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Today, according to the World Health Organization's World Vision Report, at least 2.2 billion 

people suffer from visual impairment or complete blindness, of which just over half of these 

cases (1 billion) could have preserved their vision if they had access to effective treatment. 

Vision impairment or complete blindness can result from a wide and diverse range of conditions 

ranging from age-related macular degeneration, cataracts, corneal opacity, diabetic retinopathy 

or glaucoma, among others.  

The causes of vision impairment vary from country to country and depend mainly on the 

availability of adequate and effective ophthalmic care. 

 

The eye is an organ with a complex anatomy and physiology that provides insulation and 

protection. The cornea represents the main biological barrier of the eye, preventing the entry of 

microorganisms and foreign substances (including drugs) into the eye. In addition, the high tear 

fluid turnover rate, high nasolacrimal drainage and blinking effectively remove any substance 

from the ocular surface. For these reasons, topical-ophthalmic administration has a significantly 

low bioavailability. However, this route of administration is the most desirable, as formulations 

for this route are self-administered (improving patient adherence) and cost-effective. 

Over the years, research in the development of new formulations has mainly focused on two 

strategies to improve the bioavailability of drugs through the topical-ophthalmic route: 

increasing the biopermanence of the drug in the precorneal area and increasing the permeability 

of the drug through the cornea, sclera and conjunctiva. These goals can be achieved by 

developing systems based primarily on polymers that increase the viscosity of the formulations 

and increase their adhesion to the mucin layer, keeping the formulations longer on the ocular 

surface. Bioavailability can also be improved by increasing transcorneal permeability through 

the use of penetration promoters such as cyclodextrins.   

 

Fungal keratitis is a disease of infectious origin caused by different types of fungal species. 

Arpergillus spp. Curvularia spp., Penicillium spp. and Candida spp. are the most common 

species. The severity of the disease lies mainly in the lack of effective drugs available, the 

difficulty in diagnosis and the delay in starting effective treatment. These factors lead to 

blindness or even complete loss of the eyeball. It is an uncommon disease in developed 

countries, although in recent years an increase has been observed due to different factors, such 

as poor use of contact lenses, long treatments with corticoids or local antibiotics, 

immunosuppressed patients, etc. 

At the same time, there is only one FDA-approved topical-ophthalmic formulation and its 

efficacy is limited to superficial infections caused by filamentous fungi. For this reason, hospital 

pharmacy services are forced to reformulate drugs intended for other routes (mainly intravenous 

(IV)) by means of resuspension or redispersion with ophthalmic buffers. The main problem is 

that in the vast majority of cases, their toxicity, bioavailability and stability are unknown. In 

addition, in order to achieve therapeutic concentrations, intense dosages (every hour) are 

established, which cause systemic side effects and the abandonment of treatment by the patient, 

generally leading to a worsening of the clinical picture and hospitalization, increasing health 

care costs.      
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This doctoral thesis is divided into two sections. The first section consists of the first three 

chapters. These chapters focus on the design, development and characterization of several 

topical-ophthalmic formulations for the administration of three different antifungals: econazole, 

voriconazole and natamycin. These formulations are mainly based on the formation of inclusion 

complexes with cyclodextrins to increase the aqueous solubility of the drugs and improve their 

corneal permeability, and their vehicleization in in-situ gelling hydrogels and mucoadhesive 

hydrogels to increase the permanence of the formulations on the ocular surface.  

In the second section, we focus on the study of the ocular safety of cyclodextrin solutions, as 

well as the study of their potential as permanence promoters on the ocular surface. This section 

is the fourth and final chapter. 

 

In the introduction of this thesis, a critical bibliographic review is carried out in which all the 

possible pharmacological treatments for the treatment of fungal keratitis are compiled, 

including a large number of active ingredients belonging to different pharmacological groups, 

such as polyenes, azoles or pyrimidines, among others. It also includes a section detailing the 

therapeutic regimen used in hospitals when a case of fungal keratitis occurs. In addition, 

surgical treatments such as keratoplasty, amniotic membrane transplantation or debridement 

are reviewed. 

 

Chapter 1 describes the design and characterization of ophthalmic hydrogels incorporating 

econazole. The aim of this chapter was to develop two formulations suitable for topical 

ophthalmic administration of econazole for the treatment of fungal keratitis. Econazole is an 

azole antifungal with low water solubility. For this reason, the main objective was to increase 

its solubility. Based on the results of the solubility study, α-cyclodextrin (αCD) was chosen as 

the solubilizing agent. The formation of the inclusion complexes was studied by nuclear 

magnetic resonance (NMR) and molecular modelling studies, suggesting that the imidazole ring 

of econazole is deeply embedded in the cavity of αCD. 

The inclusion complexes formed between econazole and αCD were vehicled into two types of 

hydrogels using different polymers. An ion-sensitive hydrogel consisting of a mixture of gellan 

gum (GG) and kappa carrageenan (CK) (4:1) and a second mucoadhesive hydrogel consisting 

of 0.4 % (w/v) hyaluronic acid were prepared.  

Once the hydrogels were prepared, the in vitro release of econazole was studied, demonstrating 

the ability of the hydrogels to control its release. In addition, ex vivo transcorneal permeability 

was studied using bovine corneas, demonstrating that the econazole included in these systems 

is able to pass through the cornea to reach deeper tissues. Two different types of studies were 

performed to assess ocular irritation and toxicity, the corneal permeability and opacity test or 

BCOP and the in vitro ocular irritation test HET-CAM. In the BCOP test, a change in 

transparency was observed, however, corneal permeability was not affected. In the HET-CAM 

test, using chorioallantoic membrane (CAM) from fertilized eggs, no change in the blood 

vessels of the membrane was observed, demonstrating that these formulations are non-irritating.  

On the other hand, to determine mucoadhesion in vivo, the ability of the formulations to remain 

on the ocular surface was studied. For this purpose, the hydrogels labelled with a 



SUMMARY 

XVII 

 

radiopharmaceutical (18F-FDG) were administered to the ocular surface of sprague dawley rats, 

establishing their clearance over time using experimental molecular imaging techniques based 

on the use of positron emission tomography (µPET). The study demonstrates that both 

hydrogels are able to remain on the ocular surface for around 70 minutes, well above the time 

that the econazole/α-cyclodextrin inclusion complex solution remains without bioadhesive 

polymers.  

The antifungal capacity of several antifungals (econazole, voriconazole, fluconazole, 

amphotericin B and natamycin) used in the treatment of fungal keratitis was evaluated on 

different fungal species (Candida Albicans, Aspergillus Fumigatus and Paecilomyces) using 

the disc diffusion method. In this study, econazole was found to have large zones of inhibition 

far superior to those obtained with amphotericin B and natamycin.  

Based on all the results obtained, the formulated econazole eye drops have great potential for 

use in the treatment of fungal keratitis, although due to the modification of corneal transparency 

they cause, their use should be limited to use in cases where other effective amphotericins with 

similar activity (such as voriconazole) are not available or where treatment outweighs the risks 

associated with their use. 

 

Chapter 2, like chapter 1, focuses on the development, optimisation and characterisation of 

two types of mucoadhesive hydrogels with high ocular permanence for the topical-ophthalmic 

administration of voriconazole: an ion-sensitive hydrogel composed of a mixture of GG:CK 

and a hyaluronic acid hydrogel. Despite the great potential of this antifungal for the treatment 

of fungal infections in different organs and tissues, which makes it increasingly used by 

ophthalmologists, there is currently no FDA- or EMA-approved ophthalmic formulation of 

voriconazole. As a result, hospital pharmacy departments are forced to prepare ophthalmic 

formulations of voriconazole from commercial intravenous formulations by dilution in 

biocompatible ocular vehicles. This chapter compares the voriconazole mucoadhesive 

hydrogels we have developed with one of the formulations produced in hospital pharmacy 

departments from Vfend®, a commercial intravenous injectable of voriconazole. The main 

problem with this formulation is the limited residence time on the ocular surface, which requires 

intensive treatment leading to systemic side effects. 

