1 overexpression in retinal pigment epithe-
lium [41,42].

Technological and physico-chemical parameters remained unchanged when the formu-
lations were loaded with drugs with respect to the blank systems (Figure 6). Furthermore,
no precipitate was observed after the formation of the extemporaneous nanoemulsion. The
resultant small droplet size would provide a large interfacial surface area for drug release
and absorption. The results obtained in terms of size seemed optimal. The passage from the
corneal surface to the vitreous humor is allowed for molecules smaller than 500 nm since
the mesh size of the bovine vitreous has been estimated at ~550 nm. However, to allow
diffusion without minimal steric hindrance and to obtain formulations that do not cause
irritation or blurred vision upon administration, a size less than 200 nm is preferable [43].
Furthermore, the slightly negative charge of the SNEDDS obtained and their small size,
especially in the case of systems A, C, and D, allowed them to move toward the retina.
Studies demonstrated that small-sized (=50 nm) PEG-coated anionic liposomes showed
the most extensive cellular distribution and localization in the retina [44]. All the produced
SNEDDS had a very small size, slightly higher in the case of SNEDDS formed with Tween®
20. A PDI of less than 0.3 always indicated a good homogeneity of the formulation. The
slightly negative ZP was attributable to the materials used; however, none of the SNEDDS
displayed a net charge and were very close to neutral.
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Figure 6. Characterization of SNEDDS in terms of (a) size, (b) PDI and (c) ZP before and after
loading with RSV and MEL; (d) Entrapment efficiency (EE%) of drug-loaded samples A, B, C, and D.
**p <0.01, *** p < 0.0001.

The entrapment efficiency of SNEDDS loaded with RSV (AR, BR, CR, DR) or MEL
(AM, BM, CM, DM) was high for all samples. No precipitate was observed after dilution
with STF as proof that all the active ingredient was encapsulated and retained in the
lipid mixtures. The pH and osmolarity values were assessed upon dilution with STF;
the small dilution gave an idea of the actual SNEDDS values. All SNEDDS showed pH
values between 6.9 and 7.5 and osmolarity in the range of 0.281 to 0.320 Osm/kg after
reconstitution with STF (1:10 by volume). These values could be considered optimal for an
ophthalmic liquid formulation that should be non-irritating once applied [45]. Higher or
lower values of osmolarity could cause irritation and extensive lachrymation, provoking a
rapid wash-out of the solution and consequently a poor drug local bioavailability [46].
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The values of viscosity obtained for formulations A, AR, and AM were in the range of
15-58 mPa as a function of time. A viscosity value up to 50 mPa-s is generally considered
tolerated for an ocular formulation. Thus, the tested SNEDDS appears to be suitable for
ocular administration in terms of viscosity without presumption of impairment of normal
visual function.

3.6. Stability in Simulated Ocular Environment

Characterization of SNEDDS in the potential ocular environment can be useful for
evaluating their potential behavior in vitro and in vivo. The temperature, the pH, and the
ions present in the tear fluid could influence the interaction of the systems with the cellular
compartment [47]. Therefore, the colloidal stability of the SNEDDS placed in contact with
a potential ocular environment (STF, 37 °C in a climatic chamber) was evaluated for a
maximum time of 180 min. At specific various time intervals, they were analyzed in terms
of Z-ave, PDI, and % transmittance. Significant changes would indicate an instability of
the systems. Figure 7 highlighted high stability for all formulations except for C and B. At
37 °C, the latter formulation exhibited an increase in size and % transmittance over time,
turning milky already after 5-10 min. The increase in size observed in both formulations
may be attributed to an aggregation phenomenon, suggesting minimal stability within
three hours. Formulations A and D exhibit considerable stability throughout the analysis
period. The absence of particle aggregation is crucial as this phenomenon could potentially
induce irritative effects, leading to rapid drainage of the systems before interacting with
the ocular surface, thereby compromising the effectiveness of the system.
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Figure 7. Stability in ocular environment of formulations A, B, C and D in terms of (a) size, (b) PDI
and (c) % transmittance (*** p < 0.001 or **** p < 0.0001 vs. T0, as determined by two-way ANOVA
followed by Dunnett’s multiple comparisons test).

3.7. SNEDDS Stability Evaluation

The stability study of the SNEDDS was carried out according to the ICH guidelines
for the stability testing of new drug substances and products [20] under different storage
conditions. Like all new drug products, nanomedicines should demonstrate constancy of
physico-chemical and microbiological parameters under suitable thermal and humidity
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storage conditions and durations prior to their registration [48]. When nanomedicines
do not contain or are not decorated with biotechnological molecules but incorporate only
a drug and/or an imaging agent, as in the present work, stability testing can follow the
indications of the ICH guidelines Q1A (R2) and Q1C (in the case of new dosage forms of
already registered products) [48].

Drug-loaded SNEDDS were, therefore, placed at three different temperatures: 4 °C,
25 °C (at 60% R.H.), and 40 °C (at 75% R.H.). SNEDDS loaded with MEL showed no sign
of visual instability; RSV-SNEDDS instead showed a strong degradation of RSV already
after one week at 25 °C, but especially at 40 °C, as suggested by the development of a
yellow color in the vials (Figure 8b). The instability could be definitely associated with the
encapsulated RSV since, as Figure 8a shows, the corresponding blank SNEDDS did not
show the same alterations until 3 months of storage.

Figure 8. (a) Blank SNEDDS after 6 months after storage at 40 °C and (b) RSV-SNEDDS after one
week of storage at the same temperature.

Blank SNEDDS can be defined as stable systems since formulations that do not show
significant changes at 40 °C for at least 6 months (accelerated stability conditions) can be
defined as stable for a hypothetical time frame of at least one year [20]. Literature studies
confirm the stability of RSV at temperatures between 4 °C and —20 °C and also confirm
the high possibility of degradation at temperatures above 25 °C [49,50]. High temperature
favored oxidation, epimerization, hydrolysis, and /or polymerization of stilbenes [51]. The
increase in temperature induces a change in the appearance of the formulation with a typical
color change that is evident as the temperature rises (40 °C > 25 °C). Indeed, oxidation of
RSV at high temperatures produces a change in the molecule that leads to a light yellow
to dark yellow color. This degradation was also influenced by the materials used, as
shown in Figure 8b [52]. The color change produced during storage at high temperatures is
due to the degradation of RSV. The degradation of RSV produces aromatic degradation
under products that absorb at wavelengths above 300 nm that can be monitored with
UV-visible and are potentially responsible for the color change in the formulation. This is
a phenomenon that is much more noticeable when exposing the RSV to light but is still
visible when the RSV is exposed to high temperatures [53,54]. To reduce RSV alteration,
the formulations were supplemented with an antioxidant agent, namely vitamin E TPGS or
ascorbic acid, and their stability was monitored at 25 and 40 °C. As shown in Figure 9, the
use of antioxidants increased the shelf life of the RSV-SNEDDS during a 3-month period.
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Figure 9. RSV-SNEDDS after 3 months of storage (a) with ascorbic acid at 25 °C and (b) at 40 °C, or
(c) with TPGS at 25 °C and (d) at 40 °C.

As revealed by Figure 9, formulation A was much more physically stable with the addi-
tion of both antioxidants under the conditions tested. Tween® 80, as a surfactant combined
with an antioxidant compound, was able to prevent the degradation of RSV, as also reported
by Das et al. [52]. Therefore, this formulation was chosen for the subsequent studies. In
addition, stability studies showed that formulations C and D underwent gelation at the
temperature of 4 °C, with increased size and PDI. Formulation B, despite being moderately
stable, is the formulation that gives the largest size with increasing transmittance over time.
Its instability is not suitable for ocular administration. The unloaded formulation A was
subjected to stability studies under the same storage conditions. As shown in Figure 10, it
was stable for up to 3 months, showing no signs of destabilization in terms of size, PDI,
and ZP. The unchanging parameters for a long period highlight the high robustness of
formulation A, even under accelerated conditions. The AR formulation (RSV-loaded A
formulation) supplemented with an antioxidant was evaluated in terms of size, ZP, PDI,
and % transmittance (cf. Table inside Figure 10), giving excellent preservation results to
corroborate the visual results presented above (Figure 9). MEL-SNEDDS gave the same
results also for formulations B, C, and D. Formulation A, loaded with MEL (AM), was the
most stable for up to 3 months at 4 °C without antioxidant addition and at 25 and 40 °C
with the addition of a small percentage (0.015% w/w) of TPGS or ascorbic acid. It did not
show significant destabilization phenomena or signs of MEL precipitation. The size, PDI,
and ZP remained unchanged for the whole tested period.
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Figure 10. (a) Stability of SNEDDS at different storage conditions in terms of size, PDI and ZP. (b)
Stability after 3 months of AR added with TPGS or ascorbic acid (AA) at concentration of 0.015% w/w.

Measurement of Cloud Point

The cloud point represents the temperature at which an emulsion becomes cloudy
and breaks down. It is important to assess whether a nanoemulsion maintains its physical
stability at the body site of administration. For ocular application, the emulsion must remain
stable and not break down at 35 °C, the temperature of the ocular surface. At temperatures
above the cloud point, an irreversible phase separation occurs due to dehydration of the
formulation. This can inhibit the efficiency of the system, induce expulsion of the drug
from the formed micelles, with its precipitation, and thus affect the drug absorption and
efficacy overall.

Table 6 shows that the emulsion formed after reconstitution of SNEDDS A with
different ratios of STF had a cloud point above 40 °C at all the dilutions tested. This was
corroborated by the size and PDI value, measured just after the dilution and gathered in
the same table. The results demonstrated excellent temperature stability up to 47 °C in the
case of a small dilution, as might occur on the ocular surface, and even greater stability at
higher dilutions, which might be important for other routes of administration.

Table 6. Temperature, size and PDI of different dilutions of SNEDDS/STF subjected to cloud point
measurement.

Ratio SNEDDS/STF Temperature (°C) Size (nm) &+ SD PDI
1:10 47.2 210 £17.5 0.263 £ 0.090
1:50 60.5 201.1 +£11.73 0.311 £ 0.049
1:100 70.0 120.1 4+ 5.208 0.289 £ 0.024
1:200 79.9 443.8 + 286 0.575 £ 0.601
1:300 822 1228.6 & 16.09 0.561 £ 0.105

3.8. FT-IR Spectroscopy

To study any possible interaction between the drugs and components of the samples,
FT-IR spectroscopic analysis was applied to the neat ingredients and to blank formulation A
and formulation A loaded with RSV or MEL (AR and AM, respectively) (Figures 11 and 12).
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Figure 11. FTIR spectra of pure SNEDDS components and blank (A) and RSV-loaded (AR) nanocarriers.
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Figure 12. FTIR Spectra for MEL, blank SNEDDS (A) and MEL-loaded SNEDDS (AM).

Figure 11 delineates the primary peaks of the used materials. They exhibit compati-
bility with each other, as evidenced by formulation A wherein the characteristic peaks of
Capry01® PGMC at 3447 cm ! (O-H) and 1735 cm ™! (C=O) are distinctly visible, along
with the aliphatic C-H carbon peaks between 2995-2856 cm ", specific of Transcutol® P
and Tween® 80. Moreover, the latter surfactant displayed a peak at approximately 1700
cm~! (HOH bending) and another at 1096 cm~! (C-O), both of which reappeared in the
spectrum of formulation A. Despite slight shifts with minor significance, all components
maintain their intrinsic characteristics within the blank formulation. The RSV-SNEDDS
specimen exhibits a spectrum that was superimposable with the one of blank SNEDDS,
encompassing all previously observed peaks. However, distinct RSV peaks, such as the
one at 3177.63 cm ! (corresponding to OH functional groups) and the peak around 1580

cm™ !, are absent in the loaded formulation. This outcome, combined with the resemblance
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to the blank SNEDDS spectrum, suggests the effective encapsulation of RSV within the
formulation [55]. Moreover, the absence of characteristic RSV peaks in the spectrum of AR
formulation implies that the drug was situated inside the emulsion micelles rather than on
their surface.

The NH stretching peak belonging to MEL at 3273.55 cm ™! was not observed in the
spectrum of formulation AM (Figure 12), which completely overlaps with the unloaded
formulation A. The peaks observed corresponded to those derived from the raw materials
Capryol® PGMC, Transcutol® P, and Tween® 80, already shown in Figure 11, also indicating,
in this case, the complete entrapment of MEL within the micelles of the AM emulsion [56].

3.9. Mucoadhesion Study

To assess the mucoadhesive properties of SNEDDS, the interaction with mucin was
evaluated over a period of 3 h by measuring the absorbance of SNEDDS/mucin mixtures
at 650 nm and any change in size and ZP values.

As Figure 13 shows, there was a slight but significant interaction with mucin. Actually,
the components of SNEDDS were not mucoadhesive materials and did not possess a net
charge that could interact electrostatically with the negative charges of the protein. An
increase in size and absorbance was apparent already after 15 min of contact with mucin
and was maintained for the next 3 h. Mucin was absorbed into the lipid micelles, which
led to the registered increase in size and, in turn, in turbidity. The increase in particle
size was not followed by significant aggregation phenomena since PDI values remained
<0.4. The turbidity measurement was found to be significant at all time points. However,
the formulation maintained its transparency, as absorbance values were found to be <0.2,
which is suited for ocular administration [57].
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Figure 13. (a) Absorbance, (b) mean size and (c) ZP values of formulation A before (SNEDDS) and
after different times of incubation with mucin dispersion in STF at 37 °C (SNEDDS+MUC). * p < 0.05,
**p <0.01, *** p < 0.0001, ns = not significant.

A stronger interaction could be proven by a change in the ZP value of the colloidal
system once in contact with mucin [58]. In this case, it was evident that the interaction
was not very strong and occurred noticeably after 3 h of contact. The use of ingredients
with mucoadhesive potential or lipid materials with a positive charge could reinforce
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the interaction with mucin [59,60]. Mucoadhesive properties could improve the residence
time of a formulation on the corneal surface. This is important since SNEDDS form very
small globules, in the order of about 50 nm, after their dilution with the tear fluid. Such
small particles can easily be carried away by the tear flow. By improving the interaction
between the formulation and the mucin present on the ocular surface, the residence time can
be ameliorated.

3.10. In Vitro Release in Simulated Ocular Environment

The cumulative release rate was calculated according to the released RSV and MEL
compared to the total initial drug amounts. It is not simply to evaluate the effective release
from a SNEDDS formulation. When SNEDDS comes in contact with the tear fluid, different
entities are formed, including the free molecular state of the drug, the drug inside the
nanoemulsion droplets, and the drug in the micellar solution [61]. In this case, both drugs
seemed to have a good encapsulation within the systems, as suggested by the low release
up to 6 h (Figure 14).
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Figure 14. Cumulative release of RSV and MEL from AR and AM, respectively, in simulated ocular en-
vironment.

The release test was performed in STF at 35 °C, monitoring the drug release for 6
h. As can be observed, the very lipophilic RSV was retained by the lipid matrix and was
released to a maximum of 5% in a constant manner. The outer medium also probably
became saturated, giving a very low-release profile. Many studies prefer to use a medium
added with a surfactant, e.g., Tween® 80 at 2.5%, to raise the release up to 100% [62].

MEL followed a different pattern, its amphiphilic nature allowing a faster release over
time, with a peak at 4 h with 35% of the released drug. The low and constant release of
these drugs by SNEDDS formulations could be useful for a prolonged release.

The release rate constant was estimated from the slope of the different curves, and
regression values (R%) were obtained. Table 7 shows that the in vitro MEL release from
SNEDDS was best described by both the Higuchi equation (R? = 0.8685) and the Korsmeyer—
Peppas equation (R? = 0.8863). The former equation indicates that the drug release occurred
via diffusion through the dispersed globules in a constant and controlled manner [63].
The second equation showed a diffusional release exponent parameter, indicated with n,
which was 0.414. This suggests a quasi-Fickian diffusion profile (when n < 0.45) of MEL
release [64]. Regarding the in vitro RSV release, this was best described by Korsmeyer—
Peppas equation (R? = 0.9736) with n = 0.084, indicating again a quasi-Fickian diffusion
profile [64].
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Table 7. Regression coefficient values (R?) for different release kinetic models obtained from the
in vitro release profiles of loaded SNEDDS in STF. The calculations were made on the linear part of
the release curves (from 0.5 h forward).

Sample Zero Order First Order Higuchi Hixson-Crowell Korsmeyer-Peppas
MEL 0.7465 0.6142 0.8685 0.7692 0.8863
RSV 0.0116 0.0072 0.0456 0.0117 0.9736
3.11. Short Time Exposure Test (STE)

The STE test was used to assess the cytotoxicity of the formulated systems. This test,
described by Takahashi et al., can be applied when formulations to be tested contain large
percentages of surfactant(s). The test was performed on cells of the corneal epithelium,
such as SIRCs, for a time of 5 min [23,24]. The evaluation of cytotoxicity was carried out by
means of an MTT test. First, an analysis was made on the blank formulation (A) at different
dilutions (Figure 15a). The dilution of 1:100 was thus chosen for further studies.
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Figure 15. Effect of (a) blank formulation treatment on SIRC cell viability; (b) Cell viability of
SIRC cultured in STF, representing the control group, or treated with different concentrations of AR
(50 uM, 100 uM, 500 uM, 1 mM or 2 mM) for 5 min, or (c) with different concentrations of AM (10>
M, 1074 M, 1073 M, 1072 M, 0.05 M). * p < 0.05, ** p < 0.01, *** p < 0.001.

As Figure 15 shows, the concentrations tested on a 1:100 SNEDDS/STF dilution were
5 for the formulation with RSV (AR) and 5 for the formulation with MEL (AM). The choice
of concentrations ranged from a minimum of the therapeutic drug concentration up to
a maximum of 100 times the therapeutic drug concentration. RSV at concentrations of
50 M and 100 1M was protective in retinal cells exposed to hypertension-derived damage
through the regulation of a SIRT-1-related pathway [41]. MEL at a concentration of 10*M
inhibited the activation of Miiller cells (support for the retinal pigment epithelium) and
the production of pro-inflammatory cytokines in a model of diabetic retinopathy through
the upregulation of a SIRT-1 pathway [39,40]. It is well known that less than 5% of the
dose reaches the back of the eye, so a concentrated formulation is preferable for better
efficacy. All AM concentrations were compatible and non-toxic to SIRCs under the used test
conditions. AR was cytotoxic at the highest concentrations, from 500 uM upwards [65,66].
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4. Conclusions

The aim of this study was to design systems, using a statistical approach, with tech-
nological properties and characteristics suitable for topical ocular administration. The
rationale of the study was to design SNEDDS for the delivery of SIRT-1 agonists in ocular
degenerative diseases characterized by a downregulation of the enzyme. RSV and MEL
were chosen as model drugs, both being well known for their effect in regulating the SIRT-1
pathway in inflammatory states of ocular tissues, in particular of the retina.

Four formulations with four different surfactants (Tween® 80, Tween® 20, Cremophor®
EL, and Solutol® HS15) were optimized and characterized in terms of mean size, PDI, ZP,
pH, osmolarity, emulsion time, and transmittance (clearness). All these parameters were
found to be compatible with a possible ocular administration. The SNEDDS formulations
were loaded with RSV and MEL, giving excellent encapsulation results.

The formulation consisting of Capryol® PGMC, Transcutol® P, and Tween® 80 was
chosen for its higher physical stability for the subsequent studies. A slight mucoadhesive
capacity was found after incubation with mucin in a simulated ocular environment. The
formulations of RSV-SNEDDS and MEL-SNEDDS proved to be cytocompatible with cells
of the corneal epithelium.

The results of this work demonstrate that the use of a DoE approach can enable the
optimization of formulations suitable for ocular administration that must encapsulate
highly lipophilic drugs, increasing their apparent solubility in water. Further, in vivo
studies are ongoing to evaluate the mechanism of diffusion of drugs towards the posterior
eye segment and the pharmacological activity of the loaded nanocarriers.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/pharmaceutics16010125/s1, Supplementary Table S1. Physico-
chemical properties of melatonin and resveratrol.
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Abstract: Purpose: The purpose of this study was to develop an enzyme-triggered, therapeutic-
releasing bandage contact lens material using a unique gelatin methacrylate formulation (GelMA+).
Methods: Two GelMA+ formulations, 20% w/v, and 30% w/v concentrations, were prepared through
UV polymerization. The physical properties of the material, including porosity, tensile strain, and
swelling ratio, were characterized. The enzymatic degradation of the material was assessed in the
presence of matrix metalloproteinase-9 (MMP-9) at concentrations ranging from 0 to 300 ug/mL. Cell
viability, cell growth, and cytotoxicity on the GelMA+ gels were evaluated using the AlamarBlue™
assay and the LIVE/DEAD™ Viability /Cytotoxicity kit staining with immortalized human corneal
epithelial cells over 5 days. For drug release analysis, the 30% w/v gels were loaded with 3 ug of
bovine lactoferrin (BLF) as a model drug, and its release was examined over 5 days under various
MMP-9 concentrations. Results: The 30% w/v GelMA+ demonstrated higher crosslinking density,
increased tensile strength, smaller pore size, and lower swelling ratio (p < 0.05). In contrast, the
20% w/v GelMA+ degraded at a significantly faster rate (p < 0.001), reaching almost complete
degradation within 48 h in the presence of 300 ug/mL of MMP-9. No signs of cytotoxic effects were
observed in the live/dead staining assay for either concentration after 5 days. However, the 30% w/v
GelMA+ exhibited significantly higher cell viability (p < 0.05). The 30% w/v GelMA+ demonstrated
sustained release of the BLF over 5 days. The release rate of BLF increased significantly with higher
concentrations of MMP-9 (p < 0.001), corresponding to the degradation rate of the gels. Discussion:
The release of BLF from GelMA+ gels was driven by a combination of diffusion and degradation
of the material by MMP-9 enzymes. This work demonstrated that a GelMA+-based material that
releases a therapeutic agent can be triggered by enzymes found in the tear fluid.

Keywords: bandage contact lens; corneal wounding; gelatin methacrylate; GelMA+; MMP-9

1. Introduction

Corneal injury and subsequent damage to the corneal epithelium can lead to corneal
scarring, vision loss, and potentially blindness. An estimated 1.5 to 2.0 million cases of
monocular blindness are caused by ocular trauma and corneal ulceration annually [1].
Historically, the standard treatment for a corneal abrasion is the insertion of a lubricant
onto the ocular surface, followed by patching the eye to prevent blinking, permitting the
epithelium to heal under the patch. However, the use of an eye patch leads to frustration
for the patient due to the loss of binocular vision. Furthermore, if the eye patch is not worn
appropriately, then it can lead to delays in epithelial recovery, and it is also cumbersome
for clinicians to assess the wound healing progress as this requires the removal of the
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patch [2,3]. Since the advent of more oxygen-transmissible silicone hydrogel materials in
the late 1990’s, the standard of care for managing a corneal abrasion has switched to the
use of bandage contact lenses (BCLs), in which a soft lens is typically worn for 7-10 days
without removal [4-7].

The use of BCLs overcomes the aforementioned problems by allowing the patient
to retain binocular vision while undergoing treatment, and clinicians can easily track the
wound healing progression without having to remove the lens, as they can view the eye
through the transparent lens material [2,3,8-10]. Unfortunately, current BCLs alone do
not outperform ocular lubricants in terms of efficacy or speed of recovery, as they lack
the ocular surface factors or therapeutics that are essential to aid ocular surface repair.
Therefore, it would be beneficial if BCLs could also deliver topical therapeutic agents
concurrently to the surface of the eye while in situ [11]. A soft BCL consists of hydrophilic
polymers that can absorb large volumes of fluid [12,13]. As a result, these materials can also
absorb and release soluble compounds, such as drugs, from their gel matrix [14]. However,
previous studies have shown that commercial contact lens materials are unable to maintain
sustained drug release, and the vast majority of adsorbed drugs are released within the
first few hours of exposure to the eye, thus not providing a desirable release profile [15-19].
Modifications to current materials are needed to improve the release kinetics of currently
available BCLs.

Among the various types of hydrogels available, gelatin is one of the most common
polymers used in biomedical applications [20]. It is an amphoteric protein [20,21]. de-
rived from the hydrolysis of collagen [22], a naturally occurring polymer in the human
cornea [23]. It is a water-soluble, non-cytotoxic polymer with low immunogenicity, and is
biodegradable and highly biocompatible [24-26]. Additionally, it contains many bioactive
sequences, such as arginine-glycine-aspartic acid, which can facilitate cell attachment and
adhesion [20,27,28], making it an ideal material for developing devices used in corneal
wound healing [27]. Not surprisingly, gelatin-based hydrogels have been widely used in
drug delivery and tissue engineering applications [29-31]. However, unmodified gelatin is
relatively weak mechanically, making it a poor material for use as a BCL. These mechanical
disadvantages of gelatin-based hydrogels can be overcome by chemical modifications or
by integrating them with other monomers or polymers [20,32,33]. Gelatin methacrylate
(GelMA), a derivative of porcine-derived gelatin, is produced by substituting the free amine
groups of gelatin with methacrylate anhydride [20]. This polymer can be photo-crosslinked
with a photoinitiator to produce a stronger permanent gel on exposure to ultraviolet (UV)
radiation [20].

A previous publication showed that GeIMA can be converted to GeIMA+ by forming
a gel at 4 °C before the UV crosslinking step [34]. The resulting gel has eight times higher
mechanical strength than that of conventional GeIMA [34]. The gelation step leads to the
construction of triple helix and physical networks, which enhances the crosslinking density
and produces a more homogenous microstructure [34].

An important feature of GelMA and its derivatives is the presence of matrix metallopro-
teinase-sensitive sites, which allows the gel to be biodegraded by matrix metalloproteinase
(MMP) enzymes [35-37]. Several in vitro studies have shown that GeIMA can be degraded
in the presence of MMPs [36,37]. Of note with respect to the use of GeIMA in the ocular
environment is that elevated levels of MMP enzymes are observed following a corneal
wound, in particular MMP-2 (72 kDa type IV collagenase) and MMP-9 (92 kDa type IV
collagenase) [38—41]. Therefore, it would be possible to use GelMA as a primary polymer
in an enzyme-triggered drug delivery system in which the release trigger is exposure to an
MMP enzyme. The GelMA can be used to entrap drugs, drug nanoparticles, or therapeutics,
which are then released when the gel is degraded by the MMPs present at the wound site.
This study aimed to evaluate the release of a wound-healing therapeutic, bovine lactoferrin
(BLF), from GelMA+ materials in the presence of MMP-9.
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Incubate at 60°C for 48 h

2. Materials and Methods
2.1. Materials

Gelatin Type A, BLF (80 kDa), methacrylic anhydride, and Irgacure 2959 were obtained
from Sigma-Aldrich (St. Louis, MO, USA). MMP-9 was obtained from Gibco Thermo Fisher
Scientific (Grand Island, NY, USA). The BLF ELISA kit was obtained from Bethyl Laborato-
ries Inc. (Montgomery, TX, USA). The SpectrumTM Spectra/ Por™ 4 RC Dialysis Membrane
Tubing 12,000 to 14,000 Dalton MWCO was purchased from Fisher Scientific (Carlsbad, CA,
USA). The EpiGROTM Human Ocular Epithelia Complete Media kit was obtained from
Millipore Sigma (Burlington, MA, USA). The LIVE/DEAD™ Viability / Cytotoxicity Kit
for mammalian cells and the AlamarBlue™ Cell Viability Reagent were purchased from
InvitrogenTM by Thermo Fisher Scientific (Eugene, OR, USA).

2.2. Gelatin Methacrylate Synthesis

The method for the synthesis of GeIMA+ has been previously described [34]. In brief,
5 g of gelatin (type A) was dissolved in 50 mL of phosphate-buffered saline 1x (PBS) (10%
w/v) with continuous magnetic stirring at 50-60 °C until the gelatin dissolved. 10 mL of
methacrylic anhydride (20% v/v) was then added dropwise at 50-60 °C with continuous
magnetic stirring and the reaction continued for 1 h. The resulting mixture was diluted
with PBS and dialyzed in deionized (DI) water for 5 days at 40 °C using 12-14 kDa cut-off
dialysis membrane tubes. The GeIMA solution was then frozen at —80 °C and lyophilized.

2.3. Preparation of GelMA+ Hydrogels and BLF-Loaded Gel M A+ Hydrogels

Lyophilized GelMA was mixed in a 1x PBS solution containing the photo-initiator
0.5% w/v Irgacure 2959 to obtain mixtures with 20% and 30% w/v of GelMA. The mixture
was incubated at 60 °C for 48 h and centrifuged for 10 min at 5000 rpm. The mixtures were
further incubated for 30 min at 60 °C before being carefully pipetted into an acrylic mould
to create circular disks (thickness~0.65 mm, diameter~6 mm). The samples were then
incubated at 4 °C for 1 h, before being exposed to UV radiation (360-420 nm) at an intensity
of 32 mW/cm? and polymerized in a Dymax ultraviolet curing chamber (Torrington, CT,
USA) for 5 min to create GeIMA+ gels. For the BLF-loaded GelMA+ hydrogels, 60 uL of
50 pg/mL of BLF was added to the mixture after the 48 h incubation period at 60 °C, then
centrifuged for 10 min at 5000 rpm. Afterwards, the same procedure for the preparation of
the GeIlMA+ hydrogel was followed (see Figure 1).

Mixture pipetted into mould,

incubated at 4°C for 1 h and then
UV cured for 5 min

Centrifuge and incubate
for 30 min at 60°C D @& ) ‘©

ﬁﬁ ) © = #

GelMA + Irgacure 2959

BLF GelMA + BLF gels

Figure 1. Preparation schematic for BLF-loaded GelMa+ hydrogels.

2.4. Physical Characterization
2.4.1. Scanning Electron Microscopy

The pore size and surface morphology of the various gels were observed using an
environmental scanning electron microscope (ESEM-FEI QUANTA™ 250) manufactured
by Field Electron and Ion Company (Hillsboro, OR, USA). The gels were kept in 1x PBS at
room temperature (22-24 °C) to ensure complete swelling and to enable a clear picture of the
morphology of the GeIMA+ gels. The samples were observed under an accelerating voltage
of 20 kV, in a low vacuum mode with a chamber pressure of 0.8 mbar. The electron beam
energy was 20 keV. The sample surface was imaged with two detectors simultaneously:
a large field detector to detect secondary electrons, which is more morphology sensitive,
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and a backscattering electron detector to detect backscattered electrons, which is more
concentration sensitive.

2.4.2. Enzymatic Degradation of the GeIMA+ Hydrogels

The degradation of the 20% w/v and 30% w/v GelMA+ hydrogels was studied in the
presence of varying concentrations of MMP-9. The MMP-9 concentrations were 0, 10, 50,
100, 300 (ug/mL). The circular disk-shaped GelMA+ samples were weighed to determine
their initial weight (Wy) and then placed in 2 mL of varying MMP-9 concentration solutions
in a 24-well plate at 37 °C. The GeIMA+ gels were then reweighed at predetermined time
intervals (Oh,4h,8h,12h,24 h, 48 h, 96 h, 144 h) to determine weight changes over time
(W¢). Before weighing, the gels were gently blotted using lens paper to remove any excess
moisture. The MMP-9 solutions were replaced every day to maintain enzymatic activity.
The percentage degradation was calculated using Equation (1).

Wo — W,

Percent Degradation = L % 100% (1)

0

2.4.3. Swelling Percentage and Water Content of the GeIMA+ Hydrogels

To determine their swelling properties, the GeIMA+ samples were incubated in 2 mL
of PBS at 37 °C for 24 h. After 24 h, the samples were blotted dry using lens paper and
weighed (Ws). The same samples were then freeze-dried and weighed (W;). The percent
swelling was calculated using Equation (2). The water content of the gels was measured
similarly. Water content was calculated using Equation (3).

Percent Swelling = Ws%dwd x 100% ()

Water Content = u
W

x 100% 3)

2.4.4. Mechanical Properties of the GelMA+ Hydrogels

The stiffness of the GeIMA+ hydrogels was assessed using a Mandel-Shimadzu (AGS-
X) tensile testing unit (Shimadzu Corp., Kyoto, Japan) at room temperature (22 °C to 24 °C).
The GelMA+ samples were moulded in a rectangular shape of 7 cm by 1 cm by 0.7 cm
(length x width x thickness) and then soaked in PBS for 24 h at room temperature. The
samples were clamped with two steel clamps 5 mm apart, with Kim wipe tissues used to
hold the edges of the gels to prevent the gels from breaking at the edge of the clamp and to
prevent slippage. The rectangular-shaped gels were stretched at a rate of 1 mm/min to the
breaking point with a load of 500 N. Young’s modulus was calculated from the slope of the
linear region of the stress-strain curve.

2.4.5. Optical Transmittance of the GelMA+ Hydrogels

The optical transmittance of gels with and without BLF was measured via a UV
spectrophotometer (Biotek Citation 5; Winooski, VT, USA). The gels were placed in PBS
in a 48-well plate and the measurements were performed through a wavelength range of
450-700 nm.

2.4.6. In Vitro Release of Bovine Lactoferrin (BLF)

The in vitro release of BLF from 30% w/v GelMA+ gels was undertaken in the presence
of varying concentrations of MMP-9 (0; 100; 300 ng/mL) at 37 °C. The samples were washed
in 2 mL of PBS for 1 h to remove any loosely bound BLF. At =0, 1,12, 24, 48, 72, 96, and
120 h, the samples were analyzed using the BLF ELISA kit. In brief, 100 uL of the test sample
and the standard were added to the 96-well ELISA plate. HRP (streptavidin-conjugated
horseradish peroxidase) and TMB (3,3',5,5'-tetramethylbenzidine) reagents from the kit
were added to each well to produce a colorimetric reaction. The change in yellow colour,
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proportional to the lactoferrin present in the sample, was measured at 450 nm absorbance
using a UV spectrophotometer (BioTek Cytation 5; Winooski, VT, USA).

2.5. Biological Characterizations
2.5.1. Cell Culture

The human papilloma virus (HPV) immortalized human corneal epithelial (HCEC)
cell line was obtained as frozen from the Centre for Ocular Research & Education (CORE),
School of Optometry and Vision Science at the University of Waterloo. The cells were
cultured in tissue culture treated Corning® cell culture flasks (Millipore Sigma, MA, USA)
with a canted neck plug seal cap and a surface area of 25 cm?. The nutrient media con-
sisted of EpiGRO™ Human Ocular Epithelia Complete Media along with supplements
of L-Glutamine, Epifactor O, Epifactor P, Epinephrine, rh Insulin, Apo transferrin, and
Hydrocortisone hemisuccinate (Millipore Sigma, MA, USA). The cells were seeded at a
ratio of 1:2 and grown in an incubator at 37 °C and 5% carbon dioxide.

2.5.2. Cell Culture in the Presence of GeIMA+ Hydrogels

Once the HCEC cells reached 90% confluency, they were seeded on 48-well VWR
Tissue Culture (VWR International, Radnor, PA, USA) treated plates at a cell density of
5 x 10* cells/cm?. The cells were grown in the nutrient media, as described above. Freshly
prepared and sterile (UV sterilized) GeIMA+ hydrogels of both the 20% w/v and 30% w/v
formulations were placed carefully onto the cells in each well and incubated at 37 °C and
5% carbon dioxide. The disc-shaped gels were washed with sterile PBS for 4 min inside the
cell culture hood prior to exposure to the cells. The gels were washed four times in 5 mL of
fresh sterile PBS for 1 min each time to ensure that any unreacted photo crosslinker was
removed. On the 5th day, the cell growth on the hydrogels was evaluated.

2.5.3. Cell Mortality Assay

The AlamarBlue™ cell viability assay (Thermo Fischer Scientific, Eugene, OR, USA)
was conducted after 1, 5, and 7 days of incubation of the GelMA+ hydrogels with the
immortalized HCEC cells. Freshly prepared and sterile (UV sterilized) GeIMA+ hydrogels
of both the 20% w/v and 30% w/v formulations were placed carefully onto the cells in each
well and incubated at 37 °C and 5% carbon dioxide. The disc-shaped gels were washed
with sterile PBS for 4 min inside the cell culture hood prior to exposure to the cells. The
gels were washed four times in 5 mL of fresh sterile PBS for 1 min each time to remove
any unreacted photocrosslinker. At each time point, the cell culture media was removed
and then 0.5 mL of 10% v/v of the AlamarBlue™ cell viability reagent prepared with
serum-free DMEM /F12 media was added to each well. The resulting solution was then
incubated at 37 °C and 5% carbon dioxide for 4 h. 100 pL of the solution from each well
was transferred to a new 96-well plate. The fluorescence was measured (excitation 540 nm,
emission 590 nm) using the BioTek Citation 5 (BioTek, Winooski, VT, USA).

2.5.4. Live/Dead Assay

The cells were cultured and incubated in the presence of the GelMA+ hydrogels
as previously described for 5 days. The media was changed on alternate days. Freshly
prepared and UV-sterilized GeIMA+ hydrogels were placed carefully onto the cells in each
well and incubated at 37 °C and 5% carbon dioxide. Before placement onto the cells, the
disc-shaped gels were washed to remove any unreacted photocrosslinker as described.
The LIVE/DEAD™ Viability /Cytotoxicity kit (Thermo Fischer Scientific, Eugene, OR,
USA) was used to stain the cells and the procedure was performed as described by the
manufacturer. 20 pL of 2 mM of EthD-1 was added to 10 mL of sterile PBS, resulting in a
4 uM EthD-1 solution. 5 uL of 4 mM calcein AM stock solution to the 10 mL EthD1 solution.
The solution was vortexed to ensure thorough mixing. The growth media was withdrawn
from the wells of the 48-well plate containing the cells and the resulting approximately
2 uM Calcein AM and 4 uM EthD-1 solution was then added directly to cells containing
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the GeIMA+ gels. The cells were incubated with dye at room temperature (22-24 °C)
for 20-30 min. Images were obtained with Citation 5 (BioTek, Winooski, VT, USA) via
fluorescence microscopy on the 5th day.

2.5.5. Statistical Analysis

Statistical analysis and graphs were plotted using GraphPad Prism 6 software (Graph-
Pad, La Jolla, CA, USA). An analysis of variance (ANOVA) and a post-hoc Tukey’s test
were performed when necessary to determine the statistical significance between different
conditions. A p-value of <0.05 was considered significant.

3. Results
3.1. Physical Characterization
3.1.1. Scanning Electron Microscopy Images

Figure 2 demonstrates the surface morphology and pore size of the GeIMA+ hydro-
gels at concentrations of 20% w/v and 30% w/v via SEM. The images provide a visual
representation of the internal porous structure of both GeIMA+ formulations. In Figure 2A,
the morphology of the pre-polymerized GelMA exhibits a highly porous surface, with
estimated pore sizes ranging from 150 um to 300 um. Figure 2B,C exhibit the internal
porous structures of the 20% and 30% w/v GelMA+ hydrogels, respectively. The surface of
the 20% w/v GelMA+ exhibits a porous texture, characterized by pore sizes ranging from
30 um to 90 um. In contrast, the 30% w/v GelMA+ surface is more compact, with pore sizes
measuring between 0.078 pm and 0.8 pm.

Figure 2. SEM images of (A) pre-polymerised GelMA (B) 20% w/v GelMA+ hydrogel and (C) 30%
w/v GelMA+ hydrogel.

3.1.2. Enzymatic Degradation of GeIMA+ Hydrogel

Figure 3 shows the degradation of the GeIMA hydrogels in MMP-9 over 144 h (6 days).
Figure 3A,B shows the degradation profile of GeIMA+ in the presence of different MMP-
9 concentration solutions. For both formulations of GelMA+ gels, the degradation rate
increased with increasing concentrations of MMP-9 (p < 0.0001). The 20% w/v GelMA+ gels
degraded faster than the 30% w/v GelMA+ gels (p < 0.001). On the second day (48 h), the
circular-shaped 20% w/v GelMA+ gels completely degraded in the presence of 300 p1g/mL
of MMP-9 without any gel remnants. In contrast, the 30% w/v GelMA+ gels took almost
144 h to degrade approximately 95% of their original weight, leaving behind only a thin
piece of the original gel.

3.1.3. Swelling Profile and Water Content of GeIMA+ Hydrogel
Table 1 shows the swelling ratio and the water content of 20% w/v and 30% w/v
GelMA+ hydrogels (1 = 4). Both formulations of GelMA+ substantially were swelled over

24 h in the presence of PBS to ensure that an equilibrium was achieved. After 24 h, it was
observed that the 20% w/v GelMA+ gels swelled more (p < 0.05) than the 30% w/v GelMA+.
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The water content of 20% w/v GelMA+ gels was significantly higher as compared to 30%

w/v GelMA+ gels (p < 0.05).
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Figure 3. Degradation profile of (A) 20% w/v GelMA+ hydrogel in varying MMP-9 concentrations,
(B) 30% w/v GelMA+ hydrogel in varying MMP-9 concentrations, (C) the shape of 20% w/v GelMA+
hydrogel in PBS after 48 h, (D) the shape of 20% w/v GeIMA+ hydrogel in 100 ug/mL of MMP-9
after 48 h, (E) the shape of 30% w/v GelMA+ hydrogel in PBS after 144 h, (F) the shape of 30% w/v
GelMA+ hydrogel in 100 pg/mL of MMP-9 after 144 h, (G) the shape of 30% w/v GelMA+ hydrogel
in 300 pug/mL of MMP-9 after 144 h. The degradation was conducted at 37 °C.

Table 1. Percent swelling, water content, tensile strain, and Young’s modulus of both GelMA+

formulations.
Formulation 20% GelMA+ 30% GelMA+
% Swelling 303.69 £ 6.95 234.68 + 8.98
Water content (%) 74.85 £+ 0.67 70.85 + 1.81
Tensile strain (kPa) 133.06 + 8.98 181.85 + 25.25
Young modulus (MPa) 2.04 +0.16 2.80 £+ 0.74

3.1.4. Tensile Test

Table 1 shows the influence of the increasing GelMA+ concentration on the tensile
strain and Young’s Modulus (1 = 3). The higher GeIMA+ concentration increased the tensile
strain values (p < 0.05). The 20% w/v GeIMA+ gels were softer with a Young’s modulus
value of 2.04 MPa. The 30% w/v GelMA+ gels were stiffer with Young’s modulus value of
2.80 MPa with reduced elongation at breakpoints.

3.1.5. Optical Transmittance

The optical clarity (1 = 5) of both the blank 20% w/v GelMA+ and 30% w/v GelMA+
gels and BLF-loaded GeIMA+ gels (Figure 4) were measured between 450-700 nm using the
Citation 5UV spectrophotometer. The transmittances of the 30% w/v GelMA+ decreased
significantly (p < 0.0001) as opposed to 20% w/v GelMA+. The blank 20% w/v GelMA+
gels exhibited approximately 90% transmittance at 450 nm. At 630 nm, the transmittance
of 20% w/v GelMA+ was 95.59 £ 1.80%. At 450 nm, the blank 30% w/v GelMA+ gels
exhibited 86.07 & 3.88% transmittance, and at 630 nm, the transmittance was 92.69 =+ 2.96%.
The 20% w/v GelMA+ gels loaded with BLF exhibited 83.61 £ 3.47% transmittance at
450 nm. At 630 nm, the transmittance of the same gel was 90.82 & 3.06%. At 450 nm, the
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% Transmittance

1

% release

BLF-loaded 30% w/v GeIMA+ gels exhibited 78.15 + 2.64% transmittance, and at 630 nm,
the transmittance was 89.49 + 1.29%.
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Figure 4. Optical transmittance of GelMA+ gels and BLF-loaded GelMA+ gels measured at a
wavelength range of 450 nm to 700 nm.

