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1. INTRODUCTION

Diabetes mellitus currently affects 8.5% people worldwide, and it 
is expected to impact on the lives of 570 million people in 2025 [1]. 
There are five different forms of diabetes, with diabetes type 1 (failure 
in the production of insulin) and type 2 (deficient insulin sensitivity) 
being the most common. The other three forms are monogenic diabetes, 
which is hereditary due to a single gene mutation; gestational diabetes, 
related to pregnancy; and cystic fibrosis-related diabetes, which is 
linked to scarring of the pancreas that leads to insulin abnormalities. 

For people with type 1 diabetes, the immune system attacks pancreatic 
cells responsible for the production of insulin, disrupting their normal 
function. Both genetic and environmental factors have been identified 
as causal agents. Type 2 diabetes is indicative of insulin resistance, 
which may be caused by excess body weight. 

Diabetes is considered a pandemic disease with an increasing 
morbidity and the highest rate in years of life lost due to disability in 
both high-income and lower-middle-income countries [2]. Such a high 
incidence results in an increase in diseases secondary to diabetes. 
Diabetes-associated diseases range from cardiovascular problems to 
diabetic neuropathy including kidney failures and ocular diseases. 
Indeed, the term diabetic eye disease has a broad meaning as it may 
encompass multiple illnesses in different parts of the eye, mainly 
diabetic retinopathy, macular edema, cataracts, glaucoma, and 
keratopathy [3 6]. 
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Control of hyperglycemia is a critical main measure to avoid a fast 
progression of damage in ocular structures. Depending on the time lag 
between the first symptoms of diabetes and effective regulation of 
glycemia levels, the eyes may already be affected when therapeutic 
measurements are taken. Therefore, early diagnosis may prevent the 
apparition of diabetes-associated diseases. Nevertheless, continuous 
high basal glucose levels over time inevitably cause damage to a wide 
variety of tissues, especially those where glucose is freely accessible 
[7].  

Since diabetes is a chronic disease, ocular treatments may have to 
be applied for years. Therefore, finding drug delivery systems that 
combine the patient-friendly administration of topical formulations 
with the high ocular bioavailability of intraocular injections is an unmet 

clinical need. In the last decades, eye drops in which the drug molecules 
are encapsulated in nanocarriers have demonstrated notable 
enhancements in drug levels in both anterior and posterior eye segments 
[8,9]. Nanomicelles, liposomes, lipid nanoparticles, and polymer 
nanospheres provide protection against premature degradation, 
enhanced retention on eye surface, and novel pathways of penetration 
through corneal and transscleral routes [10,11]. Carriers that are 
spontaneously formed by self-assembly of their components in water 
are advantageous in terms of preparation and scale up because only few 
steps and energy are required. Polymeric micelles have outstanding 
capability to encapsulate hydrophobic drugs increasing apparent drug 
solubility, although concerns about premature disassembly may arise 
[12]. Lipid-based vesicles, such as liposomes, may host both 
hydrophobic and hydrophilic active substances [13], but the constituent 
lipids may be prone to chemical degradation [14,15]. In this context, 
niosomes as vesicles made of self-assembled nonionic surfactants may 
gather the advantages of both micelles and liposomes while providing 
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improved physical and chemical stability. The development of 
niosomes as eye drops components is still incipient, but preliminary 
results have evidenced their potential [16]. Other supramolecular 
structures such as self-assembling polypeptides have shown to be 
excellent drug carriers for other administration routes and may offer 
new avenues in the treatment of eye diseases not only as carriers but 
also as therapeutic agents [17 19]. The aim of this chapter is to revisit 
first the role of diabetes in the development of eye diseases. Then, the 
pros and cons of different drug administration routes for diabetic eye 
treatments are considered. Commercially available drugs as well as 
those in clinical trials are analyzed in detail. Subsequent sections in this 
chapter deal with the main self-assembled nano- and micro- carriers 
suitable for topical eye administration, namely, polymeric micelles, 

liposomes, and niosomes. Nanocarriers for treatment of diabetes-
associated diseases using other administration routes have been tackled 
elsewhere [20]. Finally, recent advances in the design of self-assembled 
carriers for topical diabetic eye drug administration are presented. 
Publications containing ex vivo or in vivo results or reporting on 
clinical trials have been prioritized.

1.1 DIABETIC EYE DISEASES

Diabetes may affect the anterior segment triggering the 
development of cataracts, dry eye syndrome, corneal ulcers, warts, 
tortuous conjunctival vessels, and keratopathy [4,21]. In the posterior 
segment, diabetes may contribute to glaucoma, retinopathy, and
macular edema [22]. Diabetic patients can also suffer from ocular 
neuropathy, difficulties in healing ocular wounds, and increased 
infection probabilities [4].
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Cataracts are described as the clouding of the lens. Three 
pathogenesis routes have been described [23]: the polyol pathway 
where an accumulation of sorbitol induces hydropic lens fiber 
degeneration, the oxidative and osmotic stress leading to apoptosis of 
epithelial cells of the lens, and the autoimmunity. The polyol pathway 
is the one referred to most often and the most researched [24]. Sugars 
(e.g. glucose and galactose) at elevated concentrations are favorable 
substrates for aldose reductase and generate intense osmotic stress (as 
explained in Section 3.1). Also, reducing sugars promote glycation (i.e. 
non-enzymatic glycosylation) of lens proteins, triggering cataract 
formation [25]. 

Dry eye syndrome, which is characterized by an abnormal tear 
film, can be classified as either aqueous tear-deficient or evaporative 

(associated to a deficient tear film lipid layer) [26]. Direct correlations 
have been found between prevalence of the syndrome and glycated 
hemoglobin and duration of diabetes. In vivo studies suggest that 
lachrymal glands undergo histological changes in diabetic patients and 
that oxidative stress derived from hyperglycemia might be involved in 
dry eye syndrome [27]. 

Corneal ulcers are sores on the cornea that can alter the vision [28]. 
The primary cause of corneal ulcers may be unrelated to diabetes (eye 
surgery, accidents), but the lengthier wound healing process makes 
ulcers a heavier burden for diabetic patients [29,30]. Therapeutic 
approaches to deal with diabetic keratopathy have been reviewed 
elsewhere [31]. 

Glaucoma is the leading cause of blindness worldwide and is 
defined by damage of the retinal ganglion cells, leading to irreversible 
damage of the optic nerve [32]. This is often accompanied by a rise of 
the intraocular pressure (IOP) triggered through different mechanisms. 
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Open-angle glaucoma is caused by blocking of the trabecular 
meshwork, which in turn hinders fluid drainage and increases pressure. 
This is the most common form of glaucoma and happens at slow pace. 
Angle closure glaucoma is provoked by the iris coming forward and 
blocking the drainage angle between the iris and the cornea. It can 
happen over time or suddenly. Secondary angle closure glaucoma, in 
which the angle can be opened or closed, is caused by a secondary factor 
that leads to drainage hindrance, for example excessive pigment release 
blocking the trabecular meshwork (pigmentary glaucoma). Although 
the role of diabetes is unclear, direct correlations were found between
diabetes duration and fasting glucose levels and the increase in IOP 
[33].

Diabetic retinopathy involves damage to the retinal blood vessels, 

which has disastrous effects on the retina [34]. In nonproliferative 
diabetic retinopathy, the retinal blood vessels are damaged and start 
leaking, which increases the pressure in the tissue. This condition can 
progress from microaneurysms to severe macular edema. In the 
proliferative diabetic retinopathy, the damaged blood vessels close and 
new blood vessels start to grow abnormally. The consequences may 
include increased IOP, accumulation of scar tissue, and ultimately nerve 
damage. Diabetic retinopathy affects one out of two persons with type 
1 diabetes [35]. The duration of diabetes is a risk factor, and the 
prevalence of diabetic retinopathy increases from 8% after 3 years of 
diabetes to 80% after 15 years [36].

Diabetic macular edema may be a consequence of diabetic 
retinopathy, where leaking blood vessels increase the fluid volume in 
the macula, resulting in vision loss [37]. Two types of diabetic macular 
edema can be clinically differentiated: focal macular edema, which is 
characterized by microaneurysms on the retinal capillaries, and diffuse 
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macular edema, which shows leakage from the blood-retinal barrier due 
to generalized damage [38].

1.2 DELIVERY OF DRUGS TO DIABETIC EYE

1.2.1 Main drug classes and current administration routes

As described earlier, diabetes-related eye diseases are varied and 
evolve along time to become chronic. This means that their treatment 
should be designed according to the prolonged time the drug should be 
administered. In this regard, three main strategies are so far the most 
investigated and used ones: (i) topical administration, mostly for the 
treatment of anterior segment diseases, with the limitation of poor 

ocular bioavailability; (ii) intraocular administration, which is more 
efficient in terms of ocular bioavailability but entails relevant risks for 
the patient; and (iii) oral administration, which is the most patient 
friendly route, but the ocular bioavailability is quite low even when 
large doses are administered. Pros and cons of the different 
administration routes are explained in Table 1.1.
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Table 1.1. Administration routes for delivery of drugs to the eye 

Administration route Advantages Disadvantages 

Topical Noninvasive approach, well 
accepted by the patient 

All barriers except the 
blood eye barriers must be 
overcome 
Self-administration may be 
not feasible in all cases 

Oral High patient compliance, no 
corneal or anterior segment 
barriers 

Systemic untoward effects, 
blood-retinal barrier, low 
on-site concentration 

Intracameral High drug concentration in 
the anterior chamber 

Clinical injection 

Subconjunctival Scleral route to the retina, 
suitable for depot 
formulations 

Clinical injection 

Intravitreal High drug concentration in 
the posterior segment, 
hydraulic pressure gradient 

Clinical injection (more 
invasive than 
subconjunctival), 
dependent on vitreous 
diffusion, the visual axis can 
be obscured if the 
formulation is opaque 

Retrobulbar Low risk for intraorbital 
injury, low influence on IOP 

Clinical injection, risk of 
optic nerve damage 

Peribulbar Low risk for intraorbital 
injury 

Clinical injection 

Posterior juxta scleral Available for inserts Retinal pigment epithelium 
is still a barrier 
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Efficient ocular drug delivery is a difficult goal to reach in any case. 
Depending on the administration procedure and the dosage form, ocular 
barriers can be either physiological or anatomical, and either static or 
dynamic [39]. Different barriers located in the anterior and the posterior 
segments protect the eye against foreign substances coming from 
outside or inside the body (e.g. the bloodstream). Also, the goal of drug 
delivery can be different depending on the target cells. If the drug must 
reach a tissue protected by many barriers, drug permeation through 
these barriers is critical; prodrugs, penetration enhancers, and 
encapsulation in nanocarriers may be helpful tools [40,41]. If the aim is 
to continuously supply the drug to an area with important dynamic 
turnover of fluids, sustained drug delivery systems may be required 
[42]. 

Regarding topical administration, the eye is dynamically protected 
by the blinking reflex, the tear clearance rate, andthe nasolacrimal 
drainage. Adhesion to the corneal surface and promotion of the 
penetration might overcome these barriers. Drugs can follow three 
routes: corneal, scleral, and conjunctival [43 47]. Major static corneal 
barriers are the corneal epithelium, which limits the absorption of 
macromolecules and hydrophilic drugs through tight junctions, and the 
corneal stroma, which limits the penetration of lipophilic molecules due 
to its high aqueous content [44]. Thus, mid- lipophilic drugs are the 
most suitable candidates for corneal penetration and subsequent 
diffusion through aqueous humor for intraocular distribution. The iris 
and the nonpigmented ciliary epithelium further block drugs from 
passing to the aqueous humor, making make up the blood aqueous 
barrier [47]. Furthermore, the aqueous humor flow from the ciliary 
body to the cornea counteracts the diffusion of hydrophilic molecules 
trying to enter further in the eye. On this blood aqueous barrier and also 
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on the corneal epithelium, there are efflux pumps that expel the drugs 
back to the front of the eye [48].

The conjunctiva opposes to drug entry in the eye tissues mainly due 
to the presence of conjunctival blood capillaries and lymph vessels, 
which reroute a major fraction of the drug dose to the blood stream. 
Drug access through the conjunctiva to the posterior segment may occur 
via passive or active transport [45]. Although there are tight junctions 
among conjunctival epithelium cells, polar solutes up to 20 kDa can 
enter through paracellular diffusion across 5-nm pores [49]. Peptides 
and proteins may find the additional barrier of enzymatic degradation 
and require co-administration with a protease inhibitor [50]. Lipophilic 
drugs can still penetrate better via the transcellular route; the surface 
area is larger than for paracellular pathway, although efflux pumps pose 

a relevant challenge. Intense active carrier-mediated transport occurs at 
conjunctiva for some ions and nutrients, which may be exploited for 
drug and prodrug absorption [46]. Drugs encapsulated in nanocarriers 
take benefit of the additional pathway of endocytosis, which is feasible 
both in cornea and conjunctiva [51 53].

Once conjunctiva is crossed, the drug can move through sclera into 
the uvea and the retinal pigmented epithelium, and then move forward 
to neural retina and vitreous humor. The sclera performs as a size 
exclusion barrier, with the permeability decreasing exponentially with 
molecular radius and lipophilicity [54]. The sclera is negatively charged 
at physiological pH and therefore electrostatic interactions must be 

choroid complex traps positively charged 
lipophilic drugs [55], and sin
with age (due to calcification of elastin and cross- linking of collagen) 
drug diffusion is hindered in elderly patients.
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Systemic administration of ocular drugs is compromised by the 
blood-retinal barrier. The inner limiting membrane of the retinal 
pigment epithelium prevents passage of high- molecular-weight 
molecules from blood to vitreous and vice versa [56]. Müller cells and 
astrocytes form tight junctions to regulate the passage of molecules 
between the outer choroid and the inner retina. Although the 
information on ocular bioavailability after drug systemic administration 
in humans is limited, some reports evidenced that for small drugs, such 
as ciprofloxacin, similar drug levels can be obtained in aqueous humor 
after topical instillation of the free drug or oral administration. The 
levels in vitreous humor are commonly higher after oral administration, 
but at expenses of exposing the whole organism to high drug dose [57]. 
Also, interestingly, the drug can be found in tear fluid after oral 

administration but not because of distribution through the eye, as 
reported for cyclosporine A [58]. The blood-retinal barrier efficiently 
prevents cyclosporine A diffusion from blood to the anterior segment, 
except during concomitance of inflammatory processes [59]. 

Pharmacological treatments intended to stop ocular damage caused 
by hyperglycemia or at least delay the process rely on (i) reducing IOP 
(Table 1.2), (ii) blocking the abnormal growth of blood vessels, or (iii) 
inhibiting negative chemical pathways. Drugs like prostaglandins [60], 
rho kinase inhibitors [61], nitric oxides [62], or miotic/cholinergic 
agents [63] drain ocular fluids. Alpha-adrenergic a -blockers, 
and carbonic anhydrase inhibitors lower the amount of fluid produced 
in the eye [64]. Both strategies result in a lowering of the IOP and are 
usually addressed using eye drops (Table 1.2). Additionally, new drug 
candidates are intended to act on the heme oxygenase 1 (HO-1)/carbon 
monoxide (CO) physiological pathway that regulates the IOP. The HO-
1 produces protection against ischemic insult by producing CO, which 
has anti-inflammatory properties. Incidentally, CO protects retinal 
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ganglion cells from ischemic/reperfusion injury. Decreased CO levels 
have been related to increased IOP and, therefore, drugs that release CO 
may be useful in glaucoma treatment [65].

Table 1.2. Some active substances of medicines used to reduce the IOP. Data from the European 
Medicines Agency, https://www.ema.europa.eu/en/medicines 

Drug class Drug Dosage form 

Prostaglandin or analog Travoprost Eye drop 

Bimatoprost Eye drop 

Latanoprost Eye drop 

Unoprostone Eye drop 

Prostaglandin analog nitric 
oxide 

Latanoprostene 
bunod 

Eye drop 

Rho kinase inhibitor Netarsudil Eye drop 

Ripasudil Eye drop 

Miotic agent Pilocarpine Eye drop 

Cholinergic agonist Carbachol Eye drop or intraocular 
injection 

Alpha-adrenergic agonist Brimonidine Eye drop 

Apraclonidine Eye drop 

Beta blocker Betaxolol Eye drop or oral tablet 

Timolol Eye drop 

Carteolol Eye drop 

Carbonic anhydrase inhibitor Methazolamide Oral tablet 

Acetazolamide Eye drop 

Brinzolamide Eye drop 

Dorzolamide Eye drop 

The growth of abnormal ocular blood vessels can be handled with 
anti-vascular endothelial growth factor (anti-VEGF) drugs [66]. 
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Bevacizumab and ranibizumab, which are respectively full antibody 
and antibody fragment that bind VEGF-A, and aflibercept, a 
recombinant protein that traps VEGF-A and VEGF-B, are the 
cornerstones for the therapy of diabetes-related macular edema and 
retinopathy [67]. They require intravitreal injection, which is not absent 
of complications [68]. Intraocular injections should be used as 
infrequently as possible, according to pro re nata or treat-and-extend 
protocols [69]. Biodegradable delivery systems that sustain intraocular 
release avoiding multiple treatment and maintaining drug stability are 
under investigation [70,71]. Since each available anti-VEGF agent 
interacts quite differently with VEGF, characterization of the molecular 
interactions can improve the design of novel biological drugs 
potentially useful in clinical practice [72]. 

Hyperglycemia is also responsible for triggering the polyol 
pathway. Under normoglycemic conditions, the Embden  Meyerhof
Parnas catabolism route that transforms glucose into pyruvate, NADH, 
and ATP becomes saturated. Consequently, the polyol pathway, which 
commonly transforms 3% glucose, enters into action with the 
participation of two enzymes: (i) aldose reductase that transforms 
glucose into sorbitol with the consumption of NADPH and (ii) sorbitol 
dehydrogenase that slowly converts sorbitol into fructose while 
consuming NAD+. The polyol pathway, which is very active in retina 
and lens, metabolizes more than 30% glucose under diabetic conditions 
[73]. Accumulation of sorbitol causes osmotic stress, triggers leukocyte 
accumulation, disrupts blood-retinal barrier, favors cells apoptosis, and 
starts a cascade of oxidative stress-mediated reactions [74]. The excess 
of fructose acts as precursor of advanced glycation-end products 
(AGEs). In this context, aldose reductase inhibitors are gaining 
increased attention, and epalrestat is approved in some countries for oral 
administration. As an alternative, drugs that accelerate the metabolic 
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rate of sorbitol dehydrogenase and, thus, decrease the levels of sorbitol 
are being tested [73].

In the later stages of the disease, laser treatment (mainly for 
photocoagulation) or surgery (when blood vessel leakage becomes 
excessive or there is scar tissue) can be proposed [75,76]. Vitreoretinal 
surgery, for example, involves the removal of part of the vitreous and 

1.2.2 Drugs, biologics, and gene therapy in clinical trials

Relevance of the morbidity caused by diabetes on eye structures is 
exemplified by the 868 clinical studies in phases 1 to 4 in February 2021 

Refinement of the information to select recruiting, enrolling, active, 
terminated, or completed trails rendered an outcome of 657 studies, 
with an ample distribution worldwide (Figure 1.1). Most clinical trials 
are focused on the efficacy and safety of new molecules or novel 
administration routes, drug combinations, or delivery systems such as 
implants, microparticle depot formulations, or biopolymer antibody 
conjugates. Microneedle patches that can be applied onto cornea or 
sclera for direct drug delivery in the aqueous or vitreous humor, 
respectively, are gaining increasing interest, although still in the 
preclinical phase [78 80]. 
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Figure 1.1. Regional distribution of clinical trials related to diabetic eye. Data source: 

filters were Recruiting, Active not recruiting, Completed, Enrolling by invitation, and 
Terminated. Made by the author of this Thesis. 

Most clinical trials related to diabetic eye refer to the conditions 
macular edema (Table 1.3) and retinopathy (Table 1.4), and most 
interventions deal with drugs or biologics, particularly intravitreal 
injection of antibodies. However, the interest for oral administration as 
well as topical formulations does not decrease but is gaining attention, 
spearheaded by the search for novel active substances with improved 
ocular bioavailability and new therapeutic targets. Intense research on 
small molecules that perform as anti-inflammatory (e.g. nepafemac, 
loteprednol etabonate) or as anti-angiogenic/angiolytic (e.g. EXN407, 
OC-10X) is being carried out. 
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Table 1.3. Pharmacological treatments in clinical trials for diabetes-related macular edema 
classified as a function of the administration route, drug/biologic active substance, and 

number of clinical studies 

Administration 
route

Drug/Biologic 
class Active substance

Number 
of clinical 

trials 

Intravitreal

Antibodies or 
blockers

Aflibercept and biosimilars 42 

Anti-angiopoietin-2 antibody REGN910 1 

REGN910-3 (co-formulation of REGN910 
and aflibercept) 1 

Anti-erythropoietin LKA651 1 

Anti-PlGF recombinant monoclonal 
antibody 1 

Anti-ROBO4 antibody DS-7080a 1 

Bevacizumab 16 

Bevasiranib 1 

Tofacitinib (BI 764,524) 1 

Conbercept (KH902) 1 

Faricimab 1 

Infliximab, anti- 1 

OPT-302, anti-VEGF-C and anti-VEGF-D 1 

Pegaptanib 7 

Ranibizumab 40 

Teprotumumab 1 

Small 
molecules

Dexamethasone 31 

Fluocinolone acetonide 9 

Triamcinolone acetonide 11 

Anti-VEGF drugs 7

KVD001 plasma kallikrein inhibitor 2
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AR-13,503, small-molecule inhibitor of 
both Rho kinase and protein kinase C

1 

UBX1325, inhibitor of Bcl-xL (anti-
apoptotic regulatory protein) 1 

Peptides

AXT107, tyrosine kinase blocking collagen 
IV derived peptide 1 

Luminate (Alg-1001) integrin inhibitor 1 

Proteases Ocriplasmin 1 

Gene therapy

ADVM-022 gene therapy (AAV.7m8-
aflibercept) 1 

iCo-007, a single-stranded antisense that 
degrades messenger RNA (mRNA) 1 

PF-04523655, small-interfering RNA 
(siRNA) 1 

Oral

Small 
molecules

GSK2798745, transient receptor potential 
vanilloid 4 (TRPV4) channel blocker

1 

Aliskiren 1 

Danazol 1 

Fenofibrate/pemafibrate 2 

Imatinib mesylate (YD312) 1 

Levosulpiride 1 

Minocycline 1 

MS-533 protein kinase inhibitor 1 

Ruboxistaurin 1 

Semaglutide 1 

Dietary 
supplements

Alzer®, Diamel®, others 2 

Topical 
eyedrops

Small 
molecules

Bromfenac 1 

Dexamethasone 2

Diclofenac 1
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EXN407, specific serine/threonine-protein 
kinase 1 (SRPK1) inhibitor

1 

FOV2304, inhibitor of bradykinin B1 
receptor 1 

Fluocinolone acetonide 1 

Ketorolac 3 

Nepafenac 5 

OC-10X tubulin inhibitor 1 

Loteprednol etabonate 1 

Mecamylamine nonspecific nACh receptor 
blocker

1 

SF0166 small- 1 

Vitamin E 2 

Peptides
Elamipretide (MTP-131), mitochondria-

targeting peptide 1 

Intravenous Small 
molecules

Methotrexate 1 

Intramuscular Peptides Octreotide acetate in microspheres 1 

Episcleral
Small 

molecules Dexamethasone implant 1 

Subconjunctival

Antibody Bevacizumab 1 

Small 
molecule Rapamycin 2 

Subcutaneous
Small 

molecule

Razuprotafib (AKB-9778), inhibitor of VE-
PTP (vascular endothelial protein tyrosine 

phosphatase)
2 

Sub-macular Antibodies Ranibizumab 1 

Suprachoroidal Gene therapy
RGX-314 (AAV8 vector containing a 

transgene for anti-VEGF fab) 1 
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Table 1.4. Pharmacological treatments in clinical trials for diabetes-related retinopathy 
classified as a function of the administration route, drug/biologic active substance, and 

number of clinical studies 

Administration 
route 

Drug/Biologic 
class 

Active substance 

Number 
of 

clinical 
trials 

Intravitreal 

Antibodies or 
blockers 

Aflibercept and biosimilars 14 

Anti-PlGF recombinant monoclonal antibody 1 

Bevacizumab 14 

Tofacitinib (BI 764,524) 1 

Conbercept (KH902) 2 

Pegaptanib 2 

Ranibizumab 20 

Small 
molecules 

Dexamethasone 3 

Triamcinolone acetonide 5 

Anti-VEGF Drugs 1 

Gene therapy PF-04523655, small-interfering RNA (siRNA) 1 

Oral 
Small 

molecules 

Acetazolamide 1 

Alpha-lipoic acid 1 

Aminoguanidine 1 

Brimonidine 1 

Darapladib 1 

Doxycycline 1 

Emixustat hydrochloride 1 

Empaglifozin 1 

Fenofibrate/pemafibrate 3 

Finerenone 1

Melatonin 1
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RG7774 1 

Ruboxistaurin 2 

Semaglutide 1 

Sinemet 1 

Sulodexide 1 

Tientine 1 

Ubiquinone 1 

Dietary 
supplements 

Alpha-lipoic acid, carotenoid vitamins, 
omega 3, multi-component nutritional 

supplement (vitamin C, mixed 
tocopherols/tocotrienols, vitamin D, fish oil, 

lutein, zeaxanthin, pine bark extract, 
benfotiamine, green tea extract, curcumin), 

Ocufolin® 

5 

Topical 
eyedrops 

Small 
molecules 

Anecortave acetate 1 

Citicoline 1 

Curcumin, homotaurine, and vitamin D3 1 

Dexamethasone 1 

Diclofenac 1 

Dorzolamide 1 

Ketorolac 3 

Latanoprost 2 

Napafenac 3 

OC-10X tubulin inhibitor 2 

Prednisolone acetate 2 

Squalamine lactate 1 

TG100801 multikinases inhibitor 1 

Peptides Somatostatin (with brimonidine) 1

Intravenous Protein Pulsatile insulin 2
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Intramuscular Peptides Octreotide acetate in microspheres 4 

Subconjunctival Small 
molecule 

Rapamycin 1 

Subcutaneous Small 
molecule 

Razuprotafib (AKB-9778), inhibitor of VE-PTP 
(vascular endothelial protein tyrosine 

phosphatase) 
1 

Suprachoroidal Gene therapy RGX-314 (AAV8 vector containing a transgene 
for anti-VEGF fab) 

1 
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For corneal epithelial defects, clinical trials deal with combinations 
of anti-inflammatory and antimicrobial drugs or autologous serum [81]. 
Fonadelpar (SJP 0035), a peroxisome proliferator-activated receptor 
delta agonist, is in Phase III for dry eyes and Phase II for corneal 
disorders [82]. Topical insulin and naltrexone eye drops have been 
shown to accelerate corneal epithelial healing and ameliorate dry eye 
symptoms in a variety of animal models [83,84]. Results of topical 
insulin and naltrexone clinical trials have not been posted yet [85,86].

Gene therapy of diabetic eye diseases is also an active field of 
research and clinical translation. The approval of Luxturna®, a virus-
based gene delivery system for inherited retinal dystrophy, paved the 
road for other developments [87 89]. There are currently 492 recruiting 
or active clinical trials on ocular gene therapy, most of which use adeno-

associated viruses as carriers, according to ClinicalTrials.gov, 
clinicaltrialsregister.eu and rctportal.niph.go.jp. Differently to the 
repeated administration of drugs and biologics, gene therapy 
approaches pursue potential one-time treatment, namely the cells are 
instructed once to produce the needed therapeutic substance or to not 
produce the harmful substance. In the case of diabetes-related macular 
edema, three clinical trials with intra- vitreal formulations and one 
clinical trial with a suprachoroidal formulation for gene therapy are 
ongoing (Table 1.3). ADVM-022 (AAV.7m8-aflibercept) and RGX-
314 (AAV8 vector containing a transgene for anti-VEGF fab) are 
intended to provide durable expression of an anti-VEFG antibody 
[90,91]. RGX-314 is also being tested for diabetic retinopathy [92].