Voriconazole is an azole antifungal with very limited water solubility. For the development of 

the hydrogels, solubility studies of voriconazole with cyclodextrins were carried out. The 

formation of inclusion complexes between voriconazole and the cyclodextrins 2-

hydroxypropyl-β-cyclodextrin (HPβCD), 2-hydroxypropyl-γ-cyclodextrin (HPγCD) was 

studied by nuclear magnetic resonance (NMR) and molecular modelling. Based on these 

results, HPβCD (20% w/v) was chosen for the development of the formulations. Previous 

studies have shown that this cyclodextrin is able to produce a significant improvement in the 

amount of drug permeated through the cornea and has decreased the ocular toxicity of certain 

drugs. 

The hyaluronic acid gel was formulated at a concentration of 0.4% (w/v) and the ion-sensitive 

hydrogels were prepared at different ratios of GG and CK (1:1, 2:1, 4:1). The 1:1 mixture was 

chosen as the best formulation for further development as it was the one that showed the best 
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performance in terms of admisnistration. In vitro release and ex vivo transcorneal permeation 

studies were carried out in bovine corneas to determine the ability of the hydrogels to release 

voriconazole in a controlled manner and to improve the transcorneal permeation of 

voriconazole. The osmolality and pH values obtained for all formulations developed except 

Vfend® were found to be within the appropriate range for ophthalmic administration. The 

ophthalmic solution prepared using Vfend® shows osmolality values much higher than those 

recommended for ocular formulations, due to the presence of the cyclodextrin sulfobutileter-β-

cyclodextrin (SBEβCD) used to solubilise the voriconazole in the injectable. This is an anionic 

cyclodextrin that has several sulphobutyl radicals in the form of a sodium salt in its structure 

and therefore contributes a high concentration of sodium ions to the medium. Ocular irritation 

and toxicity tests performed by BCOP and HET-CAM showed that all formulations evaluated 

are safe for ophthalmic use.  

To determine the permanence time on the ocular surface, ex vivo corneal mucoadhesion studies 

and in vivo corneal surface permanence time studies were performed using PET imaging. These 

tests confirmed the mucoadhesive properties of the newly prepared voriconazole hydrogels and 

their superior ocular permanence compared to Vfend® solutions.  

Based on all these results, it is possible to conclude that the developed voriconazole hydrogels 

are excellent candidates for clinical application in cases of fungal keratitis. 

The severity of fungal keratitis is aggravated by the emerging resistance of fungal species to 

current treatments. Combination therapy of several antifungals is often more effective than 

monotherapy, so chapter 3 of this doctoral thesis addresses the design and development of 

several eye drops containing two molecules with antifungal activity: natamycin and 

voriconazole.  

Natamycin is the molecule of first choice in the early treatment of fungal keratitis caused by 

filamentous fungi. The main problem is that there is only one FDA-approved ophthalmic 

formulation, Natacyn®, which is based on a conventional natamycin suspension with low 

transcorneal penetration and is therefore limited to superficial infections. In this chapter, we 

study improving the water solubility of natamycin through the use of cyclodextrins. As with 

voriconazole, the cyclodextrin of choice after solubility studies was HPβCD. Due to the type of 

solubility diagram obtained (AL) (the negative deviation shows the formation of aggregates of 

the inclusion complexes) the solutions of natamycin, voriconazole and HPβCD were analysed 

by transmission electron microscopy (TEM). The images demonstrate the presence of 

nanometre-sized spherical aggregates that may enhance the ability to permeate through the 

cornea.  

The inclusion complex formed between natamycin and HPβCD was studied by NMR. Using 

this technique, competition studies on complex formation with HPβCD between natamycin and 

voriconazole were also performed. As could be observed, natamycin competes with 

voriconazole for the same binding site to HPβCD, which leads to the need to adjust and optimise 

the concentration of the cyclodextrin. In our case, the use of HPβCD concentrations of 40% 

(w/v) allowed the preparation of formulations at the desired concentrations (natamycin 7 

mg/mL (w/v) and voriconazole 10 mg/mL). 
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Once the inclusion complexes formed had been studied, two hydrogels were prepared. One 

hydrogel was made with hyaluronic acid (0.4% (w/v)) and the other with a commercial hydrogel 

(Liquifilm®) based on polyvinyl alcohol (PVA) (1.4% w/v) frequently used in the preparation 

of formulations in hospital pharmacy services. The hydrogels were characterized in terms of 

pH, osmolality, viscosity and transparency. These studies showed that the values obtained are 

within the accepted range for ophthalmic topical formulations. In vitro release studies showed 

characteristic Fickian-type diffusion process profiles for all new formulations. In addition, ex 

vivo corneal permeability studies demonstrated a significant improvement in the transcorneal 

permeation of natamycin compared to the commercial formulation Natacyn®. The developed 

formulations did not show any indication of irritation according to the results of the HET-CAM 

and BCOP tests and can therefore be considered safe formulations.  

The in vitro antifungal effectiveness of the eye drops was evaluated by the disc diffusion 

method, showing that the developed formulations show activity against the tested fungal species 

(Candida albicans ATCC 90231), Candida albicans ATCC 90028, Paelomyces lilacinus 

ATCC 90028, Aspergillus fumigatus, Paelomyces lilacinus, and Fusarium solanii). 

Ex vivo and in vivo mucoadhesion studies demonstrated that the mucoadhesive capacity shown 

by the new formulations is mainly due to the incorporated cyclodextrin, as no significant 

differences were observed when HA or PVA were incorporated at the concentrations studied.  

  

During the search for published information on the ophthalmic application of cyclodextrins 

carried out during the research conducted in the previous 3 chapters, it was found that there is 

very little information on their toxicity and safety at the ophthalmic level and on their 

mucoadhesive capacity on the ocular surface. Therefore, in chapter 4, the results of safety and 

ocular permanence studies carried out on cyclodextrin solutions at high concentrations are 

presented. For this purpose, different varieties of cyclodextrins of interest in the development 

of ophthalmic drug delivery systems have been included in the study. The effect of αCD, β-

cyclodextrin (βCD), γ-cyclodextrin (γCD), 2-hydroxypropyl-α-cyclodextrin (HPαCD), 

HPβCD, HPγCD, SBEβCD, and partially methylated β-cyclodextrin (RMβCD) solutions on the 

choriolantoid membrane of fertilized eggs was studied using the HET-CAM assay and on 

bovine corneas using the BCOP method. According to the results obtained in these tests, all 

cyclodextrins are safe, with the exception of αCD and RMβCD. The 20% (w/v) solutions of 

RMβCD caused a significant change in corneal transparency but showed no changes in the 

chorioallantoic membrane vessels. The changes in transparency are due to the low pH value 

obtained when dissolving this partially methylated variety (2.447±0.025). At acidic pH, 

alteration of proteins and other components of the mucosa and epithelium can occur, causing 

these alterations. The negative effect on corneal transparency was resolved by adjusting the 

RMβCD solution to pH 7.4. The αCD solutions (in unnaturalized and neutralized solutions at 

pH 7.4), did not cause hemorrhage, lysis or coagulation on the chorioallantoic membrane 

vessels of the eggs, but the formation of a thin white precipitate was observed. In addition, a 

significant change in corneal transparency was also observed during the BCOP test. This 

phenomenon is probably due to the interaction described for αCD and different phospholipids 

and lipid components of the membrane, which form insoluble inclusion complexes, which can 
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precipitate on the membranes. The permeability of fluorescein across corneas studied through 

BCOP was affected by most of the cyclodextrin solutions studied. Increased fluorescein 

permeability is normally interpreted as a sign of toxicity; however, it is known that 

cyclodextrins can interact with cell membrane components to enhance permeability across 

different epithelia and barriers without showing toxic effects, including transcorneal 

permeability.   