3.1.6. In Vitro Release of Bovine Lactoferrin

The cumulative percent in vitro release kinetics of the BLF (n = 4) is shown in Figure 5.
The release of BLF from the 30% w/v GelMA+ hydrogel matrix significantly increased with
increasing concentration of MMP-9 (p < 0.0001). The amount of BLF released increased
over time for all MMP-9 concentrations (p < 0.0001). Due to the initial washing of the gels
for an hour, there was no burst release observed. The results show that the release of BLF
from the gels was primarily driven by the enzyme present in the solution.

Conc. of MMP-9 (png/mL)
0
m 100
I A 300

1

40 80 120
Time (Hours)

Figure 5. In vitro release of Bovine Lactoferrin from 30% w/v GelMA+ in the presence of varying
MMP-9 concentrations at 37 °C.

3.2. Biological Characterization
3.2.1. Cell Growth on GeIMA+ Gels

Figure 6 the growth and attachment of the immortalized HCEC cells in the presence
of both the formulations of GeIMA+ gels (1 = 4). With 30% w/v GelMA+ gels, a greater
amount of cell growth and attachment was observed as compared to 20% w/v GelMA+.
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The images were observed phase-contrast microscopy with a 20x objective. The images
were captured on the 5th day using Zeiss AxioVision Software (White Plains, NY, USA).

Figure 6. (A) Growth of immortalized HCEC cells on 20% w/v GelMA+ gels, (B) Growth of immor-
talized HCEC cells on 30% w/v GelMA+ gels. On the 5th day, the cell growth on the respective
hydrogels was observed.

3.2.2. Cell Mortality Assay

Figure 7 shows the percentage of cells viable on the GeIMA+ hydrogels (1 = 4) on the
1,5, and 7 days of incubation as measured by the AlamarBlue™ assay. The cell viability
was compared to the control, where the cells were grown in the absence of the GelMA+
gels, only in the presence of EpiGrow media. On the 7th day, 20% w/v GeIMA+ hydrogel
showed 80% cell viability, whereas the 30% w/v GelMA+ showed almost 95% cell viability.
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Figure 7. Percentage of HCEC cell viability in the presence of 20% w/v and 30% w/v GelMA+

respectively in comparison to control. * p < 0.05.

3.2.3. Live/Dead Assay

Figure 8A—C show the live and dead cell distribution after 5 days in the culture media
control (no GelMA+), cells incubated with 20% w/v GelMA+ and cells incubated with 30%
w/v GeMA+ (n = 4). The experiments were repeated on different days. Cells that were
stained green (Calcein-AM) were live cells whereas the cells that were stained red (EthD-1)
were dead cells. For both the formulations of GeIMA+, a large number of cells remained
alive with no signs of cytotoxicity (as evident from the green colour of Calcein-AM) when
compared to the control after 5 days.
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Figure 8. Live/Dead HCEC cells distribution on (A) Control (No GelMA+), (B) 20% w/v GelMA+,
(C) 30% w/v GelMA+. The green-coloured (calcein AM) dots denote the presence of live cells and
the red-coloured dots (EthD-1) denote the presence of dead cells. These images were captured after
5 days of incubation of the HCECs on the respective GelMA+. The images show the higher number
of live cells in the presence of GeIMA+ which is comparable to the control.

4. Discussion

GelMA hydrogels have been previously used in various biomedical devices [42—45],
but the material lacks the mechanical strength required for high wear-tear applications, such
as for use on the eye [34]. In a previous study, the modification of a conventional GeIMA
hydrogel using a sequential hybrid crosslinking process was described, involving both
physical and chemical crosslinking, to improve the mechanical properties of the resulting
material [34]. The new material, GeIMA+, demonstrated an 8-fold increase in mechanical
strength as compared to GeIMA. The extra incubation period leads to improved triple
helix and physical network formation leading to enhanced crosslinking. The resulting
GelMA+ material has significantly improved mechanical strength and exhibits slower
biodegradation kinetics (both in vitro and in vivo) than GelMA [34].

The physical characterization (porosity, tensile modulus, and water swelling) and
biological parameters (cell viability and spreading) of GeIMA hydrogels are important to
determine the suitability of these hydrogel polymers for different biomedical applications.
The SEM images (Figure 2) showed the porous nature of the GelMA+ hydrogel. The
porosity of the hydrogel affects both the drug uptake and release [46,47]. Previous studies
on GelMA have shown the porous nature of the hydrogel, with pore sizes ranging from
50 um to 77 um [48,49]. The pore size of the fully crosslinked GelMA+ was considerably
less compared to the pre-polymerized GeIMA. The pore size of pre-polymerized GelMA
was around 150 um to 300 um, whereas the pore size for 20% and 30% w/v GelMA+ were
around 30-90 pm and 0.078-0.8 pum respectively. With an increase in the concentration
of the polymer, there was an increase in the crosslink density, which was also observed
in previous studies [50,51]. The increase in cross-linking density concurrently leads to a
decrease in the pore size.

Both the formulations showed a considerably high tensile strength. The 30% w/v
GelMA+ was stiffer, with a tensile strain of 181.85 + 25.25 kPa, as compared to the 20%
w/v GelMA which had a tensile strain of 133.06 & 8.98 kPa (see Table 1). The higher
modulus can be attributed to an increase in crosslink density, which limits the material’s
ability to deform. These high tensile values are important to maintain the original shape
and physical dimensions of any contact lens or ocular drug-delivering insert made for
exposure to the ocular surface, which would be exposed to blinking [52]. The 30% w/v
GelMA+ was stiffer, with a Young’s modulus of 2.8 MPa, as compared to the 20% w/v
GelMA, which had a tensile modulus of 2.0 MPa (Table 1). This shows that the mechanical
property of the GeIMA+ hydrogel could be effectively regulated by increasing the GelMA+
concentration. To prepare GelMA+ gels with tensile moduli values of commercial soft
contact lens materials, which are typically around 0.3 to 0.6 MPa [53], further tuning of the
GelMA+ material is needed.

Hydrogels consist of hydrophilic polymeric networks capable of imbibing large
amounts of water [54,55]. A previous study demonstrated that hydrogels with smaller pore
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sizes have lower swelling ratios [56]. As expected (Table 1), the 20% w/v GelMA+, with its
lower cross-link density and larger pore sizes, swelled more than the 30% w/v GelMA+.
Crosslink density also affected the rate of degradation of the GeIMA+ gels. In this study, the
degradation was also shown to be dependent on the presence of collagenase enzymes such
as MMPs, with increasing amounts of MMP-9 concentration increasing the degradation rate
(Figure 3). The 20% w/v GeMA+ was completely degraded in the 300 pg/mL MMP-9 in
2 days, without any remnant of the original polymer. However, the 30% w/v GelMA+ took
almost 6 days to degrade to 95% of the original polymer in the same MMP-9 concentration.
The results suggest that increasing the GeIMA+ cross-link density can be used to extend
the degradation time for the GeIMA+ hydrogels by MMP enzymes. Figure 3C-G shows the
shape of the gels during the stages of degradation. In Figure 3B,D, it was observed that the
edges of the circular gels remained after degradation. This can be attributed to the shape of
the mould in which the gels were formed, which is thicker on the edges than the centre.
Based on this study, the 30% w/v GeIMA+ would be an ideal candidate for encapsulation
of drugs and therapeutics.

The transmittance of contact lenses should be above 90% for optical clarity [57]. It
is evident from Figure 4 that the transmittance of both blank GeIMA+ formulations is
above 90% in the visible light range. However, the 30% w/v GelMA+ gels exhibited lower
(p < 0.0001) transmittance compared to 20% w/v GeIMA+. This is likely due to the higher
concentration of polymer in the 30% w/v GelMA+ [58]. With BLF-loaded GeIMA+ gels,
the transmittance values were lower than the blank gels (Figure 4) owing to the presence
of BLF molecules in the GeIMA+ matrix. Commercial soft contact lenses have a central
thickness ranging from 0.06 mm to 0.24 mm [59]. The GelMA+ gels in this study have a
thickness of around 0.65 mm. The transmittance value of both the blank and BLF-loaded
GelMA+ formulations would increase if the gels were made thinner [60].

Several papers have shown that GelMA is a favourable biopolymer for cell
growth [49,61-64] and hence proliferation and cytotoxicity tests were conducted to eval-
uate the biocompatibility of GeIMA+. Figure 6A,B indicated that the HCEC thrived and
proliferated in the presence of GeIMA+, with greater cell growth on the 30% w/v GelMA+
hydrogel compared to 20% w/v GelMA+. It was hypothesized that at higher GelMA+
concentrations, there are more cell-attachment sites (Arg-Gly-Asp (RGD)). The greater
spreading of GeIMA+ may also be associated with the material’s increased stiffness, which
is required as an adequate surface/matrix for HCEC growth [65]. In line with the Alamar
Blue data observed in the cell growth on GeIMA+ gels (Figure 7), more cells were viable in
the presence of 30% w/v GelMA+ gels (p < 0.0001). indicating that the cells preferred the
presence of GeIMA+. The Live/Dead cell assay (Figure 8A-C) indicated that neither for-
mulation was cytotoxic to the HCEC cells. A large number of cells were viable for a period
of 5 days with very few dead cells, as indicated by the red dots (EthD-1) in the live/dead
cell assay images. For both formulations of GelMA+, a considerably large number of cells
remained alive with almost no signs of cytotoxicity. Overall, these results indicated that the
immortalized HCEC could proliferate over 5 days on all GeIMA+ hydrogels, with greater
attachment and proliferation on 30% w/v GelMA+.

Based on the porosity of the GelMA+ gels, a high molecular weight compound would
be an ideal candidate for entrapment and release from the gel when degraded by collage-
nase enzymes. It was hypothesized that smaller molecules could simply diffuse from the
gels at a faster rate than the rate of degradation. For this study, BLF was used as a model
therapeutic for wound healing, which has a molecular weight of around 80 kDA [66].
Lactoferrin, an iron-binding monomeric glycoprotein [67], is produced by the epithe-
lial cells of different mammalian organs and found in several secretions, including milk,
saliva, tears [68], digestive secretions, nasal secretions, colostrum, and vaginal fluids,
with colostrum and milk producing the highest amount of lactoferrin. It can be obtained
from several mammalian species [69-71]. BLF has been reported to promote wound heal-
ing [66,72-74] and has shown promising results in the closure of alkali-wounded corneal
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epithelial cells [66,72]. It has been shown that the C-lobe of BLF is primarily responsible for
the healing of wounded corneal epithelial cells [75].

MMPs play an important role in wound healing and inflammation [76]. These enzymes
are responsible for the cleaving and remodelling of epithelial basement components and
tight junction proteins [77,78]. MMPs are proteolytic enzymes that are produced where
ocular surfaces are stressed [79,80]. The presence of pro MMP-9 in the tears of healthy
patients was found at around 20.32 £ 5.21 ng/mL. However, patients suffering from
conjunctivochalasis had MMP-9 concentrations around 223.4 + 74.53 ng/mL [81]. In
another study, active MMP-9 among healthy patients was reported at 8.39 & 4.70 ng/mL,
while patients suffering from severe dysfunctional tear syndrome showed a very high
MMP-9 activity of 381.24 + 142.83 ng/mL [82]. The presence of MMP-9 on the ocular
surface can be utilized to enhance the release of active therapeutic agents from GelMA+
materials, and subsequently aid in corneal wound healing. Here, as a proof of concept,
a higher level of enzymatic concentration than that typically found on the ocular surface
was chosen to trigger the release of BLF from 30% w/v GeIMA+ gels to demonstrate the
correlation between the enzymatic concentration and the release of the therapeutic agent.
However, more work will be needed to design materials that exhibit the same degradation
kinetics at physiological concentrations of MMP9s.

As the 30% w/v GelMA+ was found to be a favourable candidate for the wound
healing material, it was chosen as the hydrogel polymer to study the triggered release
of BLF dispersed in its matrix over a period 5 days in the presence of varying MMP-9
concentrations. The GelMA+ was able to release BLF over the specified study period in
an increasing manner (Figure 5). The release kinetics of BLF from the gels did not show a
burst release within the first hour, which is normally observed in drug release studies from
hydrogels [15,18,19,83]. It was hypothesized that the initial wash step for an hour removed
most of the loosely bound BLF on the surface or sub-surface of the gels, which was around
14% of the total therapeutic concentration, which could have contributed to a burst release.
In the absence of MMP-9, only 12.06 + 3.41% of the total BLF was released after 120 h,
which was due to passive diffusion. The overall results showed that the release of the BLF
is dependent on both diffusion and enzyme concentration but with a higher impact from
the latter. Thus, it is possible to control the release of the drug therapeutic from the GelMA+
by adjusting the polymer and enzyme concentration. Depending on the enzymes available
at the wounded site, the GeIMA+ gels can be formulated similarly so that they degrade
completely in situ, releasing the therapeutic or drug to assist in wound healing.

One advantage of an enzyme-degradable biomaterial is that it does need to be removed
while it degrades in situ. It can be used for sustained and controlled drug delivery to deliver
drugs to the site of action in the body [84,85]. As observed from the BLF release profile, the
release of the therapeutic agent is directly proportional to the presence of MMP-9. This
implies that the drug release will respond to the wound’s severity. Large wounds will have
higher MMP levels [86,87] and this in turn will degrade the GelMA+ faster, leading to a
higher release of the therapeutic agents. The main disadvantage of a GeIMA+ bandage
contact lens is that it would cause vision problems as it degrades. One alternative is to
incorporate this material as a contact lens skirt or ring implant or formulate the material as
an ocular insert that is inserted under the lower lid, where slow degradation would not
impact vision but would release the therapeutic of interest.

5. Conclusions

This study investigated the use of GeIMA+ gels at different concentrations (20% and
30% w/v) as potential materials for therapeutic bandage contact lenses or ocular inserts to
treat recurrent corneal erosion or other ocular surface injuries. GeIMA+ gels demonstrated
degradation in the presence of MMP-9, an enzyme upregulated during corneal wounds.
The release of BLF from the GelMA+ gel was facilitated by MMP-9. These findings suggest
that GeIMA+ gels hold promise as a biomaterial to promote corneal wound healing. Further
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research can explore ways to optimize the gel properties for faster degradation at lower,
physiologically relevant MMP-9 concentrations.
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Abstract: Celecoxib (CCB), a cyclooxygenase-2 inhibitor, is capable of reducing oxidative stress and
vascular endothelial growth factor (VEGF) expression in retinal cells and has been shown to be
effective in the treatment of diabetic retinopathy and age-related macular degeneration. However,
the ocular bioavailability of CCB is hampered due to its very low aqueous solubility. In a previous
study, we developed 0.5% (w/v) aqueous CCB eye drop microsuspensions (MS) containing randomly
methylated B-cyclodextrin (RMBCD) or y-cyclodextrin (yCD) and hyaluronic acid (HA) as ternary
CCB/CD/HA nanoaggregates. Both formulations exhibited good physicochemical properties. There-
fore, we further investigated their cytotoxicity and efficacy in a human retina cell line in this study.
At a CCB concentration of 1000 pg/mL, both CCB/RMBCD and CCB/yCD eye drop MS showed
low hemolysis activity (11.1 £ 0.3% or 4.9 & 0.2%, respectively). They revealed no signs of causing
irritation and were nontoxic to retinal pigment epithelial cells. Moreover, the CCB eye drop MS
exhibited significant anti-VEGF activity by reducing VEGF mRNA and protein levels compared to
CCB suspended in phosphate buffer saline. The ex vivo transscleral diffusion demonstrated that a
high quantity of CCB (112.47 + 37.27 ug/mL) from CCB/yCD eye drop MS was deposited in the
porcine sclera. Our new findings suggest that CCB/CD eye drop MS could be safely delivered to the
ocular tissues and demonstrate promising eye drop formulations for retinal disease treatment.
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1. Introduction

Age-related macular degeneration (AMD) and diabetic retinopathy (DR) are emerg-
ing as global health issues that are leading causes of irreversible blindness and visual
impairment [1,2]. The prevalence of both conditions is expected to rise over time and
approximately 288 million people will be affected with AMD by 2040 and 191 million
people with DR by 2030 [2,3]. Indeed, vascular endothelial growth factor (VEGF) is a
common factor involved in the pathophysiology of both DR and AMD [4]. Excessive
VEGF expression in the retina causes vascular leakage and choroidal neovascularization,
which mean the formation of new, abnormal blood vessels in the choroid and subretinal
region [5,6], ultimately causing a breakdown of the blood-ocular barrier and allowing the
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influx of fluids and macromolecules from the blood into the retina, resulting in central
vision impairment [7]. Laser photocoagulation and vitrectomy have been the gold standard
therapy for decades. Additionally, the systematic use of anti-inflammatory, antiangio-
genesis, and antihypertensive agents, antioxidants, and hypoglycemic agents has been
reported as beneficial in managing AMD and DR [8-10]. In recent years, researchers have
increasingly focused on strategies targeting VEGF [11].

Celecoxib (CCB), a selective cyclooxygenase-2 inhibitor, has shown anti-inflammatory,
anti-VEGEF, and antiproliferative effects on the retina cells [4]. CCB reduces VEGF secretion
from retinal pigment epithelium (RPE) and exhibits antiproliferative effects on RPE and
the choroid endothelium. These unique properties make CCB a potential drug candidate
for the treatment of AMD and DR [4]. Recently, oral administration of CCB has been
proven to reduce vascular leakage and retinal VEGF mRNA expression in diabetic rat
models. However, achieving therapeutic levels in the eyes requires a very high oral dose
(50 mg/kg twice daily), leading to systemic side effects and toxicity [12]. Although invasive
intravitreal injections can provide effective drug levels in the targeted retina, this approach
is often complicated by endophthalmitis and retinal detachment, particularly after multiple
injections [13]. Likewise, intraocular and periocular injections also carry a high risk of
tissue damage and ocular infections [14].

To address these challenges, in a previous study, we developed noninvasive eye drop
microsuspensions (MS) containing CCB and cyclodextrin (CD) [15]. Our findings revealed
that randomly methylated 3-cyclodextrin (RMBCD) or y-cyclodextrin (yCD) had a strong
complex forming affinity to CCB, and the addition of a biocompatible polymer enhanced
CD solubilization through ternary complex formation [15]. The developed aqueous 0.5%
(w/v) CCB eye drop MS, containing RMBCD or yCD and hyaluronic acid (HA), exhibited
favorable physicochemical properties, including pH, osmolality, and viscosity, along with
good mucoadhesion. Moreover, they exhibited a high permeation flux across various
tested membranes [16]. In the present study, we conducted further investigations into the
safety of our developed CCB/CD eye drop MS using in vitro hemolysis, the hen’s egg
test-chorioallantoic membrane, cell viability, and short-time exposure tests. Additionally,
the anti-VEGF effects (both protein and mRNA levels) in human retinal cell line were
assessed using a western blot assay and a real-time polymerase chain reaction assay to
evaluate the efficacy of the drug. Finally, we investigated the ex vivo transscleral diffusion
of CCB/CD eye drop MS through porcine sclera.

2. Materials and Methods
2.1. Materials

Celecoxib (CCB) was kindly donated by Unison Laboratories Co., Ltd., (Bangkok,
Thailand). Randomly methylated 3-cyclodextrin (RMBCD) with molar substitution of 1.8
(MW 1312 Da) was purchased from Wacker Chemie (Munich, Germany) and y-cyclodextrin
(vCD) was kindly gifted by Ashland (Wilmington, DE, USA). Hyaluronic acid (HA), MW
1-1.4 MDa was from Soliance (Pomacle, France); ethylenediaminetetraacetic acid disodium
salt dihydrate (EDTA) and sodium chloride (NaCl) were from Ajax Finechem Pty Ltd.
(Taren Point, Australia); and benzalkonium chloride (BAC) was from Sigma-Aldrich
(St. Louis, MO, USA). All other chemicals used were of analytical reagent grade purity.
Milli-Q (Millipore, Billerica, MA, USA) water was used for the preparation of all solutions.
The Statens Seruminstitut Rabbit Cornea (SIRC) and human retinal pigment epithelial
(ARPE-19) cell lines were purchased from American Type Culture Collection (ATCC)
(Manassas, VA, USA). All reagents used in cell culture were purchased from Invitrogen
(Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Preparation and Characterizations of CCB Eye Drop Microsuspensions (MS)

Previously, preparation of the CCB/RMBCD MS and CCB/yCD MS eye drops and their
characterization has been described [16]. A 0.5% (w/v) solution of CCB was suspended in
an aqueous CD solution (7.5% w/v RMBCD or 10% w/v yCD). Then, 0.1% (w/v) EDTA and
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0.02% (w/v) BAC were added to the suspension. A mixer mill (RETSCH® MM400, Haan,
Germany) with 2 mm zirconium beads was used to reduce the size of the aqueous CCB eye
drop suspensions and the process was performed at 25 Hz for 30 min. Subsequently, 0.5%
(w/v) HA was added and mixed until it was completely dissolved. The pH of the resulting
CCB eye drop MS was adjusted to 7.4 with sodium hydroxide (NaOH) and tonicity was
adjusted with NaCl. The suspension was further sonicated in an ultrasonic bath (GT Sonic,
China) at 70 °C for 1 h, and finally, water for injection was added to obtain the desired volume.
CCB ophthalmic MS containing RMBCD or yCD were designated as CCB/RMBCD MS and
CCB/yCD MS, respectively. These CCB eye drop MS contain micro- and nanoparticles of free
CCB, solid CCB/CD complexes, and dissolved CCB/CD nanoaggregates. The particle size of
CCB/RMBCD MS and CCB/yCD MS is less than 8 um, which has been previously reported
as acceptable and nonirritating to the eye [16].

The appearance of CCB eye drop MS was visually inspected, and the pH value was
measured using a pH meter (METTLER TOLEDO™, SevenCompact 5S220-Basic, GmbH,
Giessen, Germany) at room temperature. The osmolality was measured in an osmome-
ter (OSMOMAT 3000 basic, Genotec GmbH, Berlin, Germany) using the freezing point
depression principle at room temperature. A viscometer (Sine-wave Vibro SV-10, A&D
Company, Tokyo, Japan) was used to determine the viscosity of each formulation. The
surface tension of the formulation was measured by using a dynamic contact angle meter
and tensiometer (DCAT 21, Dataphysics instrument GmbH, Filderstadt, Germany) via a
Wilhelmy plate. The re-dispersion time, i.e., the time required to obtain a uniform sus-
pension, was determined after the vial was placed in an upright position and motionless
for 5 days. A mechanical shaker (Stuart Scientific, Nottingham, UK) was used to roll the
container in a horizontal position at 75 rpm and time for the achievement of the homoge-
nously suspended formulation was recorded. Total CCB content and dissolved content
were analyzed using reversed-phase high-performance liquid chromatography (HPLC), as
detailed in our previous report [16]. Each measurement was conducted in triplicate, and
the results are expressed as the mean values + standard deviation (SD).

2.3. Hemolysis Activity

Sheep blood was supplied by the Faculty of Veterinary Science, Chulalongkorn Uni-
versity. Initially, the blood sample was centrifuged at 4000 rpm for 20 min. The supernatant
and the buffy coat were discarded via pipetting. The erythrocytes (RBCs) were washed
three times with phosphate buffer saline (PBS, pH 7.4) and then resuspended. It was noted
that the hematocrit value of RBCs in PBS was 40%. After appropriate dilution, RBCs were
counted using a hemocytometer (Boeco, Hamburg, Germany). Following this, CCB eye
drop MS was added to the suspended RBCs and diluted with PBS to achieve a final CCB
concentration range of 25-1000 ug/mL. The samples were agitated in a shaking incubator
at 37 °C and 100 rpm for 30 min and then transferred in an ice bath to stop hemolysis.
Finally, the samples were centrifuged at 3000 rpm for 5 min, and the supernatant was
analyzed for free hemoglobin concentration at 576 nm using a UV-VIS spectrophotometer
(Model UV-1601, Shimadzu, Tokyo, Japan) [17]. The percentage of hemolyzed RBC (%
hemolysis) was determined using the following equation.

(Abs — Absy)

e x 1 1
(Ab5100 —AbSO) x 100 ( )

% Hemolysis =

where Abs, Absg, and Abs;gy were the absorbances for the sample, control with PBS, and
control with distilled water, respectively.

2.4. Irritation Study by Hen's Egg Test-Chorioallantoic Membrane (HET-CAM)

The cytocompatibility of CCB/RMBCD MS and CCB/yCD MS were determined using
the HET-CAM assay [18]. Firstly, fertile broiler chicken eggs were hatched at 38.0 + 0.5 °C
with a relative humidity of 58.0 4= 2.0% for 9 days in an automatic rotation incubator. The
rotation of the incubator was stopped on day 8 to position the air sac in the wider part of
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the egg for an additional day. On day 9, the outer eggshell was carefully removed, and
then 300 pL of CCB eye drop MS was directly applied onto the chorioallantoic membrane.
The irritation potential was observed at fixed time intervals of 0.5, 2, and 5 min. In this
study, 0.1% (w/v) NaOH solution served as a positive control (C+), and 0.9% (w/v) NaCl
solution served as a negative control (C—). The irritation scores (IS) ranging from 0 to 21,
were recorded according to Luepke (1985) [19], and irritation was classified as follows:
(I) hemorrhage (vessels bleeding), (II) vascular lysis (disintegration of blood vessel) and
(II) coagulation (intra- and/or extravascular denaturation of protein). The experiment was
performed in triplicate.

2.5. In Vitro Cytotoxicity Study
2.5.1. Short-Time Exposure (STE)

SIRC cells were used for performing the STE test to determine the cytotoxic effect of
chemicals on corneal epithelium damage and eye irritation potential [20]. Briefly, SIRC
cells (ATCC, Manassas, VA, USA) were grown in a complete medium and incubated at
37 °Cin a 5% carbon dioxide (CO,) humidified air incubator. The complete medium used
in this study consisted of Eagle’s Minimum Essential Medium (EMEM; ATCC, Manassas,
VA, USA), 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin solution. The
cells were seeded in 96-well plates at a density of 1 x 105 cells/well /100 uL and allowed to
grow at 37 °C for 24 h. Subsequently, the cells were treated with 200 uL of formulations,
i.e.,, CCB/RMBCD MS and CCB/yCD MS and their respective blanks, at concentrations of
5% and 0.05% in normal saline. The blanks of each formulation consist of excipients, except
for the CCB, and follow the procedure of preparation as described in Section 2.2. Blanks of
CCB/RMBCD MS and CCB/yCD MS were designated as blank RMBCD MS and blank
YCD MS, respectively. The coefficient of variation (%CV) of SIRC cells was evaluated after
a 5 min exposure, and ocular irritation was graded using scores of 1, 2, and 3 to indicate
minimal, moderate, and severe conditions, respectively. Then, the total eye irritation score
was calculated by summing the scores obtained from both 5% and 0.05% of each test [20].

2.5.2. Cell Viability (CV) Test

The methyl thiazolyl-diphenyl-tetrazolium bromide (MTT) assay was employed to
further investigate in vitro cytotoxicity [21,22] and to provide information for determining
drug efficacy. CCB/RMBCD MS, CCB/yCD MS, and their respective blanks were tested to
determine the toxicity in the ARPE-19 cell line (ATCC, Manassas, VA, USA). ARPE-19 cells
express angiogenic factor, i.e., VEGF in retinal diseases [23]. In brief, the cells were grown
in Dulbecco’s modified Eagle’s medium F12 (DMEM/F12; ATCC, Manassas, VA, USA),
supplemented with 10% FBS and 1% penicillin/streptomycin solution, and maintained at
37 °Cin a 5% CO, humidified air incubator. Cells were seeded in 96-well plates at a density
of 1 x 10% cells/well /100 pL. Next, cells were treated by adding 100 pL of the test sample
at concentrations ranging from 12.5 to 500 ug/mL to each well. After 24 h of incubation,
cells were rinsed twice with PBS (pH 7.4). Subsequently, MTT solution in PBS (pH 7.4) was
added to each well and incubated for 4 h. Formazan crystals were dissolved in isopropanol
(100 uL/well) with 0.04 M HCI. The optical density (OD) in each well was measured at
570 nm using Fluostar Omega microplate reader (BMG Labtech, Ortenberg, Germany). The
%CV was then computed according to Equation (2). A test sample was considered lethal to
the cells when the %CV was less than 70%.

o\ ODsample
CV (%) - x 100 (2)
where ODg,mple means the OD of media in each well that contains the cells treated with the
drug sample, and MTT solution, and OD o) means the OD media without drug samples.
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2.6. Anti-VEGF Activity
2.6.1. Hypoxia Exposure

Cobalt chloride (CoCl,) was employed to simulate a hypoxic state by inducing the
activity of hypoxia-inducible factor 1-alpha (HIF-1a), leading to the release of VEGF-A
in retinal epithelial cells [24]. Our preliminary data demonstrated that a concentration of
100 uM CoCl, was not toxic to ARPE-19 cells. Prior to CoCl, exposure, the cells were
cultured to establish a confluent monolayer in a complete medium. Subsequently, the
culture medium was replaced with fresh medium containing 100 uM CoCl,. After a 24 h
induction period, the medium containing CoCl, was removed, and the cells were further
incubated with samples (i.e., CCB in PBS, CCB/RMBCD MS, CCB/yCD MS, and their
respective blanks). The well without treatment was replaced by the medium and designated
as a negative control.

2.6.2. Western Blot

A western blot assay was carried out to assess the anti-VEGF activity at the protein
level [25]. After 24 h treatment with samples, ARPE-19 cells were washed with PBS
and lysed. The protein was extracted by adding radioimmunoprecipitation assay buffer
(10x, cat no. 9806S; Cell Signaling Technology, Danvers, MA, USA), supplemented with
a protease inhibitor cocktail (100X, cat. no. 5871; Cell Signaling Technology, Danvers,
MA, USA). The lysed cells were then centrifuged at 4 °C, 12,000 rpm for 5 min, and the
supernatant was collected. The protein concentration was determined using a microplate
reader (Fluostar Omega, BMG Labtech, Ortenberg, Germany). A standard amount of
protein was mixed with loading dye (cat. no. R1151; Thermo Scientific™, Waltham, MA,
USA) and heated for 5 min at 95 °C. This mixture was subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis and then transferred to a nitrocellulose membrane (Bio-
Rad Laboratories, Benicia, CA, USA). After blocking with 5% skimmed milk for 1 h, the
membrane was incubated with a primary antibody, VEGF-A (1:1000; cat. no. ab67214615;
Abcam, Cambridge, UK), overnight at 4 °C, followed by incubation with the secondary
antibody;, i.e., horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (1:3000;
cat. no. ab6721; Abcam, Cambridge, UK) for 1 h at room temperature. Protein bands were
visualized after extensive washing with enhanced chemiluminescence substrate (cat. no.
ab65623; Abcam, Cambridge, UK) using the ChemiDoc Imaging System (ChemiDocTM,
Bio-Rad Laboratories Inc., Benicia, CA, USA). To verify the equal loading of the proteins,
membranes were stripped, reblocked, and reprobed to detect beta-actin ([3-actin; 1:1000; cat.
no. ab6721; Abcam, Cambridge, UK). The quantification of bands on membrane was carried
out using densitometry analysis through Image]J software version 1.54 (National Institute of
Health, http:/ /rsb.info.nih.gov/ij/ [accessed on 15 January 2023]). The integrated optical
density (IOD) of each band was calculated and normalized by [3-actin as described [26].
All experiments were conducted in triplicate.

2.6.3. Real-Time Polymerase Chain Reaction (RT-PCR)

The suppression of VEGF-A levels in mRNA was determined by RT-PCR. After 24 h
treatment of samples, ARPE-19 cells were washed with PBS. Then, total RNA extraction
was performed utilizing the AURUM total RNA Mini Kit with DNase digestion (Bio-Rad,
Laboratories Inc., Benicia, CA, USA), following the recommended procedure provided by the
manufacturer. First-strand cDNA was generated from 1 pg of total RNA using the iScript
cDNA Synthesis Kit (Bio-Rad, Laboratories Inc., Benicia, CA, USA). Quantitative real-time
PCR (qPCR) was conducted using SYBR Green on the iQ5 Multicolor Real-time PCR Detection
System (Bio-Rad, Laboratories Inc., Benicia, CA, USA). The VEGF primer (PrimePCR™ SYBR®
Green Assay: VEGF-A, Human, Bio-Rad, Laboratories Inc., Benicia, CA, USA) was used as the
target gene, while a mixture of forward primer 18sRNA-5584 (GTAACCCGTTGAACCCCATT)
and reverse primer 18sRNA-5734 (CCATCCAATCGGTAGTAGCG) was used for reference
genes. The final reaction mixture consisted of 1 pL of each primer, 0.5 uL of cDNA, and
5 uL of iTaq Universal SYBR Green Supermix (Bio-Rad, Laboratories Inc., Benicia, CA, USA),
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with the remaining mixture volume adjusted to 10 pL using RNase-free water. All reactions
were conducted in triplicate. RT-PCR was carried out in a thermal cycler (CEX96™ Real-
Time System, Bio-Rad, Laboratories Inc., Benicia, CA, USA) with an initial 3 min hot start
denaturation step at 95 °C, followed by 40 cycles at 95 °C for 2 s and at 60 °C for 20 s.
Throughout the reaction, fluorescence, and consequently the quantity of PCR products, were
continuously monitored via CFX Maestro™ software version 2.3 (Bio-Rad, Laboratories
Inc., Benicia, CA, USA). The samples were compared using the relative cycle threshold (Ct)
method. After normalization, the levels of increase or decrease were determined with respect
to controls, using the formula 2-AACt where ACt is (gene of interest Ct) — (reference gene Ct),
and AA Ctis (ACt experimental) — (ACt control) [26,27].

2.7. Ex Vivo Porcine Transscleral Permeation of CCB

The ex vivo ocular permeation study was conducted using vertical Franz diffusion
cells (NK laboratory, Bangkok, Thailand) across the porcine sclera. The receptor phase
consisted of 2.0% (w/v) yCD in PBS (pH 7.4). yCD was added to the receptor phase to
maintain a sink condition. A volume of 1.5 mL of CCB/yCD MS was placed in the donor
compartment, and the system was maintained at 35 & 0.5 °C with continuous agitation
at 750 rpm throughout the test. CCB in PBS suspension served as a reference formulation.
At specific time points, i.e., 1, 2, and 4 h, the sclera was removed and washed three times
with ultrapure water and PBS. The amount of CCB retained in each sclera was extracted by
cutting them into small pieces and sonicating them in methanol for 30 min. Subsequently,
the concentration of CCB was analyzed using the validated HPLC method described in our
previous report [16].

2.8. Statistical Analysis

All quantitative data were presented as mean + standard deviation (SD). The statisti-
cal analysis was conducted using SPSS version 16.0 software. Initially, the normality of the
data distribution was assessed using the Shapiro-Wilk test. The results indicated a normal
distribution of the data, justifying the use of a one-way ANOVA for the analysis. Subse-
quently, we performed a one-way ANOVA followed by Tukey’s post-hoc test. Statistical
significance was set at a p-value of 0.05.

3. Results and Discussion
3.1. Physicochemical Characteristics of CCB Eye Drop MS

Table 1 displays the physicochemical characteristics of CCB eye drop MS. These CCB
eye drop MS exhibited milky white suspensions. The pH values for both CCB eye drop
formulations were determined to be 7.40 after adjustment with sodium hydroxide, which
is well tolerated by the eye [28]. The tonicity of the formulations was adjusted by NaCl
to be isotonic (260-330 mOsm/kg). The viscosities of these CCB ophthalmic preparations
are close to the upper limit of the optimal range, which falls between 15 and 25 cps [29].
This maximum viscosity is able to enhance drug contact time with the ocular surface and
keeps the particles well suspended. The surface tension of CCB/RMBCD MS fell within
the normal physiological range of lacrimal fluid’s surface tension (40-46 mN/m) [30],
whereas CCB/yCD MS exhibited slightly higher surface tension than the physiological
range. Surface tension exceeding the physiological range is associated with dry eyes and
can lead to tear film instability [31]. Both of the developed CCB eye drop MS were easily
redispersed, ensuring the uniform dispersion of solid drug particles in the aqueous vehicle.

It is worth noting that the fraction of CCB dissolved in the aqueous CCB eye drop MS
containing RMBCD was significantly higher compared to that containing yCD (approxi-
mately 32 times higher). On the other hand, in the formulation containing RMBCD 49%
of the drug was in the solid fraction (free CCB and solid CCB/CD complex), whereas this
figure was 98% in the formulation containing yCD. All of these physicochemical parameters
aligned with previous studies and met the acceptance criteria.
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Table 1. Physicochemical parameters of CCB eye drop MS.

Parameters CCB/RMBCD MS CCB/yCD MS
Appearance Milky white suspension Milky white suspension
pH 7.40 £+ 0.06 7.39 £ 0.02

Osmolality (mOsmol/kg) 299.67 £ 2.08 301.00 & 2.00

Viscosity (cPs) # 22.76 £1.53 2753 £1.72

Surface tension (mN/m) @ 45.32 £ 0.15 48.35 + 2.07
Redispersion time (s) 28.00 + 2.65 20.67 £ 1.15

Total drug content (%) 102.51 4+ 0.07 96.34 £ 0.78

Dissolved CCB content (%) 51.44 +4.11 1.61 +0.12

@ determined at 25 °C.

3.2. In Vitro Hemolytic Activity

The % hemolysis of CCB/RMBCD and CCB/yCD MS is depicted in Figure 1 and
can be regarded in a dose-dependent manner. A higher % hemolysis was observed in
CCB/RMBCD eye drop MS compared to that in CCB/yCD eye drop MS. It was observed
that the hemolysis of CCB/RMBCD MS (11.1 & 0.3%) was two times higher than that
of CCB/vyCD MS (4.9 £ 0.2%) at a CCB concentration of 1000 pug/mL. At this CCB con-
centration, RMBCD was used at a concentration of 1.5% (w/v), while yCD was used at a
concentration of 2% (w/v).

12 1

10 A

% Hemolysis
(o]

0 200 400 600 800 1000
CCB concentration (ug/ml)

Figure 1. In vitro hemolytic study of sheep red blood cells at the various concentrations of CCB in
eye drop MS: CCB/RMBCD MS (e), CCB/yCD MS (O). Data are presented as mean £ S.D., n = 3.
Note that the error bars are smaller than the symbols’ sizes.

Based on previous investigations of in vitro permeation of CCB in eye drop MS through
semipermeable and scleral membranes, the permeation flux of CCB from CCB/RMBCD eye
drop MS was 29 and 50 times higher than from CCB/yCD eye drop MS, respectively. This
difference was attributed to the higher dissolved fraction of CCB in CCB/RMBCD MS,
which contributed to drug release regulation and a greater likelihood of binding with the
RBC membrane, resulting in increased toxicity. In fact, RMBCD is a lipophilic CD and has
a strong affinity to cholesterol. Therefore, it has the ability to extract cholesterol from blood
cell membranes, leading to hemolysis even at low concentrations [32].
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3.3. Hen'’s Egg Test-Chorioallantoic Membrane (HET-CAM)

The HET-CAM test is an alternative test to the Draize test, which is used to evaluate
the potential eye irritancy of ocular formulations [33]. The IS values of the CCB/CD eye
drop MS were evaluated and compared with those of the positive and negative controls.
This HET-CAM experiment can be considered valid because the positive control exhibited
an IS value of 17.0 £ 0.0 (Figure 2b), indicating severe irritation, while the negative con-
trol showed an IS of 0, demonstrating no irritation (Figure 2a). Applying CCB/RMBCD
MS and CCB/yCD MS did not produce any visible signs of irritation or vascular dam-
age, indicating that the developed CCB eye drop MS were safe for ocular drug delivery
(Figure 2¢,d). Therefore, both CCB eye drop MS were considered suitable for further in vitro
cytotoxicity assays.

t=0 t=0 t=05 t=2

Figure 2. Photographs of HET-CAM at 0, 0.5, 2 and 5 min postinstillation at room temperature:
(a) 0.9% NaCl (negative control); (b) 0.1 M NaOH (positive control); (¢) CCB/RMBCD MS; and
(d) CCB/yCD MS.

3.4. Short-Time Exposure (STE) Test

The STE test was conducted to assess the cytotoxicity of CCB eye drop MS and to
provide eye irritation information similar to that provided by the Draize test conducted on
rabbits [19]. Table 2 displays the %CV of SIRC cells after 5 min exposure to 5% and 0.05%
CCB eye drop MS, and the scores represent the degree of eye discomfort. The overall score
for ocular irritation potential associated with CCB eye drop MS was found to be 1. This
indicates that treatment with both CCB eye drop MS and their respective blanks resulted in
% CV exceeding 80%. Based on these results, both CCB/CD eye drop MS were classified as
mild irritants and considered suitable for ocular drug delivery.

Table 2. Scores obtained from the STE test of CCB eye drop MS (mean £ S.D., n = 4).

Concentrations of Test Samples  Test Samples

%CV of SIRC Cells Criteria for Scoring Obtained Scores

(T) 5% Blank RMBCD MS 9295+ 1.70 0
Blank yCD MS 94.51 £ 2.76 If CV > 70%: scored =0 0
CCB/RMBCD MS 77.96 + 4.57 If CV < 70%: scored=1 0
CCB/yCD MS 84.88 +£3.15 0
(1) 0.05% Blank RMBCD MS 99.30 + 1.29 1
Blank yCD MS 99.68 + 1.00 IfCV >70%: scored=1 1
CCB/RMBCD MS 89.74 +2.21 IfCV < 70%: scored =2 1
CCB/yCD MS 91.22 + 1.41 1
Total score (I and II)
Blank RMBCD MS 1
Blank yCD MS 1
CCB/RMBCD MS 1
CCB/yCD MS 1
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3.5. Cell Viability (CV) Test

The in vitro cytotoxicity of CCB/RMBCD MS and CCB/yCD MS on the ARPE-19
cells was further determined using the MTT assay, which was considered cytotoxic when
% CV was less than 70% [34,35]. Both CCB/CD eye drop MS and their respective blanks
were incubated with ARPE-19 cells at concentrations ranging from 12.5 to 500 pg/mL
for 24 h. In all cases, CCB eye drop MS exhibited slightly higher cytotoxicity than their
respective blanks. Additionally, the CCB/yCD MS showed lower toxicity compared to
CCB/RMBCD MS. CCB/RMBCD MS showed a cytotoxic effect to ARPE-19 cells, with
% CV falling below 70% at a CCB concentration of 250 ug/mL, whereas CCB/yCD MS
exhibited toxicity only at a CCB concentration of 500 pg/mL (two-fold concentration)
(Figure 3). On the other hand, according to the CD concentrations in both drug-free and
CCB/CD MS conditions, RMBCD at the concentration of 0.375% (w/v) and yCD at the
concentration of 1% (w/v) were toxic to ARPE-19 cells. It was confirmed that the lipophilic
nature of RMBCD can interact with the cell membrane and induce cell death, consistent
with the in vitro hemolysis assay results. From these resulting data, CCB eye drop MS at
100 ug/mL was selected as a safe concentration for further drug efficacy studies.