RNA interference therapy is in clinical trials too, although it may 
require repeated injections [93]. For example, iCo-007 is a single-
stranded antisense that degrades messenger RNA intended to target c-
Raf kinase for diabetic macular edema treatment. Phase II results using 
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intravitreal injections were not conclusive about safety and efficacy 
[94]. PF-04523655 (RTP801I-14), a small-interfering RNA (siRNA) 
that may inhibit RTP801 gene transcription, is under evaluation as 
direct intravitreal injection. RTP801 is strongly upregulated in diabetic 
eyes and is associated with hypoxia and stress-related damage to retina 
cells [95]. Gene therapy also offers excel- lent opportunities to address 
ocular inflammation triggered by sorbitol accumulation and AGEs 
[74,96,97]. Gene therapy may allow for regulation of pro- and anti-
inflammatory cytokines and neovascularization in keratitis, as reviewed 
elsewhere [98].

1.3 SELF-ASSEMBLED NANOCARRIERS FOR TOPICAL 

DIABETIC EYE DRUGS

Most of drugs and new drug candidates in clinical trials for diabetic 
eye therapy, as referred in Tables 1.3 and Table 1.4, are quite 
hydrophobic and must be formulated as suspensions or ointments, 
showing limited ocular bioavailability after instillation. Thus, 
noninvasive topical therapeutic approaches may be notably improved if 
the drugs are formulated into delivery systems that could enhance their 
solubility and ocular permanence. In preclinical tests, micelles and 
cyclodextrin aggregates have been shown to enhance cornea and sclera 
accumulation and permeation of various hydrophobic diabetic eye 
drugs [99 101]. Even in the search for novel delivery strategies, contact 
lenses have been designed specifically to deliver epalrestat [102] and 
naltrexone [103] and viral-based gene vectors [104]. Regarding 
intravitreal gene therapy, siRNAs are extremely labile and rapidly 
cleared, and thus demand adequate nanocarriers. However, most non-
viral vectors are strongly cationic polymers or lipids that may interact 
with negatively charged glycosaminoglycans in the vitreous humor. 
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Such an interaction may prematurely break the poly/ lipoplexes or alter 
the cell transfection and, thus, a very fine equilibrium in surface charge 
or a shell able to minimize retention in vitreous is required [105,106].

Self-assembled drug carriers that can be prepared in few steps and 
can encapsulate both small and large active sub- stances, while 
providing a highly biocompatible, stealth inter- face are gaining 
increasing attention for ocular delivery. Although a plethora of novel 
self-assembled carriers are being tested, polymeric micelles, liposomes, 
and niosomes have already demonstrated in vivo promising 
performances [13,16,99,107]. Below, first the variables that drive the 
formation of these carriers and the main preparation protocols are 
revisited. Then, specific applications for management of diabetic eye 
diseases are analyzed. 

1.3.1 The self-assembly process

Self-assembled carriers rely on amphiphilic components that bear 
regions of different affinity for water [108]. The simplest self-
assembled structure is that of common surfactant micelles. In contact 
with water, small surfactants move to the air water interface with the 
polar head immersed in water while the apolar tail is prone to the air. 
Above a certain con- centration, designed as critical micelle 
concentration (CMC), the air water interface is saturated, and the 
surfactant molecules inside the aqueous medium associate to minimize 
the thermodynamically unfavorable exposure of the apolar tails to the 
aqueous environment. Thus, the apolar tails become the core (nucleus) 
of a supramolecular structure in which the polar heads remain exposed 
to the aqueous environment. The cap- ability of surfactant micelles to 
encapsulate hydrophobic drugs is well known, but toxicity and physical 
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instability limit their practical use as drug carriers [109]. Micelles may 
extract relevant components from cells and, if they are made of ionic 
surfactants, may alter vital cell pathways, compromising the safety of 
the formulation [110]. Moreover, the self-assembly is a reversible 
process, and assembled and non-assembled com- ponents are in a 
fragile equilibrium that can be displaced in any direction quite rapidly. 
Although the volume of liquid at the eye surface is less than in other 
administration routes, all topically instilled formulations are exposed to 
relevant tear turnover [111]. Thus, one drop of common micelle 
formulation in contact with the lachrymal fluid undergoes a rapid 
decrease in surfactant concentration, and below the CMC, the micelle 
rapidly disassembles into their individual components [112]. 
Consequently, few improvements (if any) compared to the instillation 

of the drug solely solution can be noticed, with the aggravating toxic 
effects that surfactant molecules may have on eye surface. 

When searching for more biocompatible and stable self- assembled 
nanocarriers, two different strategies came up: core-shell polymeric 
micelles and bioinspired bilayered vesicles. This classification relies on 
the arrangement of the com- ponents, but as explained below, the same 
component can lead to micelles exhibiting a variety of shapes or to 
bilayered vesicles depending on its concentration and the presence of 
certain additives [113]. For the sake of clarity, polymeric micelles are 
considered here as supramolecular assemblies of amphiphilic polymers 
(unimers) that have a core formed by apolar segments and a shell 
formed by polar segments [112]. Thus, a gradient in polarity is observed 
from inside to outside [113]. Differently, bilayered vesicles are defined 
as quasi- spherical structures in which the amphiphilic components are 
assembled in cell membrane-like bilayers (Figure 1.2). Two or more 
bilayers can be arranged concentrically being separated from each other 
by an aqueous compartment. Therefore, bilayered vesicles do not 
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exhibit progressive gradients in polarity, but stepped apolar-polar 
regions that can respectively encapsulate hydrophobic and hydrophilic 
compounds [114,115]. 

Figure 1.2. Dependence of the architecture of the self-assembled nanocarrier on the critical 
packing parameter (CPP). Made by the author of this Thesis. 

The amphiphilic component determines the physicochemical and 
biological properties of the self-assembled nanocarrier. The self-
assembly process is regulated by hydrophobic interactions in aqueous 
environment, and thus the critical packing parameter (CPP) and the 
hydrophilic/lipophilic balance (HLB) of the amphiphilic component 
become decisive [116,117]. The hydrophilic heads maximize the 
contact surface with water, while the hydrophobic tails cluster together 
to minimize the contact with water. The formed structure arranges into 
the lower energy configuration, which is spherical or cylindrical 
depending on the CPP.
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The volume of the head group, the volume of the hydrophobic tail 
(V), the equilibrium area per molecule at the inter- face surface (A), and 
the length of the hydrophobic tail (l) are the primary physical 
characteristics that determine the CPP, as follows [116]:

The resulting value, which is unitless, determines the shape of the 
self-assembled structure. If the CPP is between 0 and 0.33, the self-
assembled structure looks like a spherical micelle; between 0.33 and 
0.5, the structure has rod-like shape; and only above 0.5 the structure 
becomes a bilayer, which can form vesicles (Figure 1.2) [118]. The 
HBL, which is a measure of the balance of the size and strength of 

hydrophilic to hydrophobic regions, is calculated differently for 
different classes of amphiphilic substances. The HLB of 
polyoxyethylene alkyl ethers and polyoxyethylene esters is roughly 
estimated as the mass percentage of oxy- ethylene divided by five [119]. 
The ideal HLB values for vesicle bilayer formation lies between 3 and 
8, namely they fall in t

Another relevant physical property is the gel liquid transition 
temperature, which is the temperature at which the amphiphilic 
components go from closely packed in a gel state to a liquid state where 
they flow more freely. The aforementioned parameters come into play 
once the concentration of the amphiphilic component is appropriate for 
the structure desired, as it is possible to saturate the dispersions and 
create different aggregates based on the concentration of the surfactant. 
As an example, in the case of amphiphilic block copolymers, an 
increase in concentration may drive different unimers and micelles 
packaging leading to hydrogels and lyotropic liquid crystals [121].
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The physical stability of a self-assembled structure depends on 
thermodynamic and kinetic contributions [112]. Self- assembly is a 
spontaneous phenomenon and, a priori, does not require solvent 
exchanges and purification, but it does not mean that occurs quickly and 
in many cases energy or multistep pro- cesses are required to obtain the 
desired structure. Moreover, an equilibrium between assembled and 
non-assembled components should be considered. The lower the CMC 
or the critical aggregation concentration (CAC), the less the ratio of free 
non- assembled components (unimers). The self-assembled structure is 
more thermodynamically stable when CMC or CAC are low and, 
therefore, less prone to disassembly once diluted. The strength of the 
interactions among the hydrophobic tails also determines the kinetics 
of the disassembly process. Closely packed components require more 

time for separation once the formulation is strongly diluted and, in turn, 
the integrity of the nanocarrier can be maintained for prolonged time 
[12]. Indeed, physical stability under dilution is an index of the time 
that the unimers remain aggregate when the concentration is below the 
CMC and of the capability of the self-assembled carriers to retain the 
drug inside [91,122]. Strong changes in temperature as those that occur 
when steam heat sterilization is applied to prepare ophthalmic eye drops 
may trigger the aggregation or fusion of the self-assembled structure, 
or an increase in the permeability of the bilayer, which is quite common 
in the case of liposomes [123].

1.3.2 Applications to diabetic eye

1.3.2.a Polymeric micelles

Polymeric micelles can host a wide variety of low- and mid-
polarity drugs and provide passive and active targeting [99,124]. 
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Nevertheless, only a few papers have focused on the design of 
polymeric micelles for diabetes-related ocular diseases (Table 1.5). 
Soluplus® (polyvinyl caprolactam-polyvinyl acetate- polyethylene 
glycol copolymer) micelles (70 80 nm) have shown outstanding 
capability to solubilize alpha-lipoic acid and to withstand dilution in 
lachrymal fluid [99]. Alpha-lipoic acid has beneficial effects in dry eye 
disease and diabetic retinopathy [125], but its solubility and stability in 
aqueous medium are low. Drug-loaded Soluplus polymeric micelles 
could be sterilized through membrane filtration, freeze-dried, and 
reconstituted while maintaining their size and encapsulation efficiency. 
Corneal permeability (bovine) studies revealed that the micelles 
facilitate drug accumulation and pass across the tissue, providing alpha-
lipoic acid levels well above those recorded for the commercially 

available eye drops [125]. Moreover, the in situ gelling performance of 
Soluplus micelle formulations may provide prolonged retention time on 
the eye surface. Soluplus micelles also encapsulate progesterone, which 
has therapeutic potential against retinal degeneration, more efficiently 
than Pluronic micelles [126]. The hydrophobic core of Soluplus 
facilitates the assembly at much lower CMC and the micelles are more 
stable. Studies carried out with cornea and sclera ex vivo from different 
animal sources (rabbit, pig, cow) revealed the strong influence of the 
interspecies anatomic differences on the drug permeability results, 
which may have an impact on the predictions of the performance on 
human eyes (Figure 1.3) [126]. 
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Figure 1.3. Progesterone (PG) apparent solubility in Soluplus and Pluronic F68 micelles, and 
permeability coefficients of cornea and sclera recorded for PG encapsulated in Soluplus 20% 

micelles or Pluronic F68 20% micelles. Reproduced from Alambiaga-Caravaca et al. [126] 
(Creative Commons Attribution License). 
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Table 1.5. Recent examples of self-assembled nanocarriers proposed for the topical ocular 
treatment of diabetic eye 

Nanocarrier Drug Disease/Outcome Reference 

Polymeric 
micelles 

Alpha-lipoic 
acid 

Dry eye and diabetic retinopathy (bovine 
cornea). Soluplus micelles facilitated alpha-

lipoic acid accumulation and pass across 
the tissue. 

[99] 

Progesterone Retina degeneration (rabbit, pig, cow). 
Soluplus and Pluronic micelles enhanced 
drug permeability through cornea with 

respect to sclera. Important interspecies 
differences. 

[128] 

Dexamethasone, 
triamcinolone 

and 
triamcinolone 

acetonide 

Macular edema (cell cultures). Micelles of 
copolymer of inulin derivatized with 
ethylenediamine and retinoic acid 

efficiently encapsulated the drugs, were 
internalized by different cell lines, and 

favored transcorneal permeation. 

[130] 

Dexamethasone Posterior uveitis (rabbit). Mixed micelles of 
polyoxyl 40 stearate and polysorbate 80 
provided therapeutic levels in retina and 

choroid after one single instillation. 

[132] 

Anti-angiogenic 
peptide aANGP 

Diabetic retinopathy and macular edema 
(cell cultures). aANGP-micelles inhibited 

tube formation at 1000-fold lower 
concentration than free peptide. 

[133] 

Glycyrrhizin and 
genistein 

Wound healing in diabetic eye model 
(mice). Genipin-loaded glycyrrhizinate 
micelles down-regulated high mobility 
group box protein-1 (HMGB1) and its 
receptors for advanced glycation-end 

products (RAGEs) and toll-like receptors 
(TLRs), as well as inflammatory factor 

interleukin (IL)-6 and IL-
diabetic corneal and nerve wound healing. 

[134] 

Liposomes Citicoline Diabetic retinopathy (mouse). Topical 
administration twice a day, for 15 days, 

prevented glial activation and neural 
apoptosis. 

[138] 

Triamcinolone 
acetonide

Macular edema (patients). Drug-
loaded QuSomes® instilled every 2 h 

decreased the central foveal thickness and 
increased the best-corrected visual acuity.

[141] 
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Triamcinolone 
acetonide 

Macular edema (rabbit). Chitosan-coated 
liposomes instilled five times a day 

provided efficient delivery to anterior and 
posterior segments due to enhanced cell 

uptake. 

[142] 

Berberine 
hydrochloride 

Macular edema (rabbit). PAMAM G3.0-
coated liposomes promoted transcorneal 

permeability. 

[143] 

Bevacizumab Macular degeneration (rat and rabbit). 
Unilamellar vesicles with annexin A5 

enhanced uptake and transcytosis through 
cornea, supplying therapeutic 

concentrations to the back of the eye. 

[144] 

Transforming 
growth factor-

-  

Macular degeneration (rabbit). Unilamellar 
vesicles with annexin A5 provided 

therapeutic levels to the back of the eye. 

[148] 

Thrombospondin 
(TSP)-1-derived 

peptide 

Chronic ocular surface inflammation and 
tear film instability (ex vivo porcine 
cornea). Liposomes enhanced cornea 

permeation. 

[149] 

Plasmid DNA Gene therapy at retinal pigment epithelium 
(rat). Transferrin-modified small liposomes 

(<80 nm) selectively distributed to the 
retinal pigment epithelium. Larger 

liposomes could be targeted to choroidal 
endothelial cells. 

[151] 

Niosomes Naltrexone·HCl Diabetic keratopathy (bovine). Span 60 and 
cholesterol (30 mol%) niosomes sustainedly 
release the drug while still allowed for high 

cornea permeability. 

[167] 

Flurbiprofen Keratitis (rabbit). Span 60 and cholesterol 
(50 mol%) niosomes solely or dispersed in 

Carbopol gel enhanced drug ocular 
bioavailability. 

[168] 

Latanoprost Glaucoma (rabbit). One instillation of Span 
60 and cholesterol (50:50 weight ratio) 
niosomes dispersed in Pluronic F127 gel 

decreased IOP for more than 48 h. 

[169] 
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Poly(ethylene glycol)-b-poly(lactic acid) micelles increased 10-
fold triamcinolone acetonide apparent solubility using a copolymer 
concentration as low as 0.5 mg/mL. Drug-loaded micelles formulated 
in chitosan dispersion prolonged drug release for more than 1 week. In 
vivo (rabbit) evaluation in an inflammatory disease model revealed that 
twice a day instillation of the micelle solution with or without chitosan 
was able to recover the normal corneal epithelium [127]. Inulin-based 
mucoadhesive micelles have been shown suitable for encapsulation of 
anti-inflammatory drugs adequate for macular edema treatment, such as 
dexamethasone, triamcinolone, and triamcinolone acetonide, enhancing 
drug permeability through corneal cells, which could be an alternative 
to intraocular injections [128]. Also intended for macular degeneration, 
tacrolimus delivery may benefit from encapsulation in micelles made 

of PEG-hydrogenated castor oil-40 and octyx-onyl-40, which have low 
CMC and provide slow drug release. Tacrolimus-loaded micelles 
showed faster cell internalization than the free drug [129]. Mixed 
micelles of polyoxyl 40 stearate and polysorbate 80 successfully 
delivered dexamethasone (0.1%) to the back of the eye, providing 
therapeutic drug levels in retina and choroid after eye drop instillation 
[130].

Prevention of abnormal growth of blood vessels in retina can be 
achieved by means of poly(ethylene glycol)-b-poly (propylene sulfide) 
micelles decorated with the anti- angiogenic peptide aANGP. The 
aANGP-micelles showed potent angiogenic inhibitory effect at 1000-
fold lower concentration than the free peptide in cell cultures [131].

Treatment of diabetic keratopathy may notably benefit from the 
encapsulation of genipin in dipotassium glycyrrhizinate micelles (29.5 
nm) [132]. Genipin and glycyrrhizin were shown to synergically block 
the high mobility group box 1 signaling and, in turn, attenuate the 

AXEL KATTAR



47

inflammation cascade overexpressed in diabetic eyes. These micelles 
showed good corneal permeability and favored corneal re-
epithelialization and nerve regeneration in diabetic mice.

1.3.2.b Liposomes

Liposomes are uni- or multi-bilayer vesicles composed of mainly 
amphiphilic lipids (phospholipids) and cholesterol. Each bilayer (also 
known as lamella) resembles the cell mem- brane, which endows 
liposomes with high biocompatibility. According to the number of 
bilayers and the overall size, liposome size may range from 10 to 100 
nm (small unilamellar vesicles, SUV) to few microns (large unilamellar 

vesicles, LUV, and large multilamellar vesicles, LMV). General 
description of liposomes composition and preparation can be found 
else- where [133]. Liposomes have been widely used as carriers since 
several decades ago because of their dual capability to simultaneously 
host hydrophilic and hydrophobic drugs plus the general advantages of 
passive and active targeting [134,135]. Usefulness of liposomes for 
topical ophthalmic drug delivery, and especially management of ocular 
surface diseases, has been recently reviewed [13]. Importantly, the 
bioinspired structure and composition of liposomes facilitate the fusion 
with cell membrane at the cornea and conjunctiva surface and drug 
transfer to cell cytoplasm. Examples related to diabetic eye diseases are 
summarized in Table 1.5.

Regarding diabetic retinopathy, liposomes loaded with citicoline 
exhibited anti-inflammatory properties [136]. Citicoline or cytidine 5´-
diphosphocoline is an endogenous compound involved in the 
biosynthesis of phospholipids, showing neuro- protective activity. 
Citicoline oral solution is registered as Food for Special Medical 
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purposed for patients suffering glaucoma, and an eye drop solution of a 
combination with vitamin B12 and sodium hyaluronate has been shown 
able to delay retinal changes in type 1 diabetic patients [137]. The 
liposomal formulation has the advantage of avoiding the use of the 
benzalkonium chloride included in the eye drop solution. In a db/db 
mouse model, citicoline-loaded liposomes (instilled twice a day for 15 
days) prevented the downregulation of synaptophysin in the retina and 
the upregulation of NF- d TNF-
be useful for the treatment in the early stages of the disease [136].

Liposomes were also tested for the delivery of triamcinolone 
acetonide to the posterior segment to prevent macular edema [138]. 
Preclinical studies revealed that 12 h after instillation (rabbits) of drug-
loaded liposomes, a peak of triamcinolone acetonide concentration is 

reached in vitreous and retina, without triggering adverse events. The 
optimized formulation (QuSomes®) was formed spontaneously by 
adding Kolliphor HS15 and PEG-12 glyceryl dimyristate to an aqueous 
medium containing the drug (final concentration 2 mg/mL; i.e. 0.2%). 
In a clinical study with patients suffering from refractory pseudo-
phakic cystoid macular edema, the triamcinolone acetonide- loaded 
liposomes (applied every 2 h for 90 days) improved the central foveal 
thickness and best-corrected visual acuity (BCVA) (Figure 1.4) [139]. 
The formulation was well tolerated in both vitrectomized and 
nonvitrectomized eyes, being an alternative to the intraocular 
injections.
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Figure 1.4. (a) Central foveal thickness (CFT), (b) best-corrected visual acuity (BCVA), and 
(c) intraocular pressure (IOP) recorded for patients with refractory pseudophakic cystoid 

macular edema during treatment with triamcinolone-loaded liposomes (one drop every 2 h for 
90 days). Reproduced from Gonzalez-De la Rosa et al. [139] (Creative Commons License).
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Coating of liposomes with chitosan may improve the encapsulation 

efficiency and accelerate the release of triamcinolone acetonide [139]. 
After ocular instillation (rabbit) of coumarin-6 encapsulated in the 
chitosan-coated liposomes, OCT images of anterior and posterior 
segment evidenced an increase in fluorescence from the first 10 min up 
to 6 h and then the fluorescence slowly vanished. Differently, non-
coated liposomes disappeared faster. As a control, free coumarin-6
solution did not significantly increase the fluorescence in the eye 
structures. These findings were attributed to the remark- ably higher 
uptake of the chitosan-coated liposomes by corneal epithelial human 
colonic epithelial cells (HCECs) and retinal pigment epithelial (ARPE-
19) [140]. Similarly, polyamidoamine dendrimer (PAMAM G3.0)-
coated liposomes have shown enhanced permeability in HCECs and in 

vivo (rabbit) transcorneal permeability of berberine hydrochloride 
[141].

Interestingly, large molecules such as bevacizumab (avastin) may 
overcome the corneal barrier when encapsulated in liposomes that bind 
to the calcium-dependent phospholipid- binding protein annexin A5 
[142]. Annexin A5 can trigger the formation of endocytic vesicles and 
is quite abundant in the corneal epithelium [143]. Liposomes (100 nm) 
formed by phospholipids, such as phosphatidylserine (PS) or 
phosphatidylethanolamine (PE), and annexin A5 (500:1 mol ratio) 
remarkably enhanced the transport through cornea compared to the 
same formulation without annexin A5. Instillation of one drop per day 
for 5 days (to rabbits) of bevacizumab- loaded liposomes resulted in 
levels 3-times higher in vitreous and 15-times higher in retina/choroid 
compared to a solution of free bevacizumab [142]. Although these 
results are promising, the obtained levels of bevacizumab are still quite 
below those provided by intravitreal injection [144]. Thus, intense 
research is devoted to improve the encapsulation yield of liposomes 
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[145]. Annexin A5-based unilaminar vesicles are also useful for the 
delivery of transforming growth factor- -
of macular degeneration. One hour after topical instillation (rabbit), 
therapeutical levels of TGF- n the vitreous without 
signs of ocular irritation, which may help avoiding intraocular 
injections [146].

Capability of liposomes to enhance corneal penetration has also 
been demonstrated for other therapeutic peptides. For example, vitamin 
E-based liposomes efficiently encapsulated a thrombospondin (TSP)-1-
derived peptide for the handling of chronic ocular surface inflammation 
and tear film instability. Ex vivo studies revealed that the permeation 
through corneal tissue was remarkably improved for the encapsulated 
peptide [147].

Improved gene delivery may be achieved with lipoplexes prepared 
with PEG-ceramide that enhances the transfection efficiency to the 
retinal pigment epithelium. PEG prevents lipoplexes aggregation in the 
vitreous, but hinders the trans- fection efficiency. Differently, PEG-
ceramide detaches from the lipoplexes once in contact with the cell 
membranes, and the de-pegylated liposomes may escape from the 
endosome [148]. Lipoplexes able to reach the posterior segment were 
produced using a microfluidizer and combining hydrogenated soy L-a-
phosphatidylcholine, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine -N-[amino(polyethylene glycol)-2000] and 
cholesterol. After one drop instillation (rat), small liposomes (<80 nm) 
decorated with transferrin permeated to the retinal pigment epithelium 
and were selectively retained in this tissue. Differently, larger 
liposomes lacking transferrin moved to the choroidal epithelium [149].
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1.3.2.c Niosomes

Niosomes are gaining increasing interest due to the feasibility of 
combining the advantages of micelles (spontaneous self-assembly in 
water) and liposomes (encapsulation of both hydrophilic and lipophilic 
drugs) in unique polymeric multilayered vesicles while minimizing 
physical and chemical instability concerns.

Niosomes are defined as a uni- or multi-bilayer vesicles composed 
of mainly nonionic surfactants. This name was given by researchers at 

interest as drug carriers only recently [120]. Scientific research has been 

database. The use of nonionic surfactants as primary building blocks 
grants niosomes high stability and long shelf life. Like liposomes, 
niosomes size may range from 10 to 100 nm (SUV) to few microns 
(LUV and LMV) [120]. Tuning the affinity of the components for the 
drug as well as the permeability of the layer may allow for precise 
regulation of drug release [151,152]. These attributes make niosomes 
very attractive as drug nanocarriers.

To improve the performance of niosomes for specific applications 
multiple other molecules can be added. Examples are cholesterol and 
squalene, which increase the stiffness of the vesicle to enhance the 
stability [153], dicetyl phosphate, or stearylamine that add charged 
groups to the vesicle to improve its drug delivery capabilities, or PEG 
that provides a stealth layer to increase blood residence time. Also, nio-
somes responsive to changes in pH or even to glucose have been 
designed [154,155].
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Most techniques to prepare niosomes are derived from liposome 
formation and adapted to the needs of nonionic surfactants (Figure 1.5). 
The drugs are dissolved either in an organic solvent or in the aqueous 
phase depending on their affinity for water. The preparation method 
may have a major impact on the size, structure and, therefore, properties 
of the niosomes [120,152,156]. The methods of thin-film hydration, 
reverse-phase evaporation, and emulsification/sonication are quite 
similar as they use mechanical disruption to form the niosomes in a 
hydration step. Organic phase injection and microfluidics are 
positioning as suitable techniques for precise control of niosomes size 
and polydispersity and preliminary scale-up [157]. On the other hand, 
proniosome appeared as a tool to extend shelf-life avoiding any 
premature leakage of the drug. Proniosomes can be presented as either 

anhydrous free-flowing powders or as gel-like mixtures of the niosome 
components in a liquid medium without water or with a minor content
in water. Thus, proniosomes are intended for rapid reconstitution with 
water before administration or once in contact with the physiological 
fluids [158].

Figure 1.5. Main techniques used to prepare drug-loaded niosomes. Made by the author of 
this Thesis.
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Niosomes have been shown able to improve oral bioavailability of 

a variety of treatments for diabetes, including insulin [159], metformin 
hydrochloride solely or combined with glipizide [160,161], and plant 
extracts [162]. Niosomes also attract great attention as ocular drug 
carriers due to their excellent tolerability, prolonged precorneal 
residence, and enhanced ocular bioavailability [16,151]. Nevertheless, 
examples of their performance as delivery systems of diabetic eye drugs 
are still incipient (Table 1.5). Multilayered niosomes (7

been designed to encapsulate naltrexone hydrochloride, which is a 
potent opioid antagonist that markedly accelerates cornea healing and 
repairs the signs of diabetic keratopathy. The niosomes prepared with 
Span 60 and cholesterol using the thin-film hydration method showed 
high encapsulation efficiency [163]. These niosomes had a gel liquid 

transition of few degrees above physiological temperature, which is 
considered as an advantage to avoid dragging by blinking and to control 
drug release [164]. Ex vivo tests in bovine cornea evidenced that 
niosomes sustainedly released the drug for several hours and allowed 
for high permeability [165].

Span 60-

gel were shown suitable for delivery of the anti- inflammatory drug 
flurbiprofen in the aqueous humor [166]. Once applied onto the cornea 
(rabbits), flurbiprofen-loaded niosomes either solely or in the Carbopol 
gel provided drug levels in aqueous humor one order of magnitude 
above those achieved using a free drug solution. Relative drug 
bioavailability from the niosome and the niosome-gel formulations was 
3.6- and 6.2-fold that of the flurbiprofen solution because the gel 
notably extended the permanence time on the eye sur- face. The 
niosome formulations also demonstrated to be therapeutically efficient 
against keratitis (carrageenan-induced inflammation). The obtained 
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results suggest that once a day instillation may be sufficient to manage 
ocular inflammatory diseases.

Feasibility of using niosomes for glaucoma therapy has been 
evidenced recently. Niosomes prepared by the reverse-phase 
evaporation technique covering wide ratios of cholesterol and Span 40 
or Span 60 could host latanoprost with an encapsulation efficiency of 
~98%. Latanoprost-loaded niosomes (8

Pluronic F127 gel (drug concentration 0.005%) and the effects on IOP 
-de-sac of rabbit eyes. 