The mucoadhesive capacity of cyclodextrins was studied by in vitro, ex vivo and in vivo assays. 

These tests demonstrated the ability of the cyclodextrins to interact and bind to the ocular 

mucosa. The ex vivo studies showed that at the concentrations studied there are no significant 

differences between the different cyclodextrins, and they exhibit similar levels of 

mucoadhesion to those observed for some biodhesive polymers (such as HA and PVA) and for 

their blends with cyclodextrins. In vitro studies performed on mucin blends and cyclodextrin 

solutions showed the establishment of interactions between cyclodextrins and mucin in 

solution, probably through the establishment of weak hydrogen bonding or Van der Waals 

interactions. In vivo studies demonstrated the excellent ability of the cyclodextrin solutions to 

remain on the ocular surface. All the permanence values (with the exception of the RMβCD 

solutions) decreased when the solutions were adjusted to pH 7.4. This may be due to an 

increased difficulty in establishing hydrogen bonds between the cyclodextrins and mucin 

caused by the ionization of sialic acid. In the case of RMβCD, in vivo ocular permanence was 

increased by neutralizing the dilution. pH values as acidic as those observed for this 

unneutralized solution exceed the buffering capacity of the eye, producing irritation and damage 

to the epithelium, which promotes tearing and blinking, increasing clearance at its surface.  

αCD was the cyclodextrin that showed the highest MRT value, probably due to the formation 

of insoluble aggregates formed with the phospholipids of the epithelial cells. HPαCD, HPβCD 

and HPγCD showed the highest t1/2 values, suggesting that it is the hydroxylated cyclodextrins 

that remain on the ocular surface the longest.  

Therefore, taking into account the results obtained on the safety and ocular mucoadhesion of 

the different cyclodextrins, as well as their capacity to promote the transcorneal penetration of 

other molecules, make cyclodextrins excellent candidates for the development of ophthalmic 

formulations of drugs that are poorly soluble in water or with low corneal permeability. 

 

In conclusion, this doctoral thesis has addressed the rational design of different topical-

ophthalmic formulations for the treatment of ocular fungal diseases. Using three antifungals 

with different activity spectra, different formulations for topical-ophthalmic administration 

have been developed. In addition, a complete preclinical characterization of these formulations 

has been carried out. These formulations have great potential for the treatment of fungal 

keratitis caused by different species, which can fill the current therapeutic gap. All the 

formulations developed have shown adequate levels of safety, in vitro activity and excellent 

mucoadhesive behaviour, with high residence times on the ocular surface.  

Finally, safety and bioadhesion studies carried out with cyclodextrin solutions show that even 

at relatively high concentrations they are suitable excipients for the preparation of ophthalmic 
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formulations. However, they should be supplemented by further in vivo studies to complete the 

knowledge on the effect of cyclodextrins on the ocular surface. 
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Actualmente, según o informe mundial sobre a visión da Organización Mundial da Saúde, polo 

menos 2200 millóns de persoas padecen unha deficiencia visual ou cegueira completa, das 

cales, algo máis da metade dos casos (1000 millóns) poderían conservar a súa visión se tivesen 

acceso a un tratamento eficaz. A deficiencia de visión ou cegueira completas poden ser a 

consecuencia dunha ampla e diversa gama de afeccións que van dende dexeneración macular 

asociada á idade, cataratas, opacidade corneal, retinopatía diabética ou glaucoma, entre outras.  

As causas que provocan unha deficiencia na visión varían dun país a outro e dependen 

principalmente da dispoñibilidade dunha atención oftálmica adecuada e eficaz.  

 

O ollo é un órgano con unha anatomía e fisioloxía complexas, que lle proporcionan illamento 

e protección. A córnea representa a principal barreira biolóxica do ollo, impedindo a entrada de 

microorganismos e sustancias extrañas (incluindo fármacos) ó interior do ollo. Ademáis, a alta 

tasa de renovación do líquido lacrimal, o elevado drenaxe nasolacrimal e o parpadeo, eliminan 

de maneira eficaz calqueira sustancia da superficie ocular. Por estes motivos, a administración 

tópico-oftálmica, prensenta unha biodispoñibilidade significativamente baixa. Porén, esta vía 

de administración é a máis desexable, xa que as formulación destinadas a esta vía son 

autoadministrables (mellorando a adherencia por parte do doente) e económicamente rentables.  

Ó longo dos anos, a investigación no desenvolvemento de novas formulacións centrouse 

principalmente en dúas estratexias para mellorar a biodispoñibilidade dos fármacos a través da 

ruta tópico-oftálmica: aumentar a biopermanencia do fármaco na áera precorneal e incrementar 

a permeabilidade do fármaco a través da córnea, esclera e conxuntiva. Estes obxectivos pódense 

alcanzar mediante o desenvolvemento de sistemas baseados principalmente en polímeros que 

aumenten a viscosidade das formulacións e incrementen a súa adhesión na capa de mucina, 

mantendo as formulacións máis tempo sobre a superficie ocular. A biodispoñibilidade tamén 

se pode mellorar, incrementando a permeabilidade transcorneal mediante o uso de promotores 

da penetración, como poden ser as ciclodextrinas.  

 

A queratite fúnxica é unha enfermidade de orixen infeccioso causada por diferentes tipos de 

especies fúnxicas: Arpergillus spp. Curvularia spp., Penicillium spp. y Candida spp son as máis 

habituais. A gravidade da enfermidade radica principalmente na falta de medicamentos 

efectivos dispoñibles, a dificultade no diagnóstico e no retraso no comezo dun tratamento 

eficaz. Estos factores dirixen ó paciente a sufrir cegueira ou incluso á perdida completa do globo 

ocular. É unha enfermidade pouco habitual nos países desenvolvidos, aínda que nos últimos 

anos observouse un incremento debido a diferentes factores como o mal uso das lentes de 

contacto, tratamentos prolongados con corticoides ou antibióticos locais, doentes 

inmunosuprimidos, etc. 

Ó memos tempo, só existe unha formulación tópica-oftálmica aprobada pola FDA e ten unha 

eficacia limitada a infeccións superficiais causadas por fungos filamentosos. Por este motivo, 

os servizos de farmacia hospitalaria vense na obriga de reformular medicamentos destinados a 

outras vías, (principalmente a intravenosa (IV)) mediante a súa resuspensión ou redispersión 

con tampóns oftálmicos. O principal problema é que na gran maioría dos casos descoñécese a 

súa toxicidade, biodispoñibilidade e estabilidade. Ademais, para alcanzar concentracións 
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terapéuticas establécense posoloxías intensas (cada hora) que provocan efectos secundarios 

sistémicos e o abandono do tratamento por parte do doente, provocando xeralmente un 

empeoramento do cuadro clínico e a súa hospitalización, incrementando o gasto sanitario.  

Esta tese de doutoramento divídese en dúas seccións. A primeira sección consta dos tres 

primeiros capítulos. Estes capítulos céntranse no deseño, desenvolvemento e caracterización de 

varias formulacións tópico-oftálmicas destinadas á administración de 3 antifúnxicos diferentes: 

econazol, voriconazol e natamicina. Estas formulacións básanse principalmente na formación 

de complexos de inclusión con ciclodextrinas para aumentar a solubilidadeacuosa dos fármacos 

e mellorar a súa permeabilidade corneal , e a súa vehiculización en hidroxeis de xelificación in 

situ e hidroxeis mucoadhesivos que permitan aumentar a permanencia das formulacións sobre 

a superficie ocular. 

Na segunda sección, centrámonos no estudo da seguridade ocular de solucións de 

ciclodextrinas, así como o estudo do seu potencial como promotores da permanencia sobre a 

superficie ocular. Esta sección constitúe o cuarto e último capítulo.  

 

Na introducción de esta tese abórdase unha revisión bibliográfica crítica onde se recopilan 

todos os posibles tratamentos farmacolóxicos para o tratamento da queratite fúnxica, incluindo 

un gran número de principios activos pertencentes a diferentes grupos farmacolóxicos, como 

os polienos, os azoles ou as pirimidinas, entre outros. Inclúese tamén un apartado onde se detalla 

o réximen terapéutico utilizado nos hospitais cando aparece un caso de queratite fúnxica. 