120 ~ O Blank RMBCD MS
O CCB/RMBCD MS
100 - ‘I'-I--I"I' 1 ++ -I- O Blank yCD MS
_[_ ++ TR -1-_1_ o CCBHCD MS
< 80 ‘I‘ 1[
; -J.L l ks
5 60 i +-[-
=
8 40 4
20 4
0

12.5 25 50 100 250 500
CCB concentration (ug/ml)

Figure 3. Viability of ARPE-19 cells after 24 h incubation with CCB/RMBCD MS, CCB/yCD MS and
their respective blanks. Data are presented as mean &+ S.D., n = 3.

3.6. Western Blotting Assay and Real-Time Polymerase Chain Reaction (RT-PCR)

The ARPE-19 cells were subjected to hypoxia with CoCl, for 24 h and then incubated
with CCB/CD eye drop MS, their respective blanks, or CCB in PBS. The protein levels and
VEGF-A mRNA were examined in the cells using western blot and RT-PCR assays. Pierce
et al. (1995) [36] demonstrated that VEGF-A mRNA levels, followed by VEGF protein,
increase in a mouse model with relative retinal hypoxia. In Figure 4A, the variation in
[-actin band intensity is likely due to the membrane stripping process, which was carried
out after VEGF protein detection and subsequent re-probing of the membrane for 3-actin,
potentially resulting in some protein loss and variable band intensities. However, each
sample contained an equal total protein content (100 pg/well) loaded into the wells before
running gel electrophoresis, and the quantitative protein expression calculations were
determined based on relative protein intensities normalized to the control. In Figure 4B,
we found that CCB suspended in PBS had a slight effect on VEGF-A levels, possibly due
to the low aqueous solubility of CCB. Surprisingly, drug-free CD-based MS exhibited a
lowering effect on VEGF-A protein levels after treatment. In these drug-free CD-based
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MS, the concentration of yCD was 0.2% (w/v), while RMBCD was present at 0.15% (w/v).
Therefore, we speculate that the excipients in eye drop formulations partially suppress
hypoxia-induced VEGF expression in ARPE-19 cells. There is a report demonstrating that
the injection of sodium hyaluronate inhibited the expression of vascular endothelial growth
factor receptor-2 (VEGFR-2), but it did not have any impact on reducing the expression
of VEGF mRNA in cartilage [37]. Additionally, the incorporation of CCB in these CD-
based eye drop formulations significantly suppressed VEGF-A expression (p < 0.05). Sun
et al. (2017) [38] investigated the signaling mechanism involved in regulating the hypoxia-
induced expression of HIF-1cc and VEGF through the PI3K/AKT pathway in RPE cells and
found that CCB treatment suppressed the activation of this pathway and diminished the
protein levels of HIF-1x and VEGFE.
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Figure 4. Western blot analysis of VEGF-A protein levels (A). B-actin was used as a loading control.
Densitometry analysis of VEGF-A protein levels at 100 ug/mL CCB (B). Data are presented as
mean + S.D., 1 = 3. % p < 0.05 compared with the values of hypoxic control group and ?: p < 0.05
compared with the values of CCB in PBS group.

The VEGF-A mRNA levels after treatment with CCB eye drop MS were observed by RT-
PCR. In comparison to CCB suspended in PBS, significant suppression of VEGF-A mRNA
levels in both CCB/CD eye drop MS (p < 0.05, Figure 5) was observed. This reduction can
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be attributed to the high CCB loading and the CCB/CD nanoaggregates, which provide
better intracellular uptake than free CCB in PBS. There was an insignificant difference in
anti-VEGEF efficacy between these two CCB/CD eye drop MS (p > 0.05). Therefore, CCB/CD
eye drop MS has the potential to deliver CCB to the retina for AMD and DR treatment.
Based on the results of the cytotoxicity studies, CCB/yCD MS exhibited less hemolytic
activity and lower cytotoxicity to the ARPE-19 cells compared with CCB/RMBCD MS, and
thus, it was selected for further investigation.
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Figure 5. Expression of VEGF-A mRNA in hypoxic ARPE-19 cells. VEGF mRNA levels were
determined by RT-PCR at 100 pg/mL CCB. Data are presented as mean & SD, n = 3. #: p < 0.05
compared with the values of hypoxic control group, : p < 0.05 compared with the values of CCB in
PBS group, and ©: p < 0.05 compared with their respective blank MS group.

3.7. Ex Vivo Transscleral Diffusion Studies

Figure 6 displays the results of ex vivo transscleral diffusion of CCB (CCB in PBS or
CCB/vyCD MS) through the porcine sclera. After 1 h, the amount of CCB diffused from
CCB/yCD MS into sclera tissue was found to be 11.31 & 4.11 ug/mL, while in the case
of CCB in PBS, it was undetected. The diffusion of CCB was observed to increase over
time in the cases of both CCB/yCD MS and CCB in PBS. After 4 h, CCB/yCD MS showed
a significantly higher amount of CCB retained in sclera tissue (112.47 & 37.27 ug/mL)
compared to CCB in PBS (1.51 £ 0.29 ug/mL) (p < 0.05). This improvement (approximately
74 times higher than CCB in PBS) might be attributed to (1) increasing the aqueous solubility
of CCB through the CCB/yCD inclusion complex; (2) the addition of HA, a mucoadhesive
polymer, which adheres to the sclera membrane surface and provides sustained CCB
release; and (3) increasing the contact area through the formation of nano and small
microparticles (i.e., increasing the surface area via particle size reduction), resulting in an
increased quantity of CCB deposited in the deeper scleral tissues.
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Figure 6. Ex vivo transscleral diffusion of CCB suspended in PBS and CCB from CCB/yCD MS
through the porcine sclera. Data are presented as mean =+ SD, n = 3-4; ?: p < 0.05 compared with the
values of CCB in PBS, and P: p < 0.05 compared with the values in different time intervals.

4. Conclusions

This study confirmed that our developed CCB/CD eye drop MS can be reproducible
for manufacturing with reliable physicochemical characteristics. Both CCB/RMBCD MS
and CCB/yCD MS are well tolerated by the eyes, with low hemolytic activity, cytocompat-
ibility with corneal and retinal cell lines, and no signs of irritation. Due to the favorable
toxicological profiles of yCD, CCB in yCD-based MS exhibited lower toxicity than the eye
drops containing RMBCD. Regarding our CD-based technology, the diffusion of CCB into
scleral tissue was successfully achieved. Our CCB/CD eye drop MS demonstrates that CCB
has anti-VEGF efficacy, effectively reducing VEGF protein and mRNA levels in hypoxic
RPE cells. Based on these findings, it is reasonable to propose that our developed eye drop
MS containing ternary CCB/CD/HA complexes has promising properties for the potential
treatment of AMD and DR, and this warrants further investigation through in vivo studies.
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Abstract: This study attempts to address the challenge of accurately measuring the degradation
of biodegradable hydrogels, which are frequently employed in drug delivery for controlled and
sustained release. The traditional method utilizes a mass-loss approach, which is cumbersome and
time consuming. The aim of this study was to develop an innovative screening platform using a
millifluidic device coupled with automated image analysis to measure the degradation of Gelatin
methacrylate (GelMA) and the subsequent release of an entrapped wetting agent, polyvinyl alcohol
(PVA). Gel samples were placed within circular wells on a custom millifluidic chip and stained with
a red dye for enhanced visualization. A camera module captured time-lapse images of the gels
throughout their degradation. An image-analysis algorithm was used to translate the image data into
degradation rates. Simultaneously, the eluate from the chip was collected to quantify the amount
of GeIMA degraded and PVA released at various time points. The visual method was validated
by comparing it with the mass-loss approach (R = 0.91), as well as the amount of GelMA eluted (R
=0.97). The degradation of the GelMA gels was also facilitated with matrix metalloproteinases 9.
Notably, as the gels degraded, there was an increase in the amount of PVA released. Overall, these
results support the use of the screening platform to assess hydrogel degradation and the subsequent
release of entrapped therapeutic compounds.

Keywords: millifluidics; image analysis; biodegradation; hydrogels; ocular drug delivery

1. Introduction

Despite advancements in ocular drug delivery, the eye’s complex physiological bar-
riers continue to pose challenges for sustained and controlled drug release. Drugs and
therapeutics administered topically have very low bioavailability due to tear-fluid turnover,
nonspecific absorption and blinking [1-3]. As a result, novel therapeutic approaches for
topical applications such as nanoparticles, liposomes, gels and novel hydrogels are being
developed. These technologies aim to increase the drug retention time, overcome ocular
barriers and improve bioavailability [4-8].

Among the novel drug-delivery methods are biodegradable hydrogels, which are
designed to release entrapped drugs or therapeutics as the gel degrades in situ. Studies
have demonstrated that drugs released from degradable materials can be controlled and
sustained over several days [9-12]. In comparison to other drug-delivery approaches,
the release of therapeutics from degradable materials, assuming that the therapeutic is
entrapped, largely depends on the degradation rate rather than just passive diffusion [9].
Consequently, it is possible to achieve drug-release kinetics by using biodegradable hydro-
gels that approach the ideal zero-order release [11,12].

The primary challenge in developing biodegradable hydrogels for drug delivery lies
in accurately measuring their degradation over time, while also simultaneously being able
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to evaluate the drug-release kinetics. Standard approaches to assess the biodegradation of
hydrogels are either by volume or mass loss, the latter of which is more common [13-15].
When assessing mass loss, researchers measure the weight of the dried gel at a specified
time point [14,15]. This procedure is exceptionally cumbersome and time consuming
because a dried gel from one time point cannot be reused for subsequent measurements.
Moreover, the generated dataset would contain significant variability because the same gels
cannot be assessed repeatedly over time. Furthermore, the mass-loss method of measuring
degradation would not allow researchers to simultaneously monitor drug release.

To properly evaluate the biodegradation of an ocular device or its drug-release kinetics,
it is essential to also simulate key factors of the ocular environment, such as the ocular
temperature, tear flow and low tear volume. However, most drug-release kinetics for
ocular drug delivery are typically performed in a static vial at room temperature [16,17].
This setup may not simulate the eye’s dynamic biological conditions, especially the low
tear volume or flow. Consequently, the results obtained by using these simple models
might not reflect the release kinetics or biodegradation profile expected in the actual in vivo
situation [18].

Millifluidic or microfluidic devices can potentially offer a more representative sim-
ulation environment of the eye by mimicking low tear volume and flow. These devices
have been used in lab-on-a-chip and even organ-on-a-chip systems to emulate various
human organs [19,20]. Notably, these technologies have already been implemented in
drug-discovery and -delivery applications [21-24]. Beyond a more accurate biological
simulation, these devices also significantly reduce reagent consumption while providing
an increased assay throughput. The main barrier to adopting these devices for research has
been their high cost. However, with the advancements in new fabrication technologies such
as 3D printing and laser lithography, producing these devices, especially for customized
chip and tailored assays, has become more cost effective [25,26].

Thus, the application of millifluidic and microfluidic devices could help develop a
screening system to measure the degradation rate of biodegradable hydrogels and the
subsequent drug or therapeutic release. Gelatin methacrylate (GelMA) was chosen as the
biodegradable hydrogel in this study due to its broad applications in drug delivery [27,28].
Its biodegradation can be accelerated by matrix metalloproteinases (MMPs), the enzymes
present in the tear film [29,30]. The degradation rate of GeIMA can be controlled by
modulating the levels of MMPs to which the gel is exposed. Polyvinyl alcohol (PVA) was
selected as the model therapeutic agent contained within the biodegradable gel given its
large molecular size, which ensures its entrapment within the gel matrix. Additionally,
PVA is also used commonly as an ocular lubricant [31,32]. The aim of this study was to
develop a screening platform by using a custom millifluidic device coupled with automated
imaging analysis to simultaneously monitor both GeIMA degradation and the subsequent
release of PVA.

2. Materials and Methods
2.1. Preparation of GelMA

GelMA was prepared according to previously reported methods [33]. In brief, type
A gelatin from porcine skin (10% w/v, Sigma-Aldrich, St. Louis, MO, USA) was reacted
with methacrylic anhydride (1% v/v, Sigma-Aldrich, St. Louis, MO, USA) in a carbonate
bicarbonate (CB) buffer (12.5 mM sodium bicarbonate, 87.5 mM sodium carbonate anhy-
drous, pH 9.4) at 50 °C for 1 h. This substitution reaction was stopped by adding acetic acid
to a final concentration of 0.15% (v/v). The resulting product was dialyzed in 12-14 kDa
dialysis tubes (Sigma-Aldrich, St. Louis, MO, USA) in deionized water for 24 h. Following
the dialysis step, the solution was freeze-dried and then stored at —80 °C until use.

2.2. Preparation of GelMA-PVA Hydrogels

The freeze-dried GeMA was reconstituted in a solution of PBS to 10% w/v and then UV
crosslinked by using a photoinitiator (lithium phenyl-2,4,6-trimethylbenzoylphosphinate
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(LAP)). The GeIMA hydrogels were cast into a disc shape with a radius of 2 mm and a
thickness of 1 mm. A similar method was used to fabricate the GeIMA-PVA hydrogels,
which contained a 7.5% concentration of PVA. GelMA (20% w/v) was added to a LAP
(1.2% w/v) solution prepared in PBS. A PVA (15% w/v) solution was prepared in PBS and
heated for complete dissolution (~37 °C). The two solutions were added in equal amounts
to make the GelMA /PVA prepolymer solution, which comprised GelMA (10%), PVA (7.5%)
and LAP (0.6%). This prepolymer solution was then used to make polymer discs.

2.3. Biodegradation of GelMA with MMP9 by Mass Loss in a Vial

The GelMA hydrogel discs were dried by briefly dabbing the biomaterial with lens
paper, and their initial weights were measured on a scale and recorded for t = 0. The
hydrogel discs were then added to 1.7 mL microcentrifuge tubes which contained 1 mL of
varying MMP9 (Gibco, Billings, MT, USA) concentrations (0, 25, 50, 100 and 200 pug/mL)
in 1x phosphate buffered saline (PBS). The samples were incubated at 37 °C with gentle
agitation. Att=0, 4, 8,12, 16 and 24 h, the samples were removed from the solution, dried
and the dried weight was recorded.

2.4. Biodegradation of GelMA with MMP9 Using a Custom-Designed Millifluidic Device System

A custom-designed polydimethyl siloxane (PDMS) millifluidic device was provided
by EyesoBio Inc. (Waterloo, ON, Canada). The device contains a series of microfluidic
channels (2 mm width and 50 mm length) with a circular chamber (5 mm radius and
2 mm height) at the center for placing the samples (refer to Figure 1). Since GelMA is
relatively transparent, the GeIMA hydrogel discs were stained with a red dye solution
(0.1% v/v, ClubHouse red food coloring, McCormick & Company, Baltimore, MD, USA) in
1x PBS to help visualize the degradation process. The entire device was connected by using
Teflon tubing (1/16” inner diameter x 1/32” wall Tygon Tubing, Saint Gobain Performance
Plastics, Courbevoie, France) with the inlet tubes connected to a 20 mL glass source-media
reservoir (WHEATON® vials, Sigma-Aldrich DWK986541, St. Louis, MO, USA). The outlet
tubes were connected to a peristaltic pump (Darwin Microfluidics BT100-1L, Paris, France).
An overview of the experimental setup is shown in Figure 1.

Different concentrations of the MMP9 enzyme were prepared in 1x PBS (0, 50, 100
and 200 pg/mL) with 0.1% (v/v) red dye and were added to the source-media reservoirs.
The entire experimental setup was placed inside a custom-designed acrylic chamber with
temperature and humidity control equilibrated to 37 °C for 30 min prior to starting the
biodegradation time course. Once equilibrated, the MMP9 solution flowed through the mil-
lifluidic device at 300 uL per minute. For comparison, using a different set of samples, the
mass loss was also measured for the GelMA discs treated with the different concentrations
of MMP9.

2.5. Image Analysis of Hydrogel Degradation

Images of the hydrogel biodegradation were obtained by using an iPhone 12 (Apple,
Cupertino, CA, USA) running a time-lapse application (Life Lapse, Vancouver, BC, Canada),
acquiring images every 60 s for the entirety of the time course (t = 20 h). Automated
computational quantification of the hydrogel biodegradation was performed by using
custom-written Python code (Python v3.11.3, https:/ /www.python.org/ (accessed on
21 July 2023)). Images at each time frame were opened, and pixels in the entire image were
scanned for a specific range of red color, corresponding to the hydrogel stained by the red
dye. An image mask was created, such that those pixels identified as ‘red” were assigned
a value of 1, and all the others were assigned a value of 0. Next, the analysis pipeline
distinguished between different hydrogel discs through grouping the image pixels that
had a value of 1 and were near one another. Finally, the pipeline counted the number of
pixels for each group (each hydrogel insert), and this was plotted over time. The values for
the percentage (%) change in the GeIMA hydrogel discs were calculated by dividing the
surface area of the GeIMA (in pixels) determined at each time point by the initial surface
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area at the start of the experiment. All the plots related to the time-lapse quantification of
hydrogel biodegradation were generated by using Python and the Seaborn library to make
statistical graphics in Python.
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Figure 1. Setup of the millifluidic system for analyzing the biodegradation of GelMA hydrogels. A
schematic diagram and photograph from a top-down view of the millifluidic system used in this
study. The bottom photograph of the setup was acquired from the same fixed camera module used for
all image-based biodegradation experiments. The depicted photo is thus representative of the quality
(color accuracy and image resolution) of all time-lapse images in all biodegradation experiments.

2.6. Estimation of Average Biodegradation Rates

To estimate the average biodegradation rates of the hydrogel discs, the initial and
final measurements of the hydrogel surface area (in counted pixels), or the time at which
the insert fully degraded if the insert was no longer present by the end of the time course,
was recorded. An assumption was made that the hydrogel degrades linearly to compare
the approximated rates of degradation between different samples. The change in the
surface area was normalized to the initial surface area of the hydrogel and divided by the
time of the experiment, or the time to reach complete degradation, to obtain average rate
measurements of the percent change in the hydrogel material per hour (%/h).

2.7. Release of PVA from Millifluidic Chip

All the GeIMA-PVA hydrogel discs (10% GelMA, 7.5% PVA) analyzed in this study
were prepared and used within 24 h. GeIMA-PVA discs were placed in the circular cham-
bers of the custom millifluidic device and treated with an MMP9 solution (0 and 200 pg/mL)
using the same custom-designed experimental system described above. Att=0,1, 2,3 and
17 h, 50 uL of the solution was removed from the glass reservoir and stored at 4 °C until
the end of the experiment. Each sample was then used for the detection of PVA.
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2.8. Detection of PVA

The detection of PVA was achieved by using previously published protocols [34,35].
In brief, a PVA-detection solution was formulated by using a solution of iodine (150 mM
potassium iodide, 50 mM diiodine in deionized water, Sigma-Aldrich 221945 and 207772,
St. Louis, MO, USA) and borate (64.7 mM boric acid in deionized water, Sigma-Aldrich
B0394, St. Louis, MO, USA). To measure PVA in the solution, 150 uL of the PVA-detection
solution was added to 50 pL of the sample in a 96-well plate and incubated at room
temperature for 20 min with gentle shaking. The absorbance of the unknown samples,
in addition to a set of standard samples of known PVA concentrations, prepared in PBS
was then measured at 630 nm by using an Imaging Multimode Plate Reader (Cytation 5,
Agilent BioTek Instruments, Winooski, VT, USA).

2.9. Quantification and Statistical Analysis

Statistical analyses were performed by using GraphPad Prism version 9.4.0 (Graph-
Pad, La Jolla, CA, USA) and Python v3.11.3. To conduct significance tests for multiple
comparisons of groups, a one-way analysis of variance (ANOVA) was used, as described
in the figure legends. For linear correlations to compare the degradation profile between a
conventional mass loss and the visual technique, the Pearson R correlation coefficient was
used. Results with p < 0.05 were considered statistically significant: * p < 0.05, ** p < 0.005.

3. Results
3.1. Combined Millifluidics Imaging and Computational Analysis for Quantitative
Characterization of GelMA Biodegradation

The work described here involves an experimental setup coupling a millifluidic device
with a computational image-analysis pipeline that quantitatively measured the biodegrada-
tion of GelMA hydrogel discs continuously over the course of 20 h (Figure 2a). A series
of time-lapse images of the GelMA biodegradation was acquired, and an image-analysis
pipeline was applied (Figure 2b), which identified the image pixels that corresponded only
to the GeIMA material and recorded the change in the pixel area of the GeIMA over time.
As expected, the GeIMA insert visibly degraded over time with MMP9 exposure, with
complete biodegradation taking over 10 h when treated with 100 ug/mL MMPY9, as seen in
Figure 2c.

Two important observations were noted when utilizing the millifluidic chip. Firstly,
the time to degrade GeIMA was longer in these millifluidic devices compared to the GelMA
degraded in a static 1 mL MMP9 solution (100 pg/mL) at the same concentration. The
bulk degradation of GeIMA in the static condition, with gentle agitation (50 rpm) at 37 °C,
increased with greater concentrations of MMP9 and completely degraded around 8 h
after treatment with the 100 pg/mL MMP9 solution (Figure 2d). In contrast, the complete
degradation of the gels in the millifluidic chip took approximately 12 h in the 100 pg/mL
MMP9 solution (Figure 2c). Secondly, the decrease in the GeIMA disc dimensions during
the hydrogel biodegradation within the device was more pronounced in the disc radius
rather than the thickness (Figure 2e). This contrasts with the GeIMA discs degraded by
100 pg/mL of MMP9 in a conventional microfuge tube, whereby the GelMA object is
surrounded by the MMP9 solution, and an apparent reduction in the GeIMA disc thickness
can be observed in Figure 2f. It should be noted that the thickness of the discs within the
device could not be observed during the course experiment, as images were acquired by
using a top-down approach.
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Figure 2. Time-lapse millifluidic imaging system with computational image-analysis capture kinetics
of MMP9-dependent GeIMA degradation. (a) Schematic diagram of the experimental approach
to visually observe GelMA biodegradation. (b) Overview of the computational pipeline applied
to all images acquired in the time-lapse experiments. (c) Representative images of stained GelMA
discs within the millifluidic chamber over the course of 650 min of 100 pg/mL MMP9 treatment
acquired via time-lapse imaging. Quantification of the change in GelMA disc size over time for discs
with or without 100 pg/mL MMP9 in PBS (light and dark orange, and blue line traces, respectively,
n = 2). (d) Percent of initial GeIMA disc weight is plotted over time after exposure to the indicated
concentrations of MMP9 in PBS. (e) Side view of a GeIMA ocular disc after treatment with 100 pg/mL
MMP?9 in the millifluidic device. (f) Representative images (both top-down and side views) of GeIMA
ocular disc before and after treatment with 100 pg/mL MMP9 in a static vial.

Next, the ability of this system to accurately discern differences in the GeIMA biodegra-
dation rates was tested. The custom-designed millifluidic device could simultaneously
accommodate eight samples; it provided a constant flow of seven different concentrations
of the MMP?9 solution and PBS as a control (Figure 3). The computational image-analysis
pipeline was applied to these treated samples, and the change in the GeIMA surface area
over time was quantified (Figure 3a,b). There was a significant increase in the biodegra-
dation rates with greater concentrations of MMP9 (Figure 3c—e). A similar trend was also
observed when the mass-loss method was used to measure degradation for the GeIMA
discs in a static solution (Figure 2d).
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Figure 3. Computational image-analysis pipeline detects differences in GelMA biodegradation,
which correlates well with conventional weight-based measurements of hydrogel biodegradation.
(a) Representative images of GeIMA inserts in custom-designed 8-chamber millifluidic devices
during treatment with MMP9 over the course of 20 h. (b) Application of our automated custom
image-analysis pipeline. Yellow indicates areas detected as stained GelMA inserts, and purple
denotes areas not labeled as GeIMA. (¢) Quantification of two biological replicates (each with three
technical replicates) of MMP9-dependent degradation of GeIMA discs using our automated image
pipeline. (d) Representative images of GelMA hydrogels undergoing irregular degradation or rapid
disintegration during treatment with 200 pg/mL MMP9. White dotted outline indicates the location
of the hydrogel, and black arrows indicate the location of GelMA biomaterial debris. (e) Pseudorates
of GelMA biodegradation were calculated and plotted against MMP9 concentration (n = 3). Statistical
significance determined by one-way ANOVA with Tukey multiple comparisons test: * p < 0.05,
**p < 0.005 (f) Linear correlation between the size of the GeIMA discs and the weight of the same
discs after being removed from the millifluidic device. Red dashed line represents the line of best fit
with the Pearson correlation coefficient indicated (R).

It should be noted that very high MMP9 concentrations (>100 nug/mL) produced
results with considerable variation between technical replicates (Figure 3c). In fact, at
very high concentrations (200 pug/mL), the degradation was rapid and irregular. In some
instances, a drastic decrease in the detectable material was observed for the GelMA, sug-
gesting a sudden disintegration of the material rather than a gradual reduction in size that
was observed in the GelMA hydrogel. Indeed, visible biodegradation debris could be seen
flowing out of the device (Figure 3d). Despite these sources of variation, the overall average
rates of GelMA degradation across the entire experiment generally agreed between bio-
logical replicates (Figure 3e). Most importantly, there was a very high positive agreement
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between the computationally measured sizes of the GelMA hydrogel samples as compared
to their mass loss (R = 0.91, Figure 3f).

3.2. Release of Model Therapeutic PVA Can Be Quantified from the Millifluidic Device

Next, the simultaneous biodegradation and release of an encapsulated molecule
were evaluated from the GeIMA hydrogel discs. To this end, the release of PVA (as
a model therapeutic) was quantified from the eluates from the millifluidic device, as
illustrated in Figure 4. It was observed that the degradation of the GeIMA-PVA hydrogel
was substantially faster than that of the GeIMA hydrogels alone (Figure 4a). Nevertheless,
there was a detectable sustained release of PVA from the GelMA-PVA hydrogels over
the 17 h of the MMP9 treatment (Figure 4b). Interestingly, PVA was detected even in the
absence of MMP9, which suggests that some PVA can still be released from the hydrogel
via passive diffusion. Indeed, a burst of PVA was detected at 1 hr of treatment in both
enzyme and without-enzyme conditions. However, there was a greater increase in PVA
detected over time in the eluates in the presence of MMP9 when compared with GelMA-
PVA (Figure 4b). In addition to monitoring PVA release from the system, degraded GelMA
was also quantified since it would also be present in the eluates. A high correlation (Pearson
R =0.97) was observed between the measured GelMA material in the eluates compared to
the apparent hydrogel disc size quantified by the visual method (Figure 4c).
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Figure 4. Simultaneous measurements of hydrogel degradation and concentrations of released
compounds in device eluates. Computational quantification of the biodegradation of (a) GelMA and
GelMA-PVA discs MMP9 at 0, 50 and 100 pg/mL. (b) Quantification of soluble PVA released from
GelMA-PVA discs (top) and detection of degraded GelMA polymer (bottom) at the indicated times
following MMP9 treatment. Error bars represent standard error of the mean. (c) Correlation between
detected GelMA in the eluates and the size of the GeIMA-PVA disc in the millifluidic device. Red
dashed line represents the line of best fit with the Pearson correlation coefficient indicated (R).

4. Discussion

Quantifying hydrogel degradation is of significant interest in the drug-delivery field
as the degradation profile of a biodegradable material can be leveraged for controlled
drug delivery [10-12,36,37]. However, current methods to evaluate the biodegradation
of biomaterials are extremely tedious and prone to significant experimental variability.
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This is because the samples must be manually removed from the experimental system at
each time point, dried and then measured. Consequently, researchers can choose only a
feasible number of time points to capture snapshots of the degradation profile. However,
for some material formulations, there are moments during degradation when the material
can disintegrate rapidly over a short span (as this study noted), especially near the end of
the degradation profile. Such crucial moments might be missed with just a snapshot of
the degradation profile. Thus, novel in vitro assays to better characterize hydrogel and/or
biomaterial degradation kinetics are required.

4.1. Novel Quantitative Millifluidic Imaging System to Quantify Hydrogel Biodegradation

This study aimed to develop a high-throughput screening methodology to continu-
ously monitor the biodegradation of a GeIMA hydrogel. The system employs a millifluidic
chip to provide a steady flow, which can be adjusted as necessary to replicate physiological
conditions or simulate accelerated degradation conditions. The system in this study was
set up to run a total of 24 samples simultaneously, but this capacity can easily be expanded
as required by either adding more sample channels to the device or connecting multiple
devices in a series. The device also utilizes an automated imaging algorithm to acquire and
analyze thousands of images of the degradation process over time without any need for
manual measurements. Importantly, the computationally calculated degradation profile
obtained by using our automated device and imaging platform correlated highly compared
to the conventional mass-loss approach (Pearson R = 0.91). These results support the use of
this visual-analysis method as an orthogonal approach to measure material degradation.

Despite the numerous advantages this automated system has over the more conven-
tional mass-measurement approach, several considerations should be noted. Firstly, the
current system only measures the surface area from a top view. Thus, thin samples, ideally
in a disc shape, with a large front and back surface area, would be best suited for this analy-
sis. Since this system does not measure material thickness, degradation measurements may
deviate from the mass-loss method as the thickness of the material increases. Secondly, this
method requires that the hydrogel exhibits a strong visual contrast against the background.
This is unlikely for many hydrogels, such as GeIMA, as they are transparent. Therefore,
a hydrophilic red food dye was used to both stain the GeIMA gels and was added to
the MMP9 solution to outline the gel’s overall shape as it degraded. The assumption is
that the dye’s absorption into the sample does not influence the sample’s degradation
rate. However, this assumption might not always be valid, as some chemical compounds
can affect material properties [38,39]. Hence, it is important that the dye selected for this
screening should have minimal impact on the properties of the hydrogel. Alternatively, if
the material is fluorescent, then capturing images via fluorescence imaging is also possible
with this approach. Nevertheless, the selection of an appropriately shaped biomaterial that
can be stained with an inert dye would be highly suitable in this system.

One major advantage of this millifluidic system is that it allows for the collection of
eluates for subsequent assays, enabling the simultaneous monitoring of biodegradation
and the release of a therapeutic from the same sample. In this study, both the levels
of GeIMA and PVA present in the eluate were measured to (1) provide an additional
method to monitor GelMA degradation and (2) evaluate the release of a loaded model
therapeutic from a hydrogel. The degradation of GeIMA was consistent over time and
exhibited a strong linear correlation with the visual-analysis method (Pearson R= 0.97).
Used in combination with the visual-analysis method, this assay aids in producing a
reliable degradation profile. Furthermore, drugs that have been released from hydrogels
may be used in conjunction with mathematical modeling to determine the type of release
mechanisms that may be exhibited. In the conditions of this study, MMP9 likely acts by
breaking down long polymeric chains of GeIMA into smaller chains, causing the faster
release of entrapped PVA from the inner core of the biomaterial. This mechanism could be
described by Hopfenberg’s model, but the true release kinetics will depend on the specific
type of degradable polymer used, geometry and shape of the matrix and the presence of
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other chemical agents, among other factors [40]. In future studies, eluates from this system
can be subjected to more sophisticated modeling of drug-release kinetic profiles as well
as toxicity testing with cells. For example, eluted therapeutics with a well-defined release
profile from this millifluidic system could be directly applied to human corneal epithelial
cells exposed in a control and diseased state, such as hyperosmotic conditions to mimic
dry eye syndrome. Cellular phenotypes, such as viability, the expression of proteins of
interest and cellular morphological changes could be assessed through conventional means
or through live-cell microscopy.

4.2. Potential for High-Throughput Screening of Hydrogels Used for Drug Delivery

One notable observation made in this study was that the addition of PVA into the
GelMA disc could alter its biodegradation kinetics. Unsurprisingly, differences in the
chemical composition of a hydrogel are one of many factors that can influence the material’s
physical and chemical properties, which ultimately influence the release kinetics of an
encapsulated drug [41]. Other parameters that must be considered include the flow rates,
volume, pH and temperature of the experimental system.

In the context of the ocular surface, there are other factors, such as blinking, that could
affect the degradation rate. For instance, as the gel degrades, its internal structures may
weaken, and even a small force from blinking could cause the gel to disintegrate instantly.
For these reasons, a high-throughput and automated experimental system, such as the one
presented in this study, would be beneficial for testing all these conditions and parameters
simultaneously. Furthermore, recent technological advances have drastically increased the
number of unique hydrogels that can be synthesized at one time [42,43]. One limiting factor
could be the characterization of all these different formulations. The system developed
in this study could significantly aid in the screening of these formulations. Finally, given
that most degradation-time-course studies for polymers can span days, weeks or even
months [44], an imaging system that allows researchers to quantitatively monitor the
degradation remotely would reduce the time required to identify promising candidate
materials. In the future, the goal is to also incorporate real-time analysis into this system
as image data are gathered. Furthermore, it would be valuable to conduct in vitro—in vivo
correlation studies in future studies to calibrate the system’s parameters and generate
representative physiological degradation profiles.

5. Conclusions

The developed screening platform was able to automatically monitor the degradation
of a GeIMA hydrogel by using a visual-imaging algorithm. The visual analysis showed a
very strong positive correlation with the conventional mass-loss method used to measure
material degradation. Furthermore, the developed system can also be used to measure the
release of biodegraded material or a therapeutic from the same sample. In the future, this
type of screening system could be adapted to measure the dissolution of various materials.
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Abstract: Repeated intravitreal (IVT) injections in the treatment of retinal diseases can lead to severe
complications. Developing innovative drug delivery systems for IVT administration is crucial to pre-
vent adverse reactions, but requires extensive investigation including the use of different preclinical
models (in vitro, ex vivo and in vivo). Our previous work described an in vitro tricompartmental
ocular flow cell (TOFC) simulating the anterior and posterior cavities of the human eye. Based
on promising preliminary results, in this study, a collagen scaffold enriched with human retinal
pigmented epithelial cells (ARPE-19) was developed and introduced into the TOFC to partially mimic
the human retina. Cells were cultured under dynamic flow conditions to emulate the posterior
segment of the human eye. Bevacizumab was then injected into the central compartment of the TOFC
to treat ARPE-19 cells and assess its effects. The results showed an absence of cytotoxic activity and a
significant reduction in VEGF fluorescent signal, underscoring the potential of this in vitro model
as a platform for researching new ophthalmic formulations addressing the posterior eye segment,
eventually decreasing the need for animal testing.

Keywords: in vitro ocular flow cell; intravitreal injections; ARPE-19 scaffold; bevacizumab; drug
delivery systems

1. Introduction

Treating retinal diseases with injections into the vitreous body is a common practice
in the ophthalmic clinic. Repeated IVT administration is part of the treatment of certain
diseases such as age-related macular degeneration (AMD) and diabetic macular edema
(DME). However, in addition to being unpleasant and a reason for low patient compliance,
IVT injections can lead to complications, such as retinal detachment, vitreous hemorrhage,
and endophthalmitis [1].

The development of novel therapeutic systems that are able to release drugs in a
delayed manner is therefore one of the most important goals in the field of ophthalmology.
As a result of the increased permanence of the drugs in the posterior segment of the
eye, fewer administrations would be required, making IVT therapies less invasive, more
harmless, and more comfortable for the patients.

As with all new pharmaceutical preparations, the study of novel ophthalmic therapeu-
tic systems involves the use of in vitro and in vivo experimental models in the preclinical
phase [2]. In fact, once a candidate pharmaceutical formulation is identified, its develop-
ment follows a detailed plan to ensure both safety and efficacy.

To date, preclinical studies for new preparations have been dominated by animal
models. However, despite their importance, several efforts are underway at present to
reduce the number of animals used in testing, both to comply with ethical concerns and
to reduce costs. In addition, humans and animals differ in many ways, which is another
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concern with the employment of animal testing. This is especially true for experiments
in ophthalmic research, in which animal models with intact vitreous humor are often
used, which do not take into account structural changes induced by disease, age-related
differences in vitreous humor, and interspecies variability (as an example, the volume of
the rabbit vitreous is only around 1.5 mL, while it is 3-4 mL for humans).

The use of animals in medical and scientific research has recently been the subject
of heated debate, and with recent changes to European legislation, specific funds have
been allocated to research on alternative methods [3]. In this context, in vitro models as
alternatives to animal testing become important, as they can speed up the course of medici-
nal product development and optimization while decreasing costs and reducing animal
use [4,5]. Moreover, these alternative models can also decrease the huge gap between
in vitro and in vivo studies, offering an alternative and/or support before moving to clini-
cal trials [6,7]. Among alternative in vitro approaches, three-dimensional (3D) cell cultures
recreate in vivo tissue microenvironments, and are able to increase cell-cell /matrix interac-
tions, along with mechanical and chemical properties of tissue-like structures, compared to
classic two-dimensional (2D) cell cultures [7,8]. Specifically, alternative models based on
the seeding and culture of cells within porous 3D scaffolds composed of different materials
with potentially tunable architectural complexity have also been recently described [8].
The current trend is to build bottom-up models that include anatomical and physiologi-
cal factors, pharmacokinetic parameters, and consider physicochemical characteristics of
drugs. These models are called pharmacokinetic models (PK models). Accordingly, some
researchers have developed models to predict drug fate in the vitreous to accelerate the
development and optimization of therapeutic dosage forms in the preclinical phase [9,10].

To quantify and predict the efficiency of drug delivery, it is essential to have in vitro
models that mimic the human eye in terms of compartmentalization and mass transport
processes that occur in vitreous humor. Indeed, some researchers [11] presented an experi-
mental study of vitreous motion induced by saccadic eye movements, employing a model
in which care was taken to correctly reproduce real saccadic eye movements.

Interestingly, an in vitro eye model (PK-EyeTM) has been developed to estimate
human pharmacokinetics of IVT therapeutic compounds and formulations, which are
cleared through the anterior route [12]. This model, designed with dimensions similar
to the human eye, has proven to be highly effective in evaluating the clearance profiles
of proteins like bevacizumab (BVZ) and ranibizumab, as well as poorly soluble drugs
such as triamcinolone acetonide when administered as suspensions or formulated as
IVT implants [13]. However, it does not provide insights into the tissue absorption and
distribution of these injected formulations.

Another in vitro test described in the literature combines a vitreous model [14] and
a simple system described by Loch and colleagues [15] in an attempt to create an in vitro
system resembling the vitreous body and the applied forces that move the depot [16].
This model, called EyeMoS [17], is composed of a spherical eye chamber, obtained by 3D
printing, housed on a rotating device and filled with gel of polyacrylamide, coated in
turn with a thin layer of agarose gel. The chamber is provided with an inlet channel (for
injection) and an outlet channel. However, this model presents a single chamber, and has
no semi-permeable barriers or supports for line cells, limiting its use.

Some patented eyeball models are already available for ocular studies. This is the case
for the “in vitro eyeball superfusion system” [18], which is a device able to preserve the
normal morphology of an in vitro eyeball and maintain its ability to respond to stimuli. Tt
comprises the in vitro eyeball storing unit and a thermostatic water feeding mechanism
which drips a liquid with specific ion concentration on the surface of the isolated eyeball
according to a certain speed to maintain the moisture state of a cornea.

An additional example is the “artificial eye assembly”, which consists of layered
components that offer pressurized multi-modular chambers. This assembly is valuable
for investigating ocular pharmacokinetics while considering various ocular parameters
and physiological conditions. Each chamber within the artificial eye can be pressurized at
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different levels, enabling the simulation of different wake and sleep cycles [19]. However,
it should be noted that this artificial eye assembly does not include a compartment suitable
for serving as a scaffold for retinal cell lines. Consequently, it is not suitable for conducting
studies on the interaction between drugs and retinal cell lines.

Moreover, the “medical simulation human eye simulation module” [20] and “methods
and devices for modeling the eye” have also been developed [21]. The former is a model
for simulating the blinking and the pupil contracting mechanism, while the second is a
biomimetic model of the eye comprising a convex scaffold, a fluidic device, and a fabricated
eyelid coupled to a motor. In certain embodiments, the scaffold can be impregnated with
one or more layers of keratocytes and epithelial cells. However, both of these models
cannot be used for simulating IVT injections.

Starting from the above cited literature, particularly from the PK-EyeTM model [12],
we designed and developed a Plexiglas tricompartmental eye flow cell (TOFC) that recre-
ates the anterior and the posterior cavities of the human eye. As described in our previous
paper [22], this artificial ocular model enables the simulation of IVT injections, the estima-
tion of drug residence time in the posterior segment, and evaluation of its drainage through
the anterior chamber of the eye. In the present paper, an evolution of such tricompartmen-
tal flow cells is presented, consisting of the insertion of a collagen scaffold enriched with
human retinal cells mimicking the retina and allowing tests of cytotoxicity and efficacy.

For this purpose, a three-dimensional (3D) model of a human pigmented retinal
(ARPE-19) cell seeded over a collagen porous scaffold has been introduced into the ocular
cell and grown under a dynamic flow, in order to emulate the condition of the posterior
segment of the human eye. The scaffold serves as a framework for the cells and emulates
the natural extracellular matrix, allowing the assessment of interactions between the retinal
cells and the drug being tested in a biologically relevant context.

The primary objective of this study is to evaluate the feasibility and practicality of
this evolutionary approach. For these reasons, the viability of ARPE-19 cells over the 3D
scaffold was initially evaluated under both dynamic and static conditions, the latter serving
as a control. Subsequently, an analysis was conducted on a commercial solution of BVZ to
examine its clearance profile and investigate its biological activity, particularly its anti-VEGF
(vascular endothelial growth factor) properties. This comprehensive evaluation provides
valuable insights into the behavior of retinal cells and the tested formulation, contributing
to the overall understanding of the potential and applicability of this in vitro model.

2. Materials and Methods
2.1. Materials

Agar was from Alfa-Aesar (Ward Hill, MA, USA); hyaluronic acid sodium salt
1600 kDa (HA) was from Farmalabor (Barletta, Italy). Phosphate-buffered saline (PBS); Dul-
becco’s Modified Eagle Medium /Nutrient Mixture F-12 (DMEM-F12) fetal calf serum (FBS);
sodium azide; L-glutamine; penicillin and streptomycin; MTT solution; and propidium io-
dide (PI) were from Sigma-Aldrich (St. Louis, MO, USA). Avastin® (Roche, Basilea, Switzer-
land) was kindly provided by Molinette Central Hospital (Turin, Italy). Tissue culture flasks
and plates were from TPP, Trasadingen, Switzerland. Collagen porous scaffold was from
Ultrafoam, Avitene; Davol Inc., Warwick, RI, USA. ARPE-19 cell line (ATCC-CRL-2302) was from
ATCC® (Manassas, VA, USA). Collagenase IV was from Worthington Biochemical Corporation,
Lakewood, NJ, USA. VEGF (JH121); sc-57496 was from Santacruz, DBA Italia SRL,
Milan, Ttaly. Goat anti-mouse IgG Hé&L (Alexa Fluor® 647) ab150119 was from Abcam,
Milan, Italy.

2.2. Methods
2.2.1. Samples Preparation

Avastin (25 mg/mL BVZ) was used undiluted for clearance study. However, for
cytotoxicity experiments and anti-VEGF activity assessments, it was appropriately diluted
in DMEM-F12 to achieve a concentration of 1 mg/mL BVZ.
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An artificial fluid simulating the humor vitreous (HV) was prepared according to the
literature [23]. Firstly, agar (0.4 g) was dissolved in 100 mL of pH 7.4 PBS or DMEM-F12
medium and then carefully vortexed using IKA T-25 Ultraturrax (IKA®-Werke GmbH,
Staufen Germany). Separately, 1600 kDa hyaluronic acid sodium salt (HA) (0.5 g) was
dispersed in 100 mL water. Equal volumes of both solutions were then mixed for 5 min
using Ultraturrax to obtain a homogeneous medium to which a few drops of 0.02% w/v
sodium azide were added. The mixture was cooled to room temperature (20 °C) until a
gel-like consistency was reached.