Latanoprost-loaded niosomes reduced IOP for 3 days, which was 
remarkably longer than the outcome achieved with the standard 
latanoprost eye drops (Xalatan®; 0.005%) (Figure 1.6) [167]. 
Proniosomal gel formulations are promising also for other anti-

glaucoma agents, including dorzolamide hydrochloride and 
brimonidine tartrate [168,169].
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Figure 1.6. Reduction in the intraocular pressure (IOP) observed after topical administration 
to normotensive rabbits of latanoprost-loaded niosome gel or conventional latanoprost eye 

drops. Error bars represent standard deviation of six replicates. Reproduced from Fathalla et 
al. [167] with permission from Taylor & Francis. 

Interestingly, in the last few years, most publications on niosomes 
refer to the feasibility of forming nioplexes for a variety of therapeutic 
applications, including gene therapy to the back of the eye [170]. 
Nevertheless, most reports rely on subretinal or intravitreal injections 
[171,172]. To the best of our knowledge, the suitability of nioplexes for 
topical ocular administration is still to be explored.

1.4 CONCLUSION

With the upward trend in obesity worldwide, the number of cases 
of diabetic eye diseases is also bound to increase, making research on 
the delivery of ocular drugs an active field. This is reflected in the large 
number of ongoing clinical trials for diabetic eye diseases. The trials 
are primarily focused on macular edema and retinopathy, with a 

AXEL KATTAR



57

plethora of active substances to be administered through multiple 
routes. Although the eye presents challenging anatomical barriers, 
different self-assembled carriers have been proven to be capable of 
overcoming them and offer a promising future for drug delivery to the 
ocular therapeutic sites. Micelles, liposomes, and niosomes offer 
diverse advantages covering from the increase in drug solubility to the 
use of additional path- ways of penetration into tissues. Preclinical and 
clinical studies have confirmed their ability to protect the cargo from 
degradation, target specific areas, enhance permeation through different 
ocular barriers, and sustain the release, which in turn improves the 
therapeutic effects both in intensity and in duration. Niosomes made of
nonionic surfactants are particularly interesting, and scientific research 
has grown steadily in the last few years, as an alternative to liposomes 

in terms of higher stability and lower production costs. Advances in 
right choosing of the composition and size of the self-assembled 
carriers may result in more successful management of both anterior and 
posterior segment eye diseases.

1.5 EXPERT OPINION

The diabetic eye is one of the clearest examples of the need to 
develop adequate drug delivery systems that can improve or reverse the 
effects of a very relevant chronic disease. Given the pandemic character 
of diabetes, developing formulations that alleviate or reverse the 
deleterious effects at ocular level and the subsequent consequences on 
the quality of life of patients is an unsatisfied clinical demand. Most 
drugs currently approved or under evaluation in clinical trials require 
nonviable frequent instillation or intraocular administration using 
invasive procedures. Since diabetic-eye diseases need chronic 

Introduction



58

treatments, an adequate balance between patient acceptability and drug 
ocular bioavailability should be reached. 

Most clinical trials related to diabetic eye refer to macular edema 
and retinopathy, although affectation of anterior segment is also 
considered. Strong research efforts are being made at two levels: (I) to 
find new drug candidates and to test the therapeutic efficiency of drugs 
already approved for systemic administration when they are directly 
administered to the ocular tissues and (II) to find suitable delivery 
vehicles that can overcome eye barriers and help the drug to get access 
to the damaged tissue and to remain in it for prolonged time. At the 
pharmacological level, a myriad of drugs and biologics are being tested, 
mostly searching for anti-inflammatory and anti-angiogenic activities. 
Although long sought, the recent approval of gene therapy treatments 

for inherited eye diseases is undoubtedly driving the development of 
appropriate approaches for acquired diseases. The feasibility of 

is closer than ever. Gene therapy relies on a single administration or 
administrations widely separated in time. One-time treatment may be 
compatible with invasive maneuvers as the benefit may counteract the 
risks. Nevertheless, drugs, biologics, and genes may strongly benefit 
from more patient-friendly approaches.

From a pharmaceutical technology level, most therapeutic agents 
for diabetic eye have poor biopharmaceutic properties because they are 
poorly soluble or the size is quite large. Thus, self-assembled carriers 
(polymeric micelles, liposomes, and niosomes) that can facilitate the 
penetration of small and large molecules deep in the ocular tissues may 
become valuable tools. Topical management of eye surface and anterior 
segment diseases has already been shown to improve with self-
assembled carriers that show prolonged permanence on ocular surface, 
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facilitate drug permeation through cornea, and diffusion into the 
aqueous humor. Moreover, the feasibility of the carriers to encapsulate 
large molecules (including antibodies and genes) pass through sclera 
while minimizing systemic clearance, and modulate diffusion through 
vitreous may make topical administration a realistic alternative to 
intraocular injection. Remarkably, the gain in knowledge about 
transporters present in each ocular tissue and about the biomarkers that 
can be found altered due to diabetes may provide interesting clues for 
the design of drug carriers with greater penetration capacity and 
targeting ability. This field is still in its infancy, but the intense quest to 
provide the patients with efficient yet friendly formulations for long-
term use will pave the way to clinic of novel topical formulations.
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2. AIMS

Diabetic ocular diseases are a challenge in terms of successful drug 
delivery, as the static and dynamic barriers of the eye form a great 
obstacle to any formulation trying to reach a therapeutic site in the 
anterior and posterior segment. While different macro sized systems 
have been explored, the relatively new world of nanometer scale
carriers is advancing the field of controlled, targeted and sustained drug 
delivery at a fast pace. In the context of diabetic eye diseases, and in 
particular diabetic retinopathy, epalrestat is a drug that has the potential 
to treat patients with chronic high blood glucose levels, and prevent 
their loss of vision. However, this molecule is poorly soluble in water.

To overcome the hydrophobicity of the epalrestat molecule, 
different formulations have been investigated. The use of niosomes, 
micelles and oleogels were explored to encapsulate or solubilize 
epalrestat with the objective of topical administration. Niosomes and 
micelles have the advantage of being self-assembled, stable and highly 
tunable. While micelles encapsulate the drug in their hydrophobic core, 
niosomes encapsulate the drug in their hydrophobic bilayer. Oleogel for 
its part dissolves the drug in its midst. All three formulations are then 
delivered into the eye topically. 

The main objective of this Thesis was to design reproducible, stable 
and safe formulations and characterize them in order to validate their
potential for topical administration of epalrestat for diabetic eye 
diseases. This objective was split into four parts that are exposed as 
follows.
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1. The design, formulation and characterization of niosomes
for ocular delivery of epalrestat

Diabetic patients with elevated levels of blood glucose have a 
metabolic pathway, the polyol pathway, that becomes available which
is not active under normal glycemic conditions. The polyol pathway, 
turns glucose into sorbitol and subsequently sorbitol into fructose. This 
first step is the rate limiting step, meaning that sorbitol accumulates 
with time. Sorbitol not being permeable to cell membranes and this first 
step consuming NADPH, the environment where this reaction takes 
place is prone to oxidative and osmotic stress, resulting in tissue 
degradation. The glucose to sorbitol conversion step is catalyzed by 
aldose reductase, an enzyme present in the retina.

Epalrestat is a non-competitive and reversible aldose reductase 
inhibitor that is used for the treatment of diabetic neuropathy in Japan 
as an oral formulation. Clinical trials confirmed the efficacy of orally 
administered epalrestat in the treatment of diabetic retinopathy. 
However, epalrestat being poorly soluble in water, it needs to be 
encapsulated to cross the different ocular barriers. 

Niosomes are self-assembled vesicles that are composed of 
amphiphilic molecules creating a hydrophobic bilayer capable of 
accommodating small molecules. They are made by bringing together 
a non-ionic surfactant and a helper lipid at set ratios in water and use 
different techniques to tune the size, polydispersity and surface 
potential of the particle.

The first part of the Thesis aimed to elaborate a robust protocol for 
the preparation of nanometer scale niosomes that are able to encapsulate 
epalrestat and permeate different ocular tissues. The aim of this section 
of the Thesis is to assess the reproducibility, stability, safety and 
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compliance with the requirements of ocular drug transport of the 
niosomes designed and prepared. This allowed for the selection of the 
best niosomal formulation to be tested in vivo.

The zebrafish embryotoxicity experiments for safety 
characterization of the niosomes were done in collaboration with the 
laboratory of Professor Laura Sánchez from the Departamento de
Zooloxía, Xenética y Antropoloxía Física at the Universidade de 
Santiago de Compostela in Lugo. 

2. The understanding of the underlying physical forces
governing molecular interactions of the components of the
niosomes

Niosomes are self-assembled particles that are composed of a 
bilayer. The forces governing the molecular arrangement in the bilayer 
are the ones determining the physical characteristics of the niosomes 
such as their size or stability. Using a Langmuir-Blodgett through, 
monolayers made from the molecules present in the niosomal bilayer 
can be studied under different pressures. This part of the Thesis relies 
on the hypothesis that the molecular arrangement of a monolayer made 
from Tween 60, cholesterol and DOTMA in the ratios leading to 
niosome formation is mainly governed by the Tween 60, is also
influenced by interactions with cholesterol and DOTMA and by the 
temperature and ionic strength of the subphase.

The aim of the second chapter of this Thesis was to understand 
which variables had an influence on the monolayer behavior and to 
quantify the effects of these variables to ascertain an understanding of 
the stability of the self-assembly in storage and administration 
conditions. This was achieved through the study of four effects: (I) the 
effect of cholesterol on a Tween 60 monolayer, (II) the effect of 
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DOTMA on a Tween 60 monolayer, (III) the effect of cholesterol on a 
Tween 60/DOTMA binary monolayer, and (IV) the effect of 
temperature and ionic strength of the subphase on a Tween 
60/DOTMA/cholesterol tertiary monolayer.

The experiments in this section were performed in collaboration 
with the Biomemebranes Laboratory of Professor Matilde Casas Parada 
at the Universidade de Santiago de Compostela in Santiago de 
Compostela.

3. The formulation and characterization of oleogels for topical
ocular delivery of epalrestat

Gels are gathering interest in the pharmaceutical industry as a 

vehicle for drug delivery. They are viscoelastic fluids made of a liquid 
and a gelator. As the drug to be delivered, epalrestat, is hydrophobic,
oleogels were chosen. These oleogels are made up from an oil phase 
and a gelator, allowing the formulation to tune its viscosity, and 
homogeneously distribute the drug in the oleogel matrix. The work 
done in this part of the Thesis was based on the hypothesis that oleogels 
are suitable carriers to solubilize and release epalrestat, allowing it to 
permeate through corneal and scleral tissues. 

The aim of this part of the Thesis was to assess the reproducibility, 
safety and efficiency in drug release and permeation of the oleogels 
designed and prepared. This allowed for the selection of the best oleogel 
formulation to be tested in vivo.

Multiple different oleogels were designed and characterized. 
Soybean oil was chosen as the base, as it possesses a high smoke point 
and permits higher temperatures during the melting of the gelators. 
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Three gelators were used to prepare single and double gelator oleogels: 
beeswax, cocoa butter and ethyl cellulose.

The oleogel formulation was developed during a research 
secondment at the Chemical and Biological Engineering Department of 
the Colorado School of Mines in Golden, Colorado, under the 
supervision of Professor Anuj Chauhan.

4. The comparison of epalrestat loaded niosomes, micelles and
oleogels distribution in vivo

Micelles are self-assembled structures that are formed from 
amphiphilic molecules. These molecules join their hydrophobic 
moieties to form a core and expose their hydrophilic heads to the 

aqueous medium. Pluronic® F127 was chosen to prepare micelles as 
they have already been prepared and characterized in our research 
group. The best niosomal, micellar and oleogel formulations were 
selected to be tested in an animal model in the context of in vivo 
experiments. 

The aims of the in vivo study were: (I) to assess the safety of the 
three formulations for topical ocular delivery of epalrestat, (II) to 
quantify the epalrestat concentration in the lacrimal fluid of the rabbits 
during the experiment, and (III) to quantify the epalrestat concentration 
in the different ocular tissues 6 hours after administration of the 
formulations.

The experiments were conducted on rabbits within the 3R 
principles and with the authorization of both the committee of animal 
experimentation ethics (CEEA) of University of Santiago de 
Compostela and the Consellería de Medio Rural of Xunta de Galicia.
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3. FORMULATION AND CHARACTERIZATION
OF EPALRESTAT-LOADED POLYSORBATE 60 
CATIONIC NIOSOMES FOR OCULAR 
DELIVERY

3.1 INTRODUCTION

In 2021 the prevalence of diabetes in adults ranging from 20 to 79 
years worldwide was 9.8%, representing 536.6 million patients [1].
Diabetic patients have elevated levels of glucose in their blood, which 
leads to a range of conditions. A subcategory of complications derived 
from diabetes is diabetic ocular diseases. Examples include diabetic 
retinopathy, diabetic keratopathy, or cataracts, which have been linked 
to the polyol pathway [2]. These different illnesses affect the patient 
with loss of vision, culminating in blindness if left untreated. The 
current treatments for diabetic ocular diseases involve intravitreal 
injections [3], laser treatment [4], or even vitrectomy [5].

The polyol pathway transforms glucose into sorbitol when 
hexokinases active in the Embden-Meyerhof pathway are saturated, and 
subsequently, glucose is oxidated to sorbitol and further transformed 
into fructose. It is important to mention that this pathway is rarely used 
by the body in a healthy state as it is only activated at high intracellular 
glucose concentrations [6]. However, in the case of diabetes, the blood 
glucose levels can be high enough for the reaction balance to favor 
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sorbitol production. Sorbitol is not permeable to cell membranes and 
accumulates inside the cells, and this excess creates osmotic stress [7].
Moreover, the conversion of glucose to sorbitol consumes NADPH 
which depletes NADPH stock [8] and competes with glutathione 
reduction, which in turn adds to oxidative damage [9]. This induces a 
lack of antioxidants and therefore increases the number of reactive 
oxygen species (ROS), increasing the oxidative stress in the affected 
tissue [10].

The polyol pathway can be blocked by inhibiting aldose reductase, 
an essential enzyme in the reduction of glucose to sorbitol [7,11]. In the 
case of diabetic retinopathy, the posterior segment of the eye is affected 
by sorbitol accumulation, and therefore, a carrier able to deliver the 
aldose reductase inhibitor to the inner eye tissues is needed. The aldose 

reductase inhibitor epalrestat is approved in Japan for oral 
administration thrice a day in 50 mg doses [12] to treat diabetic 
neuropathy. Its IC90 as an aldose reductase inhibitor was found to be 
2.5 × 10 2 mg/mL [13] and an IC50 of 1.41 × 10 6 mg/mL in rat lens 
[14]. Epalrestat was shown to reduce aldose reductase expression and 
vascular endothelial growth factor (VEGF) secretion in retinal pigment 
epithelial cells [15]. Compared to methylcobalamine, epalrestat taken 
orally thrice daily for twelve weeks is better tolerated by patients and 
showed fewer adverse effects [16].

Although the information on ocular delivery systems of aldose 
reductase inhibitors is limited, topical instillation of tolrestat in rats was 
successful in preventing cataract development [17]. Biodegradable 
injectable implants for sustained delivery of N-4-
(benzoylaminophenylsulfonyl glycine) also demonstrated inhibition of 
aldose reductase activity and VEGF expression in ARPE cells, as well 
as in galactose-fed rats [18]. Similarly, 2-methylsorbinil suspensions 
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were shown to be successful in inhibiting cataracts in galactose-fed rats 
[19]. The only previous work attempting to deliver epalrestat to the 
posterior segment of the eye made use of contact lenses either through 
direct loading [20] or previous encapsulation in PEGylated solid lipid 
nanoparticles [21]. This work aims to show the viability of a 
nanoparticle system as a topical delivery system for epalrestat without 
the need for a contact lens.

In order to deliver epalrestat to the therapeutic site topically, it has 
to be encapsulated to cross different ocular barriers due to the high 
hydrophobicity of the molecule. Therefore, niosomes were prepared to 
encapsulate the drug and carry it to the posterior segment for it to reach 
the therapeutic site [22]. Niosomes are vesicles of small size with a 
bilayer made of surfactants and supplementary molecules that self-

assemble through hydrophobic interactions as the involved molecules 
are amphiphilic. The shape, size, and surface charge can be modified 
by adjusting the concentration and molar ratios of different reagents 
[23,24]. They are being investigated for topical administration in ocular 
and skin tissue [25,26,27].

This work aims to formulate a niosomal carrier that fits the 
requirements to deliver epalrestat to the posterior segment of the eye 
through the scleral route. This was done by selecting polysorbate 60 
(Tween 60), cholesterol, and 1,2-di-O-octadecenyl-3-
trimethylammonium propane (DOTMA) and preparing niosomes with 
specific size, polydispersity, and surface charge. The obtained systems 
loaded with epalrestat were characterized in depth using various 
methods testing its physicochemical properties, encapsulation
efficiency, release profile, permeation profile through the porcine 
cornea and sclera, ocular irritability potential, impact on blood glucose 
levels, and toxicity. Alternatives to animal testing were used according 
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to the 3Rs principles: the HET-CAM [28] model for the ocular 
irritability potential, an extension of this model (Gluc-HET) to monitor 
the effect of the loaded niosome on the blood glucose levels [29], a 
zebrafish embryo model was used to assess the toxicity of the loaded 
niosomes [30,31,32], and porcine eye tissues from the slaughterhouse 
for ex vivo permeability tests.

3.2 MATERIALS AND METHODS

Materials. Polysorbate 60 MW 1311.7 g/mol (Tween 60, HLB 
14.9, Sigma Aldrich, Buchs, Switzerland), polysorbate 80 MW 1310 
g/mol (Tween 80, HLB 15, Sigma Aldrich, Switzerland), 1,2-di-O-

octadecenyl-3-trimethylammonium propane (chloride salt) (DOTMA, 
670.58 g/mol) (Avanti, Alabaster, AL, USA), epalrestat (319.4 g/mol) 
(TCI, Tokyo, Japan), cholesterol (386.7 g/mol) (Chemtrec, Madrid, 
Spain), ethanol (VWR Chemicals, Briare, France), dichloromethane 
(Fischer Scientific, Waltham, MA USA), chloroform (Cienytech, 
Santiago de Compostela, Spain), phosphate-buffered saline (Life 
Tecnologies Co., Carlsbad, CA, USA), sodium chloride (Labkem, 
Barcelona, Spain), potassium chloride (Panreac, Castellar del Vallès, 
Spain), sodium bicarbonate (Merck, St Louis, MO, USA), calcium
dihydrochloride (Merck, Darmstadt, Germany), potassium dihydrogen 
phosphate 1-basic (Panreac, Castellar del Vallès, Spain), disodium 
hydrogen phosphate dihydrate (VWR Chemicals, Briare, France), 
phosphate-buffered saline solution (Sigma-Aldrich, Lyon, France), 

glibenclamide (Roche, Basel, Switzerland). Ultrapure water (resistivity 
-Q®, Millipore 

Ibérica, Madrid, Spain).
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Niosome formulation. The protocol was adapted from previous 
reports [33,34,35]. Briefly, polysorbate 60 and cholesterol were 
dissolved in 2 mL ethanol in the presence or absence of DOTMA (at 
1/0.42/0, 1/0.42/0.075 and 1/0.42/0.158 molar ratios of Tween 
60/cholesterol/DOTMA as shown in Table 3.1). The combined total 
amount was kept at 76.38 µmol. Epalrestat (2 mg) was dissolved in 500 
µL ethanol and added to the flask. The organic solvent was evaporated 
in a round bottom flask with a rotary evaporator at 70 °C under 50 mbar 
pressure to create a film. The film was subsequently desiccated for 30 
min. 10 mL of ultrapure water was added to the flask. The film was 
removed from the walls of the flask by ultrasonication for 30 min. In 
order to form the niosomes, the solution was sonified for 90 s at 20% 
amplitude on a Branson Digital Sonifier 450 (Marshall Scientific, 

Hampton, NH, USA). This yielded epalrestat-loaded niosomes in water. 
In order to remove the unencapsulated drug, dialysis was performed for 
30 min in 500 mL ultrapure water with 1 vol% Tween 80 with a 14,000 
Da dialysis tubing (Sigma-Aldrich, Milwaukee, WI, USA).

Table 3.1. Mol fractions of the surfactant, helper lipid, and cationic lipid are used to prepare 
the niosomes. 

Formulation Tween 60 (mol Fraction) Cholesterol (mol Fraction) DOTMA (mol%)

1 1 0.2 0
2 1 0.3 0
3 1 0.4 0
4 1 0.5 0
5 1 0.75 0
6 1 1 0

TCD0 1 0.4 0
TCD5 1 0.4 5
TCD10 1 0.4 10

The formulations were named with a code TCDX based on the 
included components: T for Tween, C for cholesterol, D for DOTMA, 
and x for the molar percentage of DOTMA present in the niosome. The 

3. Formulation and Characterization of Epalrestat-Loaded Polysorbate 60
Cationic Niosomes for Ocular Delivery 



100

code FD (free drug) was used to refer to a solution of 10% ethanol in 
water containing epalrestat at the same concentration as the epalrestat 
in the niosome formulation. For storage, the niosomes were kept in 15 
mL Falcon tubes at room temperature in the absence of light.

Niosome characterization. The particle size and zeta potential of 
the niosomes were measured with DLS using a Zetasizer Nano 
(Malvern Instruments, Herrenberg, Germany) in ultrapure water at 20 
°C with 10 s equilibration time using backscatter. The values taken were 
measured by intensity. The pH of the formulation solution was 
measured using a GL22 pH & ion meter (Crison, Barcelona, Spain). 
Viscosity at 35 °C was recorded between 0.05 and 200 rad/s in a 
Rheolyst AR-1000N rheometer (TA Instruments, Newcastle, UK) 
equipped with a Peltier plate and a cone geometry (40 mm diameter, 2

°).

Stability study. The stability of epalrestat-loaded niosomes over 7 
days was assessed at 4 °C (fridge) and 25 °C (oven) in the absence of 
light. The size, polydispersity index, zeta-potential, and content in 
epalrestat were measured at time points 0 and after 7 days. 

TEM. Drops of 5 µL of blank and epalrestat-loaded niosome 
dispersions were placed on carbon-coated grids, and the excess the 
solution was removed with filter paper. The samples were dyed with 
1% phosphotungstic acid in water. The grid was allowed to dry and 
observed using a high-resolution JEM-1011 transmission electron 
microscope (JEOL USA Inc., Peabody, MA, USA).

HPLC. Quantitative analysis of epalrestat was performed on a 
Waters 717 plus Autosampler with a 4.6 × 250 mm C18 Symmetry 
column (Waters, Wexford, Ireland) with 5 µm pores. The mobile phase 
was acetonitrile:elution buffer 45:55 (v/v). The elution buffer was 
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composed of 25 mM potassium dihydrogen phosphate and 25 mM 
disodium hydrogen phosphate dihydrate in ultrapure water adjusted to 
pH 6.5 with phosphoric acid. The flow rate was 0.85 mL/min, the 
detection wavelength was 295 nm, the temperature was maintained at 
25 °C, and the injection volume was 40 µL. The calibration curve was 
prepared with concentrations ranging from 1 to 10 µg/mL with an 
increment step of 1 µg/mL. The retention time of epalrestat was 4.5 
min. The HPLC quantification method was validated with regard to 
specificity, detection and quantitation limits, linearity, accuracy, 
precision, and range (Figure 3.1).

Figure 3.1. HPLC validation curve of epalrestat detection using the experimental conditions 
described in the HPLC section of the materials and methods. 

Encapsulation efficiency. The encapsulation efficiency (EE%) was 

calculated by dialyzing the niosomes for 30 min in ultrapure water with 
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1 vol% Tween 80 [36] and analyzing the medium with HPLC. The 
dialysis membrane had a molecular weight cutoff of 12,000 Da and an 
effective dialysis area of 4.2 cm2. The concentration was confirmed by 
lysing the niosomes with methanol [34] and measuring the 
concentration of the drug encapsulated by HPLC. The efficiency was 
then calculated with Equation 3.1 [35]:

,

Equation 3.1. Encapsulation efficiency of epalrestat in niosomes. 

Release study. The release was tested by placing 5 mL of niosomes 
(0.20 ± 0.01 mg epalrestat/mL) in 14,000 MWCO dialysis tubing 
(Sigma-Aldrich, St Louis, MO, USA) and using 500 mL ultrapure water 

with 1% Tween 80 as receptor medium [36]. The medium was left at 
20 °C for 20 days or 37 °C for 24 h stirring at 400 rpm with a magnetic 
stirrer. 1 mL of the medium was taken and replaced with 1 mL of fresh 
medium every day for 8 days and then every two days until day 21. The 
concentration of epalrestat in the release medium was quantified with 
HPLC. The niosomes left in the dialysis bag were lysed, and the 
remaining epalrestat was quantified with HPLC.

HET-CAM.

(HET-CAM) assay [28], fertilized eggs (15) were supplied by Coren 
(Ourense, Spain) and cleaned before incubation in a CCRS 0150 
incubator (Ineltec, Tona, Spain) for 9 days at 37 °C and 60% relative 
humidity. On the day of the experiment, the shell of the eggs was pared 
off with a circular saw at the location of the air cell. The untouched 
inner membrane was moistened with a 0.9% NaCl solution, and the 
eggs were placed back in the incubator for 30 min. The 0.9% NaCl 
solution was subsequently removed, as well as the inner membrane, 
while being careful not to damage the blood vessels of the CAM 
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underneath. Any non-viable egg was discarded. The positive control 
was NaOH 0.1M, and the negative control was 0.9% NaCl. The 
solutions tested were formulation TCD0, TCD5, and TCD10 in water 
loaded with 0.2 mg/mL epalrestat, unloaded niosomes of the same 
molar ratios, and epalrestat dissolved in ethanol: water 10/90 v/v
mixture. The 300 µL of the testing solution was then added to the eggs, 
and the effect on the blood vessels regarding hemorrhage, lysis, and 
coagulation was recorded. The ocular irritability potential score was 
calculated with Equation 3.2 [28]:

with H = hemorrhage time (s), L = lysis time (s), C = coagulation 

time (s).

Equation 3.2
Membrane assay. 

Gluc-HET. For the Gluc-HET assay [29], fertilized eggs (15) were 

supplied by Coren (Ourense, Spain) and cleaned before incubation in a 
CCRS 0150 incubator (Ineltec, Tona, Spain) for 11 days at 37 °C and 
60% relative humidity. On the day of the experiment, the shell of the 
egg above the air pocket was pierced with a needle, and 300 µL of the 
testing solution was deposited inside the air compartment. The air 
compartment of the negative controls was pieced, but no solution was 
added [29]. The positive control was a solution of 0.002 mg/mL 
glibenclamide solution in HBSS. The eggshells are then closed off with 
parafilm. After 2 h incubation, the eggshell above the air compartment 
was removed, and the chorioallantoic membrane was cut next to a blood 
vessel with a scalpel. The blood vessel was placed on a flat metal tong 
and dried with paper. Once no moisture was absorbed anymore by the 
paper, the vessel was cut, and the blood glucose level was measured 
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with a glucose meter (Contour next, Ascensia Diabetes Care, Basel, 
Switzerland).

Zebrafish embryotoxicity test. Epalrestat-loaded niosome toxicity 
was assessed using zebrafish embryos (Danio rerio) and the Fish 
Embryo Acute Aquatic Toxicity (FET) Test. Zebrafish embryos were 
selected around 3 h post-fertilization (hpf). The test was considered 
valid if the mortality of fish embryos was at least 30% in the positive 
control (3,4-dichloroaniline) and lower than 10% in the negative 
control. In our experiment, the mortality of the negative control was 
3.3%, and the mortality of the positive control was 100%. The larvae 
were grown in autoclaved osmosis water. The experiment was carried 
out by including 5 or 10 µL of formulation in 200 µL of medium (4.9 
µg/mL and 9.5 µg/mL, respectively) and quantifying the mortality at 

24, 48, 72, and 96 h. The formulations tested were TCD0, TCD5, and 
TCD10. The experiments were conducted in triplicate.