Ademáis, faise un repaso dos tratamentos cirúrxicos empleados, como poden ser a 

queratoplastia, o transplante de membrana amniótica ou o desbridamento.  

 

O capítulo 1 describe o deseño e caracterización de hidroxeis oftálmicos que incorporan 

econazol. O obxetivo deste capítulo foi o de desenvolver dúas formulacións adecuadas á 

administración tópico-oftálmica do econazol para o tratamento da queratite fúnxica. O econazol 

é un antifúnxico azólico cunha baixa solubilidade en auga. Por esta razón, o obxetivo principal 

foi o de aumentar a súa solubilidade. Según os resultados do estudo de solubilidade escolleuse 

a α-ciclodextrina (αCD) como axente solubilizante. A formación dos complexos de inclusión 

estudouse mediante estudos de resonancia magnética nuclear (RMN) e modelaxe molecular, 

suxerindo que o anel imidazólico do econazol encóntrase incluido profundamente na cavidade 

da αCD.   

Os complexos de inclusión formados entre o econazol e a αCD vehiculizáronse en dous tipos 

de hidroxeis, mediante o uso de diferentes polímeros. Levouse a cabo a elaboración dun 

hidroxel ión-sensible formado por unha mezcla de goma gellan (GG) e carraxenato kappa (CK) 

(4:1) e un segundo hidroxel mucoadhesivo formado por un 0,4 % (p/v) de ácido hialurónico. 

Unha vez elaborados os hidroxeis, estudouse a liberación in vitro do econazol demostrando a 

capacidade dos hidroxeis para controlar a súa liberación. Ademáis, estudouse a permeabilidade 

transcorneal ex vivo mediante o uso de córneas bovinas, demostrando que o econazol incluido 

nestes sistemas é capaz de atravesar a córnea para alcanzar ós tecidos máis profundos. 

Realizáronse dous tipos diferentes de estudos para avaliara irritación e a toxicidade ocular, o 

test de permeabilidade e opacidade corneal ou BCOP e o test de irritación ocular in vitro HET-
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CAM. Na proba de BCOP observouse unha modificación da transparencia, con todo, a 

permeabilidade corneal non se viu afectada. No test de HET-CAM, no que se usa a membrana 

corioalantoidea (CAM) de ovos fertilizados, non se observaron cambios nos vasos sanguíneos 

da membrana demostrando que estas formulacións non son irritantes. 

Por outra banda, para determinar a mucoadhesión in vivo estudouse a capacidade de 

permanencia das formulacións sobre a superficie ocular. Para acadar isto, os hidroxeis marcados 

cun radiofármaco (18F-FDG) foron administrados na superficie ocular de ratas sprague dawley, 

establecendo o seu aclaramento no tempo empregando técnicas de imaxe molecular 

experimental baseadas na utilización de tomografía por emisión de positróns (µPET). O estudo 

demostra que ambos hidroxeis son capaces de permanecer sobre a superficie ocular arredor de 

70 minutos, moi por enriba do tempo que permanece a solución do complexo de inclusión 

econazol/ αCD sen polímeros bioadhesivos.   

A capacidade antifúnxica de varios antifúnxicos (econazol, voriconazol, fluconazol, 

anfotericina B e natamicina) utilizados no tratamento da queratite fúnxica evaluóuse sobre 

diferentes especies fúnxicas (Candida Albicans, Aspergillus Fumigatus e Paecilomyces) 

mediante o método de difusión en disco. Neste estudo observouse que o econazol presenta 

grandes zonas/areas de inhibición moi superiores ás obtidas con anfotericina B e natamicina. 

Segundo os resultados obtidos, os colirios de econazol formulados presentan un gran potencial 

para o seu emprego no tratamento da queratite fúnxica, ainda que debido á modificación da 

transparencia corneal que ocasionan, o seu uso debería limitarse ó uso nos casos nos cales non 

de dispoña de outros antifúnxicos efectivos con actividade similar (como o voriconazol) ou nos 

que o tratamento supere os riscos asociados a súa utilización.  

 

O capítulo 2, ó igual que o capítulo 1, céntrase na elaboración, optimización e caracterización 

de dous tipos de hidroxeis mucoadhesivos de elevada permanencia ocular para a administración 

tópico-oftálmica do voriconazol: un hidroxel ión-sensible composto por unha mestura de GG y 

CK e un hidroxel de ácido hialurónico. A pesar do gran potencial que posúe este antifúnxico 

para o tratamento de infeccións fúnxicas en diferentes órganos e tecidos, o que fai que cada vez 

sexa máis utilizado polos oftalmólogos, actualmente non existe ningunha formulación oftálmica 

de voriconazol aprobada pola FDA ou pola EMA. Debido a isto, os servizos de farmacia 

hospitalaria vense na obriga de preparar formulacións oftálmicas de voriconazol a partir de 

formulacións comerciais intravenosas mediante a súa dilución en vehículos oculares 

biocompatibles. Neste capítulo compáranse os hidroxeis mucoadhesivos de voriconazol que 

desenvolvimos con unha das formulacións que se elabóran nos servizos de farmacia hospitalaria 

a partir del Vfend®, un inxectable intravenoso comercial de voriconazol. O principal problema 

que presenta esta formulación é o tempo limitado de permanencia sobre a superficie ocular, que 

obriga a un tratamento intensivo provocando efectos secundarios sistémicos.  

O voriconazol é un antifúnxico azólico, cunha solubilidade moi limitada en auga. Para levar a 

cabo a elaboración dos hidroxeis, realizáronse estudos de solubilidade do voriconazol con 

ciclodextrinas. A formación dos complexos de inclusión formados entre o voriconazol e as 

ciclodextrinas 2-hidroxipropil-β-ciclodextrina (HPβCD), 2-hidroxipropil-γ-ciclodextrina 

(HPγCD) estudouse mediante ensaios de resonancia magnética nuclear (RMN) e modelado 
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molecular. En función destes resultados, escolleuse a HPβCD (20% p/v) para a elaboración das 

formulacións. Estudos previos realizados demostraron que esta ciclodextrina é capaz de 

producir unha mellora significativa na cantidade de fármaco permeado a través da córnea e 

diminuír a toxicidade de certos fármacos.  

O hidroxel de ácido hialurónico formulouse a unha concentración de 0,4% (p/v) e os hidroxeis 

ión-sensibles elaboráronse a diferentes ratios de GG y CK (1:1, 2:1, 4:1). A mestura1:1 foi a 

que se escolleu como mellor formulación para continuar co seu desenvolvemento xa que foi a 

que presentou un comportamento mellor de cara a súa administración. Leváronse a cabo estudos 

de liberación in vitro e permeabilidade transcorneal ex vivo en córneas bovinas para coñecer a 

capacidade dos hidroxeis para ceder o voriconazol de forma controlada e para mellorar a 

permeación transcorneal do voriconazol. A osmolalidade e os valores de pH obtidos para todas 

as formulacións desenvolvidas, exceptuando a de Vfend®, encontráronse dentro dos intervalos 

adecuados para a administración oftálmica. A disolución oftálmica preparada empregando 

Vfend® mostra valores de osmolalidade moi superiores ós recomendados para as formulacións 

oculares, debido á presenza da ciclodextrina sulfobutileter-β-ciclodextrina (SBEβCD) que 

empregan para solubilizar o voriconazol no inxectable. Esta trátase dunha ciclodextrina 

aniónica que presenta varios radicais sulfobutilo en forma de sal sódica na súa estrutura e que 

polo tanto, aporta unha gran concentración de ións sodio ó medio. Os ensaios de irritación e 

toxicidade ocular realizados a través de BCOP e HET-CAM demostraron que toda as 

formulacións avaliadas son seguras para o seu uso oftálmico.  