The simulated HV prepared in DMEM-F12 medium was sterilized by autoclaving at
121 °C for 20 min, cooled down, and then enriched with fetal calf serum (10%, v/v), L-
glutamine (2 mM), penicillin (100 units/mL), and streptomycin (100 pg/mL) before being used.

2.2.2. Clearance Study

To study the clearance profile of BVZ, the proposed Plexiglas model (TOFC) was set up
without a scaffold, as previously described [22]. Figure 1 depicts the three compartments
before assembly, with the anterior compartment containing a small cavity (0.25 mL) that
mimics the anterior chamber of the eye, and the central compartment with a cavity volume
of approximately 7.75 mL, which simulates the vitreous body. Additionally, two disks can
be observed, highlighted in blue (anterior) and red (posterior), which simulate the physio-
logical semipermeable barriers, namely the uveal trabecular and the retina, respectively.
The anterior disk is designed with eight microholes (ID. 0.5 mm) distributed along the
circumference to simulate the outflow pathway.

12 mm
. Sl
{

\ /'N
-

7

ww g¢

35mm

Anterior i _ G \ Posterior
compartment / compartment

Central
compartment

Figure 1. Schematic representation of the Plexiglas TOFC before assembly. The anterior compartment,
on the left, features an outlet port located at the top (a) and a semipermeable disk (highlighted in
red). The central compartment, in the middle, includes an injection port (b) and an inlet port (c).
The posterior compartment, on the right, is equipped with a grid (highlighted in blue) that can be
replaced with a retinal cell scaffold.

Before the experiment, the TOFC was filled with 8 mL of simulated HV. The central
compartment of the cell was connected through the inlet port to the dispensing peristaltic
pump (Minipuls®3, Gilson, Middleton, WI, USA) that provided a dynamic condition
with a continuous aqueous flow of PBS (4.0 uL/min inflow). At starting time, an aliquot
(200 uL) of BVZ 25 mg/mL was injected through the injection port at the bottom level in
the simulated vitreous cavity of the cell. The injected dose of BVZ was about twice the
standard clinical dose to account for the larger volume of this in vitro model. After the
injection, at scheduled times up to 21 days, the aqueous fluid coming out from the TOFC via
the outlet port of the anterior compartment was collected. Collected samples were stored
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at —20 °C prior to analysis for protein content by Bradford assay, a rapid and sensi-
tive method used for measuring the concentrations of proteins. It is based on the shift
in absorbance maximum of Coomassie brilliant blue G-250 dye from 465 to 595 nm
following the binding to denatured proteins in the solution [24]. The experiment was
repeated three times.

In a 96-well plate, 40 pL of each sample was mixed with 160 uL of Coomassie G-250
dye reagent solution diluted 1:4 with distilled water and incubated for 10 min at room
temperature in the dark. Optical density was quantified at 595 nm in a plate reader. The
readings were taken in triplicates and the mean and standard deviation were determined.
The concentrations of unknown collected samples were estimated based on the stan-
dard curve derived from known concentrations of BVZ. Average measurements for blank
(0 ng/mL of antibody) were subtracted from standards and unknown samples. Samples
from each time point were evaluated in triplicate (1 = 3) and the mean and standard
deviation were determined.

2.2.3. Cell Line Culture

The human pigmented retinal (ARPE-19) cell line (ATCC-CRL-2302) was cultured
as monolayers in a complete medium consisting of DMEM-F12 medium supplemented
with fetal calf serum (10%, v/v), L-glutamine (2 mM), penicillin (100 units/mL), and
streptomycin (100 pg/mL). Cells were maintained in culture at 37 °C in a humidified
atmosphere containing 5% CO, in an incubator.

2.2.4. Generation of 3D Cultures and Development of ARPE-19 Scaffold

For standard 2D cell cultures, 75 cm? culture flasks were used. With the final aim
of generating a 3D culture of ARPE-19, a commercial collagen porous scaffold of 12 mm
diameter and 2 mm thickness was used. Each scaffold was first soaked overnight with a
complete medium at 37 °C. Then, to understand the correct number of cells to seed over the
scaffold, a first screening of different cell numbers for seeding was performed. Therefore,
ARPE-19 cells in the exponential phase were detached using trypsin and counted, and
different cell concentrations (2.5 x 10%, 5 x 10°, 1.0 x 10°) were seeded over collagen
scaffold and maintained in culture at 37 °C. To avoid cell attachment to the plastic surface
of plates, each scaffold was therefore distributed into a 24-weel plate, previously coated
with a 1.5% of sterilized agarose (Sigma-Aldrich); then, ARPE-19 cells were seeded over
the scaffold. ARPE-19 cells were left to grow over the scaffold for 6 days and the medium
was changed every other day. At the end, scaffolds enriched with cells were washed with
PBS and incubated with MTT solution for 3 h at 37 °C in order to color cells and to monitor
their distribution over the scaffold.

2.2.5. Setup of the TOFC Equipped with ARPE-19 Scaffold

ARPE-19 cells, grown in exponential phase in a plastic flask, were detached, counted,
and 5 x 10° cells were then seeded over the collagen scaffold, as previously described.
After six days of cell seeding, the ARPE-19 scaffold was placed on grids and properly
introduced between the central and posterior compartment. The three compartments were
then assembled using screws and filled with simulated HV. Next, the inlet port of TOFC
was connected to a dispensing peristaltic pump (Minipuls® 3, Gilson, Middleton, WI, USA)
via tubing (1.5 mm ID) to provide a continuous inflow (4.0 uL/min) of DMEM-F12, creating
a dynamic condition referred to as d3D. To equilibrate the entire system, the ocular model
equipped with ARPE-19 scaffold was left overnight in an incubator at 37 °C with 5% COs.
The day following the equilibration, 200 uL of BVZ (1 mg/mL in DMEM-F12) was injected
with a needle at the bottom of the central compartment containing 8 mL of simulated HV,
in order to obtain a 25 pug/mL BVZ final concentration in the TCOF. This chosen dose was
necessary to maintain a drug concentration within the TOFC that was compatible with
ARPE-19 cells. The TOFC was then left for 48 h in an incubator at 37 °C with 5% CO, while
being continuously perfused with DMEM-F12 at a 4.0 uL/min flow rate.
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2.2.6. Incubation of ARPE-19 Scaffold in Static Condition

To compare the effects of BVZ on ARPE-19 cells treated in 3D condition (d3D) derived
from the ocular cell setup, a static condition (s3D) was also established as a reference.
Therefore, three scaffolds per experiment were incubated with BVZ (25 ug/mL) for 48 h in
an incubator at 37 °C with 5% CO,. Furthermore, the effect of BVZ treatment on scaffolds
under s3D conditions was compared with that observed in untreated scaffolds under the
same s3D conditions.

2.2.7. Flow Cytometry Analysis and Evaluation of Cell Viability

BVZ activity was monitored cytofluorimetrically by evaluating VEGF fluorescent
signal over the cells. Scaffold from s3D or d3D models, treated with BVZ for 48 h, or
untreated scaffolds, i.e., untreated s3D and untreated d3D, underwent collagenase IV
treatment at 37 °C for 20 min. The cells were collected using centrifugation and stained
with the primary antibody VEGF (JH121) (1:500) in PBS for 1 h at room temperature. At
the end of incubation, the samples were washed with PBS and then incubated with the
secondary antibody goat anti-mouse IgG H&L (Alexa Fluor® 647) and preabsorbed (1:2000)
for 45 min at room temperature. At the end of the incubation, the cell pellet was washed
with PBS and the sample was analyzed using a C6 flow cytometer (Accuri Cytometers,
Milan, Italy). The analysis was performed by excluding cell debris based on forward scatter
(FSC) and side scatter (SSC) parameters. VEGF fluorescent signal was then expressed as
the integrated mean fluorescence intensity (iMFI), which represents the product of the
frequency of VEGF positive cells and the mean fluorescence intensity of the cells. Moreover,
to assess cell viability, digested cells from scaffolds, i.e., untreated s3D, s3D + BVZ, and
untreated d3D and d3D + BVZ, were also incubated with propidium iodide (PI, 10 g/mL)
for 20 min at 37 °C in PBS and then analyzed using a C6 flow cytometer. Three independent
experiments were performed, with three replicates for each.

2.2.8. Statistical Analysis

Data are shown as mean values + standard deviation of three independent ex-
periments. Statistical analyses were performed using Prism 9.0 software (GraphPad,
La Jolla, CA, USA). According to the design of the experiment under analysis, multi-
ple t-tests, and one-way ANOVA and Bonferroni’s tests were used to calculate the threshold
of significance. The statistical significance threshold was set at p < 0.05.

3. Results

In the first part of the study, the in vitro ocular model (TOFC) was exploited to investi-
gate the clearance profile of a monoclonal antibody, specifically BVZ, which is one of the
most commonly used categories of IVT ophthalmic therapeutics.

Afterwards, the work proceeded with the setup of ARPE-19 scaffold and its insertion
into the TOFC in order to carry out cell viability studies and to investigate the anti-VEGF
efficacy of BVZ under dynamic conditions of continuous perfusion. For the sake of clarity,
the sequence of experiments conducted in this study is represented in Figure 2.
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Figure 2. Flow chart representing the sequence of experiments performed to investigate the potential
of TOFC equipped with ARPE-19 scaffold.

3.1. BVZ Clearance Study by TOFC

To estimate the BVZ clearance profile, the outflow from the TOFC was collected by the
outlet port of the anterior compartment over a period of 21 days. A graphical representation
of clearance and concentration profiles is provided in Figure 3a,b, respectively.
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Figure 3. Graphical representation of BVZ (a) clearance profiles and (b) concentration in simulated
HYV after injection of BVZ (25 mg/mL) into the central compartment of the TOFC. Error bars in the
graph represent the mean of three experiments.

The clearance profile, as depicted in Figure 3a, exhibited a first-order pattern character-
ized by a rapid initial increase followed by a more gradual upsurge. This behavior suggests
a biphasic elimination process, possibly involving both saturable and non-saturable clear-
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(a)

ance mechanisms. These findings align with the known pharmacokinetic complexity of
large molecular weight compounds.

In Figure 3b, the concentration profile shows a corresponding trend, indicating a
decline in BVZ concentration in the HV over the observation period. Notably, the initial
steep decline in concentration mirrored the rapid clearance phase observed in the clearance
profile. The half-life of BVZ in TOFC was calculated to be 1.5 + 0.4 days, underscoring the
rapid elimination phase of the drug.

3.2. Development of ARPE-19 Scaffold and Equipping within TOFC

The correct distribution of cells inside the scaffold support represents a crucial aspect
to determine the initial cellular setup required for each in vitro experiment. For this reason,
at the end of 6 days of culture over the scaffold, the distribution of ARPE-19 cells in the
scaffold was monitored using coloring cells with MTT solution (Figure 4). A homogeneous
distribution and growth of the cells was observed in the scaffold with 5.0 x 10° cells
seeded (Figure 4b), while, when 2.5 x 10° cells were seeded, just a peripheral distribution
of the cells was observed (Figure 4a), like a 1.0 x 10° cell seeding condition (Figure 4c).
Consequently, for further experiments, 5 x 10° was chosen as the starting seeding number
of cells on the collagen scaffold.

(b) (c)

Figure 4. ARPE-19 cell distribution on collagen scaffold. ARPE-19 cells were grown over the
collagen scaffold for 6 days and then scaffolds were incubated with MTT to stain cell distribution.
Representative images of different cell seeding amounts: (a) 2.5 x 10%; (b) 5.0 x 10°; (c) 1.0 x 10°.
Scale bar: 10 mm.

Six days after the seeding, the ARPE-19 scaffold was vertically positioned between the
central and the posterior compartment of the TOFC in order to simulate the retinal blood
barrier. The three compartments were then assembled and connected to the peristaltic
pump, as represented in Figure 5.

As shown in Figure 5, the developed ARPE-19 scaffold is placed between the central
and posterior compartments and is supported by two grids to keep it in a vertical posi-
tion. The inlet port is connected to a peristaltic pump via tubing (1.5 mm ID), providing
continuous infusion of the completed cell culture medium (4.0 pL/min) to the area near
the ARPE-19 scaffold. The aqueous outflow is collected from the anterior cavity via the
outlet port, which is elevated to approximately 3.0 cm to maintain a full internal volume
within the model by providing a small amount of back pressure. The overall size and
volume of TOFC are approximately twice that of the human eye to facilitate analysis of
drug distribution and pharmacokinetics in the ocular environment. Indeed, creating a
model that is larger than the human eye allows for better visualization and analysis of drug
behavior in the vitreous.
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ARPE-19 cells
3D scaffold

Figure 5. Schematic representation of the TOFC equipped with ARPE-19 scaffold. The model
comprises: (a) an outlet port allowing outflow from the anterior compartment; (b) an 8-microhole
perforated disk between the anterior and central compartment; (c) an injection port at the top of
the central compartment; (d) an inlet port connected to a (f) peristaltic pump; (e) ARPE-19 scaffold
vertically positioned between the central and the posterior compartment; (g) a reservoir of DMEM-F12
and (h) a sterile filter with 0.22 um pore size.

3.3. Evaluation of Anti-VEGF Activity and Cell Viability

To assess the effectiveness of BVZ in inhibiting VEGFE, ARPE-19 scaffold cultured under
dynamic (d3D) conditions was analyzed 48 h after BVZ injection (0.2 mL, 1 mg/mL) in the
central compartment of the TOFC. The results were further compared to both untreated
d3D conditions and also versus ARPE-19 cell growth in an s3D condition or s3D incubated
with BVZ at the same concentration (25 pg/mL).

This approach allowed for a comprehensive evaluation of BVZ activity and its impact
on the ARPE-19 scaffold under different conditions. According to data obtained by flow
cytometry, BVZ was able to reduce the VEGF fluorescent signal both in s3D and d3D
(Figure 6a,b); it is the reduction that is only statistically significant (p < 0.05) in d3D condi-
tions (Figure 6b) when compared to the respective untreated condition. Moreover, from the
comparison of the VEGF fluorescence signal between s3D and d3D, it was discovered to be
not statistically significant.

Moreover, the PI evaluation of the two considered scaffold conditions showed no
statistically significant difference compared to the untreated scaffold conditions, showing
that the BVZ concentration used did not affect cell viability over the scaffold (Figure 6e,f),
as is also appreciated by the representative cytofluorimetric dot plots (Figure 6g,h).
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Figure 6. Evaluation of BVZ activity on VEGF. ARPE-19 cells grown under static (s3D; (a,c,e,g)) or
dynamic condition (d3D; (b,d,f,h)) were left untreated or underwent BVZ treatment (25 pg/mL) for
48 h; then cytofluorimetric evaluation of VEGF on cells derived from scaffold was performed. VEGF
fluorescent signal in ARPE-19 cells is shown as the integrated mean fluorescence (iMFI; (a,b)) along
with representative flow cytometry plots (c,d). Statistically significant versus untreated condition
d3D (Ctrl): * p <0.05, n = 3). Propidium iodide (PI) staining is shown as positive cell percentage in
s3D (e) or d3D (f) along with representative flow cytometry plots (gh). Data are expressed as the
percentage of cells & standard deviation (no statistical significance of BVZ-treated scaffold versus
untreated condition, n = 3).
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4. Discussion

The development of a tricompartmental ocular flow model, namely the TOFC, arose
from the need to find alternative models that enable the occurrence of pharmacokinetic
and pharmacodynamic studies while limiting the use of animal experimentation during
the initial development phase of new IVT ophthalmic therapies. After all, the search for
alternative methods to animal experimentation is a topic of increasing interest that applies
to the development of new therapeutic systems as a whole and arises from the need to
respond to important ethical concerns. In vitro models have proven valuable for their
ability to mimic physiological patterns, permitting the study of the safety and efficacy of
potential therapeutics before they are tested in animal models or in human subjects [2].

In our previous research, TOFC was employed to assess the release profile and clear-
ance of cefuroxime delivered within a nanoparticle system [22], whereas in this study,
the same model was utilized to investigate the clearance of BVZ IVT administered as an
anti-VEGF agent for a variety of ocular disorders.

The commercial solution of BVZ was injected without dilution at twice the standard
clinical dose (5.0 mg BVZ; 0.2 mL) to account for the model’s large volume. This dosage
adjustment was necessary to ensure that the drug concentration inside the TCOF was
comparable to that of the human eye and to enable the accurate analysis of drug distribution
in the ocular environment and outflow.

The biphasic trend in the BVZ clearance profile observed in this study finds support
in the literature. Ahn et al. compared the clearance of IVT-injected BVZ in vitrectomized
versus non-vitrectomized control rabbit eyes. In both of the experimental groups, they
observed a two-phase elimination pattern with a first fast distribution phase, followed by a
second slow elimination phase [25].

The short half-life (1.5 & 0.4 days) extrapolated by the clearance profile corresponds
well with the steep initial decline in concentration observed in the concentration profile,
providing a quantitative measure to the observed trend. This relatively short half-life
suggests that a significant proportion of BVZ is cleared from the system within a short
period after administration, necessitating the careful consideration of dosing frequency to
maintain therapeutic efficacy.

Several in vivo studies analyzed the pharmacokinetic parameters of IVT-administered
BVZ in different animal eye models, mainly rats, rabbits, or monkeys. It was encouraging
that the BVZ half-life value found in this study is quite similar to that found by Gal-Or
and colleagues [26], who investigated and characterized the presence of IVT-injected BVZ
in the aqueous outflow channels of a rat model. According to their study, BVZ molecules
passed through the aqueous outflow channels within 48 h following IVTI injection. In
contrast, Nomoto et al. and Sinapis et al. [27,28] found the half-life of BVZ in the vitreous
humor after IVT injection to be 6-6.61 days in rabbit eyes. In human eyes, at a similar
dose, the half-life of BVZ is reported to be 4.9 days or 0.66 days in non-vitrectomized or
vitrectomized eyes, respectively [29].

It is evident that the half-life of IVT-injected BVZ can vary significantly across dif-
ferent studies, mainly due to the specific experimental models employed and varying
conditions such as vitrectomized versus non-vitrectomized eyes, and lentomized versus
non-lentomized eyes. Therefore, given this variability, making direct comparisons among
these studies may not be entirely appropriate.

Furthermore, it is important to emphasize that while in vitro experiments provide
valuable insights, they cannot completely replace preclinical in vivo models. Instead, they
should be considered as complementary tools, particularly useful for initial screening when
selecting among various formulations those that warrant further investigation.

Beyond assessing the suitability of TOFC for studying IVT drug clearance, the primary
emphasis of this study lies in introducing a novel element: a retinal cellular scaffold.
Specifically, a scaffold of ARPE-19 cells that has been developed and positioned between
the central and posterior compartments to partially simulate the retina. This allows for the
creation of an artificial retina model that can be maintained in culture through the dynamic
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condition created by the peristaltic pump. Overall, the ocular flow cell equipped with
the inserted ARPE-19 scaffold enables not only the assessment of resident time and drug
clearance profile, but also the evaluation of the activity of drugs, whether they are free or
entrapped in a drug delivery system.

Various in vitro models have been proposed in the literature to evaluate and describe
drug distribution in the vitreous, but to the best of our knowledge, none of them have
previously included a retinal cell culture scaffold in an assembled compartmentalized
ocular model. Furthermore, most of the 3D models proposed take into consideration the
realization of 3D models of the cornea, even if they are still far from the complex equipment
of the eye, like for example, the lacrimal apparatus responsible for cleansing and supporting
regeneration [30,31].

Recently, few works reported the use of alternative in vitro 3D models for ocular
investigation. Auel and colleagues developed a technique to continuously observe the
distribution of the drug in in vitro vitreous substitutes by using a 3D-printed device that
allows the injection volume of 100 uL, which corresponds to a commonly therapeutically
injected volume of IVT injection in vivo. This system therefore allows a reduction in the
number of necessary animals in preclinical studies of new IVT dosage forms [32]. The
use of 3D models in in vitro experimentations allows the recreation and maintenance of
a suitable microenvironment to support cell growth and function, reducing the wide gap
between in vitro and in vivo experimentations [7]. Among tissue engineering, porous
3D scaffolds are commonly used in several applications and can be made from various
materials, according to the need and the type of pores required. In particular, porous
scaffold networks that enable the transport of nutrients, removal of wastes, and facilitate
the proliferation and migration of cells are essential. The porosity and pore size influences
cell behavior and determines the final mechanical property of the scaffold [33].

Therefore, keeping these objectives in mind, the ARPE-19 scaffold was successfully
developed and installed in the in vitro ocular model proposed in this study (Figure 5).

Several in vitro studies on ocular cells in culture, such as human retinal pigment
epithelium, optic nerve head astrocytes, and human corneal cells, have been reported on
the effect of BVZ [34,35]. BVZ has the main role to bind all circulating VEGF-A isoforms. By
binding to VEGF-A, it prevents the interaction of VEGF-A with VEGFR and thereby inhibits
the activation of VEGF signaling pathways that promote neovascularization [36]. Even
though IVT injection uses minute amounts of the drug, the full-sized antibody, BVZ, has
more potential to cause inflammatory and immune reactions over time. To avoid possibly
severe systemic side effects, the treatment of ocular disease is usually limited to intraocular
administration, in which case retinal toxicity is the primary concern [35]. Specifically, in the
work of Kaempf and colleagues, neural retinal specimens were placed on nitrocellulose
membranes and transferred to a sterile cell carrier under a perfusion system at 1 mL/h. The
system was then treated with different concentrations of BVZ (0.25 mg/mL, 0.5 mg/mL,
and 1.25 mg/mL). Authors underlined that in their model, BVZ was well tolerated by cells
even if possible side effects on mature vessels had to be considered and may explain the
higher risk for cardiovascular events in anti-VEGF treatments.

In support of our data, Chung and colleagues [37] developed an organotypic eye-on-
a-chip model that mimics the retinal pigment epithelium (RPE)-choroid complex in vitro.
This model consists of an RPE monolayer and adjacent perfusable blood vessel network,
which supports the barrier function of the outer blood-retinal barrier. Treatment with
BVZ caused a regression in the vessel network, demonstrating a significant antiangiogenic
effect, confirming the main characteristic of the model to be used to evaluate not only the
cytotoxic activity of a drug, but also to determine the appropriate drug dosage.

In the present study, a simplified prototype scaffold composed of a unique cell line
(ARPE-19) was developed and employed. The selection of this specific cell line was based
on the anatomical positioning of retinal pigment epithelium beneath neural cells within
the retina, as well as its integral role as the initial component of the tri-layered structure
constituting the blood-retinal barrier, which includes the retinal pigmented epithelium,
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Bruch’s membrane, and the vascular endothelium. Furthermore, the suitability of the
ARPE-19 cell line for our investigations is underscored by its inherent ability to secrete
vascular endothelial growth factor (VEGF) under normal physiological conditions [38].
This characteristic enabled us to assess the potential of this in vitro model for evaluating
the anti-VEGF activity of BVZ.

Certainly, our study is not devoid of limitations. Firstly, like many other in vitro
models designed to replicate the cellular and tissue environments of living organisms,
our TOFC model should be interpreted with caution, as it inherently offers only a partial
representation of real biological systems. Despite our efforts to faithfully recreate the
ocular system and its existing barriers, our model does lack certain anatomical components,
such as the lens. It is worth noting that the literature reports underscore the significant
contribution of the lens to ocular pharmacokinetics, with one study indicating a substantial
reduction in BVZ half-life in lensectomized eyes [39].

Another limitation that we aim to overcome in the future is related to the cellular
scaffold. We are hopeful that in the near future we can develop a more realistic and
representative model of the blood-retinal membrane by co-culturing retinal epithelial cells
with retinal endothelial cells within the same 3D scaffold, as well as incorporating injury
insults that induce retinal disease and loss of visual function. This approach should allow us
to better mimic the complex interactions and barriers present in the ocular system, further
improving the accuracy and applicability of our model for ocular pharmacokinetic studies.

In forthcoming research, in order to enhance our model, it will be imperative to
consider the employment of alternative materials to Plexiglass and explore the potential
utilization of 3D printing technology. 3D printing offers a more versatile and continually ad-
vancing technology within the biomedical field, which could provide us with a platform to
construct more anatomically comprehensive and functionally representative ocular models.

5. Conclusions

In the present study, we demonstrated and confirmed that the TOFC is a new and
promising in vitro ocular model with great potential. By developing a 3D ARPE-19 scaffold
that partially mimics the presence of the retina, we were able to provide a more accurate
representation of drug distribution in the vitreous cavity, as well as its biological activity.
This information is crucial in the development of novel therapeutic strategies for posterior
eye conditions.

As previously demonstrated [22], the TOFC proposed here has the capability of
simulating the human eye environment, enabling the investigation of the clearance profile
without the use of animal experimentation in the early stages of developing new ophthalmic
therapeutics. This is important as it reduces the reliance on animal experimentation and
can lead to faster and more ethical drug development.

Overall, the findings suggest that the ocular flow model equipped with ARPE-19
scaffold described in this study can be considered a promising platform for investigating
pharmacokinetics and the activity of new ophthalmic formulations intended for the treat-
ment of the posterior eye segment. Further studies are warranted to confirm these results
and to explore the full potential of this in vitro model.
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Abstract: Improving the biopharmaceutical properties of glucocorticoids (increasing local bioavail-
ability and reducing systemic toxicity) is an important challenge. The aim of this study was to
develop a dexamethasone phosphate (DexP) delivery system based on hyaluronic acid (HA) and a
water-soluble cationic chitosan derivative, diethylaminoethyl chitosan (DEAECS). The DexP delivery
system was a polyelectrolyte complex (PEC) resulting from interpolymer interactions between the
HA polyanion and the DEAECS polycation with simultaneous incorporation of zinc ions as a cross-
linking agent into the complex. The developed PECs had a hydrodynamic diameter of 244 nm and a
(-potential of +24.4 mV; the encapsulation efficiency and DexP content were 75.6% and 45.4 ug/mg,
respectively. The designed DexP delivery systems were characterized by both excellent mucoadhe-
sion and prolonged drug release (approximately 70% of DexP was released within 10 h). In vitro
experiments showed that encapsulation of DexP in polysaccharide nanocarriers did not reduce its
anti-inflammatory activity compared to free DexP.

Keywords: dexamethasone phosphate; zinc sulfate; polysaccharides; chitosan; hyaluronan; ocular
delivery systems; mucoadhesion; anti-inflammatory activity

1. Introduction

Various ocular pathologies of inflammatory genesis have a negative impact on the
quality of life of patients and can lead to blindness [1]. Topical application of drugs is the
preferred way to treat ocular diseases due to its non-invasiveness and safety [2]. Disadvan-
tages of traditional ocular anti-inflammatory dosage forms (eye drops and ointments) are
related to the rapid release of active pharmaceutical ingredients (APIs) and their subsequent
rapid elimination from the site of administration due to the unique features of the anatomy
and physiology of the eye (the tear film barrier, nasolacrimal duct drainage, constant rapid
tear flow, and rapid precorneal clearance) [3-6], resulting in reduced bioavailability [7,8]. In
addition, the anatomical corneal barrier and the low permeability of the cornea and sclera
make topical application less effective for the treatment of posterior segment diseases [9].
The problem of rapid drug release from the dosage form can be solved by using polymeric
solvents (e.g., cellulose derivatives, hyaluronic acid, etc.), which impart the necessary
viscosity to the solution and thus modify the drug release [10,11]. However, these systems
are not suitable for programmed and controlled drug release and corneal permeability
improvement; in addition, they are not convenient to use because of the need for frequent
application, resulting in low patient compliance [12].

One strategy to improve the biopharmaceutical properties of known drugs is the
development of nanotechnology-based drug delivery systems, such as polymeric nano-
and microparticles [1,10,13,14]. The particles in the form of interpolymer polyelectrolyte
complexes (PECs) based on biopolymers (e.g., hyaluronic acid (HA), chitosan and its
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derivatives, etc.) are an attractive choice for the ocular delivery of anti-inflammatory
drugs [15]. The incorporation of drug molecules into PECs of different structures allows
the following: (i) to ensure selective targeting of the damaged tissues, (ii) to improve local
bioavailability, (iii) to increase the residence time of the dosage form at the target site due
to the mucoadhesive properties of biopolymers, (iv) to control the release rate from the
polymer matrix, and (v) to reduce the degree and frequency of side effects [15-17]. In
addition, the procedure for obtaining PECs is simple, convenient, and inexpensive and
does not require the use of toxic reagents [1,18].

The physicochemical properties of polymeric particles, such as size, charge, and sur-
face modification by targeting ligands (e.g., anti-VEGF antibodies [19], targeting peptide
ICAM-1 [20], mannose [21], etc.), affect the efficiency of drug delivery and the efficacy
of ocular disease treatment [22]. In this case, particles 50-400 nm in diameter are the
preferred size for ophthalmic drug delivery because they provide more effective mucoad-
hesion and rapid penetration through the ocular barriers to the target site with less ocular
irritation [10,23,24]. In addition, cationic nanocarriers have a longer residence time on
the ocular mucosa due to their interaction with negatively charged mucus components,
resulting in an enhanced ability to penetrate the drug into the eye [25,26]. On the other
hand, the positive charge of the surface may prevent the particles from penetrating through
the sclera and diffusing into the vitreous body due to their electrostatic binding with
negatively charged components of these tissues [27]. By varying the conditions of PEC
formation, it is possible to obtain polymeric carriers with desired physicochemical (size
and surface charge) and pharmaceutical (rate and pattern of drug release) properties to
improve ocular drug delivery, including anti-inflammatory agents of glucocorticoid nature,
i.e., dexamethasone [28,29].

The disadvantages of biopolymer-based PECs are the relatively fast release of the
drug (on average within 1-3 h) due to the disruption of ionic interactions between macro-
molecules under physiological conditions by the effect of pH and ionic strength [30]. This
problem can be overcome by using different cross-linking agents such as metal ions (Zn?*,
Ca?t, etc.) [31,32]. For instance, Tiyaboonchai et al. [33] used zinc sulfate to crosslink
amphotericin B-containing nanoparticles based on polyethyleneimine and dextran. The
introduction of zinc sulfate (25-50 mM) into the polyethyleneimine /dextran system in a
2:1 ratio resulted in a reduction in particle size from 800 nm to 300 nm and an increase
in drug encapsulation efficiency from 70% to 80-90%. The Zn?* ions can thus act as a
reinforcing agent by cross-linking the polymer components. In addition, zinc-reinforced
particles showed a drug release delay of up to 40% within 1 h.

Our previous studies have shown that polyanionic HA and polycationic diethy-
laminoethyl chitosan (DEAECS) with high degrees of substitution are promising for the
formation of PECs [29]. In this case, stable complexes are formed whose size and charge
depend on both the ratio of polymers and the order of mixing. The most stable PECs were
obtained by mixing DEAEC and HA in ratios of 1:5 and 2:5. The hydrodynamic diameter
of the obtained particles was 120-300 nm, and their surface charge ranged from —10 mV
to —23 mV. In addition, according to our previous studies [30], the introduction of 20%
DEAECS from the HA mass prolonged the release of colistin compared to the DEAECS-free
complex by increasing the colloidal stability of the particles. In addition, both DEAECS
and HA have attractive biomedical properties and are biodegradable, biocompatible, and
non-toxic water-soluble polymers [34-37].

HA is a targeting ligand due to its high affinity for the CD44 and stabiliin-2 receptors,
which are overexpressed at sites of inflammation and on the surface of immunocompe-
tent cells (T and B lymphocytes and macrophages) [38—40], and chitosan and its cationic
derivatives increase the permeability of drug molecules across the corneal surface due
to their mucoadhesive properties and ability to open tight junctions [41]. For example,
Mohamed et al. [42] developed chitosan nanoparticles loaded with the nonsteroidal anti-
inflammatory drug meloxicam by electrostatic interaction between cationic chitosan and
anionic drug using 0.25% sodium tripolyphosphate solution as a cross-linking agent. The re-
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sulting particles had a size of 200 to 600 nm, a (-potential of 25-54 mV, and an encapsulation
efficiency of 70-90%. An in vitro study demonstrated sustained drug release within 72 h in
PBS (pH 7.4). An ex vivo experiment demonstrated improved permeability of encapsulated
meloxicam through both the cornea and sclera of rabbits compared to free drug. In in vivo
studies, the dispersion of the obtained PECs showed enhanced anti-inflammatory activity
and no ocular irritation compared to the solution of meloxicam eye drops. In another
study [43], Ricci et al. developed mucoadhesive polyelectrolyte particles for ocular delivery
of the nonsteroidal anti-inflammatory drug indomethacin based on chitosan and sulfobutyl
ether-B-cyclodextrin with a diameter of 350 nm and a (-potential of +18 mV. The resulting
particles were additionally coated with thiolated low-molecular-weight HA to reverse
the surface charge to negative. The positively charged chitosan particles had excellent
corneal permeability, making them attractive nanoplatforms for indomethacin delivery
to the posterior segment of the eye. On the other hand, thiolated hyaluronic acid-coated
particles showed prolonged residence time in the conjunctival sac, making them an optimal
drug delivery system for the treatment of inflammatory diseases of the anterior segment of
the eye.

The aim of the present work was to develop a suitable system to improve the local
ocular delivery of glucocorticoids based on HA-DEAECS PECs with prolonged release and
anti-inflammatory activity. Water-soluble dexamethasone phosphate (DexP) was chosen
as a model glucocorticoid. DexP is one of the most effective drugs in the treatment of
inflammatory diseases, but its high systemic toxicity, the need for long-term administration,
and dose-dependent severe side effects limit its medical use [44]. The encapsulation of DexP
in mucoadhesive polysaccharide-based PECs ensures its controlled release and targeted
delivery and increases the residence time on the ocular mucosa, thereby reducing the
dosage and frequency of side effects [45,46]. Furthermore, the use of zinc sulfate as a
cross-linking agent can be beneficial not only for prolonging DexP release but also for
potentiating/synergizing its pharmacological action through its own biological activity
(including anti-inflammatory, antimicrobial, and wound healing) [28,47].

2. Materials and Methods
2.1. Materials and Reagents

Sodium hyaluronate with a viscosity average MW of 180,000 [48] was used in this
work. DEAECS, with the values of degree of substitution 83% and degree of quaternization
14%, was previously synthesized and characterized [29]. The starting material for the
synthesis of DEAECS was crab shell chitosan with an average MW of 37,000 and a degree
of deacetylation (DDA) of 74% [49].

DexP, phosphate-buffered saline (PBS), zinc sulfate, mucin (type II), periodic acid,
basic fuchsin, and sodium pyrosulfite were from Sigma-Aldrich (St. Louis, MI, USA), and
the 1 M hydrochloric acid solution was from Acros Organics (Waltham, MA, USA).

2.2. General Methods

The hydrodynamic diameter (Dh) and the (-potential were determined by dynamic
and electrophoretic light scattering (DLS and ELS), respectively, using a Compact-Z in-
strument (Photocor, Moscow, Russia) with a 659.7 nm He-Ne laser at 25 mV power and
a detection angle of 90°. The polydispersity index (PDI) was determined by cumulants’
analysis of the autocorrelation function using DynaLS software v. 2 (SoftScientific, Tirat
Carmel, Israel, http:/ /www.softscientific.com/science/downloads.html#evals (accessed
on 3 September 2023)).

UV-VIS spectra were obtained with a UV-1700 PharmaSpec spectrophotometer (Shi-
madzu, Kyoto, Japan).

Quantification of zinc and phosphorus was performed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using a Shimadzu Icpe-9820 spectrometer (Shi-
madzu, Kyoto, Japan).
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Particle morphology was examined by scanning electron microscopy (SEM) using a
Tescan Mira 3 scanning electron microscope (Tescan, Brno, Czech Republic). The samples
were placed on double-sided carbon tape and dried in a vacuum oven for 24 h. Images
were acquired in the secondary electron mode at an accelerating voltage of 20 kV and
an operating current of 543.3 pA. The distance between the sample and the detector was
approximately 6 mm.

2.3. Preparation of PECs

Solutions of HA (10 mg/mL), DEAECS (10 mg/mL), ZnSO4 (1 mg/mL), and DexP
(1 mg/mL) were prepared in bi-distilled water. PECs were obtained by mixing the compo-
nents according to the following procedures (Scheme 1):

(i)  To the DexP solution, DEAECS solution was added, followed by the addition of HA
solution (DexP-DEAECS-HA; Scheme 1a);

(ii)) To the DexP solution, DEAECS solution was added, then zinc sulfate solution was
added, followed by the addition of HA solution (DexP-DEAECS-Zn-HA; Scheme 1b);

(iii) To the DexP solution, HA solution was added, followed by the addition of DEAECS
solution (DexP-HA-DEAECS; Scheme 1c¢);

(iv) To the DexP solution, HA solution was added, then zinc sulfate solution was added,
followed by the addition of DEAECS solution (DexP-HA-Zn-DEAECS; Scheme 1d).
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Scheme 1. Preparation of PECs: DexP-DEAECS-HA (a), DexP-DEAECS-Zn-HA (b), DexP-HA-
DEAECS (c), and DexP-HA-Zn-DEAECS (d).

All solutions were added dropwise with a 23G needle under ultrasound treatment
conditions (at 20 W, pulse-on 3 s and pulse-off 7 s, total 180 s) using a Bandelin Sonopuls
mini 20 probe ultrasonicator (Bandelin Electronics, Berlin, Germany). The resulting systems
were concentrated by ultrafiltration at 4500 rpm using a Vivaspin® Turbo 4 centrifugal
concentrator with a pore size of 10,000 MWCO (Sartorius AG, Gottingen, Germany) to
separate the non-encapsulated components (DexP and ZnSO;). Various PEC formation
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parameters are shown in Table 1. The formed PECs were freeze-dried using a 10 N freeze
dryer (Fanbolun Ltd., Guangzhou, China).

Table 1. Formation conditions and properties of the PECs (mean =+ standard deviation, n = 3).

Formulation DexP
and ¢-Potential o Zn**
Mass Ratio of Initial Scheme Dh (nm) PDI (mV) EE (%) (C(;r;:zn; Content (%)
Components Heme
DexP '?EAECS 1a 710 + 318 07 +179 407 77.8 - -
DexP-DEAECS-HA 518 + 124 05 ~17.8 402
1:5:10 la 514 + 136 * 05* ~1814+03* 378 246 .
DeXP'Dl_EEﬁECS'Z“ 1b 604 + 162 03 +18.1+05 86.7 - -
DexP-DEAECS-Zn-HA 702 + 158 03 ~17.0 £ 02
1:5:1:10 b 714 + 142 % 03* 172404 8.5 357 22:£07
DexP-HA-DEAECS Le 154 + 28 02 +26.8 + 0.5 105 70 i
1:5:10 155 + 34 * 02* +26.14+07* : :
De"ﬁf?f'zr‘ 1d 950 + 253 0.6 —214+06 30.3 - -
DexP-HA-Zn-DEAECS 244 + 56 0.1 +244 403
1:5:1:10 1d 256 + 61 * 0.1* 4253 4+02* 756 454 23:£08

* Particle parameters after storage for 24 h as an aqueous dispersion at room temperature.

2.4. Encapsulation Efficiencies and DexP Content

Encapsulation efficiency (EE) and DexP content (ng/mg) were determined by mea-
suring the concentration of unloaded DexP (indirect method). The PEC suspension was
concentrated by ultrafiltration (see Section 2.3). The amount of encapsulated DexP in the
PEC was calculated from the difference between the total amount of DexP used to prepare
the PECs and the amount of DexP in the filtrate. The concentration of DexP in the filtrate
was determined spectrophotometrically at a wavelength of 242 nm using a calibration
curve (10 mm quartz cuvette, UV-visible spectrophotometer Shimadzu UV-1700 Pharma
Spec, Japan). The results were calculated according to the following equations:

DexP mass total — DexP mass in the filtrate) x 100
DexP mass total

BE (%) — ¢ 1)

(Dex mass total — Dex mass in the filtrate) x 1000
PEC mass

DexP content (ug/mg) = 2

2.5. In Vitro DexP Release

The release test conditions were selected based on the FDA recommendation for
dissolution methods for topical ophthalmic dosage forms [13]. A 10 mg sample was
dispersed in PBS (2 mL, pH 7.4) and incubated at 32 °C. At specified time intervals, the
nanosuspension was ultracentrifuged at 4500 rpm using a 10,000 MWCO Vivaspin®Turbo4
centrifugal concentrator, and the volume of dissolution medium was replenished with fresh
PBS. The amount of DexP released was determined spectrophotometrically.

2.6. Mucoadhesion

The mucin binding efficiency was evaluated by mucin adsorption using the two-step
periodic acid /Schiff colorimetric method [50,51]. Periodic acid was prepared as follows:
10 pL of 50% periodic acid was added to 7 mL of 7% acetic acid. Schiff’s reagent was
prepared as follows: 100 mL of 1% aqueous basic fuchsin was added to 20 mL of 1 M
HCI; the resulting mixture was decolorized twice for 5 min with 300 mg activated charcoal.

234



Pharmaceutics 2023, 15, 2396

Sodium pyrosulfite (0.1 g per 6 mL of Schiff’s reagent) was added just before use, and the
resulting solution was incubated at 37 °C until it became colorless or pale yellow (about
90-100 min).

The calibration curve was constructed as follows: 200 uL of freshly prepared periodic
acid was added to 2 mL of standard mucin solutions (0.02-0.08 mg/mL). The resulting
solutions were incubated at 37 °C for 120 min to complete the periodate oxidation; then,
colorless Schiff reagent (200 uL) was added and allowed to stand for 30 min at room
temperature (the solution turned pink). The absorbance of the standards was measured at
565 nm.

Mucin solution (0.5 mg/mL; 1 mL) was added to the DexP-DEAECS-Zn-HA and DexP-
HA-Zn-DEAECS (0.5 mg/mL; 10 mL) with magnetic stirring at 500 rpm, and the mixture
was incubated at 37 °C for 60 min. The resulting mixture was centrifuged at 4500 rpm
for 60 min, and the supernatant was used to measure the free mucin concentration using
the calibration curve. A solution containing all the components of the analyzed solution,
except for the analyte, was used as a reference solution. Mucoadhesiveness (mucin binding
efficiency) was calculated using the following equation:

(mo — mg) x 100
mo

©)

Mucoadhesiveness (%) =

where m,, is the initial mucin mass and ms is the mucin mass in the supernatant.