Corneal permeation. Porcine eyes were supplied by a 
slaughterhouse and transported to the laboratory in diluted PBS solution 
at 4 °C in an ice bath. The corneas were dissected with 2 3 mm of 
surrounding tissue and washed with 0.9% NaCl to remove any attached 
tissue. The corneas were mounted in Franz diffusion cells with the outer 
part of the cornea facing up. The area available for permeation was 
0.785 cm2. The receiving chamber was filled with 6 mL of Tween 
80:water 10:90 v/v solution while making sure no bubbles formed and 
then agitated with a magnetic stirring rod at 400 rpm. The donor 
chamber was filled with 2 mL of carbonated buffer (pH 7.2) and closed 
off with parafilm to prevent evaporation. The system was then left to 
equilibrate for 1 h at 37 °C. Once the system was balanced, the 
carbonated buffer in the donor chamber was replaced by 2 mL of either 
0.2 mg/mL epalrestat solution in 10 mL of ethanol:water 10:90 v/v or 
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0.2 mg/mL epalrestat encapsulated in the TCD0, TCD5, and TCD10 
formulations. After 30 min, at 1 h and then every hour, 1 mL of the 
solution in the receiving chamber was removed and replaced with 1 mL 
of fresh Tween 80:water 10:90 v/v solution. After 6 h, the last sample 
was taken, and the corneas were incubated in ethanol at 37 °C for 24 h. 
They were then sonicated at 37 °C in an ultrasonic bath for 90 min. The 
resulting mixture was centrifuged at 1000 rpm at 25 °C for 5 min, and 
the supernatant was centrifuged at 14,000 rpm at 25 °C for 20 min. After 
filtration through 0.22 µm pore syringe filters (Scharlab, Barcelona, 
Spain), all the samples from the receptor chamber as well as the 
supernatant from the tissue incubation, were analyzed with HPLC 
according to the protocol described above. All experiments were carried 
out in triplicate (Figure 3.2)
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Figure 3.2. Epalrestat permeability data through cornea and sclera recorded for four 
independent replicates of each niosome formulation (TCD0, TCD5, TCD10) and control 
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Scleral permeation. Scleral permeation was performed the same 

way as corneal permeation, except the tissue used to permeate through 
was the porcine sclera instead of the porcine cornea. 

IR-Raman. Porcine cornea and sclera were permeated with TCD0, 
TCD5, and TCD10 niosomes for 6 h under the same conditions as the 
corneal and scleral permeation experiment described above. The IR-
Raman study was performed by taking a minimum of 3 points and a 
maximum of 6 points per cornea and per sclera (Figures 3.3 and 3.4)
and measuring the Raman scattering of the surface. Furthermore, a line 
scan was performed in the x-z plane (Figures 3.5-3.7). The excitation 
wavelength was 532.188 nm, the sample was kept at a temperature of 8 
°C for the duration of the experiment, the laser power was 3 mW, and 
each point was measured with 60 accumulations, with an integration 

time of 0.3 s and an objective of ×50 (Zeiss LD EC Epiplan-Neofluar 
Dic 50×/0.55). The measurement was done on the top and bottom part 
of the tissue, and the absolute height of the peak (Figure 3.8) (CCD cts) 
was compared between the top and bottom of each tissue. For the line 
scan, spectra were accumulated by taking 30 spectra per line and 15 
lines per image, each spectrum at a distance of 1 µm from the previous 
point, both in the x and the z direction.
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Figure 3.3. Image of the cornea sample free drug cornea top under x50 magnification, with 
the crosses indicating the locations the RAMAN spectrum was taken. 

Figure 3.4. Image of the cornea sample free drug cornea bottom under x50 magnification, 
with the crosses indicating the locations the RAMAN spectrum was taken.
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Figure 3.5. Image of the cornea sample TCD0 cornea bottom under x50 magnification, with 
the line indicating the locations the RAMAN spectra were taken. 

Figure 3.6. Image of the cornea sample TCD5 cornea bottom under x50 magnification, with 
the line indicating the locations the RAMAN spectra were taken.
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Figure 3.7. Image of the cornea sample TCD10 sclera bottom under x50 magnification, with 
the line indicating the locations the RAMAN spectra were taken. 

Figure 3.8. Raman spectrum of sample free drug cornea top at the blue cross in Figure 3.3.
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Statistical analysis. All conditions in the experiments were carried 
out in triplicate, and the data were shown as an average with a standard 
deviation when possible. Statistical analysis was carried out in Origin, 
making use of a one-way analysis of variance (one-way ANOVA) with 

statistically significant when the p-value was lower than 0.05.

3.3 RESULTS

3.3.1 Niosome Characterization

Cationic niosomes were chosen to allow for efficient encapsulation 
[37], enhanced stability of the nanoparticles in suspension [38],

increased ocular retention time [39], and increased bioavailability [40].
To prepare niosomes, the ratio of surfactant to helper lipids determined 
the stiffness and curvature of the bilayer. The incorporation of 
cholesterol changes the assembly of the bilayer as it lodges itself 
between the hydrophobic tails with the exception of its hydroxyl group 
[41,42]. In cell membranes, this translates into lowering the membrane 
permeability to water-soluble molecules, increasing the packing order 
of the lipids, reducing the bilayer fluidity, and separating the lipid tails 
to prevent crystallization [43,44,45].

The ratio of cholesterol incorporated in the niosomes affected the 
physicochemical properties as it intercalated itself within the organic 
chains of the surfactant in the niosome. The final mol fraction of 
cholesterol was determined by preparing and characterizing six 
formulations with different ratios of Tween 60 to cholesterol in terms 
of size, zeta- potential, and polydispersity index (Table 3.2). The short-
term stability of the niosomes was assessed by running the same 
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characterization experiments after 24 h. The size converged towards a 
similar size between 120 and 170 nm (Table 3.2). Formulations 5 and 
6, which were outliers and had a hydrodynamic radius of 273.5 and 
340.3 nm at t0, showed a decrease in size to 129.3 and 148.5 nm, 
respectively, after 24 h equilibration. The size of formulations 1 to 3 
increased between 10 and 20 nm. Only formulation 4, containing a 0.5 
mol fraction of cholesterol, stayed stable at the same size. The PDI 
remained stable while the zeta-potential rose across all samples. As the 
PDI of all formulations was similar, the initial greater size of 
formulations 5 and 6 could be due to the creation of multilamellar 
vesicles, which then evolved into smaller vesicles [46,47,48]. Due to 
the acceptable stability of formulation 3 with regards to size (+12 nm) 

-potential stability (+2.84 

mV) as all formulations, formulation 3 was chosen. It fitted our desired 
characteristics the most for cationic niosomes, having a size closest to 
100 nm, a zeta-potential high enough to compensate with DOTMA 
incorporation, and a small size dispersion. The molar fraction of 
cholesterol was kept at 0.4 for all subsequent niosomal formulations.
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Table 3.2. Size, PDI, and zeta-potential of Tween 60/cholesterol niosomes at t = 0 and t = 24 
h were used to determine the molar fraction of cholesterol used in subsequent experiments. 

Formulation 

Time t = 0 Time t = 24 h 

Size 
(nm) 

PDI 
Zeta-

Potential 
(mV) 

Size 
(nm) 

PDI 
Zeta-

Potential 
(mV) 

1 
155.0 ± 

53.3 
0.51 ± 
0.02 

14.53 ± 0.32 
172.3 ± 

52.9 
0.55 ± 
0.11 

12.11 ± 0.84 

2 
162.3 ± 

63.2 
0.54 ± 
0.02 

19.83 ± 0.26 
174.0 ± 

34.2 
0.47 ± 
0.11 

15.16 ± 0.51 

3 
108.8 ± 

13.4 
0.58 ± 
0.14 

17.82 ± 0.48 
120.8 ± 

12.7 
0.55 ± 
0.13 

14.98 ± 1.29 

4 
158.6 ± 

62.6 
0.60 ± 
0.14 

24.43 ± 0.38 
154.2 ± 

30.6 
0.54 ± 
0.05 

21.79 ± 1.75 

5 
273.5 ± 

59.7 
0.57 ± 
0.02 

24.04 ± 0.26 
129.3 ± 

13.8 
0.47 ± 
0.05 

20.21 ± 0.22 

6 
340.3 ± 

71.8 
0.54 ± 
0.03 

24.64 ± 0.37 
148.5 ± 

25.0 
0.55 ± 
0.08 

23.88 ± 0.70 

Niosomes with three different molar ratios of DOTMA were 
characterized in terms of size, zeta-potential, and PDI (Table 3.3,
Figure 3.9). Increasing the DOTMA concentration decreased the size 
and polydispersity index while increasing the zeta potential. The pH of 
formulations was between 4.26 and 4.35. The encapsulation efficiency 
was between 99.22% ± 0.24 and 99.76% ± 0.35, and the drug loading 
was in the range of 25 to 26 mg epalrestat/g niosome for the three 
formulations.

Figure 3.9. TEM images of epalrestat-loaded niosomes were used to assess the morphology of 
the niosomes (spherical) (from top to bottom: TCD0, TCD5, and TCD10). Scale bar 100 nm.
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Niosome dispersions behave as pseudoplastic (Table 3.3) with a 

similar dependence on shear conditions. For a shear rate of 20 s 1,
viscosity values of TCD0, TCD5, and TCD10 were 3.62, 4.23, and 3.32 
mPa·s. Slightly high viscosity was recorded at very low shear rates, 
which can be related to the fact that relatively large niosomes offer 
resistance (although low) to start flowing. The obtained viscosity values 
were in good agreement with those recorded in previous reports [49,50]. 
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Table 3.3
increasing shear stress conditions. 

TCD0 TCD5 TCD10 

Shear 
stress (Pa) 

Shear 
rate (s ) 

Viscosity 
 

Shear 
stress (Pa) 

Shear 
rate (s ) 

Viscosity 
 

Shear 
stress (Pa) 

Shear 
rate (s ) 

Viscosity 
 

0.05532 3.667 0.01508 0.06584 3.641 0.01808 0.04964 3.424 0.0145 

0.05856 7.664  0.08584 7.64 0.01124 0.05635 7.422  

0.06467 11.66  0.05987 11.64  0.0571 11.42  

0.04693 15.67  0.04123 15.64  0.05781 15.42  

0.07116 19.66  0.08314 19.64  0.06444 19.42  

0.05301 23.66  0.05154 23.63  0.06574 23.42  

0.07594 27.66  0.0685 27.64  0.07211 27.42  

0.08408 31.66  0.09397 31.64  0.07641 31.42  

0.08446 35.66  0.09725 35.63  0.07975 35.42  

0.08825 39.66  0.1009 39.63  0.0842 39.42  

0.0951 43.66  0.1059 43.63  0.0878 43.41  

0.09892 47.66  0.09583 47.64  0.09117 47.41  

0.08522 51.66  0.07739 51.63  0.0941 51.41  

0.1034 55.65  0.1159 55.62  0.1007 55.41  

0.09611 59.66  0.08602 59.63  0.1021 59.41  

0.1154 63.65  0.1254 63.63  0.1083 63.41  

0.1069 67.65  0.1148 67.62  0.111 67.41  

0.1015 71.65  0.09972 71.62  0.1137 71.41  

0.1076 75.65  0.1007 75.62  0.1173 75.4  

0.1092 79.65  0.105 79.62  0.1214 79.41  

0.1174 83.65  0.1225 83.62  0.1258 83.4  

0.1359 87.64  0.149 87.62  0.1342 87.4  

0.1323 91.65  0.1274 91.63  0.1348 91.4  

0.1328 95.64  0.1418 95.61  0.1387 95.4  

0.1377 99.65  0.1318 99.63  0.1423 99.41  

0.1522 103.6  0.1651 103.6  0.1513 103.4  

0.1454 107.6  0.1533 107.6  0.1505 107.4  

0.1419 111.6  0.1424 111.6  0.1523 111.4  

0.1448 115.6 0.144 115.6 0.1554 115.4

0.1531 119.6 0.1575 119.6 0.1603 119.4

0.1687 123.6 0.1819 123.6 0.1711 123.4
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0.1713 127.6  0.1753 127.6  0.1756 127.4  

0.1597 131.6  0.1567 131.6  0.1715 131.4  

0.1823 135.6  0.1924 135.6  0.1862 135.4  

0.1725 139.6  0.1766 139.6  0.1796 139.4  

0.1708 143.6  0.1654 143.6  0.1869 143.4  

0.1849 147.6  0.1875 147.6  0.1972 147.4  

0.1938 151.6  0.2019 151.6  0.2048 151.4  

0.1956 155.6  0.2028 155.6  0.2084 155.4  

0.1898 159.6  0.1882 159.6  0.2087 159.4  

0.1885 163.6  0.1863 163.6  0.2041 163.4  

0.213 167.6  0.2286 167.6  0.2169 167.4  

0.1975 171.6  0.1967 171.6  0.2212 171.4  

0.2211 175.6  0.236 175.6  0.2264 175.4  

0.2039 179.6  0.2024 179.6  0.2218 179.4  

0.2104 183.6  0.2114 183.6  0.2377 183.4  

The loaded niosomes were kept at 4 °C and 25 °C for 7 days and 
evidenced a slight increase in size and zeta-potential, while no 
significant changes were recorded in poly- dispersity index and 
encapsulation efficiency (Table 3.5). The niosomes were characterized 
again after two months at room temperature (Table 3.4). The size of the 
niosomes increased slightly while the PDI decreased slightly. The small 
decrease in the size of the niosomes when loaded with epalrestat may 
be due to the ability of the drug to disrupt the niosomal bilayer structure. 
Epalrestat is a hydrophobic drug that can partition into the hydrophobic 
region of the bilayer, causing the surfactants to rearrange themselves 
around the drug molecules. The rearrangement of the surfactants would 
lead to a slight reduction in the size of the niosomes [51,52]. The zeta-
potential, however, increased except for the 10% DOTMA sample. The 
pH remained constant.
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Table 3.4. Size, PDI, zeta-potential of epalrestat loaded Tween 60/cholesterol niosomes with 
0, 5, and 10 mol% DOTMA at time 0 and after 2 months at room temperature. 

Formulation 
Time t = 0 Time t = 2 Months 

Size 
(nm) 

PDI 
Zeta-Potential 

(mV) 
Size 
(nm) 

PDI 
Zeta-Potential 

(mV 

TCD0 84 0.54 23.34 ± 5.34 91 0.52 +1.75 ± 5.77 
TCD5 68 0.46 +17.27 ± 10.29 93 0.36 +31.80 ± 7.58 
TCD10 75 0.28 +40.39 ± 10.29 110 0.26 +42.07 ± 8.26 

Niosome dispersions behave as pseudoplastic (Table 3.3) with a 

similar dependence on shear conditions. For a shear rate of 20 s 1,
viscosity values of TCD0, TCD5, and TCD10 were 3.62, 4.23, and 3.32 
mPa·s. Slightly high viscosity was recorded at very low shear rates, 
which can be related to the fact that relatively large niosomes offer 
resistance (although low) to start flowing. The obtained viscosity values 

were in good agreement with those recorded in previous reports [49,50].

The loaded niosomes were kept at 4 °C and 25 °C for 7 days and 
evidenced a slight increase in size and zeta-potential, while no 
significant changes were recorded in polydispersity index and 
encapsulation efficiency (Table 3.5). The niosomes were characterized 
again after two months at room temperature (Table 3.4). The size of the 
niosomes increased slightly while the PDI decreased slightly. The small 
decrease in the size of the niosomes when loaded with epalrestat may 
be due to the ability of the drug to disrupt the niosomal bilayer structure. 
Epalrestat is a hydrophobic drug that can partition into the hydrophobic 
region of the bilayer, causing the surfactants to rearrange themselves 
around the drug molecules. The rearrangement of the surfactants would 
lead to a slight reduction in the size of the niosomes [51,52]. The zeta-
potential, however, increased except for the 10% DOTMA sample. The 
pH remained constant.
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Table 3.5. The difference in size, PDI, zeta-potential, and drug content of epalrestat loaded 
Tween 60/cholesterol niosomes with 0, 5, and 10 mol% DOTMA after 7 days in storage at 4 °C 

and 25 °C. 

Formulation 

 
-Potential 

(mV) Index Efficiency (%) 

4 °C 
25 
°C 

4 °C 25 °C 4 °C 25 °C 4 °C 25 °C 

TCD0 22.1 26.3 2.3 3.6 0.14 0.13 1.2 0.1 

TCD5 33.0 59.1 11.1 7.9 0.27 0.08 1.1 0.2 

TCD10 17.9 14.6 21.4 26.3 0.05 0.01 0.7 0.4 

3.3.2 Epalrestat Release

The release study was carried out in water containing 1% Tween 
80 to ensure sink conditions, as epalrestat has a solubility in water of 
0.047 mg/mL. With the results from the encapsulation efficiency, the 
final concentration of epalrestat was between 0.199 and 0.200 mg/mL 
in the dialysis bag, meaning that 100% epalrestat release corresponds 
to 1 mg released. The release profile of the niosomes over time is shown
in Figure 3.10 In the first 8 days, epalrestat released from the niosomes 
negatively correlated with the DOTMA percentage of the niosome. 
However, after 10 days, 0% DOTMA niosomes showed a lower release 
rate, which may be related to its greater stability. These niosomes were 
the ones that changed their size during storage (Table 3.4), which 
indicates that they are less prone to destabilize.
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Figure 3.10. The release profile of epalrestat encapsulated in niosomes in Tween 80 1% 
aqueous medium at 20 °C over 20 days. 

Another release experiment was carried out at 37 °C to mimic 

inside the back of the human eye. The amounts of released epalrestat 
over 24 h and non-released epalrestat are summarized in Table 3.6. The 
mass balance turned out to be about 96% for the niosomes, including 
DOTMA in their formulation, and 98.6% for niosomes without 
DOTMA. This finding indicated that niosomes protect epalrestat from 
degradation, which contrasts with the degradation of unencapsulated 
epalrestat in an aqueous medium [48]. This finding also confirms that 
niosomes are stable in the release medium.
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Table 3.6. Amounts of epalrestat released and remaining in the niosomes after 24 h in Tween 
80 1% aqueous medium at 37 °C. 

Formulation 
Epalrestat Released 

after 24 h (%) 
Epalrestat Remaining 
in the Niosomes (%) 

Sum of Released and Non-
Released Epalrestat (%) 

TCD0 12.9 ± 0.50 85.7 ± 0.82 98.6 ± 0.66 
TCD5 11.7 ± 0.33 84.3 ± 1.42 96.0 ± 0.87 
TCD10 10.3 ± 0.53 86.2 ± 0.97 96.5 ± 0.75 

3.3.3 HET-CAM Assay

The HET-CAM assay was performed using the three epalrestat-
loaded niosomal formulations, one unloaded niosome formulation, and 
epalrestat dissolved in 10/90 v/v ethanol-water solution. The HET-
CAM assay is not considered an animal experiment under Directive 

2010/63/EU [53] as no nervous system is developed before day 11 of 
the embryo development. The positive (0.1 M NaOH) and negative 
controls (0.9% NaCl) had ocular irritability potential scores of 19.04 
and 0, respectively. Epalrestat solution (0.2 mg/mL) (Figure 3.11A)
triggered blood coagulation and had a score of 18.58. Differently, the 
loaded and unloaded niosomes did not show any noticeable hemorrhage 
of the blood vessels (Figure 3.11B E) and obtained a score of 0. This 
indicated that the encapsulation of epalrestat decreases the ocular 
irritability potential and, therefore, allows for topical administration.

Figure 3.11. Pictures of the chorioallantoic membrane after 300 s (A): epalrestat dissolved in 
10/90 ethanol/water (0.2 mg/mL), (B): unloaded TCD0 niosomes, (C E): loaded niosomes (0.2 

mg/mL) (C): TCD0, (D): TCD5, (E): TCD10.
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3.3.4 Gluc-HET Assay

To measure the effect on the blood glucose level, the gluc-HET 
[29] test was chosen as it presents a few advantages. It is not considered 
an animal experiment under Directive 2010/63/EU [53] as no nervous 
system is developed before day 11 of the embryo development. 
Furthermore, the embryos exhibit high glucose levels that are 
susceptible to insulin without interference from naturally produced 
insulin, which starts on day 12. Both the TCD0 and TCD10 loaded 
niosomal formulations behaved the same way as the epalrestat in 
solution (Figure 3.12) in that they reduced the blood glucose levels in 
a similar fashion to the positive control (glibenclamide). Tests carried 
out on the effect of the developmental stage on assay performance 
revealed a significant increase in the sensitivity of the embryos to the 

glucose-reducing compounds for day 10 and day 11 embryos [29]; 
therefore, day 11 was chosen to perform the experiment. Formulation 
TCD5 exhibited blood glucose level reduction but in a lower amount 
than the positive control.
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Figure 3.12. Blood glucose level after exposure to glibenclamide, epalrestat in 10/90 
ethanol/water solution, TCD0, TCD5, and TCD10 niosomes loaded with epalrestat. * 

Statistically significant differences (p < 0.05). 

3.3.5 Zebrafish Embryotoxicity Assay

Zebrafish embryotoxicity tests have been increasing in use for 
developmental toxicology and ToxCast high-throughput screening of 
chemicals and nanomaterials [54] due to the high concordance between 
zebrafish and mammalian studies demonstrating its potential to reduce 
and refine, if not replace animal studies [30,31,32]. The survival of 
Danio rerio (zebrafish) embryos was therefore measured after 96 h of 
exposure to loaded niosomes TCD0, TCD5, and TCD10 (Table 3.7).
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Table 3.7. Survivability of zebrafish embryos after 96 h of exposure to different loaded 
niosome formulations. 

Tested Formulation 
Survival of Danio rerio (%) 

5 µL Solution Exposure 10 µL Solution Exposure 

Negative control 98.0 96.7 
TCD0 98.0 56.7 
TCD5 93.0 60.0 
TDC10 96.6 43.3 

Epalrestat in solution 57.5 40.0 

With 5 µL solution, exposure formulation epalrestat-loaded 
niosomes were all highly compatible with the zebrafish embryos and 
demonstrated that the niosome encapsulation reduced the toxicity of 
epalrestat significantly.

3.3.6 Corneal and Scleral Permeation

Epalrestat from formulations TCD0, TCD5, and TCD10 permeated 
at different rates through the porcine cornea and sclera (Figure 3.13).
The steady-state flux and lag time were obtained from the slope and x-
intercept of the linear regressions of the curves in Figure 3.13
(individual plots are shown in Figure 3.1) and used to calculate the 
permeability coefficient (Table 3.8) [55]. Encapsulated epalrestat 
permeation through the cornea was lower compared to epalrestat in 
solution (ANOVA; F3,12 = 9.32; p < 0.05). Differently, no statistically 
different results were recorded for permeability through the sclera for 
epalrestat in niosomes compared to free drug. Compared to the free 
drug solution, formulation in niosomes provided more reproducible 
data with less variability, and as expected, permeability coefficients 
through sclera were greater than through cornea, particularly in the case 
of the most cationic niosomes (TDC10) (Table 3.8).
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Figure 3.13. Amounts of encapsulated epalrestat permeated through the cornea (left) and 
sclera (right  

Table 3.8. Steady-state flux, lag time, and permeability coefficient of different tissues and 
formulations. 

Sample 
Steady State 

Flux (µg/cm2 × 
h) 

Lag Time (min) 
Permeability 
Coefficient 
(×106 cm/s) 

Cornea 

Free drug 1.029 (0.356) 152 (66) 1.43 (0.49) 

TCD0 0.469 (0.204) 163 (12) 0.65 (0.28) 
TDC5 0.453 (0.295) 138 (36) 0.63 (0.40) 
TDC10 0.095 (0.008) 33 (32) 0.13 (0.01) 

Sclera 

Free drug 0.887 (0.758) 118 (4) 1.23 (1.09) 
TCD0 0.634 (0.035) 57 (16) 0.88 (0.05) 
TDC5 0.538 (0.110) 201 (6) 0.75 (0.15) 
TDC10 0.636 (0.070) 196 (4) 0.88 (0.09) 

TCD5 and TCD10 niosomes displayed lower accumulation in 
corneal tissue than TCD0 niosomes and the epalrestat in solution. The 
niosomes showed lower drug accumulation than the epalrestat in 
solution in scleral tissue (Figure 3.14).
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Figure 3.14. Epalrestat retained in corneal (left) and scleral (right) tissue after 6 h 
permeation experiment in  

3.3.7 IR-Raman

To confirm the permeation of epalrestat through the different 
tissues IR-Raman spectroscopy was performed on corneal and scleral 

cells. The ratio of the Raman spectrum peak for epalrestat from the top 
part of the tissue (in contact with the donor chamber) to the bottom part 
of the tissue (in contact with the receiving chamber) was taken as an 
indication for confirmation of permeation of epalrestat through the 
tissue (Figure 3.15). Furthermore, pictures were assembled using 
accumulations of Raman spectra in a plane throughout the different 
tissues. This allowed for the production of heat maps showing the 
concentration of epalrestat at different levels of the tissue. Samples of 
TCD0 cornea, TCD10 cornea, and TCD10 sclera were able to produce 
readable pictures (Figure 3.16). This can be difficult due to the focus 
of the laser on the sample changing as the tissue moves with 
dehydration and burning. White lines were used to mark the tissue 
delimitation on the heat maps.
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Figure 3.15. The ratio of the top-to-bottom intensity of Raman peaks indicates the presence 
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Figure 3.16. Cross-section heat map of epalrestat concentration in a 30 × 15 µm plane of the 
bottom of the cornea or the sclera after 6 h permeation of niosomes loaded with epalrestat 

(A): TCD0 cornea, (B): TCD10 cornea, (C): TCD10 sclera. Scale bar: 6 µm.

3. Formulation and Characterization of Epalrestat-Loaded Polysorbate 60
Cationic Niosomes for Ocular Delivery 



128

The ratio of top-to-bottom peak height was close to 1 for TCD0 

cornea, TCD5 cornea, TCD10 cornea, and TCD5 sclera, indicating an 
equal presence of epalrestat on both sides of the tissue, while it is 
superior to 1 for FD cornea, FD sclera, and TCD0 sclera, indicating a 
higher presence of epalrestat on the side of the tissue in contact with the 
donor chamber than the side of the tissue in contact with the receiving 
chamber. TCD10 sclera is the outlier with a ratio lower than 1, which 
indicated a higher presence of epalrestat on the side of the tissue in 
contact with the receiver chamber. This indicates that permeation was 
confirmed in all tissues with various degrees.

In the pictures of cross sections of the tissue after permeation for 6 
h with different epalrestat-loaded niosomal formulations, the heat map 
(the more yellow, the higher the concentration) represents the 

concentration of epalrestat in the tissue, while the green represents laser 
burning. Figure 3.16A,B showed the concentration of epalrestat from 
formulation TCD0 in the corneal tissue, with Figure 3.16A having 
channels of high concentration of epalrestat from formulation TCD10 
in the z-orientation, and Figure 3.16B showing a bump in the tissue that 
got permeated both from the top and from the side. Finally, Figure 
3.16C depicts the scleral tissue that suffered a burn due to laser 
exposure, represented in the green dot, which was explained by the 
higher susceptibility of the sclera to absorb light emitted by the laser 
and overheat. It, however, also showed less concentration gradient of 
epalrestat in the depth of the tissue. These findings go in the direction 
of the top-bottom ratio of samples TCD0 cornea, TCD10 cornea, and 
TCD10 sclera.
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3.4 DISCUSSION

To the best of our knowledge, this study is the first of its kind 
encapsulating epalrestat in niosomes and characterizing them in depth. 
Niosomes were designed by first choosing an adapted ratio of 
cholesterol to Tween 60, then testing the effect of the introduction of 
DOTMA to change the surface charge and render the niosomes cationic.