Para determinar o tempo de permanencia sobre a superficie ocular, leváronse a cabo estudos de 

mucoadhesión corneal ex vivo e estudos de permanencia na superficie corneal in vivo mediante 

imaxe PET. Estos ensaios confirmaron as propiedades mucoadhesivas dos novos hidroxeis de 

voriconazol preparados e a súa  superioridade en canto a permanencia ocular en comparación 

coas solucións de Vfend®. 

En base a todos estos resultados, é posible concluír que os hidroxeis de voriconazol 

desenvolvidos son excelentes candidatos para a súa aplicación clínica en casos de queratite 

fúnxica.  

 

A severidade da queratite fúnxica vese agravada pola emerxente resistencia das especies 

fúnxicas ós tratamento actuais. A terapia combinada de varios antifúnxicos adoita ser máis 

eficaz que a monoterapia, polo que no capítulo 3 desta tese de doutoramento, abórdase o deseño 

e desenvolvemento de varios colirios que conteñan dúas moléculas con actividade antifúnxica: 

a natamicina e o voriconazol. 

A natamicina é a molécula de primeira elección no tratamento temperán da queratite fúnxica 

causada por fungos filamentosos. O problema principal, é que só existe unha formulación 

oftálmica aprobada pola FDA, o Natacyn®, que se basa nunha suspensión convencional de 

natamicina cunha baixa penetración transcorneal, polo que se limita a infeccións superficiais. 

Neste capítulo, estúdase mellorar a solubilidade da natamicina en auga mediante o uso de 

ciclodextrinas. Ó igual que co voriconazol, a ciclodextrina elexida foi a HPβCD. Debido ó tipo 

de diagrama de solubilidade obtido (AN) (a desviación negativa que presenta demostra a 

formación de agregados dos complexos de inclusión) as solución de natamicina, voriconazol e 
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HPβCD analizáronse mediante microscopía electrónica de transmisión (TEM). As imaxes 

demostran a presenza de agregados esféricos de tamaño nanométrico que poden mellorar a 

capacidade de permeación a través da córnea. 

O complexo de inclusión formado entre a natamicina e a HPβCD estudouse mediante RMN. 

Mediante esta técnica, fixéronse tamén estudos de competición na formación de complexos coa 

HPβCD entre a natamicina e o voriconazol. Puidose observar que a natamicina compite co 

voriconazol polo mesmo lugar de unión á HPβCD o que implica á necesidade de axustar e 

optimizar a concentración da ciclodextrina. No noso caso, o emprego de concentracións de 

HPβCD ó 40% (p/v) permitiu a preparación das formulacións ás concentracións desexadas (de 

natamicina 7 mg/mL e voriconazol 10 mg/mL). 

Unha vez estudados os complexos de inclusión formados, procedeuse á elaboración dos 

hidroxeis. Elaborouse un hidroxel con HA (0,4% p/v) e outro con un hidroxel comercial 

(Liquifilm®) baseado en polivinil alcohol (PVA) (1,4% p/v) a miúdo empregado na elaboración 

de formulacións nos servizos de farmacia hospitalaria. Os hidroxeis caracterizáronse en canto 

a pH, osmolalidade, viscosidade e transparencia. Estes estudos demostraron que os valores 

obtidos están dentro do intervalo aceptado para as formulacións tópicas oftálmicas. Os estudos 

de liberación in vitro mostraron perfís característicos de procesos de difusión de tipo Fickiano 

para todas as novas formulacións. Ademáis, os estudos de permeabilidade corneal ex vivo 

demostraron unha mellora significativa na permeación transcorneal da natamicina en 

comparación coa formulación comercial Natacyn®. As formulacións desenvolvidas non 

mostraron ningún indicio de irritación de acordo cos resultados dos ensayos de HET-CAM e 

BCOP, polo que se poden considerar formulacións seguras.  

A efectividade antifúnxica in vitro dos colirios evaluouse mediante o método de difusión de 

disco, mostrando que as formulacións desenvolvidas presentan actividade contra as especias 

fúnxicas testadas ((Candida albicans ATCC 90231), Candida albicans ATCC 90028, 

Paelomyces lilacinus ATCC 90028, Aspergillus fumigatus, Paelomyces lilacinus, and 

Fusarium solanii). 

Os estudos de mucoadhesión ex vivo e  in vivo, demostraron que a capacidade mucoadhesiva 

que mostran as novas formulacións débese fundamentalmente á ciclodextrina incorporada xa 

que non se observaron diferencias significativas ó incorporar HA o PVA ás concentracións 

estudadas.  

 

Durante a búsqueda da información publicada sobre a aplicación oftálmica das ciclodextrinas 

levada a cabo durante a investigación recollida nos 3 capítulos anteriores, comprobouse que 

existe moi pouca información sobre a súa toxicidade e seguridade a nivel oftálmico e sobre a 

súa capacidade mucoadhesiva na superficie ocular. Polo tanto, no capítulo 4, móstranse os 

resultados dos estudos de seguridade e permanencia ocular realizados a partir de disoluciones 

de ciclodextrinas a altas concentracións. Para isto incluíronse no estudo diferentes variedades 

de ciclodextrinas que posúen interés na elaboración de sistemas de liberación oftálmica de 

fármacos. Estudouse o efecto das solucións de αCD, β-ciclodextrina (βCD), γ- ciclodextrina 

(γCD), 2-hidroxipropil-α-ciclodextrin (HPαCD), HPβCD, HPγCD, SBEβCD, e β-ciclodextrina 

parcialmente metilada (RMβCD) sobre a membrana corioalantoidea de ovos fertilizados 
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mediante o ensaio HET-CAM e sobre córneas bovinas, empregando o método BCOP. De 

acordo cos resultados obtidos nestes ensaios, todas as ciclodextrinas son seguras, con excepción 

da αCD e a RMβCD. As disolucións de RMβCD ó 20% (p/v) provocaron un cambio 

significativo na transparencia corneal, pero non mostraron cambios nos vasos da membrana 

corioalantoidea. Os cambios na transparencia débense ó baixo valor de pH que se obtén ó 

disolver esta variedade parcialmente metilada (2,447±0,025). A pH ácidos pódese producir a 

alteración de proteínas e outros compoñentes da mucosa e do epitelio causando estas 

alteracións. O efecto negativo sobre a transparencia corneal resolveuse ó axustar a disolución 

de RMβCD a pH 7,4. As disolucións de αCD (en disolucións sen neutralizar e a pH 7,4) non 

provocaron hemorraxia, lise ou coagulación sobre os vasos da membrana corioalantoidea dos 

ovos, pero observouse a formación dun fino precipitado branco sobre ela. Ademáis, tamén se 

observou un cambio significativo na transparencia da córnea durante o ensaio BCOP. Este 

fenómeno débese probablemente á interacción descrita para a αCD e diferentes fosfolípidos e 

compoñentes lipídicos da membrana, que forman complexos de inclusión insolubles, que poden 

precipitar sobre as membranas. A permeabilidade da fluoresceína a través das córneas estudadas 

a través do BCOP viuse afectada pola maioría das disolucións de ciclodextrina estudadas. 

Normalmente, o aumento da permeabilidade da fluoresceína interprétase como un signo de 

toxicidade, non obstante, é coñecido que as ciclodextrinas poden interaccionar cos compoñentes 

da membrana celular mellorando a permeabilidade a través de diferentes epitelios e barreiras 

sen mostrar efectos tóxicos, incluindo a permeabilidade transcorneal. 