2.7. Anti-Inflammatory Activity

Human monocytic leukemia cells (THP-1 cells) were used to study the in vitro effects
of DexP and DexP-containing PECs. Cell line THP-1 was obtained from the Collection of
Vertebrate Cell Cultures maintained by the Institute of Cytology of the Russian Academy
of Sciences. THP-1 cells were cultured at 37 °C in a humidified atmosphere with 5% CO,
in RPMI-1640 medium (Biolot, St. Petersburg, Russia) supplemented with 10% (v/v) heat-
inactivated fetal calf serum (FBS, Gibco Inc., Grand Island, NY, USA), 2 mM L-glutamine
(Biolot, St. Petersburg, Russia), and 50 ug/mL gentamicin (Biolot, St. Petersburg, Russia),
as previously described [13]. Primarily, we investigated the effects of DexP on cell viability,
and flow cytometry based on YO-PRO-1/PI staining was performed to detect viable and
apoptotic cells. YO-PRO-1 iodide (Molecular Probes, Eugene, OR, USA) was used at
a final concentration of 250 nM, and propidium iodide (PI, Merck KGaA, Darmstadt,
Germany) was used at a final concentration of 1 uM. Method principles and “gating
strategy” were described previously [52]. A minimum of 10,000 THP-1 cells were analyzed
per sample. Flow cytometry data were obtained using a Navios™ flow cytometer (Beckman
Coulter, Beckman Coulter Inc., Indianapolis, IN, USA) equipped with 405, 488, and 638 nm
lasers and analyzed using Navios software v.1.2 and Kaluza™ software v.2.0 (Beckman
Coulter, Beckman Coulter Inc., Indianapolis, IN, USA). Data were presented as median
and interquartile range, Me (Q25; Q75). Differences between groups were analyzed using a
non-parametric Mann-Whitney U test with a value of p < 0.05.

Next, we investigated the ability of DexP, ZnSOy, and DexP/ an*-containing PECs to
suppress in vitro activation of THP-1 cells. We activated THP-1 cells in vitro by adding re-
combinant human tumor necrosis factor-« protein (final concentration 2 ng/mL, BioLegend
Inc., San Diego, CA, USA), while untreated THP-1 cells were used as a negative control.
The test compounds (DexP, ZnSO4, DexP-HA-DEAECS, DexP-HA-Zn-DEAECS, DexP-
DEAECS-HA, DexP-DEAECS-Zn-HA, and HA-DEAECS) were added to 200 nL. THP-1 cell
suspension (200 pL cell culture medium containing 1 x 105 cells in suspension) and incu-
bated for 24 h in 96-well flat-bottom culture plates (Sarstedt, Germany). The concentrations
of the compounds tested were equivalent to a DexP concentration of 0.1 ug/mL. The cells
were then transferred to 75 mm x 12 mm flow cytometry tubes (Sarstedt, Germany) and
washed with 4 mL sterile PBS (centrifugation at 300 x g for 5 min). The resulting cell sedi-
ments were resuspended in 100 pL fresh sterile PBS and stained with mouse anti-human
CD54-PE antibody (clone HA58, isotype—mouse IgG1, k; BioLegend Inc., San Diego, CA,
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USA) for 15 min in the dark as described previously [14]. Finally, THP-1 cell samples
were washed again and stained with DAPI (final concentration 1 ug/mL; BioLegend Inc.,
San Diego, CA, USA) to distinguish between live and dead cells. A minimum of 10,000
single THP-1 cells were collected per sample. Flow cytometry data were obtained using
a Navios™ flow cytometer (Beckman Coulter Inc., CA, USA) equipped with 405, 488,
and 638 nm lasers and analyzed using Navios software v.1.2 and Kaluza™ software v.2.0
(Beckman Coulter Inc., CA, USA). The intensity of CD54 expression was finally measured
as mean fluorescence intensity (MFI) on the cell surface of viable THP-1 cells. Data were
presented as median and interquartile range, Me (Q25; Q75). Differences between groups
were analyzed using a non-parametric Mann-Whitney U test with a value of p < 0.05.

3. Results and Discussion
3.1. Preparation and Characterization of the PECs

DEAECS is an alkylated derivative of chitosan with a high positive charge density.
Typically, the substitution reaction proceeds through both amine and hydroxyl groups,
and 0-15% of the diethylaminoethyl groups are alkylated to form quaternary ammo-
nium groups [29]. The first step of our study was to investigate the interaction of the
water-soluble cationic polymer DEAECS with negatively charged DexP molecules using
spectrophotometry [53]. Titration of the DexP solution (0.025 mg/mL) with the DEAECS
solution (0.3 mg/mL) showed a change in the shape of the DexP absorption spectrum and
a decrease in absorption intensity with increasing polymer content (hypochromic effect),
indicating that these components interact with each other (Figure 1).
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Figure 1. UV-VIS absorption spectra of mixtures of DEAECS and DexP at different ratios in water.

In the second step, it was of interest to investigate the tri-component systems DexP-
DEAECS-HA and DexP-HA-DEAECS by DLS. Furthermore, zinc sulfate solution was
added to the tri-component systems (DexP-DEAECS-Zn-HA and DexP-HA-Zn-DEAECS) to
better control the strength of the formed PECs, their size, and their surface charge. DEAECS
is capable of chelating Zn>* cations via amino and hydroxyl groups. The deprotonated
amino groups are responsible for the complexing properties, while the protonated amino
groups provide electrostatic interactions with both DexP anions and carboxylate groups
of HA [32]. In addition, Zn2* cations also bind to the phosphate group of DexP and the

236



Pharmaceutics 2023, 15, 2396

carboxylate group of HA [31]. Thus, particle formation is the result of complex interactions
(Figure 2). The data obtained by the DLS method are shown in Table 1.

‘1> OR
RO
O

(o)

HO

Figure 2. Some possible interactions in a system consisting of DexP, Zn?*, and polymers (DEAECS
and HA).

The order of polyelectrolyte mixing influenced both particle size and particle size
distribution (PDI). The addition of zinc ions contributed to a decrease in particle size and an
increase in particle size uniformity due to the cross-linking effect. Thus, the interaction of
DexP with DEAECS resulted in the formation of large polymeric particles (DexP-DEAECS)
with a size of 710 nm, a positive surface charge ((-potential of +17.9 mV), and a high PDI of
0.7. After the addition of HA (DexP-DEAECS-HA, Scheme 1a) to this system, the particle
size was reduced to 518 nm, and PECs with a negative (-potential (—17.8 mV) were formed
(Table 1). The introduction of zinc ions into the DexP-DEAECS system reduced both the
particle size (to 604 nm) and the PDI to a value of 0.3 (DexP-DEAECS-Zn). The addition of
HA to this system resulted in the formation of negatively charged ((-potential of —17 mV)
PECs sized at 702 nm (DexP-DEAECS-Zn-HA, Scheme 1b).

By changing the mixing order of DEAECS and HA, we were able to obtain PECs
with acceptable size (154 nm) and PDI (0.2), as well as a high (-potential of +26.8 mV
(DexP-HA-DEAECS, Scheme 1c). The introduction of zinc ions into the mixture of DexP
and HA resulted in the formation of large polydisperse particles (950 nm, PDI 0.6). Further
treatment of the resulting system with DEAECS resulted in PECs with the desired size
(244 nm) and narrow size distribution (PDI 0.1), as well as a suitable (-potential (24.4) to
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ensure colloidal stability of the system (DexP-HA-Zn-DEAECS, Scheme 1d). It should be
noted that PDI values of 0.2 and below are generally considered acceptable for polymeric
drug delivery systems [54]. The obtained particles retained their parameters, including
size, (-potential, and PD], for at least 24 h (Table 1).

The EE is an important parameter that determines the suitability of the process for
PEC formation. As shown in Table 1, the order of mixing the components and the addition
of zinc ions (cross-linking agent) affected the EE of DexP. DEAECS efficiently bound DexP
(DexP-DEAECS, EE 77.8%), but when HA was added, some DexP was displaced, and the
EE decreased to 37.8% (DexP-DEAECS-HA). In contrast, the addition of Zn?* promoted
an increase in EE to 86.7% due to additional binding of DexP molecules (DexP-DEAECS-
Zn), which also led to an increase in EE to 58.5% when HA was added to the system
(DexP-DEAECS-Zn-HA).

When DEAECS was added to the mixture of DexP and HA, the EE was only 10.5%
(DexP-HA-DEAECS), apparently indicating a primary interaction between the polyelec-
trolytes. However, the introduction of the zinc ions increased the EE to 30.3% and 75.6%
(DexP-HA-Zn and DexP-HA-Zn-DEAECS, respectively).

UV-VIS spectra of three- and four-component systems show the interaction of DexP
with DEAECS and a stepwise increase in the turbidity (baseline enhancement due to light
scattering) of the PEC nanosuspension due to the formation of insoluble polymeric particles
DexP-DEAECS-Zn-HA (Figure 3a) as well as DexP-HA-Zn-DEAECS (Figure 3b).

1.0
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——DexP+HA

——DexP

~—— DexP+DEAECS
DexP+DEAECS+HA 0.8 7 DexP+HA+DEAECS
DexP+DEAECS+ZnSO4+HA DexP+HA+ZnSO4+DEAECS

)
EY
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0.2
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240
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Figure 3. UV-VIS absorption spectra upon stepwise formation of DexP-DEAECS-Zn-HA (a) and
DexP-HA-Zn-DEAECS (b).

Wavelength (nm)

SEM images of DexP-DEAECS-Zn-HA (Figure 4a) and DexP-HA-Zn-DEAECS (Figure 4b)
showed the presence of spherical particles; the sizes of the PECs obtained in the solid state
correspond to their hydrodynamic diameters, which is an indirect marker of the stiffness of
zinc-containing PECs [48].

3.2. In Vitro DexP Release Kinetics from the PECs

DexP in water interacts with polycationic DEAECS to form PECs as a result of the
subsequent addition of polyanionic HA; the resulting PECs are further strengthened and
stabilized by the introduction of zinc ions due to their cross-linking effect. However, under
physiological conditions, due to the influence of pH and ionic strength, the bonds between
the components are weakened, diffusion is increased, and drug molecules are released [30].
The in vitro kinetics of DexP release in PBS at 32 °C is shown in Figure 5.

DexP release from zinc-free PECs (DexP-DEAECS-HA and DexP-HA-DEAECS) was
rapid within 2-4 h. In contrast, Zn?*-containing particles were characterized by delayed
release, with a total of 98 and 70% DexP release in 10 h from DexP-DEAECS-Zn-HA and
DexP-HA-Zn-DEAECS, respectively. The presence of DEAECS on the surface of polymeric

238



Pharmaceutics 2023, 15, 2396

particles prolonged drug release both by increasing the colloidal stability of PECs and by
limiting diffusion due to ionic interactions of the polycationic polymer with the DexP anion.
Thus, both the presence of zinc ions and an increase in the content of polycationic DEAECS
in the system modified the release of DexP from the corresponding PECs. DexP-containing
polymeric nanocarriers with these release profiles are attractive topical glucocorticoid
delivery systems.

SEM HV: 20.0 kV WD: 5.75 mm 11l MIRA3 TESCAN| SEM HV: 20.0 kV WD: 5.96 mm 1 MIRA3 TESCAN|
SEM MAG: 52.7 kx Det: SE 1pm SEM MAG: 49.2 kx Det: SE
Est. Beam: 543.3 pA Bl: 12.00 Performance in nanospace Est. Beam: 543.3 pA BI: 12.00 Performance in nanospace
(a) (b)
Figure 4. SEM images of DexP-DEAECS-Zn-HA (a) and DexP-HA-Zn-DEAECS (b).
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Figure 5. Release of DexP from the PECs in PBS at 32 °C. Data are presented as mean =+ standard
deviation (n = 3).
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Assuming diffusion-controlled release, the cumulative DexP release curves were
linearized according to the Higuchi and Korsmeyer—Peppas kinetic models [55,56]. The
fitting parameters are shown in Table 2.

Table 2. Fitting parameters of the kinetic models of DexP release.

Kinetic Model *

. Higuchi Korsmeyer-Peppas
Formulation 0 = Kyt®3 (@) Q = Kypt™ (5)
Kua R? Kxp n R?
DexP-DEAECS-HA 549 0.9743 65.0 0.50 0.9986
DexP-DEAECS-Zn-HA 319 0.9906 37.1 0.40 0.9966
DexP-HA-DEAECS 49.8 0.9865 51.0 0.50 0.9943
DexP-HA-Zn-DEAECS 22,6 0.9915 25.5 0.43 0.9993

* Q is the cumulative DexP release (%); Ky is the Higuchi constant; Kip is the release rate constant; n is the release
exponent, t is the time.

The kinetics of DexP release were in good agreement with both the Higuchi (4) and
Korsmeyer—Peppas (5) models. The values of the release exponent (n < 0.5) characterize the
drug release mechanism as a Fickian diffusion (Case I transport) and diffusion-controlled
process, which is typical for this type of polymeric particle [57].

3.3. Mucoadhesion of the PECs

Mucoadhesive ocular drug delivery systems adhere to the corneal mucosa, thereby
increasing drug residence time and local bioavailability [58]. Both DEAECS and HA are
capable of intermolecular interaction with various functional groups of mucin through
hydrogen bonding and entanglement of polymer chains, as well as electrostatic bonding
and hydrophobic interaction [58,59]. The mucoadhesion of DexP-DEAECS-Zn-HA and
DexP-HA-Zn-DEAECS was tested as they were the most promising nanocarriers in terms
of DexP release profile. The mucoadhesive properties were evaluated by the ability of
the particles to bind mucin in aqueous solution. The amount of mucin adsorbed was
measured by the change in free mucin concentration in the supernatant according to
Equation (3). It was shown (Figure 6) that both DexP-DEAECS-Zn-HA and DexP-HA-Zn-
DEAECS effectively bound mucin (mucoadhesive capacity was approximately 40 and 59%,
respectively); however, the use of DEAECS-coated PECs with a positive surface charge
increased the mucoadhesive capacity of the particles 1.5-fold. Thus, because of their ability
to bind to mucin, zinc-containing PECs can prevent the rapid clearance of DexP from the
corneal surface, indicating their promise in the treatment of inflammatory eye diseases.

3.4. Anti-Inflammatory Activity of the PECs

Our results showed that DexP, ZnSO4, HA-DEAECS, and DexP/ Zn2+-c0ntaining PECs
had no significant cytotoxic effect on TNFa-untreated THP-1 cells (Table 3). We also found
that the combination treatment of THP-1 cells with TNFa and DexP, ZnSO,4, HA-DEAECS,
and DexP/Zn?*-containing PECs also had no significant effect on the viability of THP-1
cells. These results indicated that DexP, ZnSO,, HA-DEAECS, and DexP/ Zn2+-containing
PECs had no cytotoxic effects on THP-1 cells.

We then examined the effects of DexP, ZnSO,, HA-DEAECS, and DexP/ Zn%* -containing
PECs on TNFa-induced cell surface CD54 expression by THP-1 cells (Table 4). The results
confirmed that our TNFa stimulation effectively increased cell surface CD54 expression
on THP-1 cells (4.61 (3.77; 5.55) MFI in negative controls vs. 0.77 (0.60; 0.86) MFI after 24 h
in vitro co-culture with 2 ng/mL TNFa, p < 0.001). Interestingly, we found that two types of
DexP-containing systems (DexP-HA-DEAECS and DexP-HA-Zn-DEAECS) increased CD54
expression on THP-1 cells without TNFa stimulation. Finally, we found that all DexP/ Zn%*-
containing PECs significantly downregulated CD54 expression on TNFa-treated THP-1
cells, whereas ZnSOy solution had no effect on CD54 expression. Taken together, our results
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indicate that DexP/Zn-containing PECs were effective in suppressing TNFa-induced THP-1
cell activation and exhibited anti-inflammatory activity in vitro.

70
60
50
40

30

Mucoadhesiveness (%)

20

10

DexP-DEAECS-Zn-HA DexP-HA-Zn-DEAECS

Figure 6. Mucoadhesiveness of DexP-DEAECS-Zn-HA and DexP-HA-Zn-DEAECS. Data are pre-
sented as mean =+ standard deviation (n = 3).

Table 3. Cell viability (the corresponding numbers of live YO-PRO-1negPIneg cells) staining of THP-1
cells treated with DexP, ZnSO,, HA-DEAECS, and DexP/ Zn2+-c0ntaining PECs for 24 h as detected by
YO-PRO-1/PI staining (n = 9). Data are presented as median and interquartile range, Me (Q25; Q75).

Sample no TNFa Added 2 ng/mL TNFa
Negative control 95.94 (95.63; 96.30) 96.08 (95.65; 96.28)
DexP-HA-DEAECS 96.44 (96.10; 96.63) 96.20 (95.70; 96.31)
DexP-DEAECS-Zn-HA 96.32 (96.21; 96.63) 96.17 (95.93; 96.34)
HA-DEAECS 96.07 (95.61; 96.34) 96.06 (95.84; 96.25)
ZnS0Oy 96.60 (96.23; 96.75) 96.09 (95.83; 96.40)
DexP-HA-Zn-DEAECS 96.25 (96.03; 96.49) 96.09 (95.95; 96.27)
DexP 96.46 (96.18; 96.48) 95.74 (95.50; 96.13)
DexP-DEAECS-HA 96.20 (96.06; 96.39) 96.22 (96.01; 96.35)

Table 4. CD54 expression by THP-1 cells in vitro treated with DexP, ZnSO,, HA-DEAECS, and DexP/
Zn2*-containing PECs. Data are presented as median and interquartile range, Me (Q25; Q75) (n = 6);
data are presented as CD54 MFL

Sample no TNFa Added 2 ng/mL TNFa

Negative control 0,77 (0,60; 0,86) 4,61 (3,77; 5,55)
DexP-HA-DEAECS 1.01 (0.81; 1.03) ** 2.24 (2.15; 2.41) **
DexP-DEAECS-Zn-HA 0.80 (0.65; 1.17) 1.90 (1.84; 2.37) **
HA-DEAECS 0.66 (0.61; 0.68) 2.63(2.47;3.63) *

ZnSOy 0.64 (0.61; 0.64) 3.84 (3.40; 4.06)
DexP-HA-Zn-DEAECS 0.95 (0.89; 1.36) * 2.71 (2.44; 3.05) **
DexP 0.62 (0.59; 0.67) 1.26 (1.09; 1.63) **
DexP-DEAECS-HA 0.80 (0.74; 0.87) 1.93 (1.78; 2.00) **

* and **—the differences from the negative control (THP-1 cells without addition of DexP, ZnSO,, and DexP/

an*—containing PECs) were significant at p < 0.05 and p < 0.01, respectively, according to the non-parametric
Mann-Whitney U test.
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4. Conclusions

We have developed a simple and convenient technique for obtaining DEAECS- and
HA-based PECs with pronounced anti-inflammatory activity. The advantages of this
technique are (i) easy preparation and mild preparation conditions, (ii) use of aqueous
solutions, (iii) use of biocompatible and biodegradable polysaccharides, (iv) the possibility
to control the size and surface charge of the formed PECs, (v) high EE, (vi) prolonged drug
release within 10 h, and (vii) effective mucoadhesion.

It can be concluded that the key factor for the formation of stable particles of 200-300 nm
size is the polyelectrolyte interaction between oppositely charged polymers upon the
addition of DEAECS to HA. However, the obtained PECs have a low EE (10.5%) and a fast
DexP release (within 2 h). The use of zinc ions as a cross-linking agent increased the EE to
75.6% and prolonged the drug release to 10 h.

The results indicate that the developed PECs are promising nanocarriers with desirable
properties (including size, charge, EE, drug release profile, and mucoadhesion). Based
on these data, we plan to extend our research to in vivo experiments with the goal of
creating a topical DexP delivery system with enhanced bioavailability and improved
therapeutic properties.
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Abstract: Osthole (OST), a natural coumarin compound, has shown a significant inhibitory effect on
corneal neovascularization (CNV). But, its effect on treating CNV is restricted by its water insolubility.
To overcome this limitation, an OST-loaded microemulsion (OST-ME) was created to improve the
drug’s therapeutic effect on CNV after topical administration. The OST-ME formulation comprised
Capryol-90 (CP-90), Cremoph0r® EL (EL-35), Transcutol-P (TSP) and water, and sodium hyaluronate
(SH) was also included to increase viscosity. The OST-ME had a droplet size of 16.18 £ 0.02 nm
and a low polydispersity index (0.09 + 0.00). In vitro drug release from OST-ME fitted well to the
Higuchi release kinetics model. Cytotoxicity assays demonstrated that OST-ME was not notably
toxic to human corneal epithelial cells (HCECs), and the formulation had no irritation to rabbit
eyes. Ocular pharmacokinetics studies showed that the areas under the concentration—time curves
(AUC.¢) in the cornea and conjunctiva were 19.74 and 63.96 ug/g*min after the administration of
OST-ME, both of which were 28.2- and 102.34-fold higher than those after the administration of
OST suspension (OST-Susp). Moreover, OST-ME (0.1%) presented a similar therapeutic effect to
commercially available dexamethasone eye drops (0.025%) on CNV in mouse models. In conclusion,
the optimized OST-ME exhibited good tolerance and enhanced 28.2- and 102.34-fold bioavailability
in the cornea and conjunctiva tissues compared with suspensions in rabbit eyes. The OST-ME is a
potential ocular drug delivery for anti-CNV.

Keywords: osthole; microemulsion; ocular drug delivery system; pharmacokinetic; corneal
neovascularization

1. Introduction

The cornea is highly specialized avascular tissue [1], a feature that is required for
optical performance. After corneal injury or infection, the new vessels might develop from
the corneal limbus, and corneal transparency changes. Thus, loss of vision is the general
reason for blindness worldwide. Although transplant operations can improve eyesight,
they often fail when neovascularization occurs and result in immune rejection [2]. It has
been reported that about 1.4 million people develop corneal neovascularization (CNV) in
America, accounting for 4.14% of ocular diseases [3]. The avascularity of the cornea is de-
pendent on the two counterbalancing systems of proangiogenic factors and antiangiogenic
factors [4,5]. However, inflammation, chemical burns, infections, nutrition status and other
damage factors disrupt the balance of the two systems. Many cytokines, such as vascular
endothelial growth factor (VEGF) and matrix metalloproteinase (MMP), have great effects
during the formation of CNV. Current clinical pharmacological therapeutics for CNV in-
clude anti-inflammatory and immunosuppressive agents and VEGF inhibitors [6]. Among

Pharmaceuticals 2023, 16, 1342. https:/ /doi.org/10.3390/ph16101342 245

https:/ /www.mdpi.com/journal /pharmaceuticals



Pharmaceuticals 2023, 16, 1342

them, topically administered steroids are still a first choice for anti-CNV [7]. However,
the frequent application of steroids will lead to some adverse reactions, such as corneal
infection, cataracts or glaucoma [8], which makes it urgent to look for a better method to
cure CNV.

Osthole (OST) is obtained from many medicinal plants such as Cnidium monnieri (L.)
Cusson and has been verified to have potential therapeutic applications due to its multiple
significant pharmacological activities, including anticancer, antiosteoporotic and antiprolif-
erative effects. Previous studies have also shown that OST not only reduces intraocular
pressure [9], but also inhibits CNV [10]. However, its water insolubility (0.63 ug/mL) and
low bioavailability significantly restrict its eye applications [11]. Therefore, it is very vital
to exploit suitable dosage forms for OST.

In recent years, the OST-loaded drug delivery systems have been extensively studied
to enhance their solubility and bioavailability, including injections, inclusion compounds,
solid dispersions, gels and other dosage forms, which aimed for systemic administra-
tion [12]. However, the limitation of OST was still unaddressed. Recently, an OST-loaded
drug delivery system was improved by nano-emulsions and liposomes to promote the
therapy of Alzheimer’s disease [13,14]. However, OST-loaded nanocarriers for ocular
drug delivery (ODD) have not yet been reported, and some important properties, such as
the stability and efficacy of topical ocular administration, remain unresolved in research.
Moreover, the eyes are a very complicated tissue, and their unique anatomy restricts the
absorption and permeation of most active agents [15]. Thus, ODD remains a challenging
task for researchers. The major challenges in ODDs for topical administration are poor
corneal permeability and a short residence time on the ocular mucosa [16]. In recent years,
lipid-based nanocarrier systems have obtained great attention for ODD systems in ocular
diseases and shown numerous benefits, such as enhancing the bioavailability of water
insoluble drugs, increasing permeability across ocular tissues, providing sustained drug
release and reducing some side effects [16,17]. Microemulsions (MEs) are particularly
suitable for ODD, as they overcome many problems, including enhancing residence time
and promoting penetration in the corneal. Furthermore, MEs are simple, cheap, easy to
produce and sterilize and thermodynamically stable.

The goal of the study was to prepare OST-loaded microemulsion (OST-ME) to treat
CNV. The OST-ME was optimized using the experimental statistical design technique
(central composite design response surface methodology, CCD-RSM). The OST-ME was
characterized by some important parameters, such as droplet size (DS), polydispersity index
(PDI), morphology, drug entrapment efficiency (EE) and drug loading (DL). The in vitro
drug release from the OST-ME was evaluated. The cytotoxicity of OST-ME was assessed in
human corneal epithelial cells (HCECs). Furthermore, we evaluated the therapeutic effect
of OST-ME as topical eye drops for anti-CNV in a mouse model, and irritation and the
pharmacokinetic profiles in rabbit eyes were also investigated.

2. Results
2.1. Solubility Study

The solubilities of OST in each vehicle are shown in Figure 1. The solubility of OST in
Capryol-90 (CP-90, 145.67 + 10.63 mg/g) was the highest among the oil solvents and that in
Transcutol P (TSP, 398.42 & 6.56 mg/g) as the cosurfactant was much higher than that with
the cosurfactant in Polyethylene glycol (PEG400). Thus, CP-90 was chosen as the oil phase,
while TSP was chosen as the cosurfactant in the OST-ME formulation. However, the solubil-
ities of OST in Cremophor® EL-35 (EL-35) and Tween-80 (TW-80) were 143.31 + 3.69 mg/g
and 157.90 £ 14.96 mg/g, with no significant difference, so the emulsifying abilities of
EL-35 and TW-80 had to be further tested to select a suitable surfactant.
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Figure 1. The screen data of OST in oils, surfactants and cosurfactants.

2.2. Screening the Emulsification Abilities of TW-80 and EL-35

The transmittance values of the emulsions prepared by emulsifying CP-90 with TW-80
and EL-35 were 90.76 + 3.76% and 99.23 + 0.39%, respectively, as shown in Figure 2. The
transmittance of the emulsion consisting of CP-90 and EL-35 was higher than that of the
emulsion consisting of CP-90 and TW-80, which demonstrated that EL-35 had a better
ability to emulsify CP-90. Thus, EL-35 was selected as the surfactant.

100 4

——

804

60 A

Transmittance (%)

40

20

TW-80 EL-35
Figure 2. Transmittance of the emulsion consisting of CP-90 and surfactant.

2.3. Construction of Pseudoternary Phase Diagrams

Pseudo-ternary phase diagrams (PTPDs) were constructed to determine the optimal
range of ingredient concentrations. The PTPDs with EL-35 and TSP of different Km values
are shown in Figure 3. The MEs’ regions were at a maximum when the Km values were
between 2—4. Thus, the range of Km values was 2—4, and the oil concentration was 2-5% in
further studies.
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Figure 3. PTPDs of systems with different Km: (A) Km = 1:1; (B) Km = 2:1; (C) Km = 3:1; (D) Km = 4:1;
(E) Km =5:1.

2.4. Central Composite Design Response Surface Methodology

The independent variables, oil concentration (X;) and Km (X3), had a significant effect
on the response variables, including DS (Y1) and PDI (Y;). The DS and PDI values from the
thirteen runs showed variations from 14.51 nm to 34.67 nm and 0.08 to 0.40, respectively
(Table 1). The equations generated for each response are as follows:

Y; =20.81 — 5.24 X3 + 7.03 X5 — 0.3475 X1 X5 + 3.23 X1 + 1.83 Xp2 — 0.1461 X1 2X; + 7.22 X1 X2 (R? = 0.9961) 1)

Y, =0.1340 — 0.1096 X; + 0.0707 X5 — 0.0300 X; X5 + 0.0536 X312 + 0.0811 Xp? + 0.0393 X12X; + 0.1546 X1 X2 (R? =0.9977)  (2)

Mathematical Equations (1) and (2) describe the relationship between DS (Y1) or PDI
(Y7) and the independent variables oil concentration and Km, respectively. The coefficients
(R?) were 0.9961 and 0.9977, respectively, which means that there is a good fit between the
independent variables and the DS and PDI. The effect of these independent variables on
the DS and PDI of the OST-ME are shown in Figure 4, and the predicted and actual values
of DS and PDI are shown in Figure 5.

Table 1. The factors and levels of CCD-RSM (Xj: o0il concentration; X: Km; Y1: DS; Y,: PDI).

Independent Variables Value of Response
Actual Value Predicted Value
Formulation X1(%) Xz Y1 (nm) Y, Y1 (nm) Y,
1 2 3 14.51 0.194 14.31 0.199
2 4.56066 3.70711 34.39 0.397 34.92 0.397
3 4.56066 2.29289 31.14 0.369 31.93 0.362
4 3.5 3 22.07 0.142 21.97 0.148
5 3.5 3 20.30 0.134 20.07 0.131
6 3.5 3 20.36 0.139 20.01 0.135
7 2.43934 2.29289 16.68 0.093 17.22 0.095
8 35 2 34.67 0.387 34.85 0.392
9 5 3 34.39 0.384 34.46 0.388
10 3.5 4 19.84 0.083 19.88 0.087
11 3.5 3 20.28 0.139 20.07 0.148
12 3.5 3 21.02 0.131 21.01 0.137
13 2.43934 3.70711 21.32 0.237 20.93 0.244
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Figure 4. 3D response surface plot showing the effect of independent variables on (A) DS and (B) PDL
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Figure 5. The predicted and actual values of (A) DS and (B) PDI.

2.5. Preparation and Characterization of the OST-ME

According to the abovementioned optimization experiments, the optimized OST-ME
formulation contained 2.44% CP-90, 5.35% EL-35 and 2.21% TSP. Three OST-ME samples
were made according to the optimal formulation; they were colorless and had good physical
stability. A TEM image, DS (16.18 4+ 0.02 nm) and PDI (0.09 + 0.00) of OST-ME are
shown in Figure 6, and other characterization results are listed in Table 2. The EE%
and DL% were 99.15 £ 0.66% and 3.70 + 0.53%, respectively. The osmolarity value

was 298.89 & 1.54 mOsm/kg and the pH value was 6.61 £ 0.99, both of which meet the
requirements of eye drops.

Table 2. Characterization of optimized OST-ME.

DS (nm) PDI pH Osmolarity (mOsm/kg) EE (%) DL (%) ZP (mv)

16.18 + 0.02 0.09 + 0.00 6.61 + 0.99 298.89 £ 1.54 99.15 £ 0.66 3.70 £ 0.53 —1.18 £ 0.97
Note: DS, droplet size; PDI, polydispersity index; EE, entrapment efficiency; DL, drug loading; ZP, zeta potential.
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Figure 6. The appearance (A), the DS distribution (B) and the TEM image (C) of the OST-ME (scale
bar = 100 nm).

2.6. Fourier Transform Infrared Spectroscopy Analyses

An Fourier Transform Infrared (FTIR) spectroscopy examination was tested to identify
probable interactions between OST and the other excipients during preparation of the ME.
The FT-IR spectra of OST, blank ME, OST-ME and the blank ME/OST PM are displayed
in Figure 7. The FT-IR spectrum of pure OST has characteristic peaks at 1750 cm~! for
C=0 stretching, C-H stretching in the range of 2900-3100 cm~ !, C=C stretching in the
1500-1650 cm~! range and C-O stretching at 1640-1750 cm~!. The results are similar
to those reported in a previous paper [18]. The FTIR spectrum of the PM showed a
combination of the OST and blank-ME individual spectra, but some of the characteristic
peaks of OST still existed, indicating that no interaction happened between the pure
OST and blank-ME. OST-ME and blank-ME had similar spectra, and no new peaks were
observed. The characteristic peak of the pure drug did not appear in the OST-ME spectrum,
suggesting that the pure drug was completely dissolved by CP-90 (oil phase). Previous
similar results have been reported in the research on luliconazole-loaded nanoemulsions
and tacrolimus-loaded microemulsions [19,20].
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Figure 7. The spectra of pure OST (A), blank-ME (B), OST-ME (C) and PM (D).
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2.7. Short-Term Stability

The results of the stability investigation are shown in Figure 8. The appearance of
the OST-ME was transparent and colorless, which showed that OST was stable in the
ME system during the test period. No significant changes in the chemical or physical
characteristics (EE, PS, PDI and pH) were observed at 4 °C. However, at 25 °C, both the
DS and the PDI showed a slow upward trend; the DS changed from 15.99 + 0.22 nm to
18.98 £ 0.27 nm, and the PDI increased from 0.10 #+ 0.02 to 0.27 £ 0.02. The EE% and pH
showed decreasing trends: the EE% decreased from 97.97 4= 0.17% to 94.86 £ 0.09% and the
pH value deceased from 6.65 £ 0.13 to 6.05 £ 0.17. Thus, OST-ME could be stable at 4 °C.
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Figure 8. Stability study of OST-ME (A) DS, (B) PD], (C) EE, (D) pH.

2.8. In Vitro Drug Release Study

The drug release profiles of OST-ME and OST suspension (OST-Susp) in simulated tear
fluid (STE, pH 7.4) are shown in Figure 9. The OST-ME had a better sustained release, which
was observed at 48 h of dialysis. It is evident that the cumulative release rate of OST-ME was
much higher than the OST-Susp (p < 0.01). The result shows that the microemulsion-based
formulation shows increased OST release compared to the suspensions. The cumulative
release percentage of OST-ME is initially rapid, with over 20.01% of the loaded drug being
released in the first 10 h. After this phase, there is a steady gradual increase over the next
38 h. The release data were fitted to different dissolution models, including the zero-order,
first-order, Higuchi and Korsmeyer-Peppas models, and the Higuchi equation fitted the
curve well for the OST-ME (R? = 0.99). While the release percentage of OST-Susp is initially
rapid with over 14.12% of the loaded drug being released in the first 4 h, then there is a
slight increase over the next 44 h. The Korsmeyer-Peppas equation fitted the curve well for
the OST-ME (R? = 0.93). All equation fitting and correlation coefficient results are listed
in Table 3.

Table 3. The different mathematical models’ fitting for OST-ME and OST-Susp.

Mathematical Models

F lati Zero-order First-order Higuchi Korsmeyer—Peppas
ormulation gy g2 Kh) R KMY2)  R2 Kh) n R?
OST-ME 0.77 0.92 0.25 0.86 5.42 0.99 7.62 0.42 0.98

OST-Susp 0.09 0.13 0.51 0.94 1.23 0.38 10.14 0.16 0.14
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Figure 9. In vitro drug release profiles of OST-ME and OST-Susp. Data represented as mean = SD,
n =3 (*p<0.01vs. OST-Susp. Independent samples t-test).

2.9. In vitro Cell Viability Study

The cell toxicity of OST-ME was evaluated by the CCK-8 assay. The cytotoxicity
profiles of the OST-ME and blank-ME after incubation at different time points are shown in
Figure 10A-D, respectively. The figure demonstrates that OST-ME is safe for HCECs after
different durations of incubation, as indicated by the high cell viability percentage (>80%).
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Figure 10. Histogram of the percentage cell viability of OST-ME. Results of CCK-8 assay at incubation
times of (A) 0.25h, (B) 1 h, (C) 2 h and (D) 4 h with blank-ME and OST-ME (5 ug/mL, 10 pg/mL).
*p <0.05,** p <0.01 vs. 5 ug/mL OST-ME. Independent samples t-test.
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2.10. The Ocular Irritation Test

The study was tested with rabbits according to the modified Draize test. No obvious
ocular irritancy symptoms were detected in the test or control eyes. The scores in terms
of the cornea, conjunctiva, redness, discharge and iris alterations were 0 in all rabbits.
Moreover, the image of the irritation result was photographed by the sodium fluorescein
(Figure 11A) [21]. Hematoxylin and eosin (H&E) stained tissue sections were used to assess
cell structure and tissue integrity. Representative micrographs of three types of tissues
(cornea, conjunctiva and iris) treated with OST-ME and saline are shown in Figure 11B. The
figure of the cornea, conjunctiva and iris showed smooth and clear tissue structures in the
experiment group and control group. These results illustrate that OST-ME meets the needs
of safety and is nonirritating, which suggests suitability for ocular drug delivery.

OST-ME Saline

Cornea

Figure 11. Ocular irritation result (A) and histopathological analysis of cornea, iris and conjunc-
tiva (B).

2.11. Ocular Pharmacokinetics Study

The distributions of OST in the corneal and conjunctival tissue are shown in Figure 12,
and the ocular pharmacokinetics parameters are shown in Table 4. The OST concentrations
in the corneal and conjunctival tissue were much greater in the OST-ME group than in
the OST-Susp group after a single administration. Moreover, the levels of OST in the
OST-Susp group declined to below the limit of quantitation (LOQ, 0.025 ug/mL) 10 min
and 15 min after administration. The AUCy_ value of the corneal and conjunctival tissue
in the OST-ME group were 19.74 and 63.96 ug/g-min, respectively. Therefore, the ME
displayed a notable advantage over OST suspension in increasing the permeability of OST
across the cornea and conjunctiva.
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Figure 12. Concentration-time curves of OST in rabbit cornea (A) and conjunctiva (B) (** p < 0.01 vs.
OST-Susp).
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Table 4. The results of pharmacokinetic parameters.

Tissue Pharmacokinetic Parameters Unit OST-ME OST-Susp
Cmax ug/g 1.56 £ 0.55 0.18 £ 0.21
C Tmax min 5 5
ornea T/ min 8 /
AUC.¢ ug/g-min 19.74 0.7
Cmax ug/g 244 +0.14 0.15+0.11
. . Tmax min 10 5
Conjunctiva Ty s min 25 /
AUC ug/g-min 63.96 0.625

Note: AUC, area under curve.

2.12. In Vivo Anti-CNV Efficacy in Mice
The Image and Area of CNV

The anti-CNV effect of OST-ME was evaluated. As shown in Figure 13A, the burn
areas of the epitheliums were similar among the groups, and there was no significant
difference. To observe whether OST-ME can restrain CNV, the images (Figure 13B) were
taken by microscope camera system. After treatment on day 1, CNV had already grown
from the corneal limbus in all groups. The CNV showed an increasing trend on days
3 and 7 (Figure 13B) in the saline treatment group. On day 3 after treatment, although
CNV had continued the growth trend, CNV in the 0.1% OST-ME (M), 0.2% OST-ME (H)
and Dexamethasone (DEX) groups had shorter and thinner new vessels than that in the
0.05% OST-ME (L) and saline groups. On day 7 after treatment, the CNV of the M (0.1%
OST-ME) and H (0.2% OST-ME) groups was reduced (Figure 14A). The areas of the saline
group were significantly higher than other groups (p < 0.05) (Figure 14B), but there was no
significant difference between group M and H (p > 0.05). These results demonstrated the
OST-ME can restrain CNV.

Saline DEX

Saline DEX

Figure 13. The fluorescein sodium images after modeling on day 0 (A) and slit lamp images of CNV
in different groups on days 1, 3 and 7 (B).
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Figure 14. (A) Hematoxylin staining images of different groups on day 7. (B) The area of CNV 7 days
after alkali burn (* p < 0.05 vs. saline group; # p < 0.05 vs. L group).

2.13. Histopathological Examination

The H&E section was used to evaluate the structural difference among every group.
As illustrated in Figure 15A, the normal cornea showed orderly arranged epithelial cells
and no structural or pathological changes in the vasculature. In Figure 15B, the epithelial
cells in the saline group were arranged in an orderly manner, but irregular collagen fibers
and an enlarged fiber space in the stroma were observed, and new vasculature existed
in the corneal structure. Compared with the normal group (Figure 15B), the pathological
conditions between the L and M groups (Figure 15C,D) were notably improved to some
extent. The epithelial cells and collagen fibers in the stroma between the H and DEX groups
were more remarkably improved, and angiogenesis was notably reduced (Figure 15E,F).
The result illustrated that the M and H doses of OST-ME can restrain CNV.

Figure 15. H&E staining of cornea (x 200): (A) the normal group; (B) the saline group; (C) the
0.05% OST-ME group; (D) the 0.1% OST-ME group; (E) the 0.2% OST-ME group; (F) the DEX group.
The black arrow indicates cornea neovascularization.
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2.14. Enzyme Linked Immunosorbent Assay

To investigate the effect of OST-ME on protein expression in CNV, the concentrations
of VEGF-A and MMP-9 among total protein were assessed by ELISA. On days 3 and 7,
the levels of VEGF-A and MMP-9 in group M, H and DEX were notable lower than those
in the saline group (p < 0.05) after administration of the corresponding drug. The result
illustrated that OST-ME could restrain the level of VEGF-A and MMP-9 in the CNV model
(Figure 16).
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Figure 16. The concentration of VEGF-A (A) and MMP-9 (B) in corneal tissues at day 3 and day 7
(* p < 0.05 vs. saline group).

3. Discussion

Previous studies have shown that some pro-angiogenic cytokines, such as VEGF and
MMP, would increase in animal models of CNV [22-24]. It has been reported that OST, a
new antiangiogenic drug, could inhibit the overexpression of VEGF and MMP [25,26], and
topical administration of OST could inhibit CNV established by alkali burns in mice [10].
However, the poor water solubility of OST (0.63 ug/mL) limits its clinical application
in ophthalmology [11]. MEs, as one of the most prospective forms of nano-carriers for
drug delivery systems, have shown some advantages over traditional eye drops for ocular
applications [27]. It has been reported that using MEs as vehicles results in good store
stability, good corneal permeation, sustained drug release and ultimately increased drug
bioavailability in the eye [28,29]. In the present investigation, an oil-in-water (O/W)
ME loaded with OST was successfully produced and showed good in vitro and in vivo
characteristics.

All inactive ingredients selected for use in the OST-ME formulations, such as CP-
90, EL-35, TSP and SH, were included in the FDA Inactive Ingredients Database, and
no organic solvents were used in the preparation process, which could avoid potential
toxicity due to organic residue. The three excipients are safe and harmless and have already
been approved in Europe for topical applications [30], and were thus selected for use in
ophthalmic preparation in this study. CP-90 and TSP were selected as the oil phase and
cosurfactant because of the high solubility of OST in these solvents. EL-35 was selected as
the surfactant, as it had a stronger ability to emulsify the oil phase than TW-80. Moreover,
EL-35 and TSP are less affected by pH changes and have been widely applied to improve
the bioavailability of insoluble drugs [31].

The PTPDs provided useful information on various ME compositions. The larger
the regional area of the ME in the PTPDs, the stronger the ability to form ME [32]. The
formulation was optimized based on the PTPDs and CCD-RSM. The response surface plot
relationship of the independent variable to DS and PDI is shown in Figure 4. A nonlinear
mathematical model was used to fit the result by CCD-RSM. The optimized OST-ME with
a small DS was obtained. Figure 4A shows that the DS decreased as the amount of o0il
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and Km decreased. Figure 4B shows that the PDI also decreased as the amount of oil and
Km decreased.

In vitro drug release has a significant effect on predicting and understanding the nature
of a formulation. The drug release curve of the OST-ME and OST-Susp were better fitted
to the Higuchi and first-order equations, and the R? values are 0.99 and 0.94, respectively.
The cumulative drug release of the OST-ME was higher than the OST-Susp over 96 h.
These data illustrated that the ME has a better ability to release drugs. These results also
gave a value of n of 0.42 (n < 0.43), which illustrated that OST release from OST-ME was
dependent on Fickian diffusion [33]. Although in vitro drug release experiments provide
important information for in vivo experiments, they cannot replace data obtained from
in vivo studies.

When ophthalmic drug delivery systems for topical application are developed, ocular
safety is always a critical issue. The Draize eye test is a commonly used way to assess the
irritation of eye drops and it was used to assess the irritation caused by OST-ME in this
study [34]. Here, the eye irritation scores were both 0 in the experiment group and control
group, indicating no eye irritation and suggesting good biocompatibility and tolerance. In
this study, HCECs were also used to evaluate cell toxicity, and the results illustrated that
the OST-ME has good cytocompatibility at proper concentrations.