TCD5 with low positive surface charge (+17 mV), and TCD10 as 
highly cationic (+40 mV). All three formulations exhibited sizes 
smaller than 100 nm, encapsulation efficiencies above 99%, spherical 
morphologies, and high stability over two months. When comparing the 
niosomes to other studies, the size of TCD0 niosomes was 20 nm 

bigger, and its polydispersity index was bigger than Tween 
60/cholesterol prepared with the ethanol injection method [56]. The 
ethanol injection method is known to give more uniform niosomes [57]
but is not appropriate for the encapsulation of all drugs. Two other 
studies made use of cationic niosomes and reported the size and zeta-
potential, one substituting lycopene for cholesterol [33] and one 
substituting Tween 20 for Tween 60 [58]. In the first study, the size 
(101 nm) and the PDI (0.44) were bigger, and the zeta-potential (+33.8 
mV) was lower than the TCD10 formulation. In the second study, the 
size (130 nm) was bigger, but the PDI (0.14) was smaller than the 
TCD10 formulation. Here the difference in non-ionic surfactant and 
helper lipid accounts for the difference in the physicochemical 
properties [41], as the preparation method was similar. The high 
encapsulation efficiency of epalrestat may be explained by the highly 
hydrophobic nature of epalrestat (water solubility of 0.0467 mg/mL 
[59]) that would tend to remain in the bilayer of the niosome, which is 
assembled through hydrophobic interactions. An encapsulating effect 
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of hydrophobic molecules in the bilayer of the niosome was also seen 
in Span 80 niosomes with an added ionic surfactant [60], blends of 
Tween60/Span60 anionic niosomes, or Tween 80/Span80 PEGylated 
systems [61]. A complementary explanation is the length of the alkyl 
chains (stearyl C18), which usually leads to higher encapsulation 
efficiencies of hydrophobic cargo. Longer chains tend to display higher 
entrapment efficiency, with Tween 60 having a longer carbon tail than 
the lauryl chains (C12) of Tween 20 or Brij 35, for example [62,63]. 
With these encapsulation efficiencies, epalrestat concentration in the 
final niosome dispersion was close to 0.2 mg/mL. Niosome 
morphology (Figure 3.9) was spherical with low aggregation, and the 
size agreed with the DLS data. These images were in line with TEM 
images of reports describing niosomes made using the thin film 

hydration method [59].

The release of epalrestat from the niosomes reached 2.6%, 3.2%, 
and 4.0% after 12 h for the formulations TCD10, TCD5, and TCD0, 
respectively, which is around therapeutic levels for a tear film volume 
of 10 µL [13,14]. When releasing hydrophilic molecules, Tween 
80/cholesterol niosomes displayed burst release behavior (90% in 1 h), 

-epigallocatechin gallate [52]. Release of 
lipophilic molecules also showed to be faster with mixed Span 

-tocopherol (40% in 4 
h) [64], as with Tween 60 niosomes containing meloxicam (90% in 7
h) [65]. However, it must be noted that these two examples are not

-tocopherol was released in a 
simulated gastric environment, and the niosomes containing meloxicam 
were micrometer size. Furthermore, the behavior of sustained release 
clashes with previous findings where epalrestat was incorporated into 
solid-lipid nanoparticles-laden lenses [21], and that showed a burst 
release. The epalrestat release looked similar to the sustained release 
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obtained in lens delivery without nanoparticles after the initial release 
of adsorbed epalrestat [20].

To screen that the formulations are able to be used in eye drop 
format, alternatives to in vivo experimentation were used: ocular 
irritability potential assessment with the HET-CAM model, the effect 
on blood glucose levels using its variation of the gluc-HET assay, and 
the toxicity using a zebrafish embryotoxicity assay. In the HET-CAM 
model, the encapsulation of epalrestat decreased ocular irritability by 
lowering the irritability score of free epalrestat in solution from 18.6 to 
0. This demonstrated the ability of niosomes to protect the eye from the
irritability potential of epalrestat. In order to make sure that the 
introduction of this drug/carrier complex would not have a worsening 
effect on the blood glucose levels of a diabetic patient, it is important 

to make sure that the blood glucose levels remain the same when 
epalrestat-loaded niosomes are incorporated into the body. In our case, 
the niosomal formulation decreased the blood glucose levels at the same 
level as the positive control. The gluc-HET assay showed that all 
components lower the blood glucose levels in a similar regard as the 

Formulation TCD5, however, still maintained blood glucose level 
oint toward a possible increased 

efficacy in the context of diabetic treatment. However, as the 
mechanism in which these formulations lower blood glucose levels in 
the chorioallantoic membrane, further investigation is required before 
imagining epalrestat-loaded cationic niosomes as a glucose reduction 
agent. Finally, the encapsulation of epalrestat in niosomes increased the 
survivability of zebrafish embryos from 57.5% to 96% when exposed 
to 5 µL of the solution. Together these results support the potential use 
of formulations TCD0, TCD5, and TCD10 topically. When compared 
to other nanoparticles, such as zinc phthalocyanine and aluminum 
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phthalocyanine liposomes, our niosomes performed similarly or better; 
the liposomes achieved between 100% and 65% or 85% survival rates, 
respectively [66]. Interestingly the results of zebrafish embryo survival 
with ionic-gradient liposomes go in the opposite direction, as the 
survival rate dropped when encapsulating bupivacaine in the liposomes 
[67]. This can be explained by the difference in the release rate of the 
drugs when encapsulated in niosomes or ionic-gradient liposomes, as 
the niosome would release epalrestat slower into the zebrafish larvae 
(2.5 4% for epalrestat against 65 100% for bupivacaine). Furthermore, 
a positive correlation between DOTMA percentage and mortality was 
observed (Table 3.7), which was to be expected as cationic 
nanoparticles are known to cause mortality in zebrafish embryos [68]. 
Therefore, it was expected that formulations TCD0 and TCD5 would 

be safer than TCD10.

The permeation of epalrestat from the niosomal formulations 
through the porcine sclera and the cornea was also monitored, reaching 
2.5 µg/cm2 corneal permeation after 6 h in the case of TCD5. When 
compared to the study utilizing hydrogel lenses to deliver epalrestat 
[20], the amount of epalrestat accumulated in the tissues is higher using 
niosomes. However, it must be noted that our experiment took place on 
porcine cornea instead of bovine cornea, which is thinner. Also, in the 
previous study with epalrestat loaded in contact lenses, no drug was 
detected in the receptor after the 6 h test [20], which can be related to 
the lower drug concentration in the donor chamber that the contact 
lenses were able to supply. Indeed, in that previous study, the epalrestat 
control solution was 40 µg/mL, namely, five times lower than the 
control solution of free drug tested in our present study (200 µg/mL). 
That diluted free epalrestat solution facilitated the accumulation of only 
10 µg drug in the bovine cornea [20], which is approximately 5 times 
less than the accumulation achieved in the present study. The results 
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indicate that there is a therapeutic amount of epalrestat [14] that can be 
delivered to the cornea and the sclera with formulation TCD0. Further 
investigation needs to be done to confirm the accumulation of epalrestat 
in further tissues, but the results of our permeation experiments are 
positive as to the amounts of epalrestat able to traverse the cornea and 
sclera. The epalrestat steady-state flux obtained for the niosomal 
formulations is in the same order of magnitude as those recorded for 
skin formulations prepared with permeability enhancers [69]. The 
permeability coefficients recorded for epalrestat in niosomes were also 
in the range of that recorded for epalrestat solution in the mucosal-to-
serosal transport through jejunum [70]. The lower permeability 
recorded for the most cationic niosomes through the cornea may be 
related to a higher binding to the cornea surface, which may hinder 

further diffusion of the niosomes and also of the drug encapsulated 
inside. Indeed, cationic liposomes have been demonstrated to prolong 
the retention time on the ocular surface [39]. Therefore, the charge 
density of niosomes should be the result of a compromise between the 
extended time of permanence on the ocular surface and efficient 
delivery of epalrestat to the inner eye tissues. It should also be noted 
that the niosomes have a certain thickening capability increasing 3 to 4 
times the viscosity compared to the aqueous medium.

With the help of IR-Raman spectroscopy, drug permeation through 
the cornea and sclera was evidenced through the whole cross-sections 
of these tissues. A ratio of the Raman spectrum intensity taken from the 
top and bottom of the surface of the tissue equal 1, indicating that the 
concentration of epalrestat was similar on the tissue in contact with the 
donor as with the receiver chamber after 6 h of application of the 
formulation. The high values of the ratios of FD cornea (1.06) and FD 
sclera (1.09) can be explained by the faster access of unencapsulated 
epalrestat when it is free in solution. The staining of the tissue with the 
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typical yellow color of epalrestat was also perceptible by the naked eye. 
The low value of the ratio for TCD10 sclera (0.92) is unusual but could 
be explained by interference from gasses liberated during the analysis 
process if the sample started to burn. Indeed, the peak of epalrestat 
situated at 1575 cm 1 is close to that of carbon (1581 cm 1) [71]. This 
also would explain the great variance in the results between the four 
measuring points. The heat maps of the cornea and sclera show the 
presence of epalrestat inside the tissue, permeating in different 
channels, adding weight to the results obtained from the Franz cell 
permeation experiments. While Raman spectroscopy has been used on 
ocular media for the detection of ganciclovir in ocular media in vivo 
[72] or for the detection of glutamate in tissues [73], this is, to our 
knowledge, the first time IR-Raman was used to confirm drug 

permeation through ocular tissues.

Epalrestat is a highly hydrophobic drug, and we found that it can 
be efficiently encapsulated in niosomes. The niosomes increase the 

preparation of eyedrops possible. Moreover, niosomes protect from the 
irritancy that a pure drug solution causes on the ocular surface. 
According to our results, the niosomes do not release epalrestat during 
storage but only when subjected to a strong dilution in the presence of 
other surfactant molecules, which may resemble the conditions on the 
ocular surface. The formulation TCD5 seemed to be the most balanced, 
as it was cationic, had sustained release of epalrestat over a long period, 
was safe for the ocular surface, and permeated both the cornea and the 
sclera. The capability to sustain drug release in vitro means that most 
part of the drug dose remains in niosomes when topically placed on the 
eye, and niosomes have been reported to enhance drug permeability in 
vivo [24]. Some previous reports on drug-loaded niosomes for ocular 
delivery have also shown in vitro sustained release in the frame of a few 
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days for hydrophobic drugs such as fluconazole [74] and natamycin 
[75] or even mid-polarity drugs such as vancomycin [76], doxycycline 
[77] or naltrexone [78]. In vivo, studies evidenced the success of the 
niosome approach compared to the free drug solution, indeed probably 
due to the more sustained release. Niosomes have been shown to remain 
on the ocular surface longer than the drug solution. Thus, a sustained 
release may prevent a very rapid washout from the ocular surface while 
still creating a drug concentration gradient that facilitates the diffusion 
through eye tissues [24].

3.5 CONCLUSIONS

Our study demonstrated the ability of cationic niosomes to 
encapsulate epalrestat. Neutral to mild-cationic niosomal formulations 
showed suitable physicochemical characteristics for topical ocular drug 
delivery, supported by a low ocular irritability potential, high 
biocompatibility, sustained release, and permeability through the 
cornea and scleral tissue. Compared to epalrestat-loaded contact lenses 
or free drug solutions, niosomes can encapsulate more drugs, increasing 
apparent solubility, and protect better the drug from premature 
degradation while promoting the pass towards inner eye tissues. 
Moreover, as revealed in the HET-CAM and zebrafish embryotoxicity 
assays, drug encapsulation in niosomes makes the formulation safe. 
Similar concentrations of epalrestat in solution would be harmful to 
patients. These findings point out epalrestat-loaded niosomes as 
suitable for non-invasive drug delivery to inner eye structures.

3. Formulation and Characterization of Epalrestat-Loaded Polysorbate 60
Cationic Niosomes for Ocular Delivery 
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4. STABILITY OF NIOSOMES FOR OPHTALMIC
ADMINISTRATION THROUGH LANGMUIR 
MONOLAYER STUDIES OF NON-IONIC
SURFACTANTS AND DOTMA

4.1 INTRODUCTION

Ocular diseases are a big part of the decreasing quality of life of 
patients suffering from illnesses that affect the eye. A common example 
is diabetic retinopathy that occurs in a third of type 1 diabetic patients 
in Poland [1], 56% of type 1 diabetic patients and 30% of type 2 diabetic 

patients in the United Kingdom [2] and a study investigating the global 
prevalence of diabetic retinopathy put the fraction of the diabetic 
population suffering from diabetic retinopathy at 34.6% [3]. In 
particular, pathological processes affecting the posterior segment of the 
eye prove especially hard to treat, as the number and characteristics of 
physiological barriers drugs need to go through make it a difficult task 
to get the active ingredients to the therapeutic target in reasonable time 
and sufficient quantity. Consequently, the need for new drug delivery 

posterior segment of the eye is increasing. The available delivery routes
are topical, oral, intracameral, subconjunctival, intravitreal, retrobulbar, 
peribulbar and posterior juxta scleral [4]. With the exception of the 
topical and oral drug delivery, all routes involve the injection of the 
drug into their respective tissue. While this allows for the circumvention 
of different ocular barriers, it also brings a deal of challenges with it, 
such as patient discomfort and the need for medical professionals for 
the administration of the treatment, among others. Therefore, to locally 
administer ocular drugs, the topical route is privileged in the research 
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for new drug delivery methods. The challenges encountered by drugs 
to permeate the different ocular tissues to reach the therapeutic site have 
directed the design and formulation of drug carriers. In this context, 
nanocarriers have recently gained a significant amount of interest, due 
to their versatility.

Polymeric micelles [5] and vesicles such as liposomes [6] and 
niosomes [7] are all self-assembled structures capable of encapsulating 
a range of molecules to carry and deliver their payload in various ocular 
sites. They are made by allowing amphiphilic molecules to arrange 
inside an aqueous medium, either encapsulating hydrophobic drugs in 
the micelle core or vesicle bilayer, or encapsulating hydrophilic drugs 
in the vesicle core. These structures, and niosomes in particular, have 
been recently studied by our research group in terms of particle 

characterization, drug encapsulation and tissue permeation [8].

However, there are still gaps in the understanding of the physical 
chemistry of the aggregation and interaction between the molecules that 
make up the nanocarrier. Gathering this information is key to fully 
comprehend their behavior and optimize their composition, so as to 
improve the efficiency of the nanocarrier and hence the therapeutic 
action of the drug inside.

The aim of this chapter of the Thesis is to understand the 
interactions of the different molecules present in the niosome 
formulation prepared in  chapter 3 of the Thesis. The main hypothesis 
is that DOTMA, the only charged surfactant in the system under the set 
conditions, plays a key role in the cohesion of the niosome. This has 
special relevance considering the possibility of cholesterol-mediated 
interactions with the voluminous hydrophilic group of Tween 60, the 
majority component. For pharmaceutical use and storage purposes, the 
effect of the ionic strength of the subphase and temperature on a 
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monolayer made with the molar fractions of a previously characterized 
niosomal system [8] was studied. The monolayers are made from 
polysorbate 60 (Tween 60), cholesterol and 1,2-di-O-octadecenyl-3-
trimethylammonium propane (DOTMA) (Figure 4.1), as this is the 
composition of the niosomes described in chapter 3 of this Thesis.

Surfactant monolayers spread at the air/water interface (Langmuir 
monolayers) were used to model the arrangement different molecules 
find themselves in when put together and interact with each other within 
the aggregate. Langmuir monolayers are widely used to study the 
behavior of surfactants at the interface between a gas and a liquid, with 
applications of pharmaceutical interest in cell membrane-related studies 
[9], biosurfactants [10] or stability of colloidal drug carriers, such as 
vesicles or micelles [11 13] In the context of niosome stability, 

monolayer studies were used here to evaluate the physical and 
physicochemical properties of non-ionic surfactants, helper lipids and 
charge modifiers as they interact on an aqueous solution.

Depositing surfactant on an air-water interface reduces surface 
tension by positioning amphiphilic molecules with hydrophilic heads in 
the water phase and hydrophobic tails in the air phase. Surface tension 
measurements help assess the free energy of the water surface, and the 
difference between clean water and surfactant-covered water provides 

-A isotherms that reveal molecular 
arrangements and mechanical properties at the interface.
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Figure 4.1. Structures of Tween 60, DOTMA and cholesterol
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4.2 MATERIALS AND METHODS

4.2.1 Materials

Polysorbate 60 MW 1311.7 g/mol (Tween 60, HLB 14.9, Sigma 
Aldrich, Buchs, Switzerland), 1,2-di-O-octadecenyl-3-
trimethylammonium propane (chloride salt) (DOTMA, 670.58 g/mol) 
(Avanti, Alabaster, AL, USA), cholesterol (386.7 g/mol) (Chemtrec, 
Madrid, Spain), dichloromethane (Fischer Scientific, Waltham, MA 
USA), sodium chloride (Labkem, Barcelona, Spain), potassium 
chloride (Panreac, Castellar del Vallès, Spain), sodium bicarbonate 
(Merck, St Louis, MO, USA), calcium dihydrochloride (Merck, 
Darmstadt, Germany).

obtained by reverse osmosis (Milli-Q®, Millipore Ibérica, Madrid, 

Spain). Simulated lacrimal fluid (SLF) was made with 0.68g sodium 
chloride (Labkem, Barcelona, Spain), 0.22g  sodium bicarbonate 
(Merck, St Louis, MO, USA), 0.008g calcium chloride dihydrate 
(Merck, Darmstadt, Germany) and 0.14g potassium chloride (Panreac, 
Castellar del Vallès, Spain) in 100mL distilled water.

4.2.2 Monolayer preparation

Prior to the beginning of the study, the trough was thoroughly 
cleaned with chloroform, and then with ethanol, along with both 
barriers, and before each experiment, trough and barriers were cleaned 
with ethanol and rinsed twice with water. The surfactant solutions of 
Tween 60 and cholesterol at a fixed 100/42 mol/mol proportion, and 
DOTMA present at 5% and 10% the amount of Tween 60, were spread 
with a Hamilton microsyringe (Hamilton, USA) from dichloromethane 
solutions 0.2 to 0.4 mg/mL in 50 to 200 µL. Film compression began 
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after leaving 10 minutes for solvent evaporation, and was then 
registered plotting surface pressure values, measured with a platinum 
Wilhelmy plate (Biolin Scientific, Finland), against mean molecular 

-A isotherms. Monolayers of different 
compositions were prepared and named according to the fractions 
displayed in Table 4.1.

Table 4.1. Composition of the different monomolecular films obtained in this work. 

Monolayer 
code

Tween 60 Cholesterol DOTMA 

(mol fraction, 
%)

(mol fraction, 
%)

(mol fraction, 
%)

(mol % over Tween 
60)

C - 100 - -
T 100 - - 0

TD5 95.2 - 4.8 5.0
TD10 90.9 - 9.1 10.0
TC 70.4 29.6 - 0.0

TCD5 68.0 28.6 3.4 5.0
TCD10 65.8 27.6 6.6 10.0

-A isotherm measurements

Langmuir monolayers of Tween 60 (polysorbate 60), cholesterol 
and DOTMA at the air/water interface were obtained on purified water 
from a Milli-
(Millipore SAS, Merck, France) and PBS buffer made according to the 
Sigma- -molecuar area (A) 
isotherms were registered on a KSV-NIMA KN 1006 (Biolin Scientific, 
Finland) placed on an antivibrational table, with a working surface area 
of 783 cm2 equipped with two barriers of poly(methylene oxide), also 
known as Delrin®. Surface pressure was measured with an accuracy of 
± 0.01 mN/m. The subphase temperature was 20 °C and 30 °C 
maintained with an accuracy of ± 0.5 °C by a Julabo CD-200F 
thermostatic bath (Julabo, Germany) circulating water system. In 
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standard experiments monolayers were compressed at a barriers speed 
of 10 cm/s. Each experiment was repeated at least three times with a 
reproducibility between the isotherms of ± 0.2 Å/molecule.

4.2.4 Compressibility study

The compressibility modulus or elasticity of a monolayer is a 
physical magnitude that informs on the resistance of a film to 
compression [13]. Since it is the reciprocal of compressibility (Cs), the 
higher the value of this modulus, the more resistance the film offers to 
being compressed any further. It is mathematically expressed in 
Equation 4.1:

Equation 4.1. Compressibility modulus formula 

where is the value of mean molecular area for each point of the 

isotherm, is the surface pressure at that point and is the temperature 
at which the compression of the film took place [14,15]. Its value is 
known to rise with pressure, usually having a positive slope, since the 
closer molecules are to one another, the greater the resistance to further 
decreasing the distance between them will be, due to intermolecular 
repulsive forces [8]. A drop in its value reflects the existence of room 
for further compression that increases compressibility, usually standing 
for the collapse of the monolayer, which implies losing its 2D structure 
[16].

The compressibility modulus vs surface pressure plots were 
obtained using the data analysis programme OriginLab 2019b. The raw 
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plot line was smoothed by adjacent-averaging at every 5 points for noise 
reduction.

4.2.5 Brewster Angle Microscopy

BAM images on a floating monolayer were obtained using a 
Brewster Angle Microscope, BAM 2 Plus (NFT, Göttingen, Germany), 
mounted directly on a computer-controlled NIMA 601BAM Langmuir 
trough (NIMA, Coventry, UK) equipped with a PTFE (Teflon) barrier, 

microscope were placed on an antivibrational table (Halcyonics, 
Accurion GmbH, Germany) and placed into a safety cabinet to protect 

against dust and air convection.

The equipment added to the microscope was a 30mW NdYAG 
laser emitting p-polarized light at a wavelength of 532 nm. The incident 
Brewster angle was set at 53.1 ° to reflect the laser on the air/water 
interface; this geometry ensures that there is no reflectivity of the p-
polarized beam (Rp) on a pure water surface. Spreading a monolayer at 
the interface will change the refractive index of the medium and change 
the Brewster angle, increasing the reflectivity and thus allowing us to 
obtain an image from the p-polarized light. The reflected beam passes 
through a focal lens, into an analyzer at a known incident polarization 
angle and finishes its path into a CCD camera. Instead of the relative 
intensity (I), this camera measures the gray levels (GL), making up the
image from those values.
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4.3 RESULTS AND DISCUSSION

4.3.1 Effect of monolayer composition

To obtain and analyse information from increasingly complex 
systems in terms of their composition, first the influence of cholesterol 
and DOTMA respectively on Tween 60 monolayers was studied. Then 
the effect of cholesterol on Tween 60/DOTMA was studied, obtaining 

[8]. In all cases, 
the data provided by compression isotherms and compressibility 
modulus-surface pressure plots of each monolayer system was 
interpreted, as well as BAM images for the ternary system. First, for the 
assessment of the effect of cholesterol on -A
isotherms of pure polysorbate 60 (labelled as T) with pure cholesterol 

(C) was compared with a mixture of both components (TC) in the 
proportion stated in Table 4.1. Surface tension isotherms for pure 
cholesterol [18] are well described in the literature and Tween 60 [19]
surface tension isotherms exist in the literature but are less abundant. 
Compression isotherms of pure Tween 60 and cholesterol have not been 
extensively studied, and were therefore obtained as part of our 
experiments, as shown in Figure 4.2.  The shape of the surface pressure 
isotherms of Tween 60 will be studied, as it is the majority component 
of the niosomes, and thus of the monolayers through which the 
niosomes are understood.

4.3.1.1 Single component system

The L-shaped isotherm for cholesterol has been vastly studied, and 
its shape is explained by the two main conformations the molecules 
have at the air/water interface, and hence the two main surface 
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aggregation states of the cholesterol monolayer (horizontal and vertical) 
[20]. As for Tween 60, this polysorbate acquires an expanded 
conformation when spread on a clean water surface, followed by a 
progressive aggregation, seen as a curve in the isotherm as surface 
pressure rises, and culminating in a phase transition or conformational
change, as also seen for Tween 80 [21]. From a molecular point of view, 
the branched polar headgroups get closer to each other upon 
compression, and end up dehydrating if packed too tightly together 
[19], which might account for the slope change at the end of 
compression.

Figure 4.2. Comparison of the compressibility modulus of pure cholesterol and pure Tween 60 
monolayers and Tween 60/cholesterol mixture, with zoom in of the monolayers containing 
Tween 60.

Regarding the compressibility modulus (Cs
-1), its high values in the 

case of cholesterol (max. at 373 mN/m) indicate a very condensed, rigid 
monolayer, mostly in a solid state (S) of surface aggregation, and its 
parabole-like shape (Figure 4.2) accounts for the change of 
conformation cholesterol molecules perpendicular to the interface 
undergo upon compression [20]. Tween 60, on the contrary, forms an 
expanded, much more compressible monolayer (max. Cs

-1 at 37 mN/m, 
10 times less than the value for cholesterol) in a liquid-expanded (LE) 
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aggregation state. It shows a steady rise in its compressibility modulus 
as the monolayer is compressed, only to drop dramatically at a surface 
pressure of 36.2 mN/m to then reach levels around or below those at the 
beginning of compression, tending to zero. This indicates the collapse 
of the monolayer, setting a limit of mean molecular area for Tween 60 
molecules occupying a monolayer before a different molecular 
arrangement needs to be found.

4.3.1.2 Binary systems

To study the interaction between both components, mixed 
monolayers at a fixed composition (Table 4.1) were spread and 

-A isotherm registered from this process (labelled as 
TC) indicates there exists an interaction, since the presence of 
cholesterol in the Tween 60 monolayer in the chosen proportion causes 
both a change in the slope of the second region of the isotherm 
appearing at high pressure (in the interval 37-40 mN/m, in which the 
Cs

-1 or change in the 
shape of the isotherm below that point.

As for the compressibility modulus, the addition of cholesterol to 
the polysorbate 60 film yields lower values for the compressibility 
modulus, which means cholesterol enhances compressibility of Tween 
60. However, this effect seems to be weak, as the curve for the
polysorbate/cholesterol mixture is in close vicinity of that for pure 
Tween 60, revealing the influence of cholesterol on the mechanical 
properties of the polysorbate film to be small under these conditions.

Looking at the difference in key values of certain properties, as 
well as at what can happen at the molecular level at the air/water 
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interface allows for further analysis of the interaction between both 
components. First, the interaction between the hydrophobic moieties of 
both Tween 60 and cholesterol molecules was studied. In the case of 
Tween 60, the non-polar group is a stearoyl chain, identical to that of 
stearic acid (SA). Therefore, comparing values such as collapse surface 

col) in SA/cholesterol mixed monolayers with those from 
Tween 60/cholesterol films may provide some evidence related to the 
importance of these interactions. This quantitative approach provides 
helpful insight regarding the extent of the effect of cholesterol on 
Tween 60 in Langmuir monolayers.

Table 4.2. Values from Figure 4.2 and stearic acid and its mixture with cholesterol at 
SA/chol. 70/30 % mol/mol [12]. 

*These values are accurate but approximate as they were obtained directly from graphics (see
references). They must also be interpreted with caution, given SA and cholesterol do not mix

at the air/water interface. 

System col (mN/m) Cs
-1 (mN/m)

Tween 60 (T) 36.26 37.03

Tween 60/chol (TC) 34.99 36.13

SA 53.0* 699.4

SA/chol 42.6* 550.7

Cholesterol slightly decreases film rigidity (given by the 
compressibility modulus) in polysorbate 60 monolayers (Table 4.2), as 
it does in stearic acid films [22]. Furthermore, by decreasing the 
collapse pressure of the monolayer, it also decreases the pressure 

A possible explanation for this behaviour lies in molecular 
interactions. Even though SA and cholesterol do not form miscible 

col values without a linear 
correlation to cholesterol content [23], Tween 60 and cholesterol do mix 
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at the air/water interface, as can be deduced from the fact there is a 
single collapse for the Tween 60/cholesterol mixture. Even in this 
situation, cholesterol polycyclic structure and stearoyl fatty chains may 
interact if both components are miscible, wi
ring condensate intercalating among acyl chains [23,24].

Their maximum Cs
-1 value also retains its comparative value: 

SA/cholesterol (70/30 mol%) monolayers, where both components 
form solid monolayers at high surface pressures, show a max. Cs

-1 value 
far greater than that of Tween 60/cholesterol films at the same 
proportion, which yield a value in the range 15-50 mN/m, indicative of 
a LE aggregation state [25]. This significant gap of an order of 
magnitude is necessarily caused by the different structure of the 
hydrophilic moieties of SA (a carboxyl group) and much more 

voluminous polysorbate 60, with an ester group followed by a 
poly(ethylene oxide) (PEO) group leading to a branched 
tetrahydrofuran ring with more PEO chains. This bulky headgroup 
gives Tween 60 its greater compressibility compared to fatty acids with 
the same structure in their non-polar region.