A capacidade mucoadhesiva das ciclodextrinas estudouse mediante ensaios in vitro , ex vivo e  

in vivo. Estos ensaios demostraron a capacidade das ciclodextrinas para interactuar e unirse á 

mucosa ocular. Os ensaios ex vivo mostraron que nas concentracións estudadas non existen 

diferencias significativas entre as diferentes ciclodextrinas e presentan niveis similares de 

mucoadhesión observados para algúns polímeros bioadhesivos (como HA e PVA) e para a súas 

mesturas con ciclodextrinas. Os estudos in vitro realizados a partir de mesturas de mucina e as 

disolucións de ciclodextrinas puxeron en manifesto o establecemento de interaccións entre as 

ciclodextrinas e a mucina en disolución, probablemente a partir do establecemento de enlaces 

débiles tipo pontes de hidróxeno ou interaccións de Van der Waals. Nos estudos in vivo, 

demostrouse a excelente capacidade das disolucións de ciclodextrina para permanecer sobre a 

superficie ocular. Todos os valores de permanencia (con excepción das disolucións de RMβCD) 

disminuiron ó axustar as sólucións a pH 7,4. Esto pode ser debido a unha maior dificultade no 

establecemento de pontes de hidróxeno entre as CD e a mucina causada pola ionización do 

ácido siálico. No caso da RMβCD, a permanencia ocular in vivo aumentou ó neutralizar a 

disolución. Valores de pH tán ácidos como os observados para esta disolución sen neutralizar, 

superan a capacidade tamponadora do ollo, producindo irritación e dano no epitelio, o que 

promove o lagrimeo e o palpabrexo, aumentando o aclaramento na súa superficie. 

A αCD foi a ciclodextrina que mostrou o valor de MRT máis alto, probablemente debido á 

formación de agregados insolubles formados cos fosfolípidos das células epiteliais. HPαCD, 

HPβCD y HPγCD mostraron os valores máis elevados de t1/2, suxerindo que son as 

ciclodextrinas hidroxiladas as que máis tempo permanecen sobre a superficie ocular. 
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Polo tanto, tendo en conta os resultados obtidos sobre a seguridade e mucoadhesion ocular das 

diferentes ciclodextrinas, así como a súa capacidade para promover a penetración transcorneal 

de outras moléculas, fan das ciclodextrinas uns excelentes candidatos para a elaboración de 

formulacións oftálmicas de fármacos pouco solubles en auga ou con baixa permeabilidade 

corneal. 

 

En conclusión, nesta tese de doutoramento abordouse o deseño racional de diferentes 

formulacións tópico-oftálmicas para o tratamento de enfermidades fúnxicas oculares. 

Empregando tres antifúnxicos con diferentes espectros de actividade desenvolvéronse 

diferentes formulacións destinadas a súa administración tópico-oftálmica. Ademáis, realizouse 

unha completa caracterización preclínica das mesmas. Estas formulacións teñen un gran 

potencial para o tratamento da queratite fúnxica causada por diferentes especies, que poden 

cubrir o baleiro terapéutico actual existente. Todas as formulacións desenvolvidas presentaron 

niveis adecuados de seguridade, actividade in vitro e un excelente comportamento 

mucoadhesivo, con tempos elevados de permanencia na superficie ocular.  

Finalmente, os estudos de seguridade e bioadhesión realizados coas disolucións de 

ciclodextrinas, demostran que incluso a concentracións relativamente elevadas son excipientes 

adecuados para a elaboración de formulacións oftálmicas. Con todo, deberían completarse con 

outros estudos in vivo para completar o coñecemento sobre o efecto das ciclodextrinas sobre a 

superficie ocular.   
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Actualmente, según el informe mundial sobre la visión de la Organización Mundial de la Salud 

al menos 2200 millones de personas padecen una deficiencia visual o ceguera completa, de las 

cuales, algo más de la mitad de esos casos (1000 millones) podrían haber conservado su visión 

si hubieran tenido acceso a un tratamiento eficaz. La deficiencia de visión o ceguera completa 

puede ser consecuencia de una amplia y diversa gama de afecciones que van desde 

degeneración macular asociada a la edad, cataratas, opacidad corneal, retinopatía diabética o 

glaucoma, entre otras.  

Las causas que provocan una deficiencia en la visión varían de un país a otro y dependen 

principalmente de la disponibilidad de una atención oftálmica adecuada y eficaz. 

 

El ojo es un órgano con una anatomía y fisiológica complejas que le proporciona aislamiento y 

protección. La córnea representa la principal barrera biológica del ojo, impidiendo la entrada 

de microorganismos y sustancias extrañas (incluyendo fármacos) al interior del ojo. Además, 

la alta tasa de renovación del líquido lagrimal, el elevado drenaje nasolacrimal y el parpadeo, 

eliminan de manera eficaz cualquier sustancia de la superficie ocular. Por estos motivos, la 

administración tópica-oftálmica, presenta una biodisponibilidad significativamente baja. Sin 

embargo, esta vía de administración es la más deseable, ya que las formulaciones destinadas a 

esta vía son autoadministrables (mejorando la adherencia por parte del paciente) y 

económicamente rentables.  

A lo largo de los años, la investigación en el desarrollo de nuevas formulaciones se ha centrado 

principalmente en dos estrategias para mejorar la biodisponibilidad de los fármacos a través de 

la ruta tópica-oftálmica: aumentar la biopermanencia del fármaco en el área precorneal e 

incrementar la permeabilidad del fármaco a través de la córnea, esclera y conjuntiva. Estos 

objetivos se pueden alcanzar mediante el desarrollo de sistemas basados principalmente en 

polímeros que aumenten la viscosidad de las formulaciones e incrementen su adhesión a la capa 

de mucina, manteniendo las formulaciones más tiempo sobre la superficie ocular. La 

biodisponibilidad también se puede mejorar, incrementando la permeabilidad transcorneal 

mediante el uso de promotores de la penetración, como pueden ser las ciclodextrinas.   

La queratitis fúngica en una enfermedad de origen infeccioso causada por diferentes tipos de 

especies fúngicas. Arpergillus spp. Curvularia spp., Penicillium spp. y Candida spp. son las 

especies más habituales. La gravedad de la enfermedad radica principalmente en la falta de 

medicamentos efectivos disponibles, la dificultad en el diagnóstico y el retraso en el comienzo 

de un tratamiento eficaz. Estos factores dirigen al paciente a sufrir ceguera o incluso a la pérdida 

completa del globo ocular. Es una enfermedad poco habitual en los países desarrollados, aunque 

en los últimos años se ha observado un incremento debido a diferentes factores, como el mal 

uso de las lentes de contacto, tratamientos largos con corticoides o antibióticos locales, 

pacientes inmunosuprimidos, etc.  

Al mismo tiempo, sólo existe una formulación tópica-oftálmica aprobada por la FDA y tiene 

una eficacia limitada a infecciones superficiales causadas por hongos filamentosos. Por este 

motivo, los servicios de farmacia hospitalaria se ven obligados a la reformulación de 

medicamentos destinados a otras vías (principalmente la intravenosa (IV)) mediante su 
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resuspensión o redispersión con tampones oftálmicos. El principal problema es que en la gran 

mayoría de los casos, se desconoce su toxicidad, biodisponibilidad y estabilidad en la gran 

mayoría de los casos. Asimismo, para alcanzar concentraciones terapéuticas se establecen 

posologías intensas (cada hora) que provocan efectos secundarios sistémicos y el abandono del 

tratamiento por parte del paciente, provocando generalmente un empeoramiento del cuadro 

clínico y su hospitalización, incrementando el gasto sanitario.      

Esta tesis doctoral se divide en dos secciones. La primera sección consta de los tres primeros 

capítulos. Estos capítulos se centran el diseño, desarrollo y caracterización de varias 

formulaciones tópico-oftálmicas destinadas a la administración de 3 antifúngicos diferentes: 

econazol, voriconazol y natamicina. Estas formulaciones se basan principalmente en la 

formación de complejos de inclusión con ciclodextrinas para aumentar la solubilidad acuosa de 

los fármacos y mejorar su permeabilidad corneal, y su vehiculización en hidrogeles de 

gelificación in-situ e hidrogeles mucoadhesivos que permitan aumentar la permanencia de las 

formulaciones sobre la superficie ocular.  