The pharmacokinetic study was conducted in rabbit eyes. This study had strengths
and weaknesses and could directly evaluate the drug concentration in the corneal and
conjunctiva tissue. However, since cornea and conjunctiva tissue are not consecutively
sampled, it is impossible to harvest tissues from the same animal at every time point. So, the
drug level will be impacted by individual absorption and metabolism to some extent [35].
Compared to OST-Susp, OST-ME rapidly penetrated the cornea and conjunctiva due to
its ultrasmall particle size, which allowed the material to penetrate into the tissue via the
transcellular pathway. It has been reported that ex vivo silicate nanoparticles with a particle
size of 40 nm can penetrate bovine corneas [36]. Moreover, some surfactants could also
decrease interfacial surface tension and increase the drug permeability across epithelial
cells [37]. The conjunctival tissue is more permeable to drugs than the corneal tissue [38],
and the drug level in the corneal and conjunctival is affected by individual metabolism [35].
Nevertheless, conjunctival drug absorption was deemed useless due to its distribution
by the capillaries and lymphatics into systemic circulation [39]. Correspondingly, in our
investigation, OST was undetected in the aqueous humor. The charge and size of a drug
and many other factors could influence its permeation across eye barriers [38]. Therefore,
the corneal penetration mechanism still needs to be further studied.

Various causes can result in CNV, but chemical injury is clinically one of the most
common. In this experiment, an alkali burn injury model was used to induce corneal
angiogenesis and evaluate the treatment effect of OST-ME. The results demonstrated
that the OST-ME (H) treatment could significantly inhibit CNV when the eye drop was
instilled four times a day. The antiangiogenic effects of OST-ME were verified by evaluating
the area of CNV (Figure 14B) and H&E-stained sections at each time point (Figure 15).
Additionally, 0.1% OST-ME can restrain the level of VEGF-A and MMP-9 in the cornea total
protein concentration. It has also been reported that MMP-9 and MMP-2 could play a very
important role in CNV [40]. Our results indicated that OST-ME could significantly inhibit
the expression of MMP-9. Other researchers have also shown that CNV can be effectively
inhibited by topically administering OST suspensions in a carboxymethylcellulose sodium
(CMC-Na) solution [10]. The test group, which was treated with a high concentration of
the OST-ME, produced results that were not different from those in the DEX group in our
investigation, suggesting that OST is a potential alternative to DEX for an anti-CNV drug.

4. Materials and Methods
4.1. Materials

Osthole (OST), isopropyl myristate (IPM), and monoolein were provided by Macklin
Biochemical Co., Ltd. (Shanghai, China). Medium-chain triglycerides (MCTs) were pur-
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chased from Yunhong Chemical Preparation Excipients Technology Co., Ltd. (Shanghai,
China). Ethyl oleate and triacetin were obtained from J&K Scientific Technology Co., Ltd.
(Beijing, China). Oleic acid was provided by Tokyo Chemical Industries Co., Ltd. (Tokyo,
Japan). Propylene glycol dicaprylate (PGD) and castor oil were provided by Hunan Er-
Kang Pharmaceutical Co., Ltd. (Changsha, China). PEG400 was obtained from Solarbio Life
Science (Beijing, China). EL-35 was obtained from Shanghai Puzhen Biotechnology Co., Ltd.
(Shanghai, China). Kolliphor HS-15 (HS-15) was obtained from BASF SE (Ludwigshafen,
Germany). Tween-80 (TW-80) was obtained from Sichuan Jinshan Pharmaceutical Co., Ltd.
(Guangyuan, China). TSP and CP-90 were acquired from Gattefosse (Saint-Priest, France).
Glycerin was provided by Huikang Pharmaceutical Co., Ltd. (Lishui, Zhejiang, China).
Sodium hyaluronate (SH) was obtained from Furuida Biochemical Co., Ltd. (Qingdao, Shan-
dong, China). A Cell Counting Kit-8 (CCK-8) was acquired from APExBIO (Houston, TX,
USA). Mice MMP-9 and VEGF-A enzyme linked immunosorbent assay (ELISA) kits were
acquired from Elabscience Biotechnology (Wuhan, China). Dexamethasone (DEX) sodium
phosphate solution were provided by Huaqing Pharmaceutical Co., Ltd. (Xinxiang, China).

4.2. Animals

New Zealand white rabbits (2.0-2.5 kg) and male BALB/c mice (6-8 weeks old,
20 + 2 g) were obtained from Huaxing Experimental Animal Breeding Co. (Zhengzhou,
China). All rabbits and mice were provided a standard daily diet and water and placed
in lab that was kept at 23 °C & 2 °C with a 12 h light/12 h dark cycle. Every animal was
experimented on according to the principle of the Association for Research in Vision and
Ophthalmology (ARVO) declaration.

4.3. OST Assay by High Performance Liquid Chromatography

The OST concentration was measured by the high performance liquid chromatography
(HPLC) method according to a previous report [41,42]. Briefly, the HPLC system (Milford,
MA, USA) was equipped with a Waters Symmetry® C18 column (4.6 x 250 mm, 5um), and
the column temperature was set at 40 °C. The mobile phase was made up of methanol-water
(85:15, v/v) under an isocratic conditions flow rate of 1.0 mL/min and the injection volume
was 10 uL. The ultraviolet (UV) detector wavelength was 322 nm. The OST concentration
was determined from the standard curve.

4.4. Solubility Study

To obtain suitable ingredients for the preparation of OST-MEs, the solubilities of OST
in different oils (CP-90, ethyl oleate, oleic acid, castor oil, IPM, triacetin, monoolein and
MCTs), surfactants (EL-35, TW-80 and HS-15) and cosurfactants (PEG400 and TSP) were
investigated according to a previous report [43,44]. All undissolved drugs were removed
from the samples, and the samples were diluted with methanol and assayed using a UV-
visible spectrophotometer (UV1800SPC, Shanghai, China) at 322 nm [45]. Each experiment
was prepared in triplicate.

4.5. Emulsification Ability

The ability of the selected surfactant to emulsify the oil phase was assessed according
to a previous report [46]. Emulsions transmittance was tested at 650 nm using a UV, taking
purified water as a blank control group. Each sample was determined in triplicate.

4.6. Pseudo-Ternary Phase Diagrams

The aforementioned three ingredients (oil phase, surfactant and cosurfactant) were
chosen to constitute the PTPDs by the water titration phase inversion emulsification (PIE)
method according to a previous report [47]. The area had a low viscosity and the trans-
parency appearance was deemed as the ME. The weight percents of the oil, S/Cos and water
were recorded and calculated. Then, PTPD was prepared by Origin software (Version 8.0,
Northampton, MA, USA).
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4.7. Optimization of the OST-ME Formulation

The OST-ME formulation was optimized by the experimental statistical design tech-
nique with the Design Expert® software (V 12.0.1.0, Minneapolis, MN, USA). CCD-RSM
was applied to investigate the effects of independent variables (X;: oil concentration,

%; and Xp: Km range) and their interaction over the dependent variables (Y1: DS; and
Y,: PDI) [48,49]. The two-variable relations are shown in Table 5.

Table 5. The OST-ME was optimized by CCD-RSM.

Levels
Factors (independent variables) —1.414 -1 0 1 1.414
Xj (oil concentration, %) 2 244 3.5 4.56 5
Xz (Km range) 2 2.29 3 3.71 4
Responses (dependent variables) Desirability constraints
Yq: DS (nm) Minimize
Y,: PDI Minimize

Note: DS, droplet size; PDI, polydispersity index.

4.8. Preparation of the OST-ME

The optimal OST-ME formulation could be obtained from the CCD-RSM optimization
results and was prepared using the PIE method. Briefly, three selected ingredients were
weighed and homogenously mixed at 37 °C. Then, OST was added in the homogenous
mixture and dissolved under magnetic stirring. Then, distilled water was added in the
mixture until the transparent light blue solution was obtained. Lastly, 10 mL of 0.2% (w/v)
SH solution was added to the OST-ME solution, and the total volume of the mixed solution
was 20 mL. The OST-ME was filtered using a 0.22 pum filter. Each sample was prepared
in triplicate.

4.9. Characterization of the OST-ME
4.9.1. Determination of Droplet Size, Zeta Potential and Polydispersity Index

The average DS, ZP and PDI values of the OST-ME were tested by dynamic light
scattering (Zetasizer, NanoZS90, Worcestershire, UK). All samples were diluted (1:20, v/v)
with purified water, and each experiment was performed in triplicate.

4.9.2. Assessment of Entrapment Efficiency and Drug Loading
To calculate the EE% and DL% of OST-ME, 3 mL of OST-ME was added to centrifugal
filter tubes (Amicon Ultra4, Ireland Regenerated Celluloses, MWCO: 10 kD) to separate the
free OST from the OST-ME by centrifuge (Centrifuge 5810 R, Eppendorf, Germany). All
samples were assayed by the aforementioned HPLC method. The value was calculated by
the following equations:
W — W
EE% = ———— x 1
W x 100 3)
Weight of the drug in the ME
Weight of the drug and nanocarrier

where W, is the weight of the OST in the ME and Wy is the weight of the free drug in
the ME.

DL% = 100 4)

4.10. Morphological Observations of the OST-ME

The morphology of the optimized OST-ME was observed by transmission electron
microscopy (TEM) (Philips Company, Holland Tecnai 12, Eindhoven, The Netherlands).
Briefly, OST-ME was diluted 50-fold with purified water before the TEM study. Then,
the diluted OST-ME was applied to a carbon-coated copper grid. After drying, OST-ME
samples were observed and photographed by TEM at 25 °C.
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4.11. pH and Osmotic Pressure

The pH and osmolality of the OST-ME were tested by pH meter and freezing point
osmometer (STY-A, Tianjin, China). Each experiment was conducted in triplicate.

4.12. Fourier Transform Infrared Spectroscopy Analyses

In this study, the OST, Blank-ME, OST-ME and the physical mixture (PM) of 20 mL of
Blank-ME/OST (each experimental sample contained 20 mg of OST) were characterized by
an AVATAR 370 FTIR instrument (Alpha II, Bruker, Germany). All samples were measured
at 25 °C in the range of 4000-400 cm ™ [50].

4.13. Short-Term Stability

The stability of the optimized OST-ME was assessed for three months. Briefly, the
OST-ME was prepared by filtration sterilization, and five milliliters of the sample was
loaded in sterilized polypropylene eye drop bottles, sealed with a cover under a cleaning
bench and then placed at 4 °C and 25 °C. Both the physical and chemical stabilities of
OST-ME formulations were evaluated. All tests were performed on day 0 and at 1, 2 and
3 months, and samples were analyzed in triplicate.

4.14. In vitro Drug Release

The drug release of OST was conducted via dialysis in simulated tear fluid (STF, pH
7.4), containing 0.1% TW-80 as the solubilizer, which served as the release medium. The
release of OST was analyzed by HPLC, and the cumulative release percentage (Q) of OST
was calculated at relevant time points (according to Equation (3)). The Q was fitted to the
zero-order kinetics, first-order kinetics, Higuchi and Korsmeyer-Peppas models, and the
release curves were drawn using Origin software (Version 8.0, Northampton, MA, USA).
The OST-Susp was chosen as the control.

yi=n
= VA VIRSGi g 5)
Wo

Q%

Here, Wy is the total weight of the OST in the OST-ME, C,, is the OST concentration in

STF at t,, V is the total volume of STF, V; and C; are the sample volume and concentration
at t; respectively, and t, is the nth sampling time [51].

4.15. Cytotoxicity

The toxicity of OST-ME to HCECs was evaluated with CCK-8 assays. HCECs at a
density of 1 x 10* cells per well were exposed to different concentrations of OST-ME
(5 pg/mL and 10 pg/mL) and corresponding concentrations of blank-ME, which were
cultured for 0.25, 1, 2 and 4 h. Then, 10% CCK-8 (100 uL) was added to every well and
cultured for 4 h, and the optical density (OD) of all samples was tested at 450 nm with a
microplate reader (PerkinElmer 2104 Multilabel Reader, Shanghai, China). All results were
calculated by Equation (4) [52].

ODSam le — ODblank
Cell viability% = P % 100 (6)
Y ODcontrol - ODblank

4.16. Ocular Irritation Test

The irritation of the OST-ME was measured by six white rabbits according to the
Draize eye test [53,54]. None of the eyes of any rabbits had eye disease. A quantity of
100 pL of the OST-ME was instilled into the right eye, while the contralateral eye used
0.9% saline solution as a control. Both eyes of all rabbits were examined, scored and
recorded for signs of ocular irritation after administration of 1, 2, 4, 24, 48 and 72 h. The
results were recorded according to the Draize technique [34]. Furthermore, the rabbits were
euthanized via an injection of 4% pentobarbital sodium solution through the ear vein 72 h
after exposure. The eyeballs were dissected and fixed with FAS, and after staining with
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H&E, histopathological observation of the corneal, conjunctival and iris was performed
using an optical microscope (Nikon 80i, Nikon Corporation, Tokyo, Japan) [55].

4.17. Ocular Pharmacokinetics
4.17.1. Grouping and Dosing

Forty-two healthy rabbits were randomly divided into two groups (test group and con-
trol group, 21 rabbits in each group), which were randomly divided into seven subgroups
(n = 3), respectively. Both eyes of each animal were instilled with 50 uL of 0.1% OST-ME in
the test group and the OST-Susp in the control group. The animals were euthanized by an
injection of 4% phenobarbital sodium solution at scheduled time points. The corneal and
conjunctival tissues were collected. Then, the tissues were weighed and stored at —80 °C
for HPLC analysis. The drug in the tissue samples was extracted according to a previous
report [56].

4.17.2. Analysis of Ocular Tissues

A validated method reported in a previous study was revised to gain OST from corneal
and conjunctival tissue [57]. Briefly, the harvested conjunctiva and cornea samples were cut
into pieces and soaked in methanol (0.4 mL) and then stored at 4 °C for 24 h. All samples
were centrifuged (12,000 rpm, 10 min) and the supernatant was drawn and determined by
the abovementioned HPLC method. Corneal and conjunctival tissue working solutions
were acquired by diluting the standard solutions with corresponding blank rabbit tissues in
order to prepare the rabbit tissue calibration curves. The pharmacokinetic parameters were
obtained using DAS2.1.1 software (Anhui Provincial Center for Drug Clinical Evaluation,
Wuhu, China).

4.18. Anti-CNV Study
Establishment of CNV Model

The CNV mouse model was established using the alkali burn method described in
a previous report [58]. After one day, CNV was imaged by slit lamp microscope. Then,
eighty mice were randomly divided into five groups (n = 16). Every mouse in each group
was instilled with 5 uL of saline (saline group) or the same volume OST-ME (L, 0.05%, w/v),
OST-ME (M, 0.1%, w/v), OST-ME (H, 0.2%, w/v) or dexamethasone (DEX, 0.025%, w/v).
Each group was treated four times a day for a total of 7 days.

4.19. Assessment and Quantification of CNV Area

After treatment days 1, 3 and 7, CNV images of all animals were taken by micro-
scope [58]. To quantitatively analyze the CNV area, a corneal flat mount method was used.
On day 7, aortic perfusion was performed on three mice in each group. Then, the right eye
of each mouse was enucleated and fixed in FAS at 4 °C, after which the corneal tissue was
dissected and flattened for taking imaging. The area was calculated with the following
Equation (5) [59,60].

A = C/12 x 3.1416 x [rz —(r— L)z} @)
Here, A is the area, C is the number of clock hours of CNV that were involved, L is the

length of the new blood vessel and r is the corneal radius [61].

4.20. Histopathological Examination

After day 7, three mice were sacrificed and the whole eyeball was enucleated from
each. The corneas were separated and fixed in FAS trimming for hematoxylin-eosin (H&E)
staining and histopathological observations.

4.21. Enzyme Linked Immunosorbent Assay

The expression levels of VEGF-A and MMP-9 in the corneas were measured. After
days 3 and 7, five mice were sacrificed in each group, and the corneal samples were
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dissected and saved at —80 °C until analysis. The corneal samples were rewarmed at
4 °C for half an hour before analysis. The samples were treated according to the previous
method [58]. The concentration of VEGF-A and MMP-9 in the corneas was measured
according to the manufacturers’ instructions. All samples of the OD were tested by a
microplate reader at 450 nm.

4.22. Statistical Analysis

All results were analyzed by SPSS software (SPSS version 21, Chicago, IL, USA).
Fisher’s least significant difference (LSD) test was recorded to compare the differences
between every group; p < 0.05 was considered as statistical significance. All data were
recorded as the mean =+ standard deviation (SD).

5. Conclusions

In this study, an optimized OST-ME formulation was successfully generated and
characterized. The formulation showed good tolerance. Moreover, the formulation had
good storage stability at 4 °C. In vitro drug release studies illustrated that OST-ME had
a better sustained drug release rate than OST-Susp. Invivo pharmacokinetic studies
illustrated that OST-ME had better bioavailability than OST-Susp and that the retention
time of OST-ME on the cornea was prolonged. In addition, OST-ME effectively inhibited
CNV and decreased VEGF-A and MMP-9 protein expression. In summary, OST-ME could
be a potential drug for anti-CNV.
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Abstract: To this day, the use of oily eye drops and non-invasive retinal delivery remain a major
challenge. Oily eye drops usually cause ocular irritation and interfere with the normal functioning
of the eye, while ocular injections for retinal drug delivery cause significant adverse effects and a
high burden on the healthcare system. Here, the authors report a novel topical non-invasive ocular
delivery platform (NIODP) through the periorbital skin for high-efficiency anterior and posterior
ocular delivery in a non-human primate model (NHP). A single dose of about 7 mg JV-MD2 (omega
3 DHA) was delivered via the NIODP and reached the retina at a Cmax of 111 ug/g and the cornea at
a Cmax of 66 ug/g. The NIODP also delivered JV-DE1, an anti-inflammatory agent in development
for dry eye diseases, as efficiently as eye drops did to the anterior segments of the NHP. The topical
NIODP seems to transport drug candidates through the corneal pathway to the anterior and via the
conjunctiva/sclera pathway to the posterior segments of the eye. The novel NIODP method has
the potential to reshape the landscape of ocular drug delivery. This is especially the case for oily
eye drops and retinal delivery, where the success of the treatment lies in the ocular tolerability and
bioavailability of drugs in the target tissue.

Keywords: AMD; cornea; docosahexaenoic acid (DHA); drug delivery; non-invasive ocular delivery
platform (NIODP); ocular disease; oily eye drops; omega 3; retina; retinal delivery; retinal diseases

1. Introduction

Tolerability and suitability issues can limit the use of various materials or delivery
routes for ocular drug administration, particularly for oily eye drops and retinal drugs.
While eye drops are very often used to treat ocular surface diseases, intravitreal injections
or implants are mainly used to treat posterior ocular diseases. Since Vitravene® (fomivirsen
sodium) became the first FDA-approved intravitreally injected therapeutic agent in 1998,
the ophthalmic pharmaceutical industry has been in urgent need of a breakthrough in
ocular drug delivery.

Topical eye drop administration is well known for its capacity to provide necessary
and efficient pharmaceutically effective doses to most anterior ocular tissues, usually
with higher local drug levels than oral administration and minimal systemic exposure
and side effects [1,2]. While most active pharmaceutical ingredients (APIs) are lipophilic,
commercialized eye drops are often used in a more ocularly tolerable aqueous formulation
that may be subjected to fast elimination by tears compared to an oily formulation. Eye
drops containing castor oil as a vehicle have been found to cause corneal toxicity. This is
not observed with the use of Aleurites, camelina, maize, and olive oils, suggesting that
oil formulations may still be useful as ophthalmic solutions [2]. Although oily eye drop
formulations may increase the solubility and pharmacologic effects of the drug, they often
cause ocular discomfort, such as vision blurring and foreign body sensations, due to the
high viscosity and refractive index of oily contents [2,3]. This is the main limiting factor for
their use as eye drop formulations.

Posterior ocular drug delivery is a major challenge due to the complex anatomy and
the dynamic physiological barrier of the eye, which significantly affect the availability
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of treatments. The physicochemical properties of drugs, formulations, delivery systems,
and routes of administration are major factors affecting intraocular bioavailability; they
have been explored to enable effective ocular drug delivery [4]. Oral administration and
eye drops are the two currently available non-invasive routes of delivery used to treat
ocular diseases. Due to the blood-retina barrier, the retinal bioavailability of drugs via oral
administration is extremely low and comes with very high unnecessary systemic exposure.
In individual baboon neonates, it was demonstrated that the absorption of DHA to the
retina from blood circulation reached a plateau when DHA in plasma or red blood cells
(RBCs) was approximately 6% of the weight of total fatty acids in the diet [5], meaning that
DHA in dietary supplements beyond a certain limit may not be absorbed into the retina.
Additionally, the delivery efficiency of DHA from the diet to RBCs in baboon neonates was
mostly between 0.013% and 0.04% of the DHA dose, while the correlated diet-to-retina
DHA delivery efficiency was calculated to be in the range of 0.0003% to 0.001% [6]. Topical
eye drops, a more direct route with lower systemic exposure, have also been shown to be
very inefficient for posterior segment delivery. Only <3% of the dosed drug amount in eye
drop formulations reached the aqueous humor, and 0.001% or less reached the retina [7,8].
Thus, for the retinal delivery of DHA, the oral route requires megadose systemic exposure,
and oily eye drops cause intolerable adverse ocular effects, meaning that both methods are
highly inefficient.

While orally administered drugs reach the retina through the blood circulation, the use
of topical eye drops is believed to channel drugs to the posterior ocular segments via two
possible routes: (1) the corneal route, where the drug penetrates the corneal surface and
continues to diffuse through anterior ocular tissues (aqueous humor, lens/iris/ciliary body)
to the vitreous humor and may then reach the retina; and (2) the conjunctiva/scleral route,
where a drug diffuses from the conjunctiva of the ocular surface through the scleral water
channels/pores to reach the retina [7,9]. The concentration gradient of dissolved drugs is
the driving force for molecules to permeate through the lipophilic membrane barriers of the
eye (i.e., the conjunctiva and /or cornea) along the corneal and scleral pathways [7,10]. For a
drug with favorable physicochemical properties (e.g., molecular weight, radius, charge, and
lipophilicity), the scleral pathway provides a bypass around the anterior segment barriers
(the lens, iris, and ciliary body), allowing drug permeation to the back of the eye [11,12].

Although many rabbit and rodent studies claim to have achieved successful retinal
delivery by applying high doses of small molecules or proteins in eyedrop formulations,
successful translation to larger species or clinical success has not yet been achieved, and
topical eye drops remain highly inefficient for posterior segment delivery [13-15]. In these
rabbit and rodent studies, the amount of therapeutic agents reaching the retina was mostly
in the range of a 0.01 to 0.1 ug/g concentration after a typical eye drop regimen [13,16-19].
In such circumstances, retinal delivery due to systemic exposure cannot be ruled out
because of the small body volume of these animal models. Therefore, rabbit and rodent
models may not be appropriate for studies of posterior segment drug delivery [13].

The current standard of care for retinal drug delivery is intravitreal injection or im-
plant [20], and the efforts to improve retinal drug delivery are heavily focused on two
aspects. The first is slow-release, long-acting ocular drug formulations/implants for macro-
molecules (such as anti-VEGF (vascular endothelial growth factor)) or steroids that increase
the duration of action or reduce the frequency of injection. Recently, a second aspect has
emerged that concentrates on more targeted routes of delivery, such as subconjunctival,
suprachoroidal, subretinal, and trans-scleral injections. These new delivery techniques,
although potentially less invasive, still require repeated injections into the eye. In addition,
ocular injections are usually not suitable for the delivery of small molecules as they tend to
have short half-lives (usually less than 10 h) of bioavailability in the target tissues [9,14,21].
Other than in steroid treatments, such as dexamethasone intravitreal implants and triamci-
nolone intravitreal injections [22,23], there are currently no non-steroidal small molecules
approved for use to treat retinal diseases. This is not because small molecules cannot treat
such diseases, but rather due to the hindered capacity of the currently available delivery
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methods. As a matter of fact, small molecules, such as VEGF receptor inhibitors, platelet-
derived growth factor receptor inhibitors, tyrosine kinase inhibitors, and complement
inhibitors, have been presented in scientific publications and listed in ongoing pipelines as
potential treatments of dry/wet age-related macular degeneration (AMD) and other retinal
diseases [24-27]. The route of delivery is often through slow-release invasive implants or
oral administration with systemic exposure.

Here, we describe the discovery of a novel non-invasive ocular delivery platform
(NIODP) that successfully delivered drug candidates with high bioavailability and high
efficiency not only to the front, but also to the back of the nonhuman primate (NHP) eye
through topical administration to the periorbital skin.

2. Materials and Methods
2.1. Compounds

The chemical structure of JV-DE1 and JV-MD2 (two small molecules currently under
development in the JeniVision pipeline) are presented in Figure 1. JV-DE1 (also known as
JV-DE1, RO1138452, CAY10441) was custom synthesized at Raybow Pharmaceutical Science
and Technology Co., Ltd., Hangzhou, China. JV-MD2 (DHA free acid) and compound X
(described in Sections 2.2 and 2.6) were purchased from Sigma-Aldrich, St. Louis, MO, USA.
These compounds also served as internal standards (IS) for the relative analytical assays.

(a) JV-DE1 )\o i?
H

(b) JV-MD2

TZ

Figure 1. Chemical structures of (a) JV-DE1 (RO1138452, CAY10441), 4,5-dihydro-N-[4-[[4-(1-
methylethoxy)phenyl]methyl]phenyl]-1H-imadazol-2-amine, formula weight 309.4; and (b) JV-MD2
(DHA), cis-4,7,10,13,16,19-docosahexaenoic acid, formula weight 328.49.

2.2. Formulations

JV-DE1 eye drop formulation: JV-DE1 was dissolved in 2.4% polyoxyl 35 castor oil
and 0.2% glycerol in pH7.6 Tris-buffered saline to 2.4 mg/mL (0.24% w/v).

Formulations for NIODP application: JV-DE1 was dissolved in medium-chain triglyc-
eride oil to 5.3 mg/g (0.53% w/w). The original JV-MD2 stock of 98% was diluted in
linoleic acid oil pre-dissolved with compound X. The final concentration of JV-MD2 was
215.21 mg/g (21.5% w/w) and compound X was 16.14 mg/g. A pen brush with a 3-mL
reservoir was used as the applicator for each formulation.

2.3. Non-Invasive Ocular Delivery Platform (NIODP)

NIODRP is a JeniVision proprietary topical ocular drug delivery route via the periorbital
skin, i.e., the skin area around the eye orbit, which was first used for glaucoma drug delivery
to the anterior chamber of the eye [28]; here, it was discovered to be a novel route for ocular
drug delivery, particularly for retinal drugs, as depicted in Figure 2.
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Figure 2. Non-invasive ocular delivery platform (NIODP). A novel drug delivery method to the front
and back of the eye via periorbital skin application.

2.4. Choice of Animals for Eye Drop and NIODP Ocular Biodisposition Studies

A pilot ocular biodisposition study is often utilized in the research and discovery
phase, prior to Good Laboratory Practices (GLP) pharmacokinetic studies, to assess the
feasibility of the delivery route and reliability of the animal model, as well as to minimize
the unnecessary use of animals to be sacrificed, especially in studies of higher species
such as non-human primates (NHPs). The biodisposition describes a drug’s distribution
(“where”) at a certain time point (“when”). As long as an ocular biodisposition study
is designed so that it can answer the questions of “when” and “where” in a generally
consistent trend, ideally at multiple time points, such a study design has been accepted by
the FDA and for peer-reviewed publications, especially when higher species are used in
the studies [6,28-31].

Rabbits are an ideal model to study topical eye drop formulation delivery, especially
to the anterior chamber of the eye. Compared to rodents, rabbits share more common
anatomical and biochemical features with humans, such as a larger eye size [32]. Monkeys
were chosen for the initial NIODP concept validation as the most suitable animal model
due to their hairless periorbital skin, the size of their eyeballs, and the fact that they have a
similar ocular anatomy to humans, in order to maximize the usually low animal-to-human
translational success rate in non-invasive retinal delivery. Non-naive NHPs washed out
from previously unrelated studies were used for the experiment. For analytical method
development and validation, ocular blank matrixes were harvested from animals of a
control group after unrelated terminal studies.

2.5. Biodisposition of JV-DE1 Eye Drops in New Zealand Rabbits

Five male New Zealand rabbits aged 4-7 months were used in this study. The animals
were housed individually in polypropylene cages (530 mm x 630 mm x 320 mm) and
in an environmentally monitored, well-ventilated conventional room maintained at a
temperature of 18-26 °C and a relative humidity of 40-70%. A certified rabbit diet was
provided ad libitum daily during the quarantine and study periods. The nutritional
ingredients and designated chemicals of the diet were analyzed by a qualified institute
once quarterly.

The in-life procedures and sample collections were performed at Joinn Laboratory
Inc. (Suzhou, China). A single dose of 50 pL (120 pug) per eye of the 0.24% JV-DE1 eye
drops was applied to both eyes of the animals at time 0 using a pipet. This dose was chosen
based on the maximum amount deliverable as an eye drop. Blood samples were collected
from all five study animals at 0 h pre-dosing. For every time point of 0.5, 2, 4, 8, and 24 h
post-dose, one animal was euthanized and the ocular tissues (anterior sclera, aqueous
humor, bulbar conjunctiva, ciliary body, cornea, iris, posterior sclera, and retina) of both
eyes were collected. Plasma samples were collected before each euthanization.

Sample preparation and bioanalysis were performed at Medicilon Preclinical Research
LLC (Shanghai, China). Solid ocular tissues were homogenized with 9- to 49-fold (1 g tissue
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in 9 mL to 49 mL, w/v) of cold homogenization buffer (50% methanol/H,O). Aliquots
of plasma or aqueous humor, as well as the homogenized tissue samples, were mixed
with 8-fold volumes of 200 ng/mL warfarin in a methanol solution. After vortexing
and centrifuging, an aliquot of supernatants was transferred to a 96-well plate for LC-
MS/MS analysis. JV-DEL1 is a synthesized new chemical entity (NCE). The absence of the
endogenous compound was verified by JeniVision with a battery of pre-clinical GLP and
non-GLP studies, including analytical studies in monkey, dog, and rabbit tissues.

2.6. Biodisposition of JV-DE1 and JV-MD2 Delivered via NIODP in Non-Human Primates

Four female cynomolgus non-naive monkeys aged 3—4 years used for unrelated
projects were washed out prior to this study. The monkey maintenance pelleted feed
was purchased from Beijing HFK Bioscience Co. Ltd. (Beijing, China) or other qualified
sources and was provided ad libitum throughout the in-life portion of the study. Dur-
ing the acclimation period and the experiment, the animals were housed individually
(1 monkey/cage) in stainless-steel wire-mesh-type cages in a group housing.

All experiments were performed at Medicilon. A single dose of about 31.2 mg of
the 5.3 ug/mg JV-DE1 formulation, i.e., 165.3 £ 4.6 ug (mean 3 SEM) per eye of JV-DE1,
was applied to the right eye (OD); and a single dose of about 31.48 + 0.43 mg of the
215.2 ug/mg JV-MD2 formulation, i.e., 6775 £ 92 ug (mean + SEM) per eye, was applied
to the left eye (OS) of each animal at time 0 via NIODP (this formulation also contained
16.14 pg/mg of compound X (mean 508 ug per OS)), which did not diffuse beyond the
periorbital skin. A pen brush was used to dose each formulation with three to four circular
motions for even distribution. The doses of the test articles were selected based on their
solubility /concentration with the maximum deliverable volume on the periorbital skin
of the animals. The administered dose was calculated by the weight difference of the
pen brush before and after administration. Animals were restrained from eye rubbing in
restraint chairs for 2 h after dosing, with access to food and drink. A blood sample was
collected from one of the study animals at pre-dosing. For every time point of 0.5, 3, 6, and
24 h post-dose, one animal was euthanized and the ocular tissues (upper eyelid, cornea,
retina, and vitreous humor) of both eyes were collected. Plasma samples were collected
before each euthanization.

For the convenience of tissue processing and sample extraction, only upper eyelids
were collected to represent the entirety of the periorbital tissue. Ocular tissues were
homogenized by adding a 9-fold volume of 50% methanol/H,O per gram of tissue. For
the LC-MS/MS sample preparation, a 50 uL aliquot of plasma, aqueous humor, vitreous
humor, or tissue homogenate was thoroughly mixed with a 250 pL extraction solution
of CHCI3/EtOH (1:1); then, a 210 uL supernatant of the samples was transferred to a
96-well plate after centrifugation. The samples were evaporated in nitrogen gas (N2) until
dried. Each sample was redissolved in 200 unL. MeOH, of which 2 pL was injected for the
LC-MS/MS analysis.

2.7. LC-MS/MS Methods for [V-DE1 in Rabbit Plasma and Ocular Tissues

The liquid chromatography (LC) system comprised a Waters (Waters Corporation,
Milford, CT, USA) Ultra Performance Liquid Chromatography (UPLC) equipped with
an ACQUITY UPLC binary solvent manager, an ACQUITY UPLC sample manager, an
ACQUTIY UPLC sample organizer, and an ACQUITY UPLC column heater HT. The
mass spectrometric (MS) analysis was performed using a Triple Quad 6500+ (Applied
Biosystems/MDS Sciex, Concord, ON, Canada) with an ESIion source. The data acquisition
and control system were created using Analyst 1.6.3 and 1.7.1 Software from Applied
Biosystems/MDS Sciex. The LC/MS conditions for JV-DE1 are described in Supplementary
Table Sla—c.
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2.8. LC-MS/MS Methods for [V-DE1 and JV-MD?2 in Monkey Plasma and Ocular Tissues

The LC system was the same as that described in Section 2. The MS analysis was
performed using a Triple Quad 5500 with an ESI ion source, and the data acquisition and
control system were Analyst 1.6.3 software from Applied Biosystems/MDS Sciex.

The LC/MS conditions for JV-DE1 are described in Supplementary Table S2. The LC
conditions were as follows: ACQUITY UPLC ® BEH C18 1.7 um, 2.1 mm x 50 mm; the
mobile phase Column A, 0.1% formic acid in water; and Column B, 0.1% formic acid in
acetonitrile. The flow rate was 0.6 ml/min, the column temperature was 50 °C, and the
injection volume was 2 uL. The MS conditions were as follows: scan type, positive MRM;
ion source, turbo spray; ionization model, ESI; nebulizer gas 1, 55 psi; gas 2, 55 psi; curtain
gas, 40 psi; CAD, 10; ionspray voltage, 5500 V; and temperature, 550 °C.

The LC/MS conditions for JV-MD2 (DHA) are described in Supplementary Table S3.
The LC conditions were as follows: ACQUITY UPLC® BEH C18 1.7 pm, 2.1 mm X 50 mm;
the mobile phase Column A, 10 mm NH4AC in H,O; and Column B, CAN. The flow rate
was 0.5 mL/min, the column temperature was 40 °C, and the injection volume was 4 pL.
The MS conditions were as follows: scan type, negative MRM,; ion source, turbo spray;
ionization model, ESI; nebulizer gas 1, 55 psi; gas 2, 55 psi; curtain gas, 40 psi; CAD, 9;
ionspray voltage, 5500 V; and temperature, 550 °C.

3. Results

3.1. JV-DE1 Ocular and Plasma Bioavailability Delivered by Eye Drops in New Zealand Rabbits:
The Evolution of Eye Drop Administration to Glaucoma Drug Periorbital Skin Delivery, to the
Discovery of the Non-Invasive Ocular Delivery Platform (NIODP)

The topical periorbital skin route (i.e., via the skin area around the eye orbit) for ocular
drug delivery was first used to deliver JV-GL1, a prostanoid EP; receptor agonist, to treat
glaucoma, with successful intraocular-pressure-lowering effects in normotensive cynomol-
gus monkeys [28] and in open-angle glaucoma or ocular hypertension patients in a Phase
1b/2a clinical trial (NCT04761705). Prior to the discovery of the novel topical periorbital
skin route, JV-GL1 demonstrated highly effective and long-duration anti-glaucoma effects
as eye drops in ocular normotensive monkeys [28].

JV-DE1 (RO1138452) is an anti-inflammatory dual antagonist of the prostanoid IP
receptor and PAF receptor, with a pKi of 9.3 (ki = 0.5 nM) for human IP receptor and
7.9 (Ki = 1.3 nM) for human PAF receptor [33]. It is in development at JeniVision for the
treatment of dry eye disease. When a 50 uL. JV-DE1 eye drop formulation was administered
by pipetting to the right eye (OD) at 120 pg/eye to New Zealand rabbits (Table 1), it
accumulated at high concentrations in the ocular surface tissues of the bulbar conjunctiva
(Cmax ~16 pg/g) and cornea (Cmax ~12 ug/g) as expected, followed by the anterior
sclera (Cmax 1.7856 ug/g), ciliary body/iris (Cmax 0.3049 ug/g), and posterior sclera
(Cmax 0.2395 ug/g). The JV-DEI also reached the retina at a Cmax of 0.0920 ug/g, which
is much higher than the 0.0026 ng/g Cmax in vitreous humor. The JV-DE1 eye drop
concentration gradient in ocular tissues (Figure 3) was consistent with its maximum ocular
delivery efficiency (presented as % administered dose), which was conjunctiva (1.3929%) >
cornea (0.8622%) > anterior sclera (0.2982%) > posterior sclera (0.0197%) > ciliary body /iris
(0.0174%) > retina (0.0047%) > vitreous humor (0.0023%). There was no significant systemic
exposure of JV-DE1 when applied via eye drops, as the drug concentration was no more
than 0.001 pg/mL in the plasma throughout the 0.5, 3, and 6 h post-dose time points, with
a 24 h clearance.
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Table 1. JV-DE1 in New Zealand rabbits following the administration of a single eye drop in the right

eye.
Test Article JV-DE1 (0.24% wlv)
Dosing site Topical eye drop (OD)
Rabbit ID All 2036281 2036282 2036283 2036284
Time (h) 0 0.5 3 6 24
Dose level (ug/eye) 0 120 120 120 120
Drug in plasma (ug/mL) BLQ 0.0010 0.0003 0.0001 BLQ
Drug in vitreous humor (pg/mL) NF * 0.0026 0.0017 0.0012 0.0004
Conjunctiva NF * 16.4919 5.1781 0.5660 0.9937
Cornea NF * 12.1249 5.9526 5.1255 0.5422
Drug in OD Tissues Anterior sclera NF * 1.7856 0.9263 1.4785 0.0932
(ug/g) Ciliary body/iris NF * 0.1054 0.3049 0.2314 0.0289
HE/8 Posterior sclera NE * 0.2090 0.2395 0.1512 0.0645
Retina NF * 0.0920 0.0491 0.0589 0.0068
Vitreous humor (ug/mL) NEF * 0.0026 0.0017 0.0012 0.0004
Conjunctiva 1.3929 0.4477 0.1288 0.1467
Cornea 0.8622 0.4239 0.3709 0.0254
o Anterior sclera 0.2982 0.1068 0.2139 0.0127
. % Ciliary body /iris 0.0084 0.0174 0.0137 0.0021
Administered Dose Posterior sclera 0.0153 0.0323 0.0197 0.0088
Retina 0.0047 0.0036 0.0037 0.0004
Vitreous humor 0.0023 0.0012 0.0007 0.0004

OD: right eye; BLQ: below the limit of quantification, given a value of 0 in the relevant calculations; LLOQ: lower
limit of quantitation, equal to 0.0001 pug/mL, given a value of 0 in the relevant calculations thereafter. Delivery
efficiency = % of administered dose = 100X (drug content in tissue (ug))/dose level (ug/eye). NF *: not found in
undosed animals of various preclinical species, as JV-DE1 is a synthetic novel chemical entity.
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Figure 3. JV-DEI1 bioavailability in New Zealand rabbit plasma and ocular tissues when administered
as eye drops. A single dose of JV-DE1 (120 ug/eye) was delivered to the right eyes (OD). N = four
animals in study. The JV-DE1 level is presented as ug/g of solid tissues or pug/mL of aqueous tissues.

Although the 0.0047% retinal delivery efficiency of JV-DE1 eye drops in rabbits was
about five times higher compared to the maximum of 0.001% efficiency usually seen in
most eye drops dosed to lower animal species, a 10- to 100-fold increase in retinal delivery
efficiency demonstrated in a large animal species is desirable to ensure clinical success.
Since a substantial increase in the drug load is hard to achieve as an eye drop formulation
due to limitations related to drug solubility, ocular tolerability, and suitability, the follow-up
studies (as described in Sections 3.2 and 3.3) on ocular drug delivery via the periorbital skin
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route were undertaken in the hope of achieving pharmaceutically effective retinal doses in
larger animal species.

3.2. JV-DE1 Ocular and Plasma Bioavailability after a Single-Dose NIODP Application in
Non-Human Primates

JV-DE1 was topically applied on the periorbital skin at about 165.3 ug/eye to the right
eye (OD) of four cynomolgus monkeys (Table 2). A substantial quantity of the drug was
found in the eyelid /periorbital skin (Cmax 26.54 pg/g) and cornea (Cmax 9.30 pg/g). On
the other hand, the retina (Cmax 0.0455 ng/g) and vitreous humor (Cmax 0.0190 ug/g) ex-
hibited the lowest drug levels. Therefore, the concentration gradient remained similar to the
eye drop application, where the dosing site of NIODP (eyelid/ periorbital skin) > cornea >
retina > vitreous humor (Figure 4). The plasma concentrations remained < 0.0003 ug/mL,
near the lower limit of quantitation (LLOQ, 0.0001 p1g/mL), showing no significant sys-
temic exposure of JV-DEL1 in the current study via NIODP application, similar to the eye
drop administration.

Table 2. JV-DEI in cynomolgus monkeys following a single-dose administration via NIODP.