Otherwise, regarding the interaction between polar headgroups, the 
hydroxyl group of cholesterol, which lies close to the interface, can 
interact with the C=O bond in the ester group from polysorbate 

position to the 
carbonyl bond of the same group. This interaction may occur through 
H-bonds between cholesterol hydroxyl H atom and the electron-rich O 
atom in the carbonyl bond and/or the aforementioned alpha O atom, as 
modelled through molecular dynamics [26]. This intermolecular 
interaction between polar moieties of both surfactants may increase 
lateral cohesion, leading to an improvement of shell stabilisation in the 
niosomes [27].
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Another proof of interaction given by the Cs
-1 plot is how the final 

stage of decay of the modulus curve shows a different pattern than the 
one seen for pure polysorbate films (coded as TC and T in Figure 4.2,
respectively). The existence of cholesterol among Tween 60 molecules 
and their possible interactions, as discussed above, may stabilise the 
monolayer at the last stage of collapse, changing the rate at which the 
film loses its monomolecular arrangement.

All considered, both graphs and all analysed parameters confirm 
that cholesterol, at the given mole fraction as used for the formation of 
niosomes described in the previous chapter [8], while not having a 
particularly large effect in terms of mechanical changes to Langmuir 
films, gives rise to interactions with polysorbate 60 at the monolayer 
which influences the stability of the film.

Figure 4.3. -A isotherms (A) and compressibility moduli (B) of Tween 60 monolayers 
incorporating 0%, 5% or 10% of DOTMA 

Secondly, the effect of DOTMA on Tween 60 monolayers was 
assessed. The compression isotherm graph (Figure 4.3) shows 
isotherms for Tween 60 and Tween 60/DOTMA binary mixtures where 
DOTMA is present at 5% or 10% the amount of polysorbate (see Table 
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4.1 for composition), making it the minority component of the system 
in all cases.

-A isotherms for Tween 60 both pure (labelled as T) and 
mixed with DOTMA at different ratios (TD5, TD10 for 5% and 10%, 
respectively) provide a picture of the interaction between these two 
substances at the air/water interface. Early stages of compression show 
initial pressures below 7 mN/m, which render values of compressibility 
modulus well below 12 mN/m (Figure 4.3) compatible with a gas (G) 
surface state of aggregation [28]. As surface pressure rises, the 
monolayer shifts to a mostly liquid-expanded or LE state for the rest of 
the isotherm, according to the values of the compressibility modulus 
(ca. 7-29 mN/m) [29,30].

The inclusion of DOTMA in polysorbate 60 monolayers changes 
both the slope of the isotherm, particularly in the LE state and the 
interaction of both components changes the arrangement of molecules 
at the interface before compression, leading to different values of initial 
surface pressure (Figure 4.3).

The decrease in surface area in TD5 vs T -that is, when 4.8% of the 
polysorbate molecules are replaced by DOTMA molecules at any given 
pressure below their intersection indicates a significant decrease in 
surface activity of the monolayer as a whole. This decrease is due to the 
behaviour of DOTMA molecules in the monolayer, and cannot be 
ascribed to there being fewer Tween 60 molecule for two reasons: one, 
DOTMA molecules feature two hydrophobic C18:1 oleic chains that 
make it surface active, in spite of having a net charge (a 
trimethylammonium group) in its polar headgroup [18,31,32]; and two, 
further substitution of Tween 60 molecules by DOTMA, as is the case 
of TD10, where 9.1% of the polysorbate molecules in the T curve are 
replaced, does not yield a greater decrease in surface pressure. On the 
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contrary, it becomes clear that an increase in DOTMA proportion in the 
monolayer leads to higher surface pressure, not just in the LE surface 
state but throughout the whole isotherm.

Interestingly, there is a correlation between the amount of DOTMA 
in the monolayer (0/5/10 mol%) and two important pressure values: the 
pressure at which the slope of the isotherm changes, probably due to a 
molecular rearrangement and/or a conformational change of the 

trans coll), 
plotted for both sets of isotherms in Figure 4.3. The slope change is 
also present in pure Tween 60 monolayers and similar molecules like 
Tween 80 [33], so it is likely it is this component, also the one in the 
largest proportion, that governs said conformational change at the 
interface.

At surface pressure values higher than 22.3 mN/m, the introduction 
of DOTMA causes an expansion of the polysorbate monolayer, 
rendering higher values of area per molecule. This is consistent with the 
intercalation of unsaturated hydrocarbon chains, in this case in an 
amount proportional to DOTMA concentration, among saturated, 
single-chain stearic residues of polysorbate molecules. The expanding 
effect of oleic chains has been reported in the literature for oleic 
acid/stearic acid [34] and saturated/unsaturated chain phospholipid 
interactions [35].

The presence of an interaction between both components is further 
evidenced by the concentration-dependent increase in the Cs

-1 value 

pressure at which the peak of compressibility modulus takes place, 
which is equivalent to say the point at which compressibility is the 
lowest throughout compression and the monolayer is most rigid, 
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changes slightly with DOTMA proportion, but it shows not nearly as 
dramatic a shift as that in the compressibility modulus (Table 4.3).

Along with these differences, the value of the compressibility 
modulus in the three compared systems indicates the monolayer shows 
greater resistance to compression the greater the amount of DOTMA in 
it. This increase in rigidity, apparently contrary to what is known about 
the aforementioned effect of hydrocarbon chain saturation, can be 
ascribed to the attractive interaction between DOTMA and Tween 60 

quaternary ammonium (trimethylammonium) group (Figure 4.1) is 
relevant as to the intermolecular forces at play when in contact with 
other surfactants, as is the case of Tween 60. We suggest the net charge 
in DOTMA can establish non-covalent electrostatic bonds with the 

more densely charged parts of the polysorbate branched headgroup, the 
O atoms in the ester bond, in the adjacent ethylene oxide moiety and/or 
in the tetrahydrofuran ring being the ones most likely to participate in 
such interaction. The existence of these ion-dipole bonds, orders of 
magnitude times stronger than London interactions taking place 
between non-polar chains [36], is a possible explanation for their 
compensation, resulting in a condensing, rigidifying effect as translated 
into the compressibility modulus values of the three mixtures.
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Table 4.3. Maximum values of compressibility modulus for Tween 60 and Tween 60/DOTMA 
systems, with their corresponding values of surface pressure. All values are expressed in 

mN/m. 

System composition 

Low concentration High concentration 

s
-1max) Cs

-1max s
-1max) Cs

-1max 

T 36.58 41.59 36.26 37.02 

TD5 37.35 52.57 40.18 44.51 

TD10 37.62 (38.99) 63.85 41.96 80.96 

Table 4.4. Difference between maximum values of compressibility modulus for Tween 60 and 
Tween 60/DOTMA systems, with the difference in their corresponding values of surface 

pressure. All values are expressed in mN/m. 

Comparison against pure 
Tween 60 (T) 

s
-1

max) Cs
-1

max 

TD5 0.77 10.98 
TD10 1.04 (2.41) 22.26 

4.3.1.3 Tertiary systems

Finally, once the effect of both cholesterol and DOTMA as 
individual components on polysorbate 60 has been assessed, the 
influence of cholesterol on Tween 60/DOTMA monolayers became the 
focus, adding a third component to the last binary system studied.

Monolayers made of three components were obtained and studied 
in two different concentrations, named low and high, where films 
spread from the higher concentration contain twice as many molecules 
as the ones from the lower concentration. This duplicity of experiments 
for the ternary system, whose composition was set after that of the 
niosomes made by our group [7], was necessary in order to investigate 
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the molecular arrangement of these surfactants at a very wide range of 
surface pressure by obtaining isotherms as representative as possible.

-A isotherms from films spread in both diluted (a) and 
concentrated (b) regimes, with regions corresponding to 
compressibility stages are shown in Figure 4.4. The reason the two sets 

onto the air/water interface before compression, which determines the 
surface area available for molecules to arrange within the film at the 
beginning of compression [37].

The isotherms from the diluted regime begin with a gas-liquid 
expanded (G/LE) state [38,39] and molecules moving mostly freely at 
the interface, up to ca. 550 Å2/molecule, when the interaction between 

molecules starts raising surface pressure significantly. At as low a 
pressure value as 3 mN/m, the isotherm corresponding to TCD5 begins 
to rise above TC and TCD10 and yielding a higher surface pressure 
(21.6 mN/m, versus 19.5 mN/m with 10% DOTMA and 18.0 mN/m 
without any) at the end.

Figure 4.4. -A isotherms (A) and compressibility moduli (B) of formulations TC, TCD5 and 
TCD10 at diluted and concentrated regimes.
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From the compressibility modulus for the diluted regime (Figure 
4.4Ba), one can see more clearly the distinct behavior for TCD5 
monolayers, as the increased pressure shown by the isotherms comes 
with an increased modulus, which means films of this composition are 
more resistant to compression due to a higher packing arrangement.

By taking a closer look at this graph a sigmoid shape can be seen 
in the compressibility modulus vs surface pressure plot, which features 
a typical positive slope for the first part of compression (region I,
Figure 4.4), then gives rise to a plateau in compressibility in the range 
of 6-11 mN/m for all compositions (region II), only to continue rising 
at higher pressures. This is a confirmation of the plateau hinted in 
Figure 4.2 for the simplest system, Tween 60/cholesterol (TC curve for 

-15 mN/m). Taking into account the ca. 29% of cholesterol present 

in the mixture and the surface behavior of both surfactants, the most 
logical conclusion is that the forces that make molecules repel each 
other upon compression are cancelled out by the attractive forces that
rise when cholesterol molecules shift conformation from parallel to the 

[20].
This attractive pull takes place via London dispersion interactions 
between the cholesterol planar, hydrophobic steroidal structure and 
non-polar stearyl chains belonging to Tween 60, as happens with stearic 
acid and cholesterol [40,41]. As soon as all cholesterol has changed 
conformation, compression continues without any other new 

Figure 4.4).

As for the difference in compressibility between systems of all 
compositions regarding DOTMA presence and concentration, there are 
two main points to focus on. First, as shown in Figure 4.4, the presence 
of DOTMA raises monolayer rigidity (given by Cs

-1 values) for all 
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concentrations studied, although significantly more at 5 mol% than 10 
mol% (Figure 4.4a), with certain exceptions for the concentrated 
regime (Figure 4.4b).

Second, the effect of DOTMA concentration is different to the 
findings presented above, which, given the novelty of the introduction 
of cholesterol in the Tween 60/DOTMA film, hints at a possible 
cholesterol/DOTMA interaction and points at a predominance of the 
expanding effect of oleic chains, which are more numerous with greater 
DOTMA concentration, given the relatively large distance between 
polar headgroups for a proper interaction.

In the concentrated regime, the trend established for the diluted 

Figure 4.4

= 23.7 mN/m, point at which the TCD10 film becomes less 

Figure 4.4). We ascribe this change to the fact that, if prior to this point 
the polar headgroups were not close enough to one another for the 
attractive electrostatic interactions to manifest themselves, hence 
leaving the system governed by the expanding effect of the oleic chains 
from DOTMA. At pressures higher than this the interaction between the 
surfactants in the monolayer is now governed by the polar headgroups, 
thus making the film more rigid.

Furthermore, Tween 60 has a voluminous, branched headgroup 
that makes the surfactant moderately hydrophilic (solubility ca. 100 
g/L). In this context, it is reasonable to assume the three polyether 
chains in this polar region of the surfactant, all in the subphase, are 
highly hydrated and have a certain distance between each other, but we 
hypothesize that, upon compression beyond 24 mN/m, they start getting 
closer to each other, decreasing its overall effective volume and 
progressively dehydrating [42] and facilitating the interactions of 
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is our understanding that this new interaction takes place between the 
positive charge on the nitrogen atom of the quaternary ammonium 
group in DOTMA and the electron-rich oxygen atom in ch
hydroxyl group. Thanks to the attractive forces that arise through this 
interaction, as well as the discussed Tween 60/DOTMA interaction, 
also ion-dipole in nature, the monolayer adopts a tighter, more stable 
packing arrangement, becoming more resistant to compression, thus 
yielding higher Cs

-1 values. This also leads to the conclusion that both 
cholesterol and DOTMA play a part in stabilizing the 
T60/DOTMA/chol monolayer, and therefore the niosomes, making 
both components necessary at the same time.

The other important feature in region III seen in Figure 4.4 is that, 

immediately after rising to a maximum compressibility, there is a 
dramatic, sudden fall in this property of the film. This is also observed 
as an evident change of slope in the pressure-area isotherms (Figure 
4.4A), and it can be ascribed to a conformational change that leads to 
the collapse of the monolayer.

molecules at the interface are left in a loosely packed arrangement, with 
plenty of free surface area, that allows further compression and 
approximation of the molecules to each other. The mechanism through 
which this phenomenon takes place can follow one out of these two 
routes: either the formation of a volume phase (multilayer formation), 
as seen in many lipids such as fatty acids [43], or surfactant desorption 
into the subphase. It is tempting to rule out the first option by the 
absence of a similar drop, in this case in surface pressure, in the 
compression isotherms [15]. An analysis of the structure and solubility 
of the different chemical species present in the monolayer, as well of 
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the interactions between them, could point at Tween 60, the most 
abundant and hydrophilic of the three and the one with the largest polar 
headgroup, abandoning the interface by solubilising into the subphase. 
Should this path be followed, one possible scenario involves the surface 
aggregation of Tween 60 into segregated microdomains within the film, 
related to its surface miscibility [16,18], which by the great size 
difference between its hydrophobic chain and its polar headgroup, is 
likely to use these surface aggregates as a previous step into 
solubilization, possibly even preserving some degree of aggregation in 
the bulk [44].

Whatever the mechanism, the collapse pressure, given by the drop 
in Cs

-1, takes place at higher values for the TCD10 monolayer (at 37.2 
mN/m) than for TCD5 and TC monolayers (at 34.6 and 34.3 mN/m 

respectively), further accounting for the tighter packing of the film the 
24 mN/m, 

at which the vesicles are thought to be [27]. This is compatible with the 
data published by our group [8] on the stability of niosomes with this 
exact composition after two months.

From the perspective of the effect of cholesterol, results show that, 
in spite of these well-established interactions and the stability of both 
the monolayers and the vesicles, the presence of cholesterol dampens 
the effect of DOTMA on Tween 60. This further indicates the existence 
of the cholesterol-DOTMA interactions. In term of mechanism, it is 

amongst hydrocarbon chains of Tween 60 and DOTMA is responsible 
for this effect, similarly to what was hypothesised above for 
T60/cholesterol interactions. In fact, the drop in the maximum Cs

-1

value for the same T60/DOTMA proportion due to cholesterol is greater 
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the more DOTMA there is in the monolayer (24.47 mN/m for TCD10 
16.04 mN/m for TCD5; 0.90 mN/m for TC).

Cholesterol therefore prevents monolayer packing in Tween 
60/DOTMA systems proportionately to the amount of DOTMA, which 
gives more grounds to the probability of an interaction between 

Figure 4.5. Compressibility modulus of Tween 60 monolayers at 5% and 10% DOTMA with and 
without cholesterol

The introduction of cholesterol in a T60/DOTMA system at a fixed 
proportion makes niosome-mimicking monolayers more compressible 
(Figure 4.5). It is the same effect it has on pure T60, only to a much 
greater degree.
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4.3.2 Effect of temperature

Isotherms from the compression of films with the three different 
DOTMA concentrations at the concentrated regime obtained at 20 ºC 
and 30 ºC (maximum temperature allowed at the interface for technical 
reasons related to the mechanical properties of the PTFE of the 
Langmuir trough) were compared in order to study whether the 
behavior of the monolayer at the air/water interface shown at room 
temperature is extensive to temperatures closer to that of the human eye 
[44] (35ºC), at which niosomes are intended to act.

The compression isotherms of these films at 20 ºC (a) and 30 ºC 
(b) described in Figure 4.6 show that the shape of the isotherms is the 
same at both temperatures, but that the behavior shown by the films 

with different amounts of DOTMA upon compression is completely 
different.

Figure 4.6. -A isotherms (A) and compressibility moduli (B) of Tween 60/cholesterol/DOTMA 
monolayers at 20°C and 30°C. The dashed lines represent the monolayers at 20°C and the 

solid lines represent the monolayers at 30°C. 

A quick view of the pressure-area curves manifests an opposite 
trend on how DOTMA proportion affects the surface activity of the 
film. At 20 ºC (Figure 4.6a), the presence of DOTMA raises surface 
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pressure throughout the whole compression and doubling the amount 
of DOTMA in the film implies greater surface pressure, if only at areas 
below ca. 60 Å2/molecule. Along with the analysis of the elasticity of 
the monolayer, this reveals that the addition of DOTMA in the 
proportion range studied here raises the pressure at which the maximum 
compressibility (Cs

-1) is reached, from 34.6 mN/m at 5% to 37.2 mN/m 
at 10% the amount of Tween 60, indicating an increased stability of the 
film, but remaining independent on DOTMA concentration at looser 
packing arrangements typical of greater values of molecular area.

At 30 ºC, however, both the presence and increasing concentration 
of DOTMA in the monolayer cause a visible decrease in surface 
pressure at any value of mean molecular area. To explore a quantitative 
approach to the influence of temperature in these films, the value for 

surface pressure yielded at the beginning of the compression of the film 
was analyzed, at an arbitrary value before the maximum elasticity point 
of the film for all systems, and right at the end of compression.

Table 4.5. Surface pressure difference at given points of the isotherms of the same 
 ºC)   ºC) at that point. 

% DOTMA (over T60) init (mN/m) 60 Å
2
/molec. (mN/m) max (mN/m) 

0 0.6 2.8 -0.5 
5 -1.0 -2.2 -0.4 
10 -2.6 -9.1 -7.4 
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4.3.3 Effect of the subphase

The ionic strength of the subphase has an effect on the monolayer, 
all the while being less marked than the effect of temperature. (Figure 
4.7)

Figure 4.7. -A isotherms (A) and compressibility moduli (B) of Tween 60/cholesterol/DOTMA 
monolayers at 30 °C on water and PBS. The dashed lines represent the monolayers deposited 

onto pure water and the solid lines represent the monolayers deposited onto PBS 

While the binary system of Tween 60 and cholesterol seems to 
have slightly lower modulus with increasing ionic strength of the 
subphase, the ternary systems have higher modulus with increasing 
ionic strength of the subphase. This effect is expected as the ternary 
systems include the charged DOTMA, and goes in the same direction 
as the published data [45,46]. The ions present in the subphase 
interacting with the polar headgroup of DOTMA can lead to a salting 
out effect [48], increasing the presence of DOTMA at the interface. The 
concentration of salts of the PBS subphase as well as the cationic charge 
on the DOTMA are the main driving factors in the electrostatic effect.

4. Stability of niosomes for ophthalmic administration through Langmuir
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4.3.4 Brewster Angle Microscopy

The BAM images were obtained by compressing a monolayer of 
TCD5 on a water surface. The images were taken at regular intervals, 
and while the available equipment did not permit taking video footage, 

2/molecule.

Figure 4.8. BAM images of the compression of the TCD5 monolayer on PBS at 20 °C 

The BAM images in Figure 4.8 show no presence of 
microdomains [48]. When compression happens and the spatial 
restrictions on the molecules increases, the only noticeable feature is a 
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darkening of the image attributed to more reflection of the polarized 
light by the monolayer. This indicates an increase in density of the 
monolayer when compressed, and supports the previous 
compressibility study findings and the comparison with previously
published data [49].

4.4 CONCLUSION

Through experiments with Langmuir monolayers and the analysis 
of their mechanical properties, with all systems having virtually the 
same cholesterol concentration (0.286 ± 0.01 mg/mL), an increase in 
compressibility was established in all studied systems in a DOTMA-

concentration dependent way, and therefore hinders undesired tightly 
packing arrangements which might negatively affect drug delivery in 
the eye. A positive correlation between DOTMA concentration in the 
studied range and the degree of packing and stability of Tween 
60/cholesterol/DOTMA films was found, which is expected to be 
analogous to that in the vesicle bilayer.

Additionally, the change in niosomes from storage conditions 
(water formulation, 20 ºC) to administration conditions in the eye 
(electrolytic medium, closer to 30 ºC) in terms of temperature and ionic 
strength as studied at the air/water interface indicates that the addition 
of DOTMA to the binary Tween 60/cholesterol system increases its 
compression modulus at 30 °C and its pressure at higher surface area 
available per molecule tremendously in SLF.

4. Stability of niosomes for ophthalmic administration through Langmuir
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5. FORMULATION AND CHARACTERIZATION
OF OLEOGELS FOR TOPICAL 
ADMINISTRATION OF EPALRESTAT

5.1 INTRODUCTION

A huge increase in eye care and treatment is expected to take place 
over the next years due to the prevalence of diabetes in an ageing 

population [1,2]. To treat patients suffering from diabetic ocular 
diseases an efficient ophthalmic drug delivery method is required as the 
eye is a difficult target due to its numerous barriers [3].

Devices such as adapted contact lenses [4], nanoparticles like 
liposomes [5], niosomes [6], cyclodextrins aggregates [7] or 
microemulsions [8] are being investigated as carriers able to transport 
drugs to a therapeutic site. Topical administration is commonly 
accepted as the most convenient delivery method as it does not require 
the assistance of any medical personnel, putting the patient in charge of 
their own treatment. Of the topical treatments, eye drops are the most 
common but have a severe drawback when it comes to bioavailability 
due to tear clearance [9]. To overcome tear clearance different ways 
have been explored, such as intraocular injections [10] or implanted 
hydrogels [11], but these solutions have brought their own challenges. 
Hydrogels are highly dependent on hydration [12], which can cause 
swelling and alter the release rate of drugs. Intraocular injections, on 
the other hand, are invasive and can cause pain, discomfort, and ocular 
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trauma. They are also associated with a high risk of infection and 
require skilled administration [13].

Oleogels, on the other hand, have several advantages over 
hydrogels as topical drug delivery systems. They are made out from a 
gelator and an oil, which after being melted together solidify at room 
temperature and are able to be extruded through needles of different 
sizes [14].They are solid at room temperature, but they become fluid 
when they come into contact with warm body temperatures, making 
them ideal for ocular drug delivery [15]. Oleogels are as biocompatible 
as hydrogels, minimizing the risk of ocular irritation and inflammation 
[16]. They can be designed to have a low viscosity, making them easier 
to administer compared to hydrogels [17]. This is particularly important 
for patients with limited dexterity or who have difficulty instilling eye 

drops. Another advantage of oleogels is that they have a longer duration 
of action compared to hydrogels or intraocular injections due to their 
ability to form a protective film on the ocular surface, reducing the rate 
of drug clearance. Furthermore, oleogels are able to retain a wide range 
of drugs, including hydrophobic and hydrophilic compounds [15,18].

In the context of diabetic patients their blood glucose levels can be 
high enough to activate an uncommon glucose conversion pathway: the 
polyol pathway [19]. This pathway can be blocked by epalrestat. 
Epalrestat is a drug that acts as an aldose reductase inhibitor, stopping 
the conversion of glucose to sorbitol in high glucose environments. This 
is important as sorbitol accumulation in the cells leads to oxidative and 
osmotic stress [20,21], cellular death [22], and ultimately loss of vision 
in the patients. 

Research on oleogels for ocular drug delivery is gathering 
momentum [16,18,23 25] and this study aims to develop oleogels 
capable of releasing epalrestat in a sustained manner to the eye, by 
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forming a coat of loaded gel on the ocular surface, demonstrating the 
viability of the drug delivery platform in the context of diabetic ocular 
diseases.

5.2 MATERIALS AND METHODS

5.2.1 Materials.

Soybean oil (ThermoScientific, Kandel, Germany), ethyl cellulose 
(63 mPa.s, 5% in Toluene/EtOH 80:20, 25 °C, 100 s-1, 48.7% w/w 
ethoxyl content)(Sigma-Aldrich, Louisville, KY, USA), beeswax 
(Vabneer, Heibei, China), cocoa butter (BambooStory, Peru), epalrestat 
(319.4 g/mol) (TCI, Tokyo, Japan), Tween 80 (Polyoxyethylene (20) 

sorbitan monooleate) MW 1310 g/mol, HLB 15 ( Sigma Aldrich, 
Switzerland), phosphate buffered saline (Life Tecnologies Co., 
Carlsbad, CA, USA), ethanol (VWR Chemicals, Briare, France). 
Simulated lacrimal fluid (SLF) was made with 0.68 g sodium chloride 
(Labkem, Barcelona, Spain), 0.22 g  sodium bicarbonate (Merck, St 
Louis, MO, USA), 0.008 g calcium chloride dihydrate (Merck, 
Darmstadt, Germany) and 0.14 g potassium chloride (Panreac, Castellar 
del Vallès, Spain) [26] in 100 mL distilled water.

5.2.2 Oleogel formulation.

Soybean oil was chosen as a carrier due to its biocompatibility and 
high smoke point, allowing for the heating to higher temperatures to 
melt gelators. Three gelators of different type were chosen: ethyl 
cellulose as a polymeric gelator, beeswax as a non-lipid based gelator 
and cocoa butter as a lipid-based gelator [14]. The oleogels were 
composed of either soybean oil and 5% w/w single gelator at or 10% 
w/w combined dual gelators (Table 5.1).

5. Formulation and Characterization of Oleogels for Topical Administration
of Epalrestat 
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Table 5.1. Oleogel formulation gelator composition 

Oleogel code Ethyl cellulose % (w/w) Beeswax % (w/w) Cocoa butter % (w/w) 
B 0 5 0 
C 0 0 5 
E 5 0 0 
EB 5 5 0 
EC 5 0 5 
BC 0 5 5 

The oleogels were formed by melting the gelators according to the 

compositions in Table 5.1 and adding different amounts (5/10/30% 
w/w) of epalrestat in 1 mL soybean oil at 60 °C or 170 °C and 100 rpm 
magnetic stirring. The temperature of 170 °C was used only when ethyl 
cellulose was involved. Once the components have melted and the 

resulting mixture was homogenous it was loaded into a 3 mL syringe 
and cooled. The syringe was cooled to room temperature and 0.1 mL 
was extruded through a 22-gauge needle onto the surface of an aqueous 
medium to form an oleorod. Oleogel EB was chosen to be the oleogel 
loaded with 5% (46 mg), 10% (92 mg) and 30% (276 mg) w/w 
epalrestat as it was stable for longer at room temperature when kept in 
a syringe and allowed for more representative microscopy images.

5.2.3 Oleogel characterization.

Morphological analysis and drug dispersion in the oleogels were 
verified by imaging under 4x magnification using an Olympus CKX53 
microscope equipped with an Olympus EP50 digital camera (Shinjuku, 
Tokyo, Japan).

Rotational rheology was performed on an AR1000-N Rheometer 
Rheolys (TA Instruments, Surrey, United Kingdom). The geometry 
used was a 4 cm cone solvent trap with 1.58 degree angle and a 50 µm 
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gap. The experiments were conducted at 20 °C. The viscosity and the 
shear stress were recorded at a controlled shear rate ramp of 0.05 to 
1000 s-1, recording 100 sampling points.

5.2.4 Epalrestat release.

Oleorods (0.1 mL) were deposited on top of 10 mL release medium 
inside a closed off vial. Three media were tested: distilled (DI) water, 
1% v/v Tween 80 in water, and simulated lacrimal fluid (SLF). Release 
was tested at 20 °C and at 37 °C as it mimics both the temperatures of 
storage and application conditions. Pictures were taken at 
predetermined timepoints to follow morphological changes in oleorods 
over time. 1 mL of release medium was drawn at predefined timepoints, 
analyzed with UV-VIS spectroscopy at 295 nm (Genesis 150 UV-

Visible Spectrophotometer, ThermoScientific), and then returned to the 
vial. Each experiment was repeated in triplicate. Each UV-Vis spectrum 
was compared with a calibration curve to quantify the epalrestat 
released. The calibration curve was prepared with concentrations 
ranging from 10 to 100 µg/mL with an increment step of 10 µg, and 
from 100 µg/mL 1000 µg/mL with an increment step of 100 µg.

Quantitative analysis of epalrestat with concentrations lower than 
10 µg/mL was performed on a Waters 717 plus Autosampler HPLC 
with a 4.6x250 mm C18 Symmetry column (Waters, Ireland) with 5 µm 
pores. The mobile phase was acetonitrile:elution buffer 45:55 (v/v). The 
elution buffer was composed of 25 mM potassium dihydrogen 
phosphate and 25 mM disodium hydrogen phosphate dihydrate in 
ultrapure water adjusted to pH 6.5 with phosphoric acid. The flow rate 
was 0.85 mL/min, the detection wavelength 295 nm, the temperature 

calibration curve was prepared with concentrations ranging from 1 to 
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10 µg/mL with an increment step of 1 µg/mL. The retention time of 
epalrestat was 4.5 min.