En la segunda sección, nos centramos en el estudio de la seguridad ocular de soluciones de 

ciclodextrinas, así como el estudio de su potencial como promotores de la permanencia sobre 

la superficie ocular. Esta sección constituye el cuarto y último capítulo. 

 

En la introducción de esta tesis se aborda una revisión bibliográfica crítica en donde se 

recopilan todos los posibles tratamientos farmacológicos para el tratamiento de la queratitis 

fúngica, incluyendo un gran número de principios activos pertenecientes a diferentes grupos 

farmacológicos, como los polienos, los azoles o las pirimidinas, entre otros. Se incluye también 

un apartado donde se detalla el régimen terapéutico utilizado en los hospitales cuando aparece 

un caso de queratitis fúngica. Además, se hace un repaso de los tratamientos quirúrgicos 

empleados, como pueden ser la queratoplastia, el trasplante de membrana amniótica o el 

desbridamiento.  

 

El capítulo 1 describe el diseño y caracterización de hidrogeles oftálmicos que incorporan 

econazol. El objetivo de este capítulo fue el de desarrollar dos formulaciones adecuadas a la 

administración tópico-oftálmica de econazol para el tratamiento de la queratitis fúngica. El 

econazol es un antifúngico azólico, con una baja solubilidad en agua. Por esta razón el objetivo 

principal fue el de aumentar su solubilidad. Según los resultados del estudio de solubilidad se 

escogió la α-ciclodextrina (αCD) como agente solubilizante. La formación de los complejos de 

inclusión se estudió mediante estudios de resonancia magnética nuclear (RMN) y modelaje 

molecular, sugiriendo que el anillo imidazólico del econazol se encuentra incluido 

profundamente en la cavidad de la αCD.  

Los complejos de inclusión formados entre el econazol y la αCD se vehiculizaron en dos tipos 

de hidrogeles mediante el uso de diferentes polímeros. Se llevó a cabo la elaboración de un 

hidrogel ión-sensible formado por una mezcla de goma gellan (GG) y carragenato kappa (CK) 

(4:1) y un segundo hidrogel mucoadhesivo formado por un 0,4 % (p/v) de ácido hialurónico.  
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Una vez elaborados los hidrogeles, se estudió la liberación in vitro del econazol demostrando 

la capacidad de los hidrogeles para controlar su liberación. Además, se estudió la permeabilidad 

transcorneal ex vivo mediante el uso de córneas bovinas, demostrando que el econazol incluido 

en estos sistemas es capaz de atravesar la córnea para alcanzar a tejidos más profundos. Se 

realizaron dos tipos diferentes de estudios para evaluar la irritación y la toxicidad ocular, el test 

de permeabilidad y opacidad corneal o BCOP y el test de irritación ocular in vitro HET-CAM. 

En la prueba de BCOP se observó una modificación de la transparencia, sin embargo, la 

permeabilidad corneal no se vio afectada. En el test de HET-CAM, en el que se usa la membrana 

corioalantoidea (CAM) de huevos fertilizados, no se observó ningún cambio en los vasos 

sanguíneos de la membrana demostrando que estas formulaciones no son irritantes.  

Por otra parte, para determinar la mucoadhesión in vivo se estudió la capacidad de permanencia 

de las formulaciones sobre la superficie ocular. Para ello los hidrogeles marcados con un 

radiofármaco (18F-FDG) fueron administrados en la superficie ocular de ratas Sprague Dawley, 

estableciendo su aclaramiento en el tiempo empleando técnicas de imagen molecular 

experimental basadas en la utilización de tomografía por emisión de positrones (µPET). El 

estudio demuestra que ambos hidrogeles son capaces de permanecer sobre la superficie ocular 

alrededor de 70 minutos, muy por encima del tiempo que permanece la solución del complejo 

de inclusión econazol/α-ciclodextrina sin polímeros bioadhesivos.  

La capacidad antifúngica de varios antifúngicos (econazol, voriconazol, fluconazol, 

anfotericina B y natamicina) utilizados en el tratamiento de la queratitis fúngica se evaluó sobre 

diferentes especies fúngicas (Candida Albicans, Aspergillus Fumigatus y Paecilomyces) 

mediante el método de difusión en disco. En este estudio se observó que el econazol presenta 

grandes zonas de inhibición muy superiores a las obtenidas con anfotericina B y natamicina.  

Según todos los resultados obtenidos, los colirios de econazol formulados presentan un gran 

potencial para su empleo en el tratamiento de la queratitis fúngica, aunque debido a la 

modificación de la transparencia corneal que ocasionan, su uso debería limitarse al uso en casos 

en que no se disponga de otros antifúngicos efectivos con actividad similar (como el 

voriconazol) o en el que el tratamiento supere los riesgos asociados a su utilización. 

 

El capítulo 2, al igual que el capítulo 1, se centra en la elaboración, optimización y 

caracterización de dos tipos de hidrogeles mucoadhesivos de elevada permanencia ocular para 

la administración tópico-oftálmica del voriconazol: un hidrogel ión-sensible compuesto por una 

mezcla de GG:CK y un hidrogel de ácido hialurónico. Pese al gran potencial que posee este 

antifúngico para el tratamiento de infecciones fúngicas en diferentes órganos y tejidos, lo que 

hace que cada vez sea más utilizado por los oftalmólogos, actualmente no existe ninguna 

formulación oftálmica de voriconazol aprobaba por la FDA o por la EMA. Debido a esto, los 

servicios de farmacia hospitalaria se ven en la obligación de preparar formulaciones oftálmicas 

de voriconazol a partir de las formulaciones comerciales intravenosas mediante su dilución en 

vehículos oculares biocompatibles. En este capítulo se comparan los hidrogeles mucoadhesivos 

de voriconazol que hemos desarrollado con una de las formulaciones que se elaboran en los 

servicios de farmacia hospitalaria a partir del Vfend®, un inyectable intravenoso comercial de 

voriconazol. El principal problema que presenta esta formulación es el tiempo limitado de 



 RESUMEN   

XXXIII 

 

permanencia sobre la superficie ocular, que obliga a un tratamiento intensivo provocando 

efectos secundarios sistémicos. 

El voriconazol es un antifúngico azólico, con una solubilidad muy limitada en agua. Para llevar 

a cabo la elaboración de los hidrogeles, se realizaron estudios de solubilidad del voriconazol 

con ciclodextrinas. La formación de los complejos de inclusión formados entre el voriconazol, 

y las ciclodextrinas 2-hidroxipropil-β-ciclodextrina (HPβCD), 2-hidroxipropil-γ-ciclodextrina 

(HPγCD) se estudió mediante ensayos de resonancia magnética nuclear (RMN) y modelado 

molecular. En función de estos resultados, se escogió la HPβCD (20% p/v) para la elaboración 

de las formulaciones. Estudios previos realizados han demostrado que esta ciclodextrina es 

capaz de producir una mejora significativa en la cantidad de fármaco permeado a través de la 

córnea y ha disminuido la toxicidad ocular de ciertos fármacos.  

El gel de ácido hialurónico se formuló a una concentración de 0,4% (p/v) y los hidrogeles ión-

sensibles se elaboraron a diferentes ratios de GG y CK (1:1, 2:1, 4:1). La mezcla 1:1 fue la que 

se escogió como mejor formulación para continuar con su desarrollo ya que fue la que presentó 

un comportamiento mejor de cara a su administración. Se llevaron a cabo estudios de liberación 

in vitro y permeabilidad transcorneal ex vivo en córneas bovinas para conocer la capacidad de 

los hidrogeles para ceder el voriconazol de forma controlada y para mejorar la permeación 

transcorneal del voriconazol. La osmolalidad y los valores de pH obtenidos para todas las 

formulaciones desarrolladas, excepto la de Vfend® se encontraron dentro de los intervalos 

adecuados para la administración oftálmica. La disolución oftálmica preparada empleando 

Vfend® muestra valores de osmolalidad muy superiores a los recomendados para formulaciones 

oculares, debido a la presencia de la ciclodextrina sulfobutileter-β-ciclodextrina (SBEβCD) que 

emplean para solubilizar el voriconazol en el inyectable. Esta se trata de una ciclodextrina 

aniónica que presenta varios radicales sulfobutilo en forma de sal sódica en su estructura y que 

por lo tanto aporta una gran concentración de iones sodio al medio. Los ensayos de irritación y 

toxicidad ocular realizados a través de BCOP y HET-CAM, demostraron que todas las 

formulaciones evaluadas son seguras para su uso oftálmico.  