Test Article JV-DE1 (0.53% w/w)
Dosing site Periorbital skin (OD)
Animal no. 101 101 102 103 104
Time (h) 0 05 3 6 24
Dose level (ug/eye) 0 179.1 160.6 162.2 159.3
Drug in plasma (ug/mL) BLQ 0.0001 0.0002 0.0003 BLQ
Eyelid / periorbital skin NF * 26.5354 32.4547 7.9456 11.5978
Drug in OD Tissues (11g/g) Cornea NF * 9.2993 16.6887 23.9295 1.6213
& He/8 Retina NF * 0.0396 0.0279 0.0455 0.0055
Vitreous humor (ug/mL) NE* 0.0152 0.0079 0.0039 0.0190
Eyelid/periorbital skin 0.6370 1.4956 0.3477 0.7501
% Cornea 0.1921 0.3430 0.5900 0.0326
Administered Dose Retina 0.0004 0.0004 0.0005 0.0002
Vitreous humor 0.0047 0.0029 0.0031 0.0018

OD: right eye; BLQ: below the limit of quantification, given a value of 0 in the relevant calculations. LLOQ: lower
limit of quantitation, equal to 0.0001 pug/mL, given a value of 0 in the relevant calculations thereafter. Delivery
efficiency = % of administered dose = 100X (drug content in tissue (ug))/dose level (ug/eye). NF *: not found in
undosed animals of various preclinical species, as JV-DEL1 is a synthetic novel chemical entity.
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Figure 4. JV-DEI1 bioavailability in monkey plasma and ocular tissues delivered via NIODP. A single
dose of JV-DE1 was administered to the right eye (OD) at 165.4 ug/eye (mean). Eyelid /periorbital
skin is collectively labeled as “Eyelid”. N = four animals in the study. The JV-DE1 level is presented
as pg/g of solid tissue or pg/mL of fluid samples.
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3.3. JV-MD2 Ocular and Plasma Bioavailability via NIODP in Non-Human Primates

JV-MD2 (DHA omega 3 free acid) was administered via NIODP at approximately
6775 ng/eye to the left eye (OS) of four cynomolgus monkeys. The endogenous levels
of DHA in the ocular tissues were determined during method validation from the mean
of a double-blank matrix measured during method validation, where BLQ is below the
limit of quantification, with a lower limit of quantitation (LLOQ) = 0.5 ug/mL. Substantial
quantities of JV-MD2 remained in the eyelid/periorbital skin (11-420 ug/g vs. the BLQ
baseline), cornea (22-66 pg/g vs. the BLQ baseline), and retina (47-111 ug/g vs. the
17 pg/g baseline), at all post-dose time points of 0.5, 3, 6, and 24 h (Table 3). It is notable
that JV-MD2 rapidly reached its Cmax of 111 pg/g in the retina within 0.5 h post-dosage
from the endogenous level of 17 pg/g. In the vitreous humor, JV-MD2 remained below
BLQ at all timepoints except for at 24 h post-dose (2 pg/mL). The JV-MD2 concentration
gradient was as follows: the dosing site of NIODP (eyelid / periorbital skin) > retina >
cornea >> vitreous humor. This is generally concordant with the maximum percentage of
the administered dose achieved within 30 min of dosing, which was eyelid /periorbital skin
(0.4288%) > retina (0.0343%) > cornea (0.0283%) >> vitreous humor. The post-dose plasma
levels of JV-MD2 showed a range of 1-3 pg/mL, with no significant fluctuation around the
2 ug/mL pre-dosing baseline.

Table 3. JV-MD2 in cynomolgus monkeys after a single-dose administration via NIODP.

Test Article JV-MD2 (DHA (21.5% w/w)
Dosing site Periorbital skin (OS)
Animal no. 101 101 102 103 104
Time (h) 0 0.5 3 6 24
Dose level (ug/eye) 0 6568 6768 7018 6747
Drug in plasma (ug/mL) 2 2 3 2 1
Eyelid / periorbital skin BLQ* 381 420 11 16
Drug in OS Tissues Cornea BLQ* 66 22 22 26
(ng/g) Retina 17 * 111 67 79 47
Vitreous humor BLQ* 0 0 0 2
Eyelid/periorbital skin 0.4288 0.3844 0.0149 0.0197
% Cornea 0.0283 0.0109 0.0149 0.0173
Administered Dose Retina ** 0.0343 0.0264 0.0228 0.0175

Vitreous humor 0.0000 0.0000 0.0000 0.0236

OS: left eye; BLQ: below the limit of quantification, given a value of 0 in relevant calculations. LLOQ: lower
limit of quantitation, equal to 0.5 ug/mL, and given a value of 0 in relevant calculations thereafter. Delivery
efficiency = % of administered dose = 100X (drug content in tissue (ug))/dose level (ug/eye). * Mean of calculated
endogenous DHA from the double-blank matrix measured during method validation. ** Endogenous DHA was
subtracted when calculating % administered dose in the retina.

4. Discussion

According to the tissue concentration gradient (Figure 3) and the % of the administered
dose in ocular tissues (Table 1) derived from the rabbit eye drop biodisposition study, most
of the JV-DEL1 followed a typical “corneal route” of cornea — anterior tissues (ciliary
body/iris) — vitreous humor where JV-DEI1 lost the driving force to reach the retina; in
the meantime, a small portion of the JV-DE1 may also have taken the “conjunctiva—sclera
route”, i.e., conjunctiva — sclera — retina. Changing the site of delivery from the ocular
surface to the application of eye drops to the periorbital skin around the eye via NIODP
did not improve retinal delivery of JV-DE1. Rather, the maximum delivery efficiency in
the retina was about 10-fold lower, dropping from 0.0047% via eye drop application to
0.0005% via NIODDP, albeit not in a head-to-head comparison, as the studies were conducted
in different species. Nonetheless, the tissue concentration gradient again indicated that
the JV-DE1 levels achieved in the retina were mainly through the same conjunctiva-sclera
pathway as the eye drops. JV-DE1 seems to bypass the vitreous humor to reach the retina,
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since, in both delivery routes, the retinal bioavailability seems to be higher than that of the
vitreous humor. The retinal Cmax of JV-DE1 (RO1138452) was 0.0920 pg/g (297 nM) for
eye drop administration in rabbits and 0.0455 pg/g (147 nM) for NIODP in monkeys. This
Cmax value is at least 100-fold higher than the Ki on the human receptors of prostanoid IP
(ki = 0.5 nM) and PAF (Ki = 1.3 nM) and may be sufficient to treat retinal diseases if the same
delivery efficiency is translatable from rabbits to humans as eye drops or from monkeys
to humans via NIODP. However, while it may be tolerable to apply the 0.53% (w/w) oily
formulation once daily via NIODP, the 0.24% (w/v) aqueous eye drop formulation may
cause eye irritation in humans.

Although both molecules are amphipathic, JV-DE1 can form an aqueous formulation,
while JV-MD2 (DHA) is a fatty acid with much lower water solubility. This difference
in physicochemical properties makes it easier for DHA to penetrate cell membranes and
diffuse through biological tissues to achieve efficient transcellular and intracellular distribu-
tions. We have discovered a novel non-invasive ocular delivery platform, and demonstrated
that the application of less than 7 mg of JV-MD2 (DHA) via NIODP can reach a Cmax
of 661g/g in the cornea and 111 pg/g in the retina, where the delivery efficiencies were
0.01-0.42% in the eyelid/periorbital skin (site of application), 0.01-0.03% in the cornea, and
0.01-0.04% in the retina of NHPs. Like JV-DE1 (administered either as eye drops or via
NIODP), JV-MD2 seems to reach the retina via the conjunctiva—sclera pathway when ad-
ministered via NIODP, with a preferred distribution in the retina over the cornea (Figure 5).
Interestingly, the biodistribution of JV-MD2 only appeared in the vitreous humor at 24 h
post-dose but not at any earlier time points of 0.5, 3, or 6 h post-dose; moreover, there was
no endogenous DHA detected in the blank matrix. Thus, excess JV-MD2 may diffuse from
the retina to vitreous humor over time if other reasons, such as animal-to-animal variation,
can be ruled out.
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Figure 5. JV-MD2 bioavailability in monkey plasma and ocular tissues delivered via NIODP. A single
dose of JV-MD2 was administered at 6775 ug/eye (mean) to the left eye (OS). Eyelid /periorbital skin
is collectively labeled as “eyelid”. N = four animals in the study. The JV-MD2 level is presented as
ug/g of solid tissue or ug/mL of fluid sample.

In contrast to traditional eye drop administration, which targets the cornea mostly for
anterior ocular drug delivery, the conjunctival-scleral pathway has not previously been
considered a major drug delivery route, although ocular drug penetration may occur via
this pathway. The conjunctival-scleral pathway may provide a much larger surface area
for drug absorption than the cornea [34]. Compared to the cornea, the relatively leaky
and hydrophilic conjunctival tissue can provide approximately 230-fold larger intercellular
spaces that are more permeable even to macromolecules, such as proteins and peptides [3].
Connected to the conjunctiva is the sclera, a network of collagen fibers, proteoglycans,
and glycoproteins in an aqueous medium forming scleral water channels 30-350 nm in
size [9,12], spacious enough for the passage of macromolecules. The suprachoroid is located
between the sclera and the choroid. Since the choroid bleeds into the suprachoroid space
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(SCS), the exchange of biomolecules between the choroid, SCS, and sclera is barrier-free.
Because of this permeability, as well as being less invasive and having higher bioavailability
than intravitreal injection, suprachoroidal injection has been under investigation since 2013
for retinal delivery [35-37]. The fenestrated capillaries in the choroid are highly permeable
and allow for high concentrations and the rapid diffusion of nutrients in the extra-vascular
space of the choroid [38]. Bruch’s membrane (BrM) is a thin layer of extracellular matrix,
which is a selectively permeable membrane between the retina and choroid and regulates
the exchange of nutrients, oxygen, minerals, and by-products of the visual cycle through
passive diffusion, influenced by the weight, size, and shape of the diffusing molecule.
While some complement proteins, such as FHL-1, factor D, and C5a, are allowed to diffuse
through, most complement proteins (including the low-molecular-weight C3a) are unable
to do so [39,40]. Finally, before any drug reaches the retina, it must pass the retinal
pigment epithelium (RPE), which also forms the outer blood-retina barrier (BRB), regulating
drug permeability via physicochemical properties, such as molecular weight, lipophilicity,
protein binding, and concentration gradient [12].

Age-related macular degeneration (AMD) in the elderly is the leading cause of irre-
versible vision loss. Early or intermediate stages of AMD (dry AMD) are defined by the
formation of lipid-rich deposits of drusen between the RPE and the BrM, as well as the
accumulation of choroidal macrophages. Geographic atrophy (GA), one of the advanced
stages of AMD, is characterized by the confluent deterioration of the RPE and photoreceptor
and choroidal neovascularization. Wet (or neovascular) AMD, another advanced stage
of AMD, is characterized by invasive choroidal neovascularization (CNV) with accompa-
nying macrophage accumulation in the retina, which breaks from the BrM and can lead
to retinopathy [41]. Genetic variations in the innate immune system and poor diet are
the two main factors contributing to drusen genesis and disease progression in AMD [42].
The mechanistic target of rapamycin (mTOR), a sensor of nutrient availability and growth
factors, has been implicated in multiple diseases like cancer, diabetes, and neurodegen-
erative diseases; they are characterized by inflammation, as well as aging, referred to as
“inflammaging” [43-45]. The activation of mTORC1 has been associated with the formation
of drusen-like deposits in photoreceptors; dietary supplementation with DHA alleviated
most pathologies in a mouse model with advanced AMD pathologies [42]. The once-daily
intragastric administration of DHA effectively inhibited laser-induced CNV formation in
mice, which was associated with the suppressed protein expression of NF-kB, VGFER2, and
VEGE, major players in the angiogenic pathway in cancer and advanced stages of AMD [46].
Upon the induction of pathological stimuli, activated macrophages were recruited to the
affected site, i.e., the back of the eye in the case of AMD, to secrete proinflammatory cy-
tokines, recruit more macrophages, and accelerate disease progression. Omega 3 fatty
acids provoke major alterations in gene expression in macrophages to decrease cytokine
production while increasing phagocytosis to eliminate pathogens. It is worth noting that
the anti-inflammatory effect mediated by DHA was more potent than that of EPA; the only
cytokine secretion increased by the omega 3 fatty acid treatment was the anti-inflammatory
cytokine IL-10, while many other cytokines, such as IL-13, TNF-«, and IL-6, were found to
be decreased in omega-3-fatty-acid-treated macrophages [47]. Therefore, the mechanism
of action of DHA in early and intermediate dry AMD treatments is thought to involve
the suppression of drusen genesis via mTORC inhibition, the alteration of the function
of macrophages toward an anti-inflammation phenotype by inhibiting proinflammatory
cytokine production, and the mediation of anti-neovascularization effects by inhibiting
the effects of VEGF in the choroid and retina. Given the success in treating early- or
intermediate-stage dry AMD by DHA, it is logical to anticipate the prevention of late-stage
AMD, wet AMD, and geographic atrophy, which have prevalence levels of approximately
10% of all individuals with AMD [48,49] (Figure 6a).
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DHA molecular target and potency: RXRa receptor EC50 5~10uM; PPARYy receptor EC50 > 10uM (Oxidized DHA EC50 0.4~3.7uM); COX-2
IC50 18 uM; Kinases: PKC, PKA, MAPK, CaMKII, IC50 34~36 uM.

JV-MD2 via NIODP retinal delivery: about 7mg/eye - retinal Cmax 338 pM

Retinal delivery efficiency: NIODP (0.04%) > Eye drops (0.001% or less) 2 Oral (0.001% or less)

Figure 6. MOA and pharmacological effects of DHA on AMD. (a) The anti-inflammatory effects
of DHA on drusen genesis, proinflammatory cytokine secretion, and macrophage accumulation
in the choroid and retina. (b) DHA molecular target, potency, and retinal delivery efficiency via
various routes. IS, immune system; RPE, retinal pigment epithelium; BrM, Bruch’s membrane;
MP, macrophages.

Regarding human clinical trials for dry AMD treatment, in 2015, Georgiou and Proko-
piou reported preliminary but promising therapeutic results of taking 5 g/day omega 3 in
patients with mild-to-moderate visual impairment of dry AMD [50]. Then, in 2022, in an
ARVO annual meeting abstract, the same group reported that 3.7 g daily oral administra-
tion of omega 3 fatty acids improved objective and subjective vision in patients with dry
AMD and SD [51]. A peer-reviewed article has not yet been published. In a three-year ran-
domized clinical study of patients with early lesions of AMD, the omega-3-supplemented
(840 mg/day DHA and 270 mg/day EPA) patients who had high red blood cell membrane
EPA and DHA levels were significantly protected against choroidal neovascularization
of AMD compared with those in the olive oil placebo group [52]. Additionally, the pre-
ventative effect of omega 3 in AMD has clearly been demonstrated in a large number of
epidemiological studies, using different methodologies, populations, and geographical
sites with a high degree of consistency [53]. However, no interventive treatment effect
from omega 3 consumption was found in patients with advanced AMD [54]. This may be
due to two reasons: (a) the poor absorption and poor retinal delivery efficiency of orally
administered omega 3, even with mega dosage [7,53,55]; and (b) the pharmaceutically effec-
tive doses for disease treatment are usually expected to be at least a few times higher than
the doses for disease prevention, where normal physiological levels are good enough for
maintaining health. For example, the European Food Safety Authority (EFSA) suggested
that the amount of EPA+DHA required to lower triglyceride is 2—4 g/day and 3 g/day
to lower blood pressure, which are, respectively, about 4- to 13-fold higher than the daily
consumption recommended to stay healthy according to the World Health Organization
(WHO) [56].

A healthy retina contains a high concentration of DHA (the active ingredient of JV-
MD2), which is not only important in the maintenance of normal retinal integrity and
visual function, but also plays anti-inflammatory, anti-apoptotic, and neuroprotective
roles [56,57]. DHA analogs may act as anti-inflammatory lipid mediators to activate
peroxisome-proliferator-activated receptors (PPARs) and retinoid X receptors (RXRs). As a
natural ligand, DHA induced a protective effect in rat retinal neuronal cultures to promote
the survival and differentiation of photoreceptors by activating RXRs and the downstream
signaling pathways [58]. The ECsy of DHA was about 5-10 uM for human RXRo recep-
tor, and an oxidized form of DHA can be as potent as an ECsy of 0.4 uM for human
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PPARYy [59,60]. It was suggested that DHA and its more potent metabolites compete with
the more biologically potent arachidonic acid on the COX-2 (IC5p 18 uM) signaling cascade
and can shift the proinflammatory state to a more anti-inflammatory one [61,62]. DHA
was able to suppress inflammation through reducing IL-1f3 production with a potency of
IC59 = 4.6 uM in the human THP-1 macrophage cell line [63]. DHA was also found to
reduce the activity of protein kinase C (PKC), cAMP-dependent protein kinase A (PKA),
mitogen-activated protein kinase (MAPK), and Ca21/calmodulin-dependent protein kinase
IT (CaMKII) at an ICsq of 34-36 M in in vitro functional assays [64]. For retinal disease
treatments, a local drug concentration 3- to 10-fold higher than ECs, or ICs is desirable,
which may be readily achieved in the retina utilizing the NIODP, as demonstrated in our
current study, where the application of just 7 mg/eye of DHA in NHP yielded a retina
DHA Cmax of 111 ug/g (about 338 uM) (Figure 6b). This JV-MD2 retinal Cmax is at least
10-fold higher than the ECsy or IC5p of most mediators in the omega 3 DHA signaling
cascade. Such concentration is believed to be enough to treat retinal diseases because the
success of drug treatments lies in the effective drug concentration deliverable to the target
tissue [65]. Moreover, we believe that much higher DHA retinal concentrations can be
achieved via NIODP using formulations with a higher concentration and more frequent
dosing, if necessary.

Because of the “500 Dalton rule” for passive skin penetration [66], small molecules
are the best candidates for NIODP delivery. However, liposomes up to 600 nm in diam-
eter have been reported to penetrate the skin through intercellular lipids of the stratum
corneum [67,68]. Liposomes with an average size of 300 nm in diameter were reported to
penetrate deeper into skin layers, and those with a 70 nm diameter showed the best dermal
delivery performance [69,70]. For reference, the average molecular widths are 2.5 nm for
DNA, 10 nm for proteins, 100 nm for a typical virus, and 1000 nm for a bacterium [71]. A
previous publication indicated that liposomes can deliver macromolecules through the
skin [72]. In posterior ocular delivery, nanocarriers have been reported to overcome the
ocular barriers, as nanoparticles <250 nm were usually easily taken up by retinal cells
via endocytosis [9,73]. Therefore, it is possible that NIODP may have the potential to be
utilized for macromolecular therapeutics packed in liposomes for retinal delivery. More
vigorous research is necessary.

The NIODP via periorbital skin application is also a novel route for anterior ocular
drug delivery. It has successfully delivered JV-GL1, a prostaglandin EP2 receptor agonist,
for glaucoma treatment in a phase 1b/2a clinical trial with satisfactory efficacy, while
avoiding ocular adverse effects commonly associated with prostaglandin eye drops di-
rectly applied to the ocular surface. It is important to note that, for issues of solubility
or ocular tolerability, most hydrophobic vitamins and supplements, including omega 3,
cannot be conveniently used as high-dose eye drops. The NIODP makes it possible to
deliver these molecules for the potential treatment of anterior ocular diseases, such as
dry eye disease, uveitis, etc., with minimum irritation or interference with normal ocular
functions. A summary of the therapeutic agents (JV-GL1, JV-DEI1, and JV-MD2) that were
successfully delivered through periorbital skin administration to the targeted tissues is
shown in Figure 7.

Notably, like most eye drops used in a range of reasonable ocular doses (0.01-0.5%),
the systemic exposure of JV-DE1 was very low when using both eye drops and NIODP
as delivery routes with a 24 h clearance. Additionally, when delivered as a single dose
at about 7 mg per eye via NIODP, JV-MD2 also did not significantly change the baseline
omega 3 levels in the plasma. Therefore, while achieving breakthrough retinal delivery
efficiency, the systemic exposure via NIODP application may not pose a great concern;
this may also be determined by the physicochemical properties and biosafety profile of
the drug.
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Figure 7. Proposed concentration gradient of drug distribution administered through NIODP and
drug candidates found in the targeted tissue. The JV-GL1 biodistribution is unpublished (JeniVi-
sion data).

Similar to JV-DE1 applied via eye drops, both JV-DE1 and JV-MD2 applied via NIODP
seem to reach the retina via the conjunctiva—sclera pathway (Figure 7). The potential
advantages of NIODP include (a) a breakthrough in non-invasive, high-efficiency retinal
delivery; (b) a much more ocularly tolerable delivery method than eye drops for therapeutic
agents known to cause ocular adverse effects or interfere with normal functioning of the
eye, such as drug ingredients that cause eye irritation due to ocularly intolerable drug
property or concentration, or oily formulations causing vision blurriness and eye stress; and
(c) another topical ocular delivery route without significant systemic exposure, just like the
traditional eye drop administration, but potentially more convenient for self-administration
or administration by a care-giver.

Like any other delivery route (oral, intravenous injection, eye drop, or intravitreal
injection), NIODP delivery has its prerequisite conditions of use. However, such limita-
tions do not discount its value as a novel non-invasive ocular delivery platform, which
is not just specific to DHA or JV-DE1. A successful NIODP delivery is determined by
the physicochemical properties of the drug; it must (a) have permeability through the
periorbital skin, which is determined by its molecular weight, lipophilicity, and solubility;
(b) have good solubility /concentration to establish a sufficient concentration gradient to
drive efficient, high-bioavailability diffusion from the anterior to posterior ocular tissues;
and (c) be compatible with the local tissue, such as the sclera water channel, in order to
travel through and reach the retina.

In summary, any drug that can penetrate the periorbital skin and can diffuse through
ocular tissues may be deliverable by NIODP, which is presented in this report as a novel
general delivery platform for ocular delivery to both the anterior and posterior segments of
the eye. The site of periorbital skin application enables the utilization of the conjunctiva—
sclera pathway for a much higher retinal delivery efficiency using NIODP compared to
eye drop delivery. Good bioavailability is driven by the concentration gradient of ocular
tissues, where the drug solubility plays an important role when the delivery volume is
fixed. Due to the “500 Dalton rule” for passive skin penetration, small molecules are the
best candidates for NIODP delivery. With more thorough research, it may be possible to
utilize NIODP for the retinal delivery of macromolecular therapeutics packed in liposomes
or other nanocarriers. Nonetheless, our studies demonstrated the potential of NIODP for
use in the high-efficiency drug delivery of small molecules for the treatment of various
ocular disorders, particularly for retinal diseases.
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5. Conclusions

The discovery of a novel non-invasive ocular delivery platform has opened up new
possibilities for the effective topical delivery of molecules that are currently difficult to
deliver to both the front and back of the eye. The NIODP is a combination of periorbital
skin administration with topical drug formulation for ocular, particularly retinal, delivery.
JV-MD2 (DHA) has been successfully delivered by NIODP with a high efficiency and
high bioavailability to the retina. When the essential fatty acid DHA, with a multi-anti-
inflammatory mechanism of action, reaches the retina at a concentration up to 10-fold
higher than the normal ECsj or ICsy of its molecular targets, a better therapeutic efficacy
can be anticipated for retinal diseases (such as early or intermediate AMD, thus preventing
late-stage AMD) and avoiding or minimizing the frequency of invasive ocular injections.
With further study and more experimental evidence, the NIODP could provide significant
opportunities to address the serious medical need in drug delivery for the treatment of eye
diseases without irritation or injection, transforming the retinal health landscape.

6. Patents

Patent (pending) resulting from the work reported in this manuscript: Delivery meth-
ods for Treating Eye Diseases, by WW., D.W., and N.S.
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Abstract: To date, the ophthalmic application of liquid crystalline nanostructures (LCNs) has not
been thoroughly reconnoitered, yet they have been extensively used. LCNs are primarily made up of
glyceryl monooleate (GMO) or phytantriol as a lipid, a stabilizing agent, and a penetration enhancer
(PE). For optimization, the D-optimal design was exploited. A characterization using TEM and XRPD
was conducted. Optimized LCNs were loaded with the anti-glaucoma drug Travoprost (TRAVO).
Ex vivo permeation across the cornea, in vivo pharmacokinetics, and pharmacodynamic studies
were performed along with ocular tolerability examinations. Optimized LCNs are constituted of
GMO, Tween® 80 as a stabilizer, and either oleic acid or Captex® 8000 as PE at 25 mg each. TRAVO-
LNGCs, F-1-L and F-3-L, showed particle sizes of 216.20 £ 6.12 and 129.40 £ 11.73 nm, with EE%
of 85.30 & 4.29 and 82.54 + 7.65%, respectively, revealing the highest drug permeation parameters.
The bioavailability of both attained 106.1% and 322.82%, respectively, relative to the market product
TRAVATAN®. They exhibited respective intraocular pressure reductions lasting for 48 and 72 h,
compared to 36 h for TRAVATAN®. All LCNs exhibited no evidence of ocular injury in comparison
to the control eye. The findings revealed the competence of TRAVO-tailored LCNs in glaucoma
treatment and suggested the potential application of a novel platform in ocular delivery.

Keywords: ocular delivery; liquid crystalline nanostructures; glaucoma; Travoprost; D-optimal
design; ex vivo permeation; pharmacokinetics; pharmacodynamics

1. Introduction

Since their discovery, liquid crystalline nanostructures (LCNs) have gained esteem
as nanoparticle systems for drug delivery. LCNs are typically composed of amphiphilic
lipids such as monoolein (MO), additionally well-known as glycerol monooleate (GMO),
and phytantriol (PYT), along with stabilizers such as Poloxamer 407. As a result, they make
tremendous self-assembling entities for encapsulating both lipophilic and hydrophilic
substances [1]. LCNs can be beneficial for ophthalmic drug delivery, where the high surface
area of LCNs could endorse adhesion and hence drug penetration through the corneal
epithelium, allowing for greater bioavailability. However, and to our best knowledge,
LCNss are scarcely exploited for ocular administration [2-15]. Moreover, the integration of
new stabilizers other than P407 is still limited in research.

Glaucoma is a set of progressive eye illnesses due to the rise of intraocular pressure
(IOP), which ranges from 10 to 24 mmHg in a healthy human eye [16]. Elevated intraocular
pressure (IOP) can lead to many eye complications. This elevation may produce plodding
harm to the optic nerve, where the continuous long-term injury may result in a failure
of communications between the retina and the brain and finally a loss of vision. Glau-
coma is the second-leading cause of visual loss after cataracts. Different measures, such
as laser treatment, surgery, and pharmacological treatment, can reduce IOP. Medicines

Pharmaceutics 2023, 15, 954. https:/ /doi.org/10.3390/ pharmaceutics15030954

https:/ /www.mdpi.com/journal /pharmaceutics



Pharmaceutics 2023, 15, 954

such as adrenergic agonists, inhibitors of carbonic anhydrase, beta-blockers, analogs of
prostaglandin, and hyperosmotic and myotic medicines are encompassed in the medicinal
treatment of glaucoma. These medication types either increase the fluid flow from the eye
or reduce the eye fluid generation. The foremost line of treatment for glaucoma in most
countries is prostaglandin analogs; Latanoprost (Xalatan®), Travoprost (Travatan®), and
Bimatoprost (Careprost®) are examples [17]. The prostaglandin analogs thereby reduce the
IOP in the eye by increasing the draining of the aqueous humor.

Travoprost (TRAVO) differs from the other marketed prostaglandin analogs in being a
full agonist at the prostaglandin F receptor (FP receptor), whereas the others are partial
agonists with lower efficacy [18]. TRAVO is an isopropyl ester prodrug [17] hydrolyzed
to the biologically active free acid by corneal esterases upon absorption into the eye after
topical ocular administration. Despite its efficacy, Travoprost suffers from several major
drawbacks as it is extremely hydrophobic with a log P of 4.6, has poor aqueous solubility
of 7.59 x 1073 g/L, and has a rapid terminal elimination half-life of approximately 45 min,
thus affecting its ocular bioavailability [3,19].

In the literature, TRAVO has been loaded into a number of nanocarriers aiming to
improve its corneal penetrability, ocular bioavailability, and hence its therapeutic efficacy.
TRAVO-loaded nanoemulsion prepared by Ismail et al., 2020, showed an enhancement in
the drug absorption better than that of the commercially available product Travatan®, as
demonstrated by better bioavailability in terms of Cmax and AUC, and it also sustained
the IOP lowering period. Moreover, the nanoemulsion formulation has been proven to
be safe and nonirritant to ocular surfaces [3]. Self-assembled lipid DNA nanoparticles
(NPs) were prepared by Schnichels et al. (2020) and loaded with TRAVO for glaucoma
treatment. After eye drop instillation, TRAVO-NPs showed a prolonged adherence time
to the eye that extended to one hour. Furthermore, the pharmacokinetic results disclosed
that TRAVO-NPs delivered at least twice the drug quantity that was delivered by the free
drug [20]. Additionally, Lambert et al. (2015) prepared a nano-sponge (NS) and examined
the efficacy after intravitreal administration with the aim to lower the IOP in mice. The
NS were loaded either with Brimonidine (an alpha-adrenergic agonist) or TRAVO, then
their efficacy was compared. NS loaded with Brimonidine lowered IOP up to 30% for a
duration of 6 days, whereas TRAVO-NS lowered IOP by about 19% to 29% for 4 days when
compared to saline solution injection [21].

Yet, neither the ocular application of LCNs nor the impact of incorporating penetration
enhancers (PEs) has been well reconnoitered. In addition, mounting the bioavailability of
TRAVO with long-lasting effects was one of the challenges to be overcome. Hence, the
present work focused on LCNs preparation and statistical optimization with the inclusion
of new stabilizers and penetration enhancers. The optimized formulas were then chosen
for the loading of the anti-glaucomic drug, Travoprost (TRAVO). Morphological examina-
tion, thermal behavior, and crystallinity studies were conducted. An ex vivo study was
performed across the excised cornea of rabbits to assess the permeability of TRAVO-loaded
LCNs. The selected medicated formulas were then exposed to in vivo pharmacodynamic
and pharmacokinetic studies in comparison to Travatan®, which is the market product.

2. Materials and Methods
2.1. Materials

Glyceryl monooleate was generously provided by Danisco, Grindsted, Denmark.
Poloxamer 407 (P407), Tween® 80, Kolliphor® HS 15 (formely regarded as Solutol® HS),
Cholesterol, Brij® 52, Myrj® 540, Acetonitrile, Phosphoric acid, Methanol (HPLC grade),
Betamethasone, Dapoxetine, Tertiary butyl-methyl ether (TBME), Acetonitrile, Formic acid,
Glacial acetic acid, Formalin, Ethyl alcohol, Xylol, Hematoxylin and Eosin (H & E) stain
were purchased from Sigma Aldrich, St. Louis, Missouri, USA. Oleic acid was bought
from Loba Chemie, Mumbai, India. Triglycerides of caprylic acid (Captex® 8000) and
mono/diglycerides of caprylic acid (Capmul® MCM C8 EP/NF) were provided by the
ABITEC Corporation, Columbus, OH, USA. El-Nasr Pharmaceuticals, Al Qalyubia, Egypt,
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supplied the sodium dihydrogen phosphate and sodium hydrogen phosphate. Lecithin® (L-
x-Phosphatidylcholine, egg about 72%) was procured from Fisher Scientific (Leicestershire,
UK). Phytantriol (PYT) was kindly obtained from EVA Pharma, Giza, Egypt. Tocopherol
polyethylene glycol 1000 succinate (TPGS) was kindly supplied by Isochem (Vert-Le-Petit,
France). Travoprost (TRAVO) was kindly gifted from Orchidia Pharmaceutical Industries,
Dakahlia, Egypt. Travatan® eye drops (Novartis Pharmaceuticals UK Ltd., London, UK)
were purchased from a community pharmacy. Fully-grown male New Zealand white
rabbits, weighing 2.5 kg & 0.5 kg, were granted from the Ophthalmology Research Institute,
Giza, Egypt.

2.2. Preparation of Plain and TRAVO-Loaded LCNs

GMQO, stabilizer, and penetration enhancer (PE) were melted in a beaker on a hot plate
set to 60 °C to make plain LCNs. Then, using a heated plate with a magnetic stirrer (MS-
300HS, Misung Scientific Co., Gyeonggi-do, Korea), the aqueous phase was poured into the
lipid phase while being agitated at 500 rpm for 2 h. After that, a homogenizer was used to
homogenize the dispersions for 1 min at 15,000 rpm (Silent Heidolph Crusher, Schwabach,
Germany). The dispersion prepared was left at room temperature to be cooled down till it
congealed, then kept at 5 + 3 °C in a refrigerator, producing plain LCNs. For loaded LCNs,
a calculated amount of TRAVO was weighed using an analytical balance (Sartorius CPA
225D, Gottingen, Germany) and added to the lipid phase, and the emulsification with the
aqueous phase was then performed [22], producing TRAVO-LCNs with a concentration of
40 pug/mL equivalent to that of the marketed product Travatan®.

2.3. Experimental Design

Based on the results obtained from a preliminary study, the LCNs were prepared and
optimized using a D-optimal experimental design, which allows a statistical evaluation of
three independent variables, including the stabilizer amount (A) and the types of both PE
(B) and stabilizer (C). GMO was the lipid of choice; in addition, three different stabilizer
types were investigated: P407, Tween 80, and TPGS, all ranging in amounts from 1.25 to
25 mg, with or without the presence of a penetration enhancer (PE). Oleic acid, Captex®
8000, and Capmu1® MCM were the PEs explored. Twenty formulations were prepared with
different levels of variables as presented in Table 1. The dependent variables studied were
the particle size (Y1), polydispersity index (Y2), and zeta potential (Y3) of the made LCNs.

Table 1. The results of dependent variables of the prepared liquid crystalline nanostructures formulae
based on the D-optimal design.

Factor A Factor B Factor C Responses * = SD
Formula Stabilizer »

Amount (mg) PE Type Stabilizer Type Y1: PS (nm) Y2: PDI Y3: ZP (mV)
F1 1.25 Capmul® MCM TPGS 346.45 £ 30.05 0.40 £ 0.04 —40.80 £ 5.05
F2 1.25 None Tween 80 666.35 & 60.83 0.50 £ 0.05 —41.15 £2.34
F3 21.4375 Captex® 8000 Tween 80 182.53 £ 24.43 0.43 £ 0.09 —36.58 £1.13
F4 25 Oleic acid TPGS 232.55 £ 38.41 0.46 +0.01 —74.75+7.34
F5 25 None Tween 80 260.80 & 57.46 0.42 +0.08 —31.50 £ 0.42
F6 11.9375 Captex® 8000 TPGS 205.05 4+ 9.57 0.38 £ 0.02 —36.98 £ 1.50
F7 4.8125 Captex® 8000 P407 160.38 £ 5.05 0.15 £ 0.04 —20.58 + 0.46
F8 25 None TPGS 109.08 + 6.53 0.36 £ 0.06 —26.20 £2.51
F9 20.25 Capmul® MCM P407 150.70 £ 7.51 0.32 £0.07 —17.85 £ 1.16

286



Pharmaceutics 2023, 15, 954

Table 1. Cont.

Factor A Factor B Factor C Responses * = SD
F(g(r)l:;;la Stabilizer s

Amount (mg) PE Type Stabilizer Type Y1: PS (nm) Y2: PDI Y3: ZP (mV)
F10 1.25 Oleic acid P407 160.63 + 10.95 0.32 £ 0.04 —66.65 + 5.72
F11 1.25 Captex® 8000 Tween 80 561.25 & 66.22 0.57 +0.05 —52.78 £ 9.94
F12 1.25 Oleic acid Tween 80 176.03 £ 5.91 0.37 £ 016 —72.70 £ 6.88
F13 17.875 None P407 307.35 £ 36.12 0.61 +0.07 —19.28 +1.84
F14 4.8125 Oleic acid TPGS 226.80 4 22.52 0.42 +0.04 —81.03 £7.71
F15 21.675 Oleic acid P407 333.83 £51.39 0.47 £0.03 —37.18 £2.88
F16 4.21875 Capmul® MCM Tween 80 579.53 £ 229.65 0.58 £ 0.17 —41.53 £3.81
F17 25 Captex® 8000 P407 147.78 £ 11.14 0.32 £0.05 —15.18 £0.95
F18 25 Capmul® MCM Tween 80 418.25 £ 117.58 0.39 +0.07 —26.40 +£1.27
F19 8.375 None TPGS 180.75 £ 29.95 0.33 £0.05 —29.48 £ 1.91
F20 21.4375 Capmul® MCM TPGS 195.28 £ 17.76 0.41 +0.04 —32.93 +1.54

* All data are mean of triplicates = SD. SD—standard deviation; PS—particle size; PDI—polydispersity index;
ZP—zeta potential; PE—penetration enhancer.

2.4. Quantitative Analysis of TRAVO Using High-Performance Liquid Chromatography (HPLC)

TRAVO was quantitatively analyzed using HPLC (LC-20AT, Shimadzu, Japan) with
the assay method implemented by the USP (USP 40, Travoprost Ophthalmic Solution
Monograph). The mobile phase comprises a filtered and degassed mixture of deionized
water, adjusted to pH 3 using phosphoric acid, and acetonitrile at a volume ratio of 35:65.
The flow rate was adjusted to 1 mL/min, and the column temperature was set at 25°C.
Under these chromatographic conditions, TRAVO was analyzed in the injected samples
of 10 pL volume, detected at a UV wavelength of 220 nm, and eluted at a retention time
of 3.5 min. According to ICH guidelines, the assay method’s linearity, accuracy, precision,
limit of detection (LOD), and limit of quantitation (LOQ) were all verified.

2.5. Characterization of the Fabricated Travoprost Loaded LCNs
2.5.1. Particle Size (PS), Polydispersity Index (PDI), and Zeta Potential (ZP)

The Malvern Zetasizer Nano Series (Malvern, Worcestershire, UK) was used to perform
dynamic light scattering (DLS) on all prepared dispersions in order to obtain the average
PS and PDI. The same device was used to measure the ZP values using the Laser Doppler
Anemometry (LDA) technique. At 25 °C, measurements were carried out in triplicate. The
samples’ counts ranged from 200 to 500 Kcps by dilution with deionized water [23].

2.5.2. Determination of TRAVO Entrapment Efficiency (EE%)

Briefly, 500 uL of TRAVO-LCNs were loaded into the upper chamber of a Nano-sep®
(centrifuge tubes, Pall Life Sciences, Arizona, USA) and then centrifuged at 7000 rpm for
30 min using a cooling micro-centrifuge (Labogene-Scan speed 1524, GryozenCo., Ltd.,
Yuseoung-gu, Daejeon 305-301, Korea) adjusted at 4 °C. The concentration of free TRAVO
in the supernatant collected in the lower chamber was determined quantitatively using the
HPLC instrument, as previously described, using the following equation:

EE% = x 100 1)

where A is the initial amount of the drug added and B is the amount that remained free in
the supernatant.
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2.5.3. LCNs Morphology Investigation Using High-Performance Transmission Electron
Microscopy (TEM)

F-1-L, F-3-L, F-4-L, and F-5-L optimum TRAVO-LCNs were chosen to investigate
their morphological structures using HR-TEM. Imaging samples were obtained by adding
0.005 mL of the formula to a 300-mesh copper grid that was carbon-coated and placed on
filter paper. The grid was given 3-5 min to dry at room temperature after the extra droplets
were wiped away. Using an HR-TEM and a digital camera, the samples were photographed
while remaining unstained and mounted on a holder.

2.5.4. Crystallinity Study Using X-ray Powder Diffraction (XRPD)

For studying the crystallinity of the dried samples, the representative formulae were
lyophilized by a freezer dryer (Christ, Alpha2-4LD Plus, Harz, Germany), which are plain
GMO-based formulae (F-1-O, F-3-O, F-4-O, and F-5-O), with F-1-O composed of oleic acid
as PE and Tween 80 as a stabilizer, while F-3-O, F-4-O, and F-5-O composed of Captex®
8000 as PE and Tween 80, TPGS, and P407 as the stabilizer, respectively, were subjected to
XRPD. The four formulae were compared to a dried PE-free formula composed of GMO
and P407 as the lipid and stabilizer, respectively, which are the components of a typical
cubic LCN. Cu-ka radiation, a voltage of 40 kV, and a current of 40 mA were used in an
X-ray powder diffractometer (Philips, PW 3710, Caerphilly, United Kingdom). From 5° to
50° at 20, all measures were implemented at a scan rate of 2°/min.

2.6. Ex Vivo Study for Corneal Permeation of TRAVO-Loaded LCNs

The ex vivo corneal penetration study was conducted on the eight optimized TRAVO-
loaded LCN formulae (F-1-L to F-8-L) in comparison to drug solution (DS) using a cus-
tomized Franz diffusion cell with an area of diffusion of 0.28 cm? across excised rabbit
corneas. The Research Ethics Committee of the Faculty of Pharmacy at Ain Shams Univer-
sity approved all animal procedures (acceptance number: REC-ASU 54).

Rabbits with average weights of 2.5 & 0.5 kg were euthanized by urethane injection in
the marginal ear vein. The oculomotor muscles, palpebral conjunctivas, and optic nerve
plexus were trimmed by trained personnel using ophthalmic scissors, then the eyeballs
were removed, and the corneas were excised after being cleaned. They were gently rinsed
with simulated tear fluid (STF), composed of 6.7 g NaCl, 2.0 g NaHCO3, and 0.08 g CaCl,
in 1 L of deionized water, pre-adjusted to a temperature of 34 °C. The fresh corneas were
clamped between the two compartments of the Franz diffusion cell. A calculated volume
of each formula, equivalent to 40 ug of TRAVO, was added to the donor compartment.
Aliquots of 20 mL of STF were placed into the receptor compartment, and magnetic stirring
at 50 rpm was allowed throughout the entire experiment. A sample of 300 uL was taken
from each chamber at 0.5, 1, 2, 4, 6, and 8 h and replenished with fresh STF. The amount
of drug permeated across the cornea was assayed by the validated method previously
described using HPLC [7]. The cumulative amounts of TRAVO permeated per unit corneal
area (ug/cm?2) were measured and plotted against time.

Different corneal permeability parameters were measured from the permeation results,
including steady-state flux (Jss) and permeability coefficient (Kp). The corneal permeation
rate at steady state (Jss, 1tg/cm?/h) was determined from the slope of the linear part of
the permeation curve. The apparent permeability coefficient (Kp) was calculated by the
following equation:

Kp =Jss/Co

where Jss is the steady state flux and Co is the original concentration of the drug in the

donor compartment [24].

2.7. Stability Study of the Selected TRAVO-Loaded LCNs

The physical stability of the selected TRAVO-LCNs (F-1-L and F-3-L) was evaluated
by keeping them under refrigeration (5 & 3 °C) for 90 days. The PS, PDI, ZP, and EE% were
all evaluated before and after 30 and 90 days of storage, respectively.
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2.8. Sterilization of TRAVO Loaded LCNs by Gamma Irradiation

The chosen TRAVO-LCNS (F-1-L and F-3-L) were exposed to gamma radiation using
a %Co radiation source at room temperature at a dosage rate of 5 kGy/h. The doses of
radiation were 5, 10, 15, and 25 kGy. After being exposed to gamma rays, the physico-
chemical characteristics of the chosen formulae were evaluated, and their differences from
non-irradiated samples were statistically compared [25].

The sterilization efficacy of the different gamma radiation doses applied to F-1-L
and F-3-L was evaluated by a sterility test. The amounts of surviving bacteria and fungi
were totaled to determine the suitable dose of gamma irradiation for sterilization. Sterility
testing was carried out under aseptic conditions using fluid thioglycolate media, which is
primarily intended for the culture of anaerobic bacteria but can also detect aerobic bacteria
and soybean casein digest media, which are suitable for both fungi and aerobic bacteria.
Each tested formula had two sterility test tubes, one as a negative control to check the
sterility of the media used and the other as a positive control containing the tested formula
itself. After a 14-day incubation period, the media was macroscopically examined for visual
microbial growth and turbidity [25].

2.9. In Vivo Ocular Evaluation of the Selected TRAVO-Loaded LCNs

The optimized medicated formulae (F-1-L and F-3-L) were selected for in vivo evalua-
tion as they showed the highest ocular flux and permeation.