5.2.5 HET-CAM.

-
CAM) assay, fertilized eggs (15) were supplied by Coren (Ourense, 
Spain) and cleaned before incubation in an CCRS 0150 incubator 

day of the experiment the shell over the air chamber of the eggs was 
pared off with a needle and tweezers. The untouched inner membrane 
was moistened with a 0.9% NaCl solution and the eggs were placed 
back in the incubator for 30 min. The 0.9% NaCl solution was 
subsequently removed as well as the inner membrane while being 

careful not to damage the blood vessels of the CAM underneath. Any 
non-viable egg was discarded. NaOH 0.1M was used as the positive 
control and 0.9% NaCl was used as the negative control. Oleogel EB, 
EC and BC loaded with 5% w/w epalrestat (100 µL) were added to the 
eggs and the effect on the blood vessels regarding hemorrhage, lysis 
and coagulation were recorded. The ocular irritability potential score 
was calculated with the Equation 5.1 [27]:

,

Equation 5.1. Encapsulation efficiency of epalrestat in niosomes. 

5.2.6 Corneal and scleral permeation.

Porcine eyes were supplied by a slaughterhouse and transported to 

were dissected with 2-3 mm of surrounding tissue and washed with 
0.9% NaCl to remove any attached tissue. The corneas were mounted 
in Franz diffusion cells with the outer part of the cornea facing up. In 
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the case of scleral permeability, the sclera was dissected, the choroid 
removed and mounted in Franz diffusion cells with the outer part facing 
up. The area available for permeation was 0.785 cm2. The receiving 
chamber was filled with 6 mL of SLF while making sure no bubbles 
were formed and then agitated with a magnetic stirring rod at 400 rpm. 
The donor chamber was filled with 2 mL of SLF and closed off with 
parafilm to prevent evaporation. The system was then left to equilibrate 
for 1 h at 37 °C. Once the system was balanced, 2 mL of fresh SLF was 
added and 0.1 mL of oleogel was deposited in the donor chamber. After 
30 min, at 1 h and then every hour, 1 mL of the solution in the receiving 
chamber was removed and replaced with 1 mL of fresh SLF. After 6 h 
the last sample was taken, and the corneas and scleras were weighed 

supernatant was 

0.22 µm pore syringe filters (Scharlab, Barcelona, Spain) all the 
samples from the receptor chamber as well as the supernatant from the 
tissue incubation were analyzed with HPLC according to the protocol 
described above. All experiments were carried out in triplicate.

5.2.7 IR-RAMAN spectroscopy.

Porcine cornea and sclera were mounted in Franz cells and left for 
6 hours in the same conditions as the corneal permeation experiment 
described above. The IR-Raman study was performed by taking a 
minimum of 3 points and a maximum of 6 points per cornea and
measuring the Raman scattering of the surface. The excitation 
wavelength was 532.188 nm, the sample was kept at a temperature of 8 
°C for the duration of the experiment with a cooling plate, the laser 
power was 3 mW, and each point was measured with 60 accumulations, 
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with an integration time of 0.3 s and an objective of x50 (Zeiss LD EC 
Epiplan-Neofluar Dic 50x /0.55). The measurement was done on the 
top and bottom part of the tissue, and the absolute height of the peak 
(CCD cts) after smoothing and baseline correction was compared 
between the top and bottom of the cornea.
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5.3 RESULTS

5.3.1 Oleogel characterization

Oleogels were prepared choosing soybean oil as main component 
due to its high smoke point and biocompatibility. Ethyl cellulose, 
beeswax and cocoa butter were chosen as gelators, mixed based on 
Table 5.1 to prepare oleogels that could be extruded into oleorods. It 
was found that combining two types of gelators for a total amount of 
10% w/w gelator resulted in solid oleogels at room temperature 
different than liquid oleogels using a single type of gelator at 5% w/w. 
The liquid oleogels can be administered through eye drop form, while 
the solid oleogels can be extruded into oleorods through 22G needles.

Six oleogel formulations were finally prepared (Table 5.1). All 
oleogels were uniform at the macroscopic level. Only the 10% w/w 
gelator ratio oleogels were loaded with different amounts of epalrestat. 
Oleogel EB was loaded with three different epalrestat loading amounts, 
5%, 10% and 30% and all loading amounts resulted in an oleorod at 
room temperature that did not break up. When formulation EC and BC 
were loaded with 30% epalrestat, the resulting oleorod deposited on 
water broke up within one hour at 20 °C. This left pools of oil on top of 
the water phase.

Oleogel EC was able to load 5% w/w (46 mg) and 10% w/w (92 mg) 
epalrestat, while oleogel BC was only able to load 5% (46 mg) 
epalrestat.
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Figure 5.1. Microscope images of oleogels B, C and E (5% beeswax, 5% cocoa butter and 5% 
ethyl cellulose) loaded with 5% w/w epalrestat in soybean oil under x4 magnification.

Figure 5.2. Microscope images of oleorod EB (5% ethyl cellulose 5% beeswax) in soybean oil 
under x4 magnification.

The homogeneousness of the oleogels with a single gelator at 5% 
w/w ratio can be seen in Figure 5.1. Oleogel B made with 5% w/w 
beeswax was the roughest when looked at 4x magnification. Oleogel C 
made with 5% w/w cocoa butter was the most homogenous and kept 
this aspect even at 40x magnification.

The incorporation of different amounts of epalrestat into oleogels 
allowed for different levels of solubilization of the drug in the oil phase. 
The presence of crystals in the EB oleords prepared with 30% epalrestat 
(Figure 5.2) demonstrated that at 30% epalrestat was not able to fully 
dissolve within the oleogel oil phase. In subsequent experiments, 5% 
epalrestat loading was chosen as it would be enough to reach 
therapeutic concentrations of epalrestat [27]. Nevertheless, higher 
amounts of hydrophobic drug could be loaded in oleorods if needed.
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Figure 5.3. Effect of shear rate on the viscosity for oleogels comprised of 5% w/w gelator at 
20 °C. 

The dynamic viscosity of the single gelator oleogels at different 
shear rates is displayed in Figure 5.3. There was a steep decrease of 
viscosity as shear rates increased for oleogels B and E while the 
viscosity of oleogel C remained constant over the range of shear rates. 
Oleogel C behaved as a Newtonian fluid, with the dynamic viscosity 
constant over the range of shear rates, while oleogel B and oleogel E 
showed shear thinning behavior typical of  pseudoplastic fluids [28].

Table 5.2. Viscosity of the oleogel formulation at 100 and 1000 s-1 at 20 °C 

E B C EB EC BC 
Soybean 

oil 
100 s-1 6.013 0.359 0.0566 17.10 51.2 - 0.612 

1000 s-1 0.245 0.079 0.0535 0.0031 - - 0.056 
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Figure 5.4. Effect of shear rate of the viscosity for oleogels comprised of 10% w/w combined 
gelators at 20 °C. 

When 10% w/w gelator was used, the resulting oleogels showed 
shear thinning behavior (Figure 5.4). However it must be noted that 
oleogel BC and oleogel EC did not reach the same shear rates as oleogel 
EB at 20 °C, and this was due to the extreme shear stresses endured by 
the rheometer at higher shear rates. The viscosity values of each 
formulation are especially important to consider at two specific shear 
rates, 100 and 1000 s-1, which are considered to be the shear rates of the 
progress of the blinking movement [29] (Table 5.2). The viscosity of 
oleogel C corresponds closely to the viscosity of soybean oil at the 
upper shear rate of the blinking process. Of the double gelator 
formulations, only oleogel EB reaches low viscosity values, due to the 
high shear thinning behavior displayed. However, it is important to 
notice that oleogels E, EB, EC and BC have viscosities at 100 s-1 that 
could be uncomfortable in the context of topical administration.
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5.3.2 Epalrestat release

Oleorods were made by extruding 0.1 mL of oleogel through a 22G
needle. The resulting oleorods were directly deposited on top of an 
aqueous subphase. The release of oleorods was carried out over 
different time periods going from a couple of hours to multiple days, in 
DI water, SLF and 1% v/v Tween 80 aqueous solution. The release on 
simulated lacrimal fluid was performed to mimic the conditions in 
which the oleogel applied topically would have to release epalrestat. 
The release on a 1% v/v Tween 80 aqueous solution phase was done to 
simulate conditions with high solubility of epalrestat in aqueous 
solution. The release was also tested at 20 °C and at 37 °C.

The oleorod displayed in Figure 5.5 showed a change in the 
morphology of the rod structure over 4 days. The release of epalrestat 
was made evident by the color gradient of the oleorod, shifting to a less 
saturated color with time. The rod sectioned itself off into multiple 
smaller rods with time, increasing surface area further.
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Figure 5.5. Oleorod EB loaded with 10% w/w epalrestat releasing the drug on DI water at 20 
°C. The images were taken at timepoints: A: t =0; B = 1h; C = 6h; D = 1 day; E = 4 days at 

equivalent distance from the surface of the water.

First the release of epalrestat from oleorods was tested at 20 °C in 
DI water, SLF and 1% Tween 80 v/v aqueous solution for 2 hours. The 
volume of the oleorods was 0.1 mL, meaning the total amount of 
epalrestat available for release per oleorod was 4.6 mg.

Epalrestat got released from the oleorods at 20 °C into distilled 
water at a higher rate from the start of the experiment to 45 minutes for 
oleorods EC and BC, then plateaued at 1.3 µg/mg (3.0% of total 
epalrestat loading) and 1.9 µg/mg (4.4% of total epalrestat loading) 
respectively. This was also the behavior of oleorod EB (3.8% of total 
epalrestat loading released at 2 h), with the exception of the plateau 
where it instead had a linear release profile as can be seen in Figure 
5.6. The release of epalrestat from oleorods at 37 °C was a linear for all 
three formulations. The increase of the release of epalrestat at 37 °C 
(EB: 6.7%; EC: 8.3%; BC: 8.7% of total epalrestat loading) is likely 
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due to the increased solubility of epalrestat in water at higher 
temperatures.

The release of epalrestat in SLF followed a burst release pattern 
with the exception of oleorod EC at 20 °C (Figure 5.7). The plateau of 
epalrestat released was the same (3.90 µg/mg; 9% of total epalrestat 
loading) for oleogels EB at 37 °C and oleorod BC at both temperatures, 
reached after 10 minutes. Oleorod EB at 20 °C released rapidly until 20 
minutes and then slower but at constant rate until plateauing from one 
hour on. Epalrestat got released from oleorod EC at 37 °C rapidly in 10 
minutes and then linearly until 45 minutes, reaching the same plateau 
as oleorods EB and BC at 37 °C.

Epalrestat release from oleorods into 1% Tween 80 v/v aqueous 

solution was faster in the case of 37 °C than in the case of 20 °C (Figure 
5.8). The release of epalrestat into 1% Tween 80 v/v aqueous solution 
was rapid until 30 minutes, where the release rate diminished. The 
amounts of epalrestat released after 2 h where at best 3.4 µg/mg and 3.5 
µg/mg (7.8% and 8.0% of total epalrestat loading respectively) 
corresponding to oleorods EC and BC at 37 °C. This is surprising as the 
expectation was that the total release of epalrestat in 1% v/v Tween 80 
aqueous solution would be significantly higher than in DI water or SLF.
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Figure 5.6. Drug released from oleorods loaded with 5% w/w epalrestat at 20 °C and 37 °C 
deposited on top DI water for 2 h.

Figure 5.7. Drug released from oleorods loaded with 5% w/w epalrestat at 20 °C and 37 °C 
deposited on top of SLF for 2 h.
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Figure 5.8. Drug released from oleorods loaded with 5% w/w epalrestat at 20 °C and 37 °C 
deposited on top of  1% Tween 80 v/v aqueous solution for 2 h.

The release of epalrestat in SLF from EC oleorods plateaued after 
10 hours for both 5% and 10% epalrestat loaded oleorods (Figure 5.9). 
As expected, the oleorod loaded with 10% epalrestat released about 
twice the amount of the oleorod loaded with 5%. The final amount of 
epalrestat released in the case of 5% epalrestat loaded oleorod (1.5 
µg/mg) correspond to the amount displayed in Figure 5.7 after 2 hours.

When the oleorods were made with ethyl cellulose/beeswax instead 
of ethyl cellulose/cocoa butter as the gelling agent, the release duration 
increased to 24 h before plateauing (Figure 5.10). In this situation the 
oleorod loaded with 10% epalrestat did not manage to release twice the 
amount of epalrestat of the 5% loaded oleorod. Furthermore, the release 
profile and final amount of epalrestat released (2.0 µg/mg) was nearly 
twice as low as the expected value (4.5 µg/mg) found at the plateau of 
the precious release.
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Figure 5.9. Epalrestat release from oleorod EC at 20 °C in SLF over 3 days.

Figure 5.10. Epalrestat release from oleorod EB at 20 °C in SLF over 3 days.
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While measuring the release profile of epalrestat from oleorods in 
10 mL is important to understand the limitations of drug release, such a 
release volume is not realistic, as the tear film volume passing on the 
ocular surface is at most 1 mL in 6 hours [30,31]. Furthermore, during 
topical administration of oleogels, the deposition of the formulation is 
likely to be in drop format, restricting the extrusion of oleogels to 
volumes closer to 50 µL. Due to the high cost of epalrestat and the 
release limit of the drug in these conditions 5% w/w epalrestat loading 
was chosen for the following experiments.

5.3.3 HET-CAM

The HET-CAM assay was performed to obtain ocular irritability 
potential values for the three oleorods, EC, EB and BC. This assay was 
chosen as it is not considered an animal experiment under Directive 
2010/63/EU [32], and gives an accurate idea of the safety of the 
formulations. The positive control (0.1 M NaOH) and the negative 
control (0.9% NaCl) displayed ocular irritability potentials of 19.5 ±
0.26 and 0, respectively. In the images of Figure 5.11 the oleorods are 
seen as oleogel drops as they do not retain their shape 10 seconds after 
being brought in contact with the CAM at 37 °C. All three oleorods did 
not show any noticeable sign of hemorrhage, lysis or coagulation and 
obtained an ocular irritability potential score of 0. These results suggest 
that the oleorod formulations are safe for topical administration to the 
eye. 
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Figure 5.11. Pictures of the chorioallantoic membrane after 300 s. A: oleogel EB, B: oleogel 
EC, C: oleogel BC, all loaded with 5% w/w epalrestat.

5.3.4 Corneal and scleral permeation

The corneal permeation of epalrestat from oleogels only started 
after 4 h of contact as can be seen in Figure 5.12. Oleorod BC 
outperformed oleorods EB and EC by permeating about 8 times more 
by 6 h. For scleral permeation epalrestat started to permeate from 30 
min on, with all three formulations permeating linearly. Again, oleorod 
BC outperformed oleogels EB and EC at 6 h, but by a smaller margin 
than for corneal permeation.
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Figure 5.12. Amounts of epalrestat permeated through cornea (left) and sclera (right) after 6 

The amount of epalrestat remaining in the tissue after 6 h of 

permeation was quantified by HPLC (Figure 5.13). In both corneal and 
scleral permeation oleorod BC (93 µg/g and 36 µg/g) left more 
epalrestat in the tissue than oleogels EC (20 µg/g and 31 µg/g) and EB 
3 µg/g and 6 µg/g), which is in line with the permeation data. However, 
the fact that more epalrestat was retained in the tissue in the case of 
oleorod EC compared to oleorod EB when looking at scleral permeation 
was surprising as the permeation values showed oleorod EB allowing 
for better epalrestat scleral permeation than oleorod EC. The 
permeability coefficients of epalrestat delivered through each tissue by 
each oleorod are summarized in Table 5.3.
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Figure 5.13. Epalrestat retained in corneal (left) and scleral (right) tissue after 6 h 
* statistically significant higher 

concentrations in the tissue (p<0.05) , ** statistically significant higher concentration in the 
tissue (p<0.01).

Table 5.3. Steady state flux, lag time and permeability coefficient of different tissues and 
oleorods.

Sample
Steady State Flux

(µg/cm2 × h)
Lag Time (min)

Permeability Coefficient
(×106 cm/s)

Cornea

EB 1.307 ± 0.912 402.4 ± 246.3 2.520 ± 0.481

EC 0.573 ± 0.0934 161.0 ± 40.2 0.796 ± 0.130

BC 13.19 ± 5.931 246.1 ± 15.3 18.31 ± 8.238

Sclera

EB 2.196 ± 1.547 61.90 ± 25.8 3.050 ± 2.100

EC 0.949 ± 0.254 20.70 ± 4.99 1.318 ± 0.350

BC 2.571 ± 1.809 35.60 ± 17.5 3.571 ± 2.500

5.3.5 IR-RAMAN

IR-RAMAN spectroscopy was used to assess the presence of 
epalrestat at the top and bottom of the tissue, to confirm the permeation 
results displayed in the previous section (Figure 5.14). Oleorod EB 
showed a ratio of top to bottom close to one, confirming permeation of 
epalrestat through the cornea, with equal epalrestat presence on both 
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sides of the tissue. The top to bottom ratio of oleorods EC and BC was 
positive, meaning that there was more epalrestat present on the donor 
chamber side of the tissue compared to that of the receiver chamber side 
of the tissue.

Figure 5.14. Ratio of the top to bottom intensity of Raman peaks indicating the presence of 
 ** statistically significant higher top to bottom ratio 

(p<0.01). 

5.4 DISCUSSION

Oleogels are being investigated as drug delivery platforms, but few 
articles are exploring their potential as a platform for ocular drug 
delivery [15,23 25]. To the best of our knowledge this is the first study 
incorporating epalrestat into oleogels for ocular delivery.
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Six different oleogel formulations were prepared with different 
gelator combinations, and different epalrestat loading. The oil chosen 
was soybean oil for all oleogels, while the gelators chosen were ethyl 
cellulose, cocoa butter and beeswax. These gelators were chosen as they 
represent three categories of gelating agents: polymeric gelators (ethyl 
cellulose), lipid-based gelators (cocoa butter), and non-lipid based 
gelators (beeswax). The oleogels were able to homogeneously 
incorporate epalrestat up to 10% w/w, as confirmed with microscopy 
images. The morphology of the oleorods changed over the course of the 
release study, where it sectioned itself off over time. According to 
Macoon et al. [18] -sitosterol 
/lecithin (8:2), and 15% w/w sorbitan monostearate dissolve over time, 
reaching full dissolution after 2 and 5 months respectively. This is 

different than the oleorods made from 5% w/w beeswax, that kept their
structure even after 110 days. The overall size of the oleogel inserts (2-
4 µL) being smaller compared to the ones extruded in this study (0.1 
mL) could account for the lack of sectioning as each section in image E 
of Figure 5.5 was approximatively the size of the oleorod extruded in 
the study of Macoon et al. To keep precorneal residence, the viscosity 
of the oleogels need to be above 0.01 Pa.s [33,34], which all oleogels 
achieve in the range of blinking shear rates. While the maximum shear 
rate of blinking can reach values as high as 20,000 s-1 [35], measuring 
the viscosity at such high shear rates is redundant as the Newtonian 
plateau had been reached [36]. Commercial artificial tear solutions 
commonly have viscosities between 1 and 10 Pa.s when behaving as 
Newtonian fluids and between 8 and 100 Pa.s in the 100 s-1 to 1000 s-1

shear rate range when exhibiting shear thinning behavior [36]. A 
positive correlation has been established between higher viscosity and 
longer precorneal retention both in rabbit and humans [33,37]. The 
optimal eye drop is therefore viscous enough to increase its precorneal 
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retention time while simultaneously still being able to be administered 
in drop form.

The release of epalrestat was higher at 37 °C than at 20 °C in each 
release medium, as expected, due to the higher solubility of epalrestat 
at higher temperatures (2.956 mg/L at 25 °C [38] and 4.467 at 37 °C 
[39]). The most remarkable result was the change in release behavior 
when the oleogels were deposited on top of a SLF solution, where the 
epalrestat was able to release extremely rapidly from the oleorod. The 
behavior of release of an hydrophobic molecule into an ionic medium 
is in accordance with the results of Buyukozturk et al. [40] where 
naproxen would also release from soybean oil emulsions into PBS at 37 
°C at a fast rate. The content of epalrestat in the oleogels being 4.6 mg 
per oleogel, the amounts that are released over two hours are always 

under 10%. The release of hydrophobic drugs from oleogels typically 
takes time, with the release of diclofenac from paraffin oleogels 
reaching 7.34% after one hour [41], or the release of ciprofloxacin 
reaching 10% from Span 60/mustard oil oleogels [42]. Oleorods 
prepared by Macoon et al. intended for intraocular injection displayed 
release times of 125 days to release 85% of the dexamethasone loaded 
in the device [16]. For topical administration, the burst release pattern 
shown by oleorod EB and BC when releasing epalrestat in SLF is 
favorable as ocular clearance will remove the formulation from the 
ocular surface even when deposited into the conjunctival sac.

The deposition of all three 5% w/w epalrestat loaded oleorods on 
the chorioallantoic membrane resulted in an ocular irritability potential 
score of 0, indicating the compatibility of the formulation with the eye. 
This also indicates that the oleorod protects the membrane from the 
damaging effects of epalrestat when in its free form [6], as epalrestat 
was previously reported to have an ocular irritability score of 18.58 at 
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0.2 mg/mL concentration. When compared to the results of HET-CAM 
assays of epalrestat in niosomes, this indicates that oleogels are able to 
protect the CAM to the same extent as niosomes [6].

Permeation of epalrestat through corneal and scleral tissue was 
successful. The scleral route seems to be the privileged route for 
permeation as epalrestat was detected in the receiving chamber from 
one hour on, and with the exception of oleorod BC, had higher 
permeability coefficients than permeation through corneal tissue. In 
both cornea and scleral tissue, the permeability coefficients indicated 
an efficiency of BC>EB>EC. The permeability coefficients of the 
corneal permeation are very different for each oleorod, which can be 
explained by the long time needed for the drug to start being detected 
in the receptor chamber of the Franz cell. The permeability coefficients 

are therefore calculated with linear regressions relying on less data 
points than the coefficients obtained for scleral permeation. When 
comparing the scleral permeability coefficients of epalrestat from 
oleogels to epalrestat from niosomal formulations, the range is in the 
same order of magnitude. The final cumulative amounts of epalrestat 
permeated through the tissues is also similar, however it needs to be 
pointed out that the 5% w/w loading of the oleogels represent 4.6 mg 
total epalrestat per oleorod, while the niosomes concentration and 
volume amounted to 0.4 mg total encapsulated epalrestat. This 
represents an 11.5 times increase of available epalrestat in the oleogel 
formulation. When relativized in regards to the amount of epalrestat 
loaded per formulation and compared to the permeability of epalrestat 
encapsulated in niosomes [6] the oleogels were less effective by a factor 
104. This points to a relevant hypothesis; that while the absolute 
amounts of epalrestat permeated and recovered from the tissues are 
higher in the case of oleogels, owing to the higher loading potential of 
oleogels, the niosomes are able to help with permeation in a way that 
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oleogels cannot. This would mean that the permeation of epalrestat 
through corneal and scleral tissues follow Fickian diffusion kinetics and 
are affected by saturation effects in the donor chamber. This hypothesis 
is further supported by the results of ex vivo corneal permeation of 
ciprofloxacin from graphene oxide reinforced nanocomposite oleogels 
that managed to reach cumulative permeation percentages between 
0.6% and 1.0%, with cumulative drug releases between 0.7% and 1.2% 
[23]. The Fickian diffusion of the drug was also the determining factor 
for the corneal permeation of voriconazole from palmitic acid and 
safflower oil oleogels, even though the drug molecule is hydrophilic 
than epalrestat or ciprofloxacin and was able to reach cumulative drug
permeations values as high as 35% [25].

Interestingly, both in the recovery of epalrestat from permeated 

tissue and IR-RAMAN data, oleorod EC displayed higher values than 
oleorod EB. Oleorod EB having only a little amount of epalrestat 
remaining in the corneal and scleral tissue in comparison to the other 
two oleogels. The higher amounts of permeation from oleorod BC was 
further supported by the amounts of epalrestat recovered from the 
tissues after 6 hours of permeation. The trend of niosomes increasing 
permeation by a factor 104 was also found in the amounts of epalrestat 
recovered from the tissues [6], giving more weight to the hypothesis of 
Fickian diffusion governing permeability kinetics. The top to bottom 
ratios of the different oleogels indicate differences in the amounts of 
epalrestat in the first few microns of the cornea in contact with each of
the chambers of the Franz cell. The ratio close to 1 of oleogel EB is 
logical seen as the epalrestat recovered from the tissue (3.45 µg/g) was 
significantly smaller than the epalrestat recovered from oleogels EC and 
BC (19.79 µg/g and 93.37 µg/g respectively). The high corneal 
permeation of epalrestat in the case of oleogel BC is corroborated by 
the high amount of epalrestat recovered in the corneal tissue and further 
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supported by the ratio of 4 between the epalrestat concentration on top 
and on the bottom of the cornea, pointing to an epalrestat gradient in 
the tissue. However, the permeation behavior of oleogel EC is less 
evident, as it was the oleogel with the highest top to bottom ratio (17) 
but a recovery of 19.37 µg/g epalrestat in the cornea and 0.31 µg/cm2

cumulative permeated epalrestat after 6 hours. A possible explanation 
is that the oleogel at 37 °C would start to dissolve [43] and that parts of 
the oleogel matrix get deposited on the corneal tissue, creating a barrier 
to permeation which would explain the poor permeability results and 
the high ratio of top to bottom epalrestat concentration.

The most promising oleorod seems to be formulated with soybean 
oil, beeswax and cocoa butter. This was supported by its high release 
profile, and scleral permeation outperforming that of the other two 

oleogel formulations. Assuming a loading of 5% w/w of epalrestat, a 
volume of 100 µL equivalating to 2 to 3 eye drops, a human patient can 
expect to have 2.5 µg/cm2 of epalrestat permeating through their sclera. 
This is enough to have a therapeutically significant amount of epalrestat 
cross the sclera [44,45].

5.5 CONCLUSION

This study shows the successful preparation of oleogels dissolving
epalrestat. Compared to niosomes [6] and contact lenses [4] the 
potential loading of epalrestat is significantly higher, and the release of 
the drug in simulated lacrimal fluid is sufficient for the drug to saturate 
the tear film during a retention time close to 20 minutes. The loaded 
oleogels are non-irritating, and therefore comparable to other ocular 
formulations protecting the surface of the eye against the irritating 
effects of epalrestat in solution. The permeation of the epalrestat is 
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similar to the permeation of epalrestat encapsulated into niosomes and 
higher than the permeation of epalrestat eluting from contact lenses. 
This first incorporation of epalrestat in oleogels for topical 
administration represents a technologically sound way deliver 
epalrestat to the ocular tissues in a non-invasive way.
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6. COMPARISON OF IN VIVO EPALRESTAT
OCULAR DISTRIBUTION FROM NIOSOMES, 
MICELLES AND OLEOGELS

6.1 INTRODUCTION

Diabetic eye diseases have a big impact on the quality of life of the 
patients affected. They are illnesses affecting patients with diabetes and 
include cataracts, glaucoma, macular edema and diabetic retinopathy 
They often cause loss of vision and in the worst cases lead to blindness. 
The current standard of care for diabetic retinopathy involve intraocular 
anti-VEGF injections, laser treatment and eye surgery [1 3]. These 

procedures require specialized medical attention and entail significant 
risks for the patient. Intraocular injections and eye surgery can lead to 
retinal detachment, intraocular inflammation, ocular hypertension, 
intraocular hemorrhage, cataract or hypotony [4 6]. Development of 
diabetic retinopathy can be prevented using aldose reductase inhibitors 
such as epalrestat that prevent the accumulation of sorbitol in the retina 
in hyperglycemic conditions. When a patient suffers from 
hyperglycemia, the normal glycolysis pathway becomes saturated and 
the polyol pathway becomes active to transform glucose into sorbitol, 
and then sorbitol into fructose. The first reaction is the rate limiting step, 
and as sorbitol does not permeate cell membranes it leads to osmotic 
stress [7]. This step also consumes NADPH, leading to oxidative stress 
[8].

Epalrestat is a hydrophobic molecule and its topical administration 
demands the development of a drug carrier capable of delivering the 
drug to the therapeutic site. The safety of epalrestat has been studied in 



222

vitro on retinal pigment epithelial cells [9] and in vivo on albino rabbits 
[10]. Further in vivo studies have looked at the pharmacokinetics of 
epalrestat in rabbits [11] and the effect of epalrestat on pulmonary 
fibrosis in rats [12]. In chapter 3 and 5 of this Thesis, two formulations 
were developed and characterized that showed promise in the 
encapsulation and ocular permeation of epalrestat. They had to comply 
with certain requirements, such as low viscosity to be able to be 
topically administered, to hold 0.2 mg/mL of epalrestat, and to
minimize the possible side effects while keeping the initial 
concentration of the drug high enough for therapeutic concentrations to 
reach the retina. Furthermore, they were non-irritating in HET-CAM 
assays, and displayed effective corneal and scleral permeation in ex vivo
assays. Cationic niosomes were prepared and showed therapeutic levels 

of epalrestat delivery across the sclera and the cornea in ex vivo 
experiments, and demonstrated their safety in both the HET-CAM 
model and the zebrafish embryotoxicity model (chapter 3). Oleogels 
made from cocoa butter and soybean oil and loaded with epalrestat also 
showed suitable characteristics for in vivo application (chapter 5). The 
administration of epalrestat dissolved in a medium without any 
encapsulation is highly irritating. Therefore, micelles were developed 
with the objective of encapsulating epalrestat in their core to act as a 
control. 

Micelles were added as a formulation to compare each respective 
in vivo permeation and distribution efficiency. Micelles are well studied 
and have previously been used in animal experiments involving drug 

[13 15]. The micelles chosen to fill this 
comparative role were Pluronic® F127 micelles previously developed 
and characterized within our research group for the efficient ocular 
delivery of resveratrol [13]. We hypothesized that micelles can host 
epalrestat in the hydrophobic core [16]. Pluronic® F127 is a polymer
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of poly (ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 
(PEO- PPO-PEO) regarded as safe [17], and has already been used in 
in vivo ocular drug delivery experiments on rabbit models [18,19]. In
vivo experiments are an essential step in the bench to bedside process 
of drug formulation development. While the experiments on ex vivo
tissues and the toxicity tests are very valuable to reduce the number of 
potential formulations fit for human testing, ex vixo and in ovo
experiments are not yet able to encompass all the variable influencing 
the absorption and transport of drugs in the eye, thus rendering animal 
experiments unavoidable.

Rabbit models have been used to assess drug clearance and safety 
of drugs as their pharmacokinetics are similar to that of humans [20,21].
New Zealand Albino rabbits have been used in ocular drug delivery 

research to determine the distribution of drugs after topical 
administration [22]. The main differences lay in the tear flow of rabbits 
(0.7 µL/min) when compared to humans (3 µL/min), the presence of a 
nictitating membrane, the presence of a sole lacrimal puncta and a lower 
corneal thickness (0.4 mm) but bigger corneal surface area (1.5 2 cm2)
than human cornea (0.53 mm and 1.04 cm2) [23]. The ratio of 
conjunctival surface to corneal surface is about double in humans 
compared to rabbits [24]. Despite these differences the rabbit model is 
considered to be the most appropriate as relevant pharmacokinetic 
parameters such as clearance rate and distribution are similar to the 
human eye [25 29]. The evidence provided by experiments on rabbit 
models balance the reliability of the data gathered and translation to 
humans while complying with ethical guidelines and cost requirements.

The experiments described in this chapter had a threefold 
objective; (I) determining the safety and tolerance of the three 
formulations by rabbits, (II) measuring the outflow of epalrestat from 
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the eye due to lacrimal activity, and (III) measuring the accumulation 
of epalrestat in the different tissues of the eye.

The objectives of these animal experiments were prepared in 

for alternatives to the use of animals, minimizing the amount of 
experiments and amounts of animals used while keeping result
credibility and performing the experiments in a way as to avoid distress 
in the animals while the experiment is unfolding. 

6.2 MATERIALS AND METHODS

6.2.1 Materials

Polysorbate 60 MW 1311.7 g/mol (Tween 60, HLB 14.9, Sigma 
Aldrich, Buchs, Switzerland), 1,2-di-O-octadecenyl-3-
trimethylammonium propane (chloride salt) (DOTMA, 670.58 g/mol) 
(Avanti, Alabaster, AL, USA), epalrestat (319.4 g/mol) (TCI, Tokyo, 
Japan), cholesterol (386.7 g/mol) (Chemtrec, Madrid, Spain), ethanol 
(VWR Chemicals, Briare, France), methanol (Fisher Scientific 
Loughborough, UK), sodium chloride (Labkem, Barcelona, Spain), 
potassium chloride (Panreac, Castellar del Vallès, Spain), sodium 
bicarbonate (Merck, St Louis, MO, USA), calcium dihydrochloride 
(Merck, Darmstadt, Germany), Soybean oil (ThermoScientific, 
Bremen, Germany), cocoa butter (BambooStory, Lima, Peru), 
Kolliphor® P 407 (Pluronic® F127) (BASF ChemTrade GmbH, 
Burgbernheim, Germany), Propofol Lipuro® 10mg/mL (B. Braun 
vetcare, Tuttlingen, Germany), pentobarbital sodium Euthasol (Dechra, 
Barcelona, Spain)
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6.2.2 Experimental design

The animal experiments were all performed in accordance with the 
Association for Research in Vision and Ophthalmology Statement for 
the Use of Animals in Ophthalmic and Vision Research [30] and with 
European Directive 2010/63/EU [31]. The protocols were approved the 
committee of animal experimentation ethics (CEEA) of University of
Santiago de Compostela (registration number: ES150780292901). and 
the Consellería de Medio Rural of Xunta de Galicia. The study was 
supported by the European Union's Horizon 2020 research and 

-Curie Actions 
Ocular Research by Integrated 

Training And Learning).

The in vivo experiments were performed on twelve healthy male 
New Zealand white rabbits (age approx. 3 months weighing 3.06 ± 0.20 
kg). The animals were in a light-controlled room (12 h light/ 12 h dark 
cycles) at 18 °C in individual cages with unlimited access to food and 
water. Rabbits with unusual low weight or corneal disruptions were not 
included in the study. During the experiments and sampling, the rabbits 
were placed in restrainers with continuous monitoring to ensure there 
was no removal of the formulations deposited in the conjunctival sac.

To minimize the effects of subjective bias, the experiments were 
carried out in three days and the rabbits were randomly divided into 
three groups, i.e., the niosome group (n = 4), micelle group (n = 4) and 
oleogel group (n = 4). Each rabbit received an instillation of a drop of 

lacrimal fluid were gathered at predetermined timepoints, and images 
of the animals eyes were taken. The rabbits were subsequently
euthanized after 6 hours and the eyes enucleated. All experiments 
started at 9 a.m. On the first day, the four rabbits of the niosome group 
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were assayed. On the second day, the four rabbits of the micelle group 
were assayed. On the third day, the four rabbits of the oleogel group 
were assayed.

6.2.3 Formulations preparation

Niosomes TCD5 and oleogel C were prepared as described in 
chapter 4 and chapter 5 respectively, with the only difference being the 
use of sterile PBS as the dispersion medium for niosomes. Niosomes 
TCD5 were prepared using 67 mg of Tween 60, 8.3 mg of cholesterol 
and 2.57 mg of DOTMA. Oleogel C was prepared using 1mL of 
soybean oil and 46 mg cocoa butter. Both the niosomes and the oleogel 

were loaded with 0.2 mg/mL epalrestat. The micelle formulation was 
prepared adapting a previously published method from our research 
group [13] to encapsulate 0.2 mg/mL epalrestat. 10 mM Pluronic® 
F127 micelles were prepared by mixing 12.6 w/w Pluronic® F127 in 
sterile PBS at 300 rpm for 5 h in an ice bath to prevent gelling. Once 
the copolymer was completely dispersed, epalrestat was added and the
mixture was left to stir for another 5 h at 300 rpm in an ice bath. The 
final dispersion was kept at 4 °C until instillation. 

Formulations were characterized in terms of size, polydispersity 
index, viscosity and encapsulation efficiency. The particle size and 
polydispersity index of the micelles were measured with dynamic light 
scattering (DLS) using a Zetasizer Nano (Malvern Instruments, 
Herrenberg, Germany) in ultrapure water at 20 °C with 10 s 
equilibration time using back scatter. The values taken were measured 
by number. 

AXEL KATTAR



227

6.2.4 Viscosity

Rotational rheology was performed on an AR1000-N Rheometer 
(TA Instruments, Surrey, UK). The geometry used was a 4 cm cone 

experiments were conducted at 35 °C from 0.05 to 1000 s-1, recording 
100 sampling points. All three formulations, niosomes TDC5, micelles 
F127 and oleogel C were tested.

6.2.5 In vivo release

Prior to drug administration the rabbits were weighed and placed 
into restrainers. Pictures of their eyes were taken to assess any damage 

or pre-existing ocular conditions. The right eye of the rabbits was used 

mulation (0.2 mg/mL 
epalrestat loaded niosomes, micelles or oleogels) into the conjunctival 
sac with a micropipette. The left eye of each rabbit was kept as a control 
without treatment. Before and after the treatment instillation, at time 
points t = 10 min, 20 min, 30 min and ever hour until 6h, tear fluid 
samples were collected from each eye by placing Schirmer strips in the 
tarsal conjunctiva of the lower eyelid for 10 seconds with the eye 
closed. The volume of the tear fluid was recorded as the millimetres of 
moistened strip.

6.2.5.1 Epalrestat quantification in tear fluid

The Schirmer test strips were placed in 2 mL Eppendorf tubes with 
1 mL of methanol:water 70:30 solution for 12 h at 4 °C while shaking 
at 50 rpm. The strips were removed and the Eppendorf tubes were 
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centrifuged at 14,000 rpm at 5 °C for 30 minutes. Finally, the 
supernatants were collected and stored at -80 °C until UPLC analysis. 
In preliminary tests, this extraction method was shown to reproducibly 
recover >98% epalrestat present in the strips. The quantification of 
epalrestat present in the tear fluid after the extraction procedure was 
adapted from a protocol used by Huang et al. [32]. The chromatographic 
equipment employed was an Agilent 1290 Infinity II and QQQ G6475 
mass spectrometer system. An Agilent ZORBAX Rapid Resolution 
High Definition (RRHD) Eclipse Plus C18 LC column, with sizes 2.1
* 50 mm, and particle size of 1.8 µm was used at a flow rate of 0.5
mL/min. Water with 5 mM ammonium acetate was used as solvent A 
and acetonitrile with 5 mM ammonium acetate was used as solvent B. 
The gradient program used was as follows: 0 0.1 min. 40% B, 0.1-2.0

min. 40 100% B, 2.0-2.5 min. 100% B, 2.5-2.9 min. 100-60% B, and 
2.9 3.0 min. 40% B. The mass spectrometer was operated in a negative 
ESI mode with a capillary voltage of 4400 V, a nozzle voltage of 1700 
V, a gas temperature of 280 °C, a gas flow of 12 L/min and a nebulizer 
at 34 psi. The sheath gas temperature and gas flow were at 270°C and 
at 12 L/min, respectively. The compound of interest was monitored in 
multiple reaction monitoring (MRM) mode. 318.0 > 273.9 m/z 
transition was quantified.

6.2.5.2 Epalrestat quantification in the tissues

All the rabbits were euthanized by intravenous administration of 
7.5 mg/Kg of propofol for anaesthesia and 200 mg/Kg of pentobarbital 
sodium (Euthasol). Following euthanization, aqueous humour was 
directly extracted from the anterior chamber using a needle and stored 
at -80 °C until UPLC analysis. Then, the eyes were enucleated and 
immediately dissected, separating and weighing the cornea, sclera, 
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crystalline lens, vitreous humour, and retina. 1 mL methanol was added 
to cornea, crystalline, sclera and retina [32]. The tissues were incubated 
for 12 hours at 4 °C and then centrifuged at 14,000 rpm at 5 °C for 30 
minutes. The supernatant was collected and MilliQ water was added to 
reach 30 vol% and stored at -80 °C until UPLC analysis. The addition 
of water was done to allow the samples to freeze at -80 °C. The UPLC 
protocol was the same as for the quantification of epalrestat in the tear 
fluid.

6.2.6 Statistical analysis

Statistical analysis was performed using Origin 2018. The 

descriptive data were presented as mean ± standard deviation. One-way 
analysis of variance (ANOVA). The level of significance was 0.05.

6.3. RESULTS AND DISCUSSION

6.3.1 Characterization of the formulations

The formulations used in the in vivo experiments were 
characterized to ensure the reproducibility of the experiment and the 
compliance with the protocols of chapter 3 and 5 of this Thesis. The 
size, polydispersity index and zeta potential of the formulations can be 
seen in Table 6.1.
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Table 6.1. Size, polydispersity index, surface charge and drug loading of the three 
formulations used in vivo 

   
 

 

     
     

     

The three formulations had very different physical characteristics, 
making the comparison between them relevant on a qualitative base. As 
both niosomes and micelles are self-assembled systems the size 
comparison is interesting. Niosomes are bigger than micelles due to the 
structure being a bilayer with the polar heads of the amphiphilic 
molecules pointing both outward to the aqueous medium and inward 
the core of the particle that is also composed of aqueous medium. In 
contrast the micelle has a core composed of the hydrophobic tails and 

the hydrophilic moieties are all pointing outward to the aqueous 
medium. Furthermore, only niosomes were charged as the inclusion of 
5 mol% DOTMA made sure that the niosomes were cationic and more 
stable in solution. All three formulations achieved an excess of 98% 
encapsulation of epalrestat at 0.2 mg/mL loading.

6.3.2 Viscosity

The viscosity of each formulation was assessed over a 0.05 to 1000 
s-1 shear rate range to mimic the behavior of blinking progression [33].
Furthermore, the temperature was kept at 35 °C to mimic the surface 
temperature of the eye [34]. As expected the oleogel was more viscous 
than the suspensions, and itself and the micelles reached a viscosity 
plateau (at 0.035 and 0.015 Pa.s respectively) around 60 and 200 s-1

respectively. In contrast the niosomes displayed more pronounced shear 
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thinning behavior, but lower viscosity overall, starting at 0.019 Pa.s and 
reaching a plateau of 0.0013 Pa.s at a shear rate of 450 s-1.

Figure 6.1. Effect of shear rate on the viscosity for TCD5 niosomes, F127 micelles and C 
oleogel 35 °C. 

Niosomes behave as pseudoplastic as the larger vesicle can resist 
initial flow. This behavior is in accordance with the current literature 
[35 37]. The micelles were kept at low temperatures during the whole 
preparation process and storage to ensure that no gel was forming. The 
sol-gel transition temperature for micelles made from 10 mM 
Pluronic® F127 is 35 °C [13], which explains the higher viscosity of 
the micelles when compared to the niosomes. The oleogel C behaved in 
a near Newtonian way, with a small viscosity decrease past the very low 
shear rate, that can be attributed to the energy needed to get the gel 
moving [38].
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6.3.3 In vivo experiment

The in ovo and zebrafish embryotoxicity experiments of the 
previous chapters indicated that the formulations developed were 
capable of efficiently protecting tissues from the irritating effects of 
epalrestat. Subsequently, an in vivo experiment was planned with a 
threefold objective: (I) confirm the safety of the formulations deposited 
on the ocular surface of rabbits, (II) quantifying the amounts of 
epalrestat in the lacrimal fluid over the duration of the experiment and 
(III) quantifying the accumulation of epalrestat in the different ocular 
tissues after 6 hours. This information is essential to ensure safety and 
efficiency of the formulations in the next steps of development, trending 
towards clinical trials. The study was 

Horizon 2020 research and innovation program under the Marie 

Sklodowska-Curie Actions (grant agreement-No 813440). The work 
was also supported by MCIN/AEI/10.13039/501100011033 [PID 
2020-113881RB-I00 to A.C. and C.A.-L., and PID2020-115121GB-I00 
to L.S.], Spain, Xunta de Galicia [ED431C 2020/17], and FEDER.

During the experiment the right eye was always the eye receiving 
the formulation while the left eye was kept as a control. The images 
displayed in Table 6.2, Table 6.3 and Table 6.4 show that there was 
no corneal damage induced by the formulations. The formulation that 
irritated the rabbits the most was oleogel C as can be seen from the 
images in Table 6.4 where the conjunctiva gets progressively more red 
over the course of the experiment. According to the European 
Communities guidelines for the use of in vivo rabbit eye test [39] and 
the European Union Dangerous Substances Directive (EU DSD) [40]
the presence of minimal or reversible irritancy does not eliminate a 
formulations from eligibility for clinical evaluation, but quantitative 
data would need to be gathered to assess the severity of the irritancy in 
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the case of oleogels. The lacrimal concentration data from two rabbits
(Rb2 and Rb3) in the niosomes group as well as the lacrimal 
concentration data from one rabbit (Rb7) were not used as the values 
were not reasonably believable and probably came from contamination 
of the samples. The data from the aqueous humor from the right eye of 
one niosome group rabbit (Rb 1) and from the aqueous humor of the 
left eye of one oleogel group rabbit (Rb 11) were not as the values were 
not reasonably believable and probably came from contamination of the 
samples

Table 6.2. Images of the eyes of the rabbits taken at t = 0, 1,4, 6h after administration of 
TCD5 niosomes loaded with 0.2 mg/mL epalrestat to the right eye
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Table 6.3. Images of the eyes of the rabbits taken at t = 0, 1,4, 6h after administration of 
F127 micelles loaded with 0.2 mg/mL epalrestat to the right eye

Table 6.4. Images of the eyes of the rabbits taken at t = 0, 1,4, 6h after administration of 
oleogel C loaded with 0.2 mg/mL epalrestat to the right eye
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6.3.3.1 Epalrestat quantification in the lacrimal fluid

Each of the three formulations had their peak epalrestat 
concentration measured 10 minutes after application of the eye drop 
(Figure 6.2). The micelle formulation reached a higher concentration 
in the lacrimal fluid (48.3 ± 16.2 ng/µL) than the niosomes (12.3 ± 13.2 
ng/µL) and the oleogel (15.8 ± 12.2 ng/µL). The release and duration 
of release (2 h) of epalrestat was higher for micelles, while the oleogel 
and the niosomes performed similarly. Interestingly, the values for the 
lacrimal concentration of epalrestat in the case of oleogel from 3 to 6 
hours seemed higher than the one from micelles and oleogels, which 
trended towards zero, indicating that the oleogel deposited in the 
conjunctival sac did not completely get cleared by the tear turnover.
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Figure 6.2. Epalrestat concentration in the tear fluid after a single instillation of loaded TCD5 
niosomes, F127 micelles and C oleogel (50 µL, 0.2 mg/mL, n = 4 for each formulation) (mean 

values and standard deviations).
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There was no significant differences found in the lacrimal 

concentration of epalrestat during the 6 hours of the experiment. The 
seemingly higher lacrimal concentration of epalrestat when 
encapsulated in F127 micelles can be explained by the formation of a 
gel at 35 °C. The temperature of the eye [34] is approximatively the sol-
gel transition temperature of the micellar suspension [13], which would 
increase its retention time compared to niosomes. For the oleogel, its 
higher viscosity might have led to longer retention of the gel in the 
conjunctival sac, creating a depot that would release the drug in the later 
stages (3-6 h) of the experiment.

6.3.3.2 Epalrestat in the tissues

Biodistribution of epalrestat over the ocular tissues was evaluated 
6 hours after eye drop instillation (Figure 6.3 and Figure 6.4). The 
highest amounts of epalrestat were recovered from the cornea and the 
aqueous humor of the niosome group. The cornea being in direct 
contact with the formulation, the high concentration of epalrestat in this 
tissue indicates that the drug was able to permeate inside the tissue from 
the tear film. The high amount of epalrestat also found in the aqueous 
humor indicates that the drug was capable of passing through the 
cornea, however it was then blocked from travelling further. Indeed, the 
drug transport pathways are governed by pressure differentials going 
from the back to the front of the eye [41]. The epalrestat able to cross 
the cornea does not permeate further than the aqueous humor. This is 
more pronounced in the case of niosomes than in the case of micelles 
or of the oleogel. Furthermore, the low amounts of epalrestat found in 
the vitreous and in the lens suggest that the scleral route was favored 
for drug delivery to the vitreous. The scleral route was targeted when 
the topical formulations were designed, and the comparison of 
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epalrestat found in the retina and in the sclera point to scleral 
permeation without significant retention.
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Figure 6.3. Epalrestat accumulated in various ocular tissues of the right eye 6 h after eye 

drop instillation (n = 4).

Figure 6.4. Epalrestat accumulated in various ocular tissues of the left eye (control) 6 h after 
eye drop instillation (n = 4).
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The values of epalrestat concentration in the control eye are lower 

than those of the eye where the formulations were administered, with 
the unexpected exception of the aqueous humor. While the high 
amounts of epalrestat recovered from the retina of the control eyes can 
be explained by the high vascularization of the tissue [42] which could 
receive epalrestat from the bloodstream, the high presence of epalrestat 
in the aqueous humor of the control eye is less evident. To the best of 
our knowledge this is the first study that compares the biodistribution 
of epalrestat from three different formulations: niosomes, micelles and 
oleogels. In the case of drug suspension of voriconazole the drug 
concentration in the aqueous humor decreased significantly after only 
2 minutes, and even with the use of a proniosomal in situ gelling ocular 
insert, the concentration of drug decreased significantly after 8 minutes 

[43]. Another proniosomal gel study investigating the distribution of 
lomefloxacin reported a significantly higher lomefloxacin
concentration in aqueous humor, vitreous humor, cornea and 
conjunctiva when compared to a marketed formula. This is due to the 
mucoadhesive properties of the proniosomal gel, and the non-ionic 
surfactants acting as penetration enhancers [44]. The penetration 
enhancement from non-ionic surfactants would explain the higher 
corneal concentration of epalrestat in the right eye of the rabbits.

Not a lot of permeation assays in vivo have been performed with 
oleogels. Cao et al. have looked at the cyclosporin A [45] distribution 
in the cornea, conjunctiva and sclera when an organogel made from 
stearic acid, soybean oil, and N-methyl-2-pyrrolidinone was deposited 
in the lacrimal canaliculi to block lacrimal drainage. The concentrations 
of cyclosporin A at six hours were higher when the organogel was used 
compared to an ophthalmic solution, and the concentration ranges for 
the cornea were around 150 ng/g for the cornea and 40 ng/g for the 
sclera. 
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6.4 CONCLUSION

The preparation of micelles prepared from Pluronic® F127 were a
good comparison for the in vivo administration of eye drops containing 
0.2 mg/mL epalrestat. The micelles were able to demonstrate high 
lacrimal concentrations staying present until one hour. All three 
formulations, TCD5 niosomes, F127 micelles and oleogel C were able 
to deliver epalrestat to the different tissues of the eye in vivo without 
statistically significant differences. While the corneal route is not likely 
to provide an efficient route to reach the retina, which is the therapeutic 
site for diabetic retinopathy, the transscleral route seems to offer a way 
for epalrestat released from each formulation to arrive in the retina. To 
ensure the safety of the formulations, quantitative irritation tests will 
need to be performed with oleogel C.
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7. CONCLUSIONS

According to the aims of this Thesis, formulations carrying and 
delivering epalrestat to the posterior segment of the eye have been 
developed, characterized and evaluated. Three different carriers were 
explored; niosomes, micelles and oleogels.

The investigation was carried out in four steps and the conclusions 
which arise from each chapter are summarized in the following 

paragraphs.

1. Cationic niosomes were successfully designed with the intent of
encapsulating epalrestat. The prepared nanoparticles displayed 
favorable physicochemical properties for delivering drugs to the ocular 
surface. These formulations have a low potential for causing eye 
irritation, are highly biocompatible, offer sustained drug release, and 
possess the ability to permeate the cornea and scleral tissue. They also 
provide superior protection against premature drug degradation while 
facilitating its passage into the inner eye tissues. Furthermore, our 
research has indicated the safety of drug encapsulation in niosomes, as 
demonstrated in HET-CAM and zebrafish embryotoxicity assays. In 
contrast, similar concentrations of epalrestat in solution could be 
harmful to patients. These findings underscore the suitability of 
epalrestat-loaded niosomes for non-invasive drug delivery to the inner 
eye structures.



2. Through experiments involving Langmuir monolayers and the
analysis of their mechanical properties, the niosomal arrangement in the 
bilayer was studied. The results revealed that there was a DOTMA 
dependent increase in compressibility in all the systems examined. This
effect served to impede the formation of tightly packed arrangements, 
which could have adverse effects on drug loading in the niosomal 
bilayer. Furthermore, a positive correlation between the concentration 
of DOTMA and the degree of packing or stability in the films composed 
of Tween 60, cholesterol, and DOTMA was found. This relationship is 
expected to mirror what occurs in the bilayer of vesicles. In addition to 
these findings, the change in niosomes as they transitioned from storage 
conditions (a water-based formulation at 20°C) to conditions 
resembling those encountered in the eye during administration (an 

electrolytic medium at a temperature closer to 30°C) was explored. This 
chapter showed that the inclusion of DOTMA in the binary system of 
Tween 60 and cholesterol significantly increased the compression 
modulus at 30°C and the pressure at higher surface area per molecule, 
particularly in the air/water interface suggesting that cholesterol holds 
an important role in the stability of the niosomal bilayer.

3. Successful preparation of olegels capable of incorporating
epalrestat was achieved. These oleogels exhibit a significantly greater 
capacity for loading epalrestat compared to niosomes and contact 
lenses. Moreover, the release of the drug in simulated lacrimal fluid is 
ample to saturate the tear film within 20 minutes. Importantly, the 
loaded oleogels are non-irritating, making them comparable to other 
ocular formulations that shield the eye's surface from the potential 
irritations caused by epalrestat in solution. Furthermore, the permeation 
of epalrestat through the cornea and sclera is akin to the permeation 
observed when epalrestat is encapsulated in niosomes, and it surpasses 
the permeation rate seen with epalrestat released from contact lenses.
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This novel use of oleogels to administer epalrestat topically represents 
a technologically robust method for delivering the drug to ocular tissues 
in a non-invasive manner.

4. Micelles formulated from Pluronic® F127 serve as a valuable
point of comparison for the in vivo administration of eye drops 
containing 0.2 mg/mL epalrestat. These micelles outperformed 
niosomes TCD5 and oleogel C in terms of lacrimal and retinal 
concentrations. Notably, the micelles maintained high lacrimal 
concentrations for up to two hours. It is worth mentioning that all three 
formulations, including TCD5 niosomes, F127 micelles, and oleogel C, 
effectively delivered epalrestat to various eye tissues in vivo. However, 
the corneal route may not be the most efficient path to reach the retina, 
which is the therapeutic target for diabetic retinopathy. On the other 

hand, the transscleral route appears to offer a viable means for 
epalrestat, released from each of these formulations, to reach the retina.

As a uniform overview of the conclusions put forth in this Doctoral 
Thesis, the possibilities for topical delivery of epalrestat for the 
treatment of diabetic retinopathy have been extended. Three drug 
carriers have been developed from the chemical assembly of the system 
to the in vivo distribution when applied to a rabbit model. The results 
obtained during this investigation may pave the way towards less 
invasive forms of administration for patients suffering from diabetic 
retinopathy.

7. Conclusions
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The eye is a crucial organ that allows us to experience the world visually, 
and the loss of vision is a fear for many. One significant threat to eye health 
is diabetic retinopathy, which can result in consequences as severe as 
blindness if left untreated. Current treatments for diabetic retinopathy 
involve injections and laser exposure, but they only slow down the 
degeneration of the retina. Therefore, there exists a need for preventive 
treatments to protect patients' vision. One potential solution is the use of a 
small molecule called epalrestat, which can block a metabolic pathway 
involved in the development of diabetic retinopathy. To enhance the delivery 
of epalrestat to the eye, drug carriers have been investigated. Niosomes and 
oleogels were formulated, characterized, and tested in various models 
including ex vivo, in ovo, and in vivo assays. The self-assembly process of 
the niosomes was investigated with the help of a monolayer model. These 
carriers provided a saf e and e:fficient way to help with the transport of 
epalrestat across the various ocular barriers. 
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