2.9.1. Pharmacodynamic Study in Rabbits Using Steroid-Induced Ocular
Hypertension Model

The pharmacodynamic investigation included nine New Zealand white rabbits weigh-
ing approximately 2.5 kg 4 0.5 kg (3 rabbits per group) [26]. Throughout the test, the
rabbits were maintained in isolated cages and supplied a conventional meal and water [26].
The rabbits were categorized randomly into three groups (G-I, G-II, and G-III). The left eyes
served for induction and treatments, while the right ones served as negative controls (non-
induced and non-treated). A corticosteroid injection was used to cause ocular hypertension
(glaucoma). For 3 weeks, the rabbits in each group were given a 0.7 mL sub-conjunctival
suspension of 0.1% betamethasone in the left eye [27]. When all rabbits” intraocular pressure
(IOP) was raised to the glaucomatous level (IOP > 24 mmHg) [3], 100 uL of either F-1-L
or F-3-L was instilled once in the left eyes of G-I and G-II rabbits, respectively, and 100 puL
of the marketed product Travatan® eye drops was instilled once in the left eyes of G-IIT
rabbits. A tonometer (Schittz tonometer, Rudolf Riester GmbH, Germany) witha 10 g
plunger load was used to measure IOP in the three groups. The plunger of the tonometer
was pressed against the center of the cornea, and the reading was then taken once the disc
was carefully lowered to the corneal surfaces [28]. The measurements were performed
initially and at time intervals of 0.5, 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, 60, and 72 h after the
initial dose instillation, and the IOP values were recorded. Calculation of the percent of
IOP reduction took place at each time interval (t) for each treatment group based on the
initial IOP value (after induction) using the following equation:

IOP(initial) — IOP(t)

%IOP Reduction —
#IOP Reduction IOP (initial)

x 100 @)

2.9.2. Pharmacokinetic Study in Rabbits

A tiny needle was placed across the cornea, right above the corneoscleral limbus
in the anterior chamber of the eye, to extract drug-free aqueous humor from healthy
rabbits. The samples were frozen in vials at —20 °C for later analysis and then thawed at
room temperature for LC-MS/MS calibration curve construction. After administration of
100 L of F-1-L, F-3-L, and Travatan® to groups G-I, G-II, and G-III, respectively, samples
of aqueous humor (50 uL) were withdrawn from the rabbits” eyes at intervals of 0.5, 1,
2,4,6,8,12, 24, and 48 h. Samples were collected by a small needle inserted into the
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anterior chamber and stored at —20 °C for LC-MS/MS quantification of the drug. The
pharmacokinetic parameters calculated were the maximum concentration of the drug in the
aqueous humor (Cmax), the time needed to reach the maximum concentration (Tmax), the
mean residence time (MRT), and the area under the concentration-time curve (AUC_4g and
AUC;¢). The relative bioavailability (F%) was also calculated for each LCN formulation
with respect to Travatan® by the following equation:

Relative Bioavailability (F%) = AUC(inf) of LCN formlC:)la 3)
AUC(inf) of Travatan

Quantitative Determination of TRAVO Using LC-MS/MS

Samples of the aqueous humor with a volume of 0.5 mL were placed in tubes made
of glass with a volume of 7 mL. Internal standard (IS) solution (100 ng/mL Dapoxetine)
was added at a volume of 50 pL. The vortex took place for 1 min for the samples. The
rocker-mixer Reax Il was used to mix the extraction solvent made of (4 mL tertiary butyl-
methyl ether (TBME)) with the samples for a 10 min duration. Samples were centrifuged
at 1790 g for 10 min at 4 °C, and the upper organic layer was moved into fresh tubes and
evaporation took place using a vacuum concentrator until dry. A specific volume of mobile
phase was added to the formed dry residues, then the reconstituted samples were mixed
in a vortex for a minute and finally analyzed using LC-MS/MS (4500 LC-MS/MS MASS
SPECTROMETER, AB SCIEX INSTRUMENTS, Concord, Ontario, L4K, 4V8, Canada). A
sample volume of 10 puL was injected into an LC system using a C18 column. The isocratic
mobile phase, composed of 80% acetonitrile and 20% water containing 0.1% formic acid,
was delivered at a flow rate of 1.0 mL/min into the mass spectrometer’s electrospray
ionization chamber. MS/MS detection in positive ion mode was used to analyze TRAVO
and Dapoxetine (IS) by operating a mass spectrometer furnished with a Turbo Ion Spray
Interface with a voltage set at 5500 V at 500 °C. The ions were identified using the multiple
reactions monitoring (MRM) mode. Analyst software (version 1.4.2) was used to process
the analytical data [29].

2.9.3. Ocular Tolerability

The Draize test was implemented to compare the ocular safety of the chosen TRAVO-
LCN formulations to the commercially available eye product (Travatan®). This was
achieved by assessing the administered preparation’s potential irritating effects. After
the solution was delivered into the rabbit’s eye, the potential for corneal, iridial, and con-
junctival injury was evaluated. The glaucomatous eyes of rabbits treated with the tested
formulations were examined for symptoms of redness, swelling, ulceration, or blindness
using the three groups from the prior pharmacodynamic investigation [28,30]. The animals’
right eyes served as negative controls in all three groups. After the initial dose, rabbits
were examined at predetermined time intervals of 1 h, 24 h, 72 h, and 14 days. Conjunctival
redness or chemosis, iris inflammation, and corneal opacity were graded on a scale of 04,
0-2, 0-3, and 0—4. The lower the score, the less harmful the formulation [31].

2.9.4. Histopathological Examinations

The safety of the specified TRAVO-LCN formulas on ocular tissues was confirmed
through histopathological testing in comparison to the positive glaucomatous control eye.
After euthanasia, tissue samples from the rabbits’ eyes were obtained. After that, they were
fixed with Davidson’s Solution, which was made up of 300 mL 95% ethyl alcohol, 100 mL
glacial acetic acid, 200 mL 10% neutral buffered formalin, and finally 300 mL distilled
water [32]. After enucleation and trimming, the eyes were immediately placed in the
solution. To keep the eye immersed, a gauze pad was employed. The globe was kept in
the solution for 24 h before being removed and placed in 10% formalin. Trimmed tissue
samples were cleaned and dehydrated in alcohol. After that, the dehydrated samples were
cleaned in xylene, fixed in paraffin blocks, and sectioned at a thickness of 4-6 um. For
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histological analysis, under a light optical microscope (Olympus Venox-S, AH-2, Tokyo,
Japan), the acquired tissue sections were deparaffinized with xylol, and staining with H&E
took place [33].

2.10. Statistical Analysis

All results were expressed as mean =+ standard deviation (SD). All experimental data
were statistically evaluated and optimized based on a D-optimal design using software
named Design-Expert® (Version 7, Stat-Ease Inc., Minneapolis, Minnesota, USA). The
generated equation models were checked for validation by comparing the experimental
results with the predicted ones. The following equation was used for the calculation of the
prediction error:

. Predicted — Experimental
Prediction error = P

1 4
Experimental x 100 @

Statistical analysis of the results was performed for all pharmacokinetic parameters by
employing one-way analysis of variance (ANOVA) in SPSS software (IBM 20).

3. Results and Discussion
3.1. Experimental Design

Considering the preliminary study’s findings (Tables S1-S3, Supplementary Data), a
D-optimal design was implemented, and twenty LCN formulas were prepared by varying
the stabilizer amounts ranging from 1.25 to 25 mg (Factor A), in the absence or presence
of various PEs (Factor B: None, oleic acid, Captex® 8000, Capmul® MCM), and different
types of stabilizers (Factor C: P407, Tween 80, TPGS), aiming to select the optimized LCN
formulations in terms of PS, PDI, and ZP for further drug loading. The average values of
the measured responses (PS (Y1), PDI (Y2), and ZP (Y3)) for the prepared LCN formulations
according to the experimental design are presented in Table 1.

The data revealed that nano-sized particles were formed with PS varying between
109.08 + 6.53 and 666.35 £+ 60.83 nm, where the lowest PS value was obtained by F8
containing the highest amount of TPGS (25 mg) as a stabilizer without any PE, while the
highest one was obtained by F2 containing the lowest amount (1.25 mg) of Tween 80 and no
PE as well. It can be noticed that PS of TPGS-stabilized formulae were rather comparable
to those of P407-LCNs, where their respective sizes ranged between 109.08 £ 6.53 and
346.45 4 30.05 nm, 147.78 + 11.14, and 333.83 & 51.39 nm, while those containing Tween
exhibited higher PS ranging from 176.03 £ 5.91 to 666.35 &= 100.83 nm. In addition, it is
obvious that the inclusion of a higher or lower amount of stabilizer revealed inconsistent
results, which depended on the type of stabilizer and/or PE used.

The obtained PDI values varied from 0.15 & 0.04 to 0.61 £ 0.07, indicating good
PS distribution. It can be noticed that the respective PDI data of Tween, TPGS, and
P407-stabilized LCN formulae ranged between 0.37 & 016 and 0.58 £ 0.17, 0.33 £ 0.05 and
0.46 + 0.01, and 0.15 £ 0.04 and 0.61 £ 0.07, noting the large variability in size distributions,
particularly in the case of formulations prepared with P407.

Finally, the ZP results of all prepared LCN formulae showed high negative magni-
tudes ranging from —15.18 & 0.95 to —81.03 £ 7.71 mV, indicating a high electrostatic
stabilization. The obtained data revealed higher negativity values and hence better particle-
particle repulsion and stability for both Tween 80 and TPGS-based formulations than
those prepared using P407, as the respective ZP values ranged between —26.40 £ 1.27
and —72.70 + 6.88 mV, —26.20 + 2.51 and —81.03 £+ 7.71 mV, and —15.18 £ 0.95 and
—66.65 £ 5.72 mV.
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3.1.1. Data Analysis
PS Response

In influencing the effectiveness of cellular absorption and the biodistribution of the
nanocarriers, PS is one of the most important parameters [34,35]. In general, small-sized
monodispersed nanosystems are preferred over large ones, as the latter may result in ocular
irritation and discomfort [36]. PS is an important feature for ocular delivery as it affects
intraocular penetration. Membrane permeability decreased with the increase in PS, where
particles < 400 nm showed greater penetration through the corneal mucosa [8].

The ANOVA results (Table 2) of the PS response showed that both the stabilizer amount
(A) and type (C) significantly affected the sizes of the formed LCNs (p < 0.05), while the type
of PE (B) revealed a non-significant effect on PS (p > 0.05). The main effect plots illustrated
in Figure 1 showed that upon increasing the amount of stabilizer from 1.25 to 25 mg, the
average PS of the produced LCNs decreased significantly (p < 0.05), irrespective of the
type of stabilizer. This is ascribed to the fact that the stabilizer acts as a size-controlling
agent, which prevents the growth and coalescence of nanoparticles. The obtained result
is in agreement with the findings of Das et al. [37], who formulated silver nanoparticles
using different stabilizer concentrations. The results revealed that the particles prepared
without using any stabilizer are coarser in size than those prepared using a stabilizer. Ishak
etal., 2017, also found that the higher amount of Tween 80 led to a significant decrease in
the PS of the prepared nanocarriers [38]. Mansour et al., 2017 [39] also noticed that the PS
was significantly increased (p < 0.05) by increasing the amount of lipid while keeping the
amount of P407 constant, or, in other words, the PS decreased as the lipid: P407 weight
ratio decreased, as described by Nakano et al., 2001 [40]. This may be explained by the fact
that the stabilizers utilized are hydrophilic polymers or surfactants, which improve the
positive curvature of cubosomes while decreasing their negative curvature when compared
to hydrophobic substances such as lipids [39]. According to the nucleation and growth
model described by Lamer and Dinegar, a low stabilizer concentration might reduce the
nucleation and lower the formation of an enormous number of nuclei and henceforward
aid the growth of larger nanoparticles [41].

Table 2. ANOVA test results of all responses studied, according to the D-optimal design.

Responses
Terms PS PDI ZP
F-Value p-Value F-Value p-Value F-Value p-Value
Model 24.88 * 0.0393 30.8* 0.0319 27.57* <0.0001
A 35.36 * 0.0271 0.0143 NS 0.9156 11.32* 0.0051
B 7.19Ns 0.1245 10.81 NS 0.0859 36.7 * <0.0001
C 58.43 * 0.0168 51.71* 0.019 16.79 * 0.0002
AB 15.64 NS 0.0607 2.67 NS 0.2846 - -
AC 16.62 NS 0.0567 46.22% 0.0212 - -
BC 16.1 N8 0.0596 42.95* 0.0229 - -

A—stabilizer amount; B—PE type; C—stabilizer type; PS—particle size; PDI—polydispersity index; ZP—zeta
potential. * Significant at 5% probability (p < 0.05). N® non-significant.
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Figure 1. Main effect plots showing the effect of the independent variables; (A) stabilizer amount,
(B) penetration enhancer type, and (C) stabilizer type on the particle size of the prepared LCNs.

Further inspection of the main effect plot Figure 1 revealed that the stabilizer type
exhibited a substantial impact on the average PS of the prepared LCNs (p < 0.05). Changing
the stabilizer type was associated with variable effects, as the addition of Tween 80 caused
a buildup in LCN size when compared to P407 and TPGS, which showed comparable
smaller PS under the same formulation conditions. These results are consistent with
Dibaei et al. (2019) [42], who revealed that using TPGS as a stabilizer in curcumin-loaded
nanosuspensions produced NPs exhibiting the lowest PS among all the prepared NPs. Since
P407 has a longer hydrophobic alky chain length than Tween 80, they showed smaller PS as
the emulsifying effect was positively correlated to the emulsifier’s alkyl carbon chain length.
In other words, the longer the alkyl carbon chain, the better the emulsifying effect [43].

In addition, the plots of Figure 1 demonstrated that the absence/presence of PE, as
well as the type of PE, used did not have a significant impact on the mean sizes of the
produced LCNs confirming the results of the ANOVA test.

All the two-way interactions, AC, BC, and AB exhibited no significant influences on
the PS of LCNs with p values >0.05.

PDI Response

Based on the ANOVA results (Table 2), it was obvious that the PDI was significantly
affected only by the stabilizer type (C) (p < 0.05), with no significant effect of both A and B
factors (p > 0.05), i.e., the stabilizer amount and the type of PE. The 2-FI interactions AC
and BC revealed significant effects on the size distributions of the formed LCNs (p < 0.05),
while AB was not significant as the p-value exceeded 0.05.

Low PDI values indicate monodispersed nanoparticles, while higher ones [32] indicate
polydispersed ones [39]. As obvious from the main effect plots presented in Figure 2,
Tween 80-stabilized LCNs showed higher PDI values than those prepared with P407 and
TPGS, confirming the significant effect of the stabilizer type on PDI. The increase in particle
heterogeneity upon using Tween 80 could be attributed to the agglomerates or micelles
composed of free stabilizers that did not share in the formation of cubosomes and hence
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Design-Expert® Software
Factor Coding: Actual

PDI

Actual Factors

A: Stabilizer Amount = 13,125

B: PE Type = Average over

C: Stabilizer Type = Average over

decreased the homogeneity of the nano-dispersion [44]. Low PDI values were obtained
using P407, indicating a uniform size and a good distribution of particles, which is in
agreement with those obtained by Patil et al., 2019, who used P407 as a stabilizer while
preparing cubosomes with GMO as a lipid [45].
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Figure 2. Main effect plots showing the effect of the independent variables; (A) stabilizer amount,
(B) penetration enhancer type, and (C) stabilizer type on the PDI of the prepared LCNs.

Zeta Potential Response

The surface charge of LCNs is a crucial parameter for ensuring the stability of the
generated nano-dispersions. The need for a reasonably stable formulation is highlighted by
the reported fabrication of a physically stable LCN with a ZP value of at least =30 mV or
—20mV to be electrostatically stabilized or sterically stabilized systems, respectively [42,46].
The ANOVA results (Table 2) revealed that all three ZP model terms, A, B, and C, were
significantly affecting the ZP values with p values < 0.05.

By observing Figure 3, a positive correlation occurs between the amount of the stabi-
lizer and the corresponding ZP values, which is to say that increasing stabilizer content
from 1.25 to 25 mg caused an increase in ZP values, which is to say a decrease in the ZP
negative magnitudes. Our data are in agreement with earlier studies by Sun et al., 2004,
who coated model nanoparticles with Tween 80 as a tool for delivering drugs to the brain.
This may be because the adsorbed surface layer of non-ionic surfactant is probably masking
the surface charge of the LCNs, as the more the adsorbed non-ionic surfactant is, the thicker
the adsorbed layer and the more positive shift in ZP values [47].
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Figure 3. Main effect plots showing the effect of the independent variables; (A) stabilizer amount,
(B) PE type, and (C) stabilizer type on the ZP of the prepared LCNs.

Regarding the type of stabilizer, Tween 80 and TPGS showed higher negative mag-
nitudes of ZP values compared to P407; this could refer to the capability of the latter to
cover efficiently the surface of the formed particles owing to its high molecular weight
(12,600 g/mol) compared to those of TPGS (1542 g/mol) and Tween 80 (1310 g/mol) [34].
The decline in ZP magnitudes suggests the formation of a stabilized polymer layer [48].

As for the PE type, the negativity of ZP values of oleic acid-based LCNs was signifi-
cantly higher than both Captex® 8000 and Capmul® MCM-LCNs. This increase is brought
on by the oleic acid molecules’ free carboxylic groups, which have negative charges [39].
The amphiphilic nature of these glycerides, which tend to be adsorbed onto the LCN
surfaces, displaying a shielding effect, was also linked to the decreased ZP values of Captex
8000 and Capmul MCM [49].

3.1.2. Model Validation and Optimization

For model validation and optimization, the optimized formulations were chosen
according to the numerical optimization generated from the Design Expert® software.
This optimization process was conducted to optimize the LCN formulations based on
formulation constraints: factor A: at the lowest and highest stabilizer amounts; factor B: at
each PE type; and factor C: the stabilizer type in range. The target goals were adjusted as
follows: (1) minimize PS, (2) minimize PDI, and (3) ZP <—25 mV. Eight formulae were then
selected based on the highest desirability function (D) approaching unity. The optimized
formulation compositions are presented in Table 3. The collected experimental findings
were contrasted with those predicted, and the prediction error (% bias) for each response
model was then determined. The experimental and predicted data and the calculated
prediction errors are collected in Table 3. As shown, the results of the prediction error
are all below 20%, confirming the validity and prediction capability of the three response
models [50].
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Table 3. Compositions, experimental and predicted data, and prediction error (%) of PS, PDI, and ZP

responses of the optimized liquid crystalline nanostructures.

Formula A —— C Experimental Results * + SD Predicted Results Prediction Error (%)
Code Asr:ﬁ::f;g) R St?;;:er s er o Zo S e 280 s eDI o zp
F-1-0 25 Oleicacid ~ Tweenso ol 026 ~0789 g73 022 o711 1485 1909 028
F-2-0 125 Oleic acid P407 0oy 0% S ussgs 031 6007 298 129 1096
F-3-0 25 Caglgf)%x@ Tweenso e 0B TRW aso 0w s 507 367 475
F-4-0 25 Caglgf)%’(@ TPGS e 0 Y s 040 a2 962 1720 1954
F5-0 4252 Caglgf)%x@ P407 el 2T AN a5 015 2544 498 1849 1627
F-6-0 125 Caglgf)%x@ P407 20000 M BN iz 012 2697 1963 1475 1028
F-7-0 125 Ciﬁ’é‘&l@ TPGS el 20 TSm0 o w12 oass 15 303
F-8-0 25 C;}[’g‘l\‘/}@ TPGS i617(f930 iob3.34 ;239"215 18760 040  —2998 1097 17.66 293

* All experimental data are mean of triplicates + SD. SD—standard deviation; PS—particle size;
PDI—polydispersity index; ZP—zeta potential; PE—penetration enhancer.

3.2. Preparation of TRAVO-Loaded LCNs

Based on the optimization results obtained from the D-optimal design, the eight
optimized formulae were selected for drug loading. These formulations were loaded
with TRAVO at a concentration of 40 pg/mL mimicking that of the marketed product
Travatan®, and then coded F-1-L, F-2-L, F-3-L, F-4-L, F-5-L, F-6-L, F-7-L, and F-8-L. They
were prepared by the addition of calculated drug amount to the melted lipid using the
hot melt emulsification technique previously described. The prepared TAVO-loaded LCN
formulations were then subjected to in vitro and ex vivo characterization.

3.3. Characterization of TRAVO-Loaded LCNs
3.3.1. PS, PDI, and ZP

It can be noticed from Table 4 that all the loaded LCN formulae (F-1-L-F-8-L) showed
a nano-sized range from 129.40 4 11.73 to 361.57 & 29.21 nm. The PDI values were within
the acceptable range (< 0.5), indicating the size uniformity of the prepared formulations.
Both formulations (F-1-L and F-3-L) containing Tween 80 as a stabilizer, although used
at its highest amount (25 mg), showed variable PS; 216.20 + 6.12 and 129.40 £ 11.73 nm,
respectively. This is mostly due to the discrepancy in the PE used as oleic acid and Captex®
8000, respectively. This may be attributed to the effect of Captex® 8000, which acts as a
surface-active agent due to its amphiphilic property, as it supports lowering the tension
at the particle-water interface and hence reducing the sizes of the formed particles. P407-
stabilized LCNs recorded small PS values for the formulae F-2-L, F-5-L, and F-6-L, although
the lower stabilizer amounts were included. This warrants the effectiveness of P407 in LCN
stabilization. In contrast, the formulations stabilized with TPGS (F-4-L, F-7-L, and F-8-L)
revealed higher size results irrespective of the PE type used. The highest PS obtained in
the case of F-7-L could be attributed to the lower amount of TPGS included (1.25 mg). All
the optimized formulae loaded with TRAVO exhibited a wide range of ZP values ranging
from —13.1 & 1.27 to —72.9 £ 1.97 mV, noting that the higher negative magnitudes were
recorded specifically for oleic acid-based LCNs as discussed before. The overall results
guaranteed the high stability of the medicated LCN formulae.
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Table 4. The compositions and characterization results of TRAVO-loaded optimized LCNs.

Formula A: Stabilizer B: PE Type C: Stabilizer Data * + SD

Code Amount (mg) Type PS (nm) PDI ZP (mV) EE%

F-1-L 25 Oleic acid Tween 80 21620 £612 0274003  -7293+197 8530 +4.29
F2-L 1.25 Oleic acid P407 167454854 0334003  —6265+3.12 7336+ 1554
F3-L 25 Captex® 8000 Tween 80 12940+ 1173 034+003  —1755+£210  82.54=+7.65
F-4-L 25 Captex® 8000 TPGS 245854345  044+005 13104127 7129 +887
F-5L 4252 Captex® 8000 P407 17808 +£1159  0.18+0.02  —1945+438 8071 +3.68
F-6-L 1.25 Captex® 8000 P407 23135+1299 0364001  —2780+127  7516+6.10
F7-L 1.25 Capmul® MCM TPGS 3615742921 0424004  —43214£722  8431+509
F-8-L 25 Capmul® MCM TPGS 21285+ 1665 0434002  —3660+£345 7720 +£543

* All data are mean of triplicates + SD. All formulae were loaded with Travoprost at a concentration of 40 pug/mL
similar to the marketed product Travatan®. PS—poarticle size; PDI—polydispersity index; ZP—zeta potential;
EE—entrapment efficiency; SD—standard deviation.

3.3.2. Entrapment Efficiency %

As noticed, all formulae possessed a high EE% of TRAVO, ranging from 71.29 + 8.87
to 85.30 % 4.29%. These results proved the high ability of LCNs to entrap hydrophobic
drugs such as TRAVO even in the presence of different stabilizers and PEs. This could
be attributed to the composition of the prepared LCNs, which include a high proportion
of lipids, providing good compatibility with the hydrophobic drug (log P = 4.6). This is
in agreement with the outcome revealed by Mansour et al., 2017 [39], who declared that
cubosomes are capable of entrapping high loads of hydrophobic cargo.

3.3.3. LCNs Morphology Examination Using TEM

TEM was employed to examine the morphology of representative TRAVO-loaded
LCN formulations (F-1-L, F-3-L, F-4-L, and F-5-L). As illustrated in Figure 4, all formulae
exhibited irregular hexagonal to spherical structures. Because of the negative correlation
between HLB and CPP, this could be explained by the effect of fatty substances with low
HLB values, such as oleic acid, on increasing the curvature of the bicontinuous layer within
the liquid crystal. Because of the negative correlation between HLB and CPP, this could be
illuminated by the impact of fatty substances with low HLB, such as oleic acid, on increasing
the curvature of the bicontinuous layer inside the liquid crystal [51]. Captex molecules
with hydrophobic long chains of fatty acids may cause bigger hydrophobic volumes
(Vs) in GMO-based cubosomes, resulting in a higher CPP value for the Captex®/GMO
combination and encouraging a transition from the inverse cubic phase to the hexagonal
phase [52]. This result matched the view stated by Mansour et al. in 2017 [39].
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Figure 4. TEM photomicrographs showing the morphology of representative TRAVO-loaded LCNs
(F-1-L, F-3-L, F-4-L, and F-5-L).

3.3.4. Crystallinity Study Using X-ray Powder Diffraction (XRPD)

To confirm the crystallinity of different LCNs, XRPD is a useful method. X-ray diffrac-
tograms of the representative lyophilized unloaded LCNs (F-1-O, F-3-O, F-4-O, and F-5-O)
are presented in Figure 5, compared to the reference formula prepared with GMO and P407
as the lipid and stabilizer, respectively. The X-ray diffractograms of different LCNs showed
mutual peaks located at around 32°, 45°, 57°, 76°, and 84° 20, as shown in Figure 5. This
may be distinctive of the liquid crystals produced, confirming the resemblance of their
crystalline structures, as stated by Bei et al., who revealed almost comparable peaks in
X-ray patterns [53].
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Figure 5. XRPD patterns of (a) reference formula, (b) F-1-O, (c) F-3-O, (d) F-4-O, and (e) F-5-O.

3.4. Ex Vivo Study for Corneal Permeation of TRAVO-Loaded LCNs

As obvious from Figure 6, the TRAVO-LCN formulae encoded F-1-L, F-3-L, and F-
4-L showed the highest cumulative drug amount permeated after 8 h (Qg), reaching
132.94 + 4.940, 144.07 + 1.60 and 132.84 + 4.55 ug/cm?, respectively. F-3-L showed
a higher significant Qg compared to that obtained by both formulas, F-1-L and F-4-L
(p < 0.05). This was then followed with the LCN formula, F-2-L, which also exhibited a
relatively high Qg value of 122.54 + 2.45 ng/ cm?. However, the formulae, coded F-5-L,
F-6-L, F-7-L, and F-8-L, revealed slower permeation profiles, as the respective Qg data
attained 85.40 £+ 7.28, 79.00 + 3.03, 81.28 £ 8.56, and 95.70 4 9.47 ug/ cm?, respectively.
Drug solution (DS) showed the lowest Qg, reaching only 21.59 + 7.17 ug/ cm?, with a
significant difference compared to the other formulas (p < 0.05).

One potential reason that LCNs might enhance corneal permeation is the bio-adhesive
property of the liquid crystalline nanoparticles. Their small PS and increased surface area
may also promote drug permeation across biological membranes. The nano-sized range
and increased surface area of the prepared TRAVO-LCNs could promote adhesion and
hence drug penetration through the corneal epithelium, allowing for greater drug delivery
to the anterior eye. Furthermore, the structural similarities between the bicontinuous
lipid bilayer architectures of cubosomal nanoparticles and corneal epithelial membranes
allow membrane fusion and direct transit of the medication into the corneal cells, which
may explain the improved penetration of LCN formulations [54]. Furthermore, the cubo-
somes’ main component, GMO, has strong penetration-enhancing properties via ocular
membranes [15,55].
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Figure 6. Ex vivo permeation profiles of TRAVO from different loaded LCNs in simulated tear fluid

Time (h)

through excised rabbit cornea (mean £ SD, n = 3).

Furthermore, the permeation parameters, Jss and Kp, were determined based on the
constructed ex vivo permeation profiles, and the results are presented in Table 5. The
steady-state flux (Jss) was calculated from the slope of the linear portion of the permeation
plots, and the permeation coefficients (Kp) were determined accordingly. As expected, both
Tween 80-stabilized formulae, F-1-L and F-3-L, showed the highest fluxes and Kp values,
while the LCN formulations stabilized with P407, encoded F-5-L and F-6-L, recorded the
least values of permeation parameters, as shown in Table 5. Based on the obtained results,
we can deduce the suitability of the optimized TRAVO-LCN:ss stabilized with Tween 80
coded F-1-L and F-3-L for enhanced ocular delivery. Therefore, these formulations were

chosen for further studies.

Table 5. The results of permeation parameters of TRAVO-loaded LCNs.

F-6-L ~F-8-L

~DS

Formula Code

Jss (ug/cm?/h) Kp (cm/h)

F-1-L 25.96 £ 2.05 0.64 £ 0.04
F-2-L 11.92 + 3.07 0.29 £ 0.09
F-3-L 2711 £3.25 0.67 £ 0.06
F-4-L 12.26 +1.54 0.30 & 0.03
F-5-L 6.85 + 0.57 0.17 +£0.01
F-6-L 6.85 & 0.57 0.14 £ 0.00
F-7-L 8.40 £+ 1.05 0.21 £0.03
F-8-L 9.85 4+ 0.97 0.24 £ 0.04
DS 1.53 £+ 0.02 0.03 £ 0.00

* All data are mean of triplicates & SD. Jss—steady-state flux; Kp—permeability coefficient; DS—drug solution.
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3.5. Physical Stability of the Selected TRAVO-Loaded LCNs

The optimized medicated LCN formulae, F-1-L, composed of GMO, oleic acid, and
Tween 80 as the lipid, PE, and stabilizer, respectively, and F-3-L, consisting of GMO, Captex®
8000, and Tween 80 as the lipid, PE, and stabilizer, respectively, were stored for 90 days
under refrigeration at 5 + 3 °C. The PS, PDI, ZP, and EE% of the stored samples were
determined and compared to the freshly prepared formulations. After storage, the stored
LCNs were found to retain their parameters with non-significant variations compared to
the fresh preparations (p > 0.05), as shown in Table 54 (Supplementary File). The resulting
stability might be due to the use of Tween 80, which acts as a stabilizing agent during
nanoparticle formation and reduces the surface energy, leading to the inhibition of crystal
growth [56].

3.6. Sterilization of TRAVO-Loaded LCNs by Gamimna Irradiation

The two potential LCN formulae, F-1-L and F-3-L, were sterilized using gamma irradi-
ation and then tested for their sterility against the presence of any microbial contamination,
either bacterial or fungal. Different radiation doses of 5, 10, 15, and 25 kGy were applied
to sterilize the selected loaded formulas. After performing the sterilization process, PS,
PDI, ZP, and EE% were re-tested, and the data are collected in Table S5 (Supplementary
File). All formulae showed non-significant changes in their physical characteristics at all
radiation doses (p > 0.05). To ensure the sterility of the chosen formulae and to establish
the minimal dose (kGy) necessary to achieve their sterility, a confirmatory sterility test was
carried out. The absence of any microbial growth in any of the examined samples verifies
the formula’s sterility and the efficacy of gamma irradiation for sterilization, even at lower
doses. Our findings were consistent with those of Youshia et al. (2021) [57].

3.7. In Vivo Ocular Evaluation of the Selected TRAVO-Loaded LCNs

In vivo studies were executed for the estimation of LCNs’ ability to deliver TRAVO
effectively for glaucoma treatment. Pharmacodynamic and pharmacokinetic studies were
performed in rabbits to evaluate the efficacy of the formulae; in addition, the safety of LCN
formulae was assessed using the Draize test and histopathological examinations.

3.7.1. Pharmacodynamic Study in Rabbits Using Steroid-Induced Ocular
Hypertension Model

The effectiveness of the selected medicated formulae, F-1-L and F-3-L, in lowering the
elevated IOP and hence improving glaucoma was assessed in rabbits and then compared to
the market product Travatan® eye drops. As shown in Figure 7, the IOP measurements of
the right rabbit eyes (non-induced and non-treated) served as negative controls and showed
a normal range from 16.43 + 1.75 to 20.22 + 1.42 mmHg. After the induction of glaucoma,
the initial IOP was measured and recorded at 37.20 mmHg, indicating the glaucomatous
eye condition in the left rabbit eyes of all designated groups. After treatment, the eyes of
G-I treated with TRAVO-LCNs ‘F-1-L attained their lowest IOP value (15.6 mmHg) at 6 h
post-dose application and were shown to maintain the lowering effect for 48 h, after which
the IOP starts to rise. However, the medicated formulation F-3-L revealed a much lower
mean IOP measurement (13.9 mmHg) after 24 h post-treatment, which lasted during the
whole experiment duration (72 h). On the other hand, the marketed product Travatan®
demonstrated a gradual reduction in IOP measurements, reaching its peak (14.7 mmHg) at
8 h and persisting for 36 h, after which the IOP significantly increases. As was obvious, the
obtained results demonstrated the superiority of the optimized LNC formulations over the
commercial product TRAVATAN in lowering IOP for a lasting duration. These results are in
alignment with the ex vivo permeation results obtained. The sustained efficacy of the tested
LCN formulations could be attributable to the controlled diffusion rate of the drug through
the water channels within the nanocrystals [9]. Furthermore, the structural similarity
between the bicontinuous lipid bilayer of LCNs and the corneal epithelial cells allows
membrane fusion, permitting direct transit of the medication through the corneal cells,
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Travoprost aqueous humor concentration (ng/ml)

2.50

2.00

1.50

0.50

0.00

which elucidates the improved penetration of LCN formulations [54]. It is important to note
that although Travatan® eye drops contain propylene glycol, which acts as a cosolvent with
permeation enhancer properties, it was shown to be insufficient to maintain the therapeutic
effect of TRAVO for a longer period.

4 8 12 16 20 24 28 32 36 40 44 48
Time (h)

~=F-1-L. ~F-3-L. =—TRAVATAN

Figure 7. Aqueous humor TRAVO concentrations versus time post-application of F-1-L, F-3-L, and
Travatan® in the rabbits’ left eyes (mean = S.D, n = 3).

The percentages of IOP reduction were further calculated for each group at different
time intervals based on initial IOP values; the data are presented in Table 6. Both LCN
formulations, F-1-L and F-3-L, showed higher IOP reduction for a longer time than the
commercial product; this could be due to the synergistic effect of GMO, Tween 80, and
oleic acid/Captex® as all LCN components are reported to manifest satisfactory penetra-
tion properties [58-60]. The discrepancy in the results of both LCN formulations could
emphasize the importance of electrostatic interactions that might occur between the LCN
particles and the cornea. As the cornea exhibits negative surface charges, it is reported
that the particles with positive charges or less negative charges could be retained for a
longer time, allowing for more drug penetration through the cornea [8]. Based on the
ZP results obtained previously, F-3-L revealed a significantly lower mean ZP value of
—17.55 £ 2.10 mV compared to —72.93 = 1.97 mV recorded for F-1-L (p < 0.05), which in
turn can assume a longer residence of the former formula onto the cornea surface, hence an
enhanced therapeutic effect. Moreover, the size of the lipid particles is reported to have an
influence on corneal permeation, affecting the pharmacological effect of the loaded drug [8].
The sizes of both tested LCN formulae were shown to be significantly different (p < 0.05)
according to the data stated previously, as F-3-L demonstrated a much lower PS than
F-1-L, where the respective sizes were 129.40 £ 11.73 and 216.20 + 6.12 nm, warranting the
enhanced permeation of F-3-L and hence its superiority in lowering IOP.
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Table 6. The percent reduction in intraocular pressure in the left rabbit’s eye was treated with the
different prepared formulae F-1-L, F-3-L, and Travatan® over 72 h.

Mean % IOP Reduction * + SD

Time (h) G-I F-1-L G-II: F-3-L G-III: TRAVATAN®
05 0.00 + 0.00 753 + 0.00 14.52 + 0.00
1 2079 + 6.18 14.52 + 0.00 26.88 = 0.00
2 37.90 + 0.00 30.56 + 6.36 37.90 + 0.00
4 4104+ 543 42,65 + 4.70 55.65 + 0.00
6 58.06 + 4.19 52.87 + 4.81 59.41 + 0.00
8 5287 + 4.81 5152 + 4.17 60.48 = 4.19
10 5287 + 4.81 5556 + 3.90 59.41 + 0.00
12 5430 + 233 58.06 + 4.19 52.96 + 2.33
2% 5152 + 4.17 62.63 + 6.05 3952 +2.79
36 5287 + 4.81 5430 + 2.33 34.62 + 2.88
48 3934+ 5.90 50.00 + 4.81 2911 + 3.83
60 2079 + 6.18 4857 + 6.54 14.52 + 0.00
72 251 + 435 3262+ 2.44 0.00 = 0.00

* All data are mean of triplicates 4- SD. IOP—intraocular Pressure; SD—standard deviation. F-1-L is composed of
25 mg GMO, 25 mg oleic acid, and 25 mg Tween 80. F-3-L is composed of 25 mg GMO, 25 mg Captex® 8000 and
25 mg Tween 80.

3.7.2. Pharmacokinetic Study

The results of drug concentration in aqueous humor versus time are illustrated in
Figure 7, and the calculated pharmacokinetic parameters are collected in Table 7. The LCN
formula, F-3-L, showed a significantly higher Cinax of 1.80 &= 0.15 ng/mL (p < 0.05) when
compared to 1.46 & 0.06 and 1.42 + 0.09 ng/mL obtained in the cases of F-1-L and Travatan®,
respectively. It is noted that the difference between the Cpax of both F-1-L and Travatan®
was statistically non-significant (p > 0.05). The highest median Tmax of 6 h attained by F-3-L
confirmed more controlled drug permeation behavior than that achieved by Travatan®
and F-1-L, recording 1 and 2 h, respectively. Furthermore, the chosen formulation F-3-L
showed significantly higher AUCy.45, AUCjy,¢, and MRT in comparison to the respective
data obtained from F-1-L and Travatan®, as shown in Table 7. The formula F-1-L showed
a relative bioavailability of 106.1%, while F-3-L showed a much higher value of 322.82%
with respect to the market product. The obtained results are in good agreement with what
was achieved in the pharmacodynamic study, confirming the sustained effect of F-3-L in
lowering the IOP compared to F-1-L and Travatan®. The increased ocular bioavailability of
LCNs may be due to three factors: the prolonged contact time of LCNs with ocular tissues,
the drug’s ability to permeate across the cornea, and high drug loading capacity. Liu et al.
have investigated pre-ocular retention and revealed that the LCN formulations caused
a longer residency on the corneal membrane, potentially lengthening the ocular contact
period. This in turn demonstrated a higher flux and permeability of the LCN formulations
compared to the drug solution [9]. The unique structural features of LCNs, such as their
high packing density and extraordinarily long linear water-filled channels that may hold
more medication, may result in increased drug permeability through the cornea [9].
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Table 7. The pharmacokinetic parameters of selected TRAVO-loaded LCNs formulae compared to
Travatan® measured in rabbits’ eye aqueous humor.

Mean Data * + SD

PK Parameters

F-1-L F-3-L Travatan®
Tmax (h) 2.00 6.00 1.00
Cax (ng/mL) 1.46 £ 0.06 1.80 +0.15 1.42 £ 0.09
AUC(.48 (ng.h/mL) 43.02 £297 62.77 £2.73 41.03 £+ 1.63
AUCj,f (ng.h/mL) 133.63 £+ 11.54 406.69 £+ 17.12 125.98 + 8.54
MRT (h) 11.73 +£0.22 23.18 £ 0.57 11.58 +0.23
%F 106.10 322.82 -

* All data are mean of triplicates 4= SD. Tmax: Time of the maximum concentration, Cmax: Maximum concentration,
AUC: Area under the curve, MRT: Mean residence time, F = Relative bioavailability.

3.7.3. Ocular Tolerability

Ocular tolerability was performed using the Draize test, which is used for evaluating
the toxicity of suspected eye irritants [61]. Ocular irritation (status of the cornea, iris, and
conjunctiva) on the treated left eyes, was assessed at 1 h, 24 h, 72 h, and 14 days. As shown
in Figure 8, none of the examined LCNs or the marketed product exhibit any symptoms of
ocular injury.

1hr

72 hr 14 days

Figure 8. Images of rabbits’ eyes post-application of the tested samples. No physiological difference
is observed between the eyes treated with the optimized LCNs (F-1-L) and (F-3-L) and the marketed
product (Travatan®) compared to the control eye.
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3.7.4. Histopathology Examinations

Microscopic examinations of the eye were performed via assessment of the cornea,
filtration angle, choroid, retina, and optic nerve. As shown in Figure 9, regarding the cornea,
the positive glaucomatous control group showed marked corneal edema manifested by
dispersion of the corneal stroma with edematous fluid. Meanwhile, the cornea receiving F-
1-L showed mild corneal edema, while F-3-L showed marked improvement, and the cornea
appeared apparently normal while the cornea treated with Travatan® was histologically
normal. As shown in Figure 9, histopathological changes in the filtration angle were seen in
the positive control group, including thickening of the basement membrane with increased
collagen deposition and ciliary muscle hyalinosis. Reduced cellular components, increased
matrix and fibrillar components, and hyalinization of the trabecular meshwork were found
in the meshwork. All other experimental groups revealed apparently normal filtration
angles, ciliary bodies, and trabecular meshwork. Figure 9 is concerned with the vascular
layer “choroid” of the eyes. The positive control group showed a compressed choroid.
Regarding F-1-L, mild choroid compression was observed, while F-3-L and Travatan®
exhibited an apparently normal choroid. As shown in Figure 9, a generalized retinal
atrophy with loss of inner ganglion cells was seen in the positive control group. The
ganglion cells that remained were undersized and hyperchromatic, with pyknotic nuclei.
The other experimental groups showed apparently normal retinas. As shown in Figure 9,
the optic nerve of the positive control group showed vacuolation, while the optic nerve of
the other groups exhibited the absence of histopathological alterations.

bt

-
Bym

Cornea Filtration Apparatus

Figure 9. Cont.
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Retina Choroid

Optic nerve

Figure 9. Photomicrographs of the eye of different sections of the tested samples. (*) denotes corneal
edema, the black arrows point out undersized hyperchromatic ganglion cells with pyknotic nuclei.

The results revealed that F-3-L, composed of GMO as a lipid, Tween 80 as a stabilizer,
and Captex® 8000 as PE, each weighing 25 mg and loaded with TRAVO at a concentration of
40 pg/mL, is the formula of choice as it showed the optimum results in pharmacodynamics
and pharmacokinetics studies, accompanied by a high safety profile. The overall results
indicate the supreme ability of LCNs to deliver TRAVO by the ocular route and improve
glaucoma.

4. Conclusions

The present work describes the successful integration of an innovative ocular penetra-
tion enhancer (Captex 8000) into classical liquid crystalline nanostructures. Furthermore,
Travoprost loading in these nanostructures resulted in a safe and effective approach to
glaucoma treatment. The medicated liquid crystalline nanostructures illustrated favorable
drug penetration power throughout the corneal layer, as well as efficient stability and
high Travoprost entrapment efficiency. When compared to the amount delivered using
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the market product, Travatan®, the bioavailability of Travoprost was heightened threefold
when delivered from liquid crystalline nanostructures. The pre-clinical in vivo studies in
rabbits demonstrated the supremacy of optimized LCNs in alleviating glaucoma following
ocular application compared to the marketed product (Travatan®). Such a therapeutic
modality represents a worthwhile option to boost the efficacy of anti-glaucoma drugs,
awaiting further pre-clinical studies in other animals, such as monkey models, and clinical
translation in human beings to validate the effectiveness of these tailored nanoparticles,
which would offer a better therapeutic alternative than conventional ophthalmic delivery
systems.
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permeated after 8 h; SD—standard deviation; STF—simulated tear fluid; TBME—tertiary butyl-
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