Para determinar el tiempo de permanencia sobre la superficie ocular, se llevaron a cabo estudios 

de mucoadhesión corneal ex vivo y estudios de permanencia en la superficie corneal in vivo 

mediante imagen PET. Estos ensayos confirmaron las propiedades mucoadhesivas de los 

nuevos hidrogeles de voriconazol preparados y su superioridad en cuanto a permanencia ocular 

en comparación con las soluciones de Vfend®.  

En base a todos estos resultados, es posible concluir, que los hidrogeles de voriconazol 

desarrollados son excelentes candidatos para su aplicación clínica en casos de queratitis 

fúngica.  

 

La severidad de la queratitis fúngica se ve agravada por la emergente resistencia de las especies 

fúngicas a los tratamientos actuales. La terapia combinada de varios antifúngicos suele ser más 

eficaz que la monoterapia, por lo que en el capítulo 3 de esta tesis doctoral, se aborda el diseño 

y desarrollo de varios colirios que contengan dos moléculas con actividad antifúngica: la 

natamicina y el voriconazol.  
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La natamicina es la molécula de primera elección en el tratamiento temprano de la queratitis 

fúngica causada por hongos filamentosos. El problema principal, es que sólo existe una 

formulación oftálmica aprobada por la FDA, el Natacyn®, que se basa en una suspensión 

convencional de natamicina con una baja penetración transcorneal, por lo que se limita a 

infecciones superficiales. En este capítulo, se estudia mejorar la solubilidad de la natamicina en 

agua mediante el uso de ciclodextrinas. Al igual que con el voriconazol, la ciclodextrina elegida 

después de realizar los estudios de solubilidad fue la HPβCD. Debido al tipo de diagrama de 

solubilidad obtenido (AL) (la desviación negativa que presenta demuestra la formación de 

agregados de los complejos de inclusión) las soluciones de natamicina, voriconazol y HPβCD 

se analizaron mediante microscopía electrónica de transmisión (TEM). Las imágenes 

demuestran la presencia de agregados esféricos de tamaño nanométrico que pueden mejorar la 

capacidad de permeación a través de la córnea.  

El complejo de inclusión formado entre la natamicina y la HPβCD se estudió mediante RMN. 

Mediante esta técnica, se hicieron también estudios de competición en la formación de complejo 

con la HPβCD entre la natamicina y el voriconazol. Como se pudo observar, la natamicina 

compite con el voriconazol por el mismo lugar de unión a la HPβCD lo que conlleva a la 

necesidad de ajustar y optimizar la concentración de la ciclodextrina. En nuestro caso el empleo 

de concentraciones de HPβCD al 40% (p/v) permitió. la preparación de las formulaciones a las 

concentraciones deseadas (de natamicina 7 mg/mL (p/v) y voriconazol 10 mg/mL). 

Una vez estudiados los complejos de inclusión formados, se procedió a la elaboración de dos 

hidrogeles. Se elaboró un hidrogel con ácido hialurónico (0,4% (p/v)) y otro con un hidrogel 

comercial (Liquifilm®) basado en polivinil alcohol (PVA) (1,4% p/v) frecuentemente utilizado 

en la elaboración de formulaciones en los servicios de farmacia hospitalaria. Los hidrogeles se 

caracterizaron en cuanto a pH, osmolalidad, viscosidad y transparencia. Estos estudios 

demostraron que los valores obtenidos están dentro del intervalo aceptado para formulaciones 

tópicas oftálmicas. Los estudios de liberación in vitro mostraron perfiles característicos de 

procesos de difusión de tipo Fickiano para todas las nuevas formulaciones. Además, los 

estudios de permeabilidad corneal ex vivo demostraron una mejora significativa en la 

permeación transcorneal de la natamicina en comparación con la formulación comercial 

Natacyn®. Las formulaciones desarrolladas no mostraron ningún indicio de irritación de 

acuerdo con los resultados de los ensayos de HET-CAM y BCOP, por lo que se pueden 

considerar formulaciones seguras.  

La efectividad antifúngica in vitro de los colirios se evaluó mediante el método de difusión de 

disco, mostrando que las formulaciones desarrolladas presentan actividad contra las especies 

fúngicas testadas (Candida albicans ATCC 90231), Candida albicans ATCC 90028, 

Paelomyces lilacinus ATCC 90028, Aspergillus fumigatus, Paelomyces lilacinus, and 

Fusarium solanii). 

Los estudios de mucoadhesión ex vivo e in vivo, demostraron que la capacidad mucoadhesiva 

que muestran las nuevas formulaciones se debe fundamentalmente a la ciclodextrina 

incorporada ya que no se han observado diferencias significativas al incorporar HA o PVA a 

las concentraciones estudiadas.   
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Durante la búsqueda de la información publicada sobre la aplicación oftálmica de las 

ciclodextrinas llevada a cabo durante la investigación recogida en los 3 capítulos anteriores, se 

comprobó que existe muy poca información sobre su toxicidad y seguridad a nivel oftálmico y 

sobre su capacidad mucoadhesiva en la superficie ocular. Por lo tanto, en el capítulo 4, se 

muestran los resultados de los estudios de seguridad y permanencia ocular realizados a partir 

de disoluciones de ciclodextrinas a altas concentraciones. Para ello se han incluido en el estudio 

diferentes variedades de ciclodextrinas que poseen interés en la elaboración de sistemas de 

liberación oftálmica de fármacos. Se estudió el efecto de las soluciones de αCD, β-ciclodextrina 

(βCD), γ- ciclodextrina (γCD), 2-hidroxipropil-α-ciclodextrina (HPαCD), HPβCD, HPγCD, 

SBEβCD, y β-ciclodextrina parcialmente metilada (RMβCD) sobre la membrana coriolantoidea 

de huevos fertilizados mediante el ensayo HET-CAM y sobre córneas bovinas empleando el 

método BCOP. De acuerdo con los resultados obtenidos en estos ensayos, todas las 

ciclodextrinas son seguras, con excepción de la αCD y la RMβCD. Las disoluciones de RMβCD 

al 20% (p/v) provocaron un cambio significativo en la transparencia corneal, pero no mostraron 

cambios en los vasos de la membrana corioalantoidea. Los cambios en la transparencia se deben 

al bajo valor de pH que se obtiene al disolver esta variedad parcialmente metilada 

(2,447±0,025). A pH ácidos se puede producir la alteración de proteínas y otros componentes 

de la mucosa y epitelio causando estas alteraciones. El efecto negativo sobre la transparencia 

corneal se resolvió al ajustar la disolución de RMβCD a pH 7,4. Las disoluciones de αCD (en 

disoluciones sin neutralizar y neutralizadas a pH 7,4), no provocaron hemorragia, lisis o 

coagulación sobre los vasos de la membrana corioalantoidea de los huevos, pero se observó la 

formación de un fino precipitado blanco sobre ella. Además, también se observó un cambio 

significativo en la transparencia de la córnea durante el ensayo BCOP. Este fenómeno se debe 

probablemente a la interacción descrita para la αCD y diferentes fosfolípidos y componentes 

lipídicos de la membrana, que forman complejos de inclusión insolubles, que pueden precipitar 

sobre las membranas. La permeabilidad de la fluoresceína a través de las córneas estudiada a 

través del BCOP se vio afectada por la mayoría de las disoluciones de ciclodextrina estudiadas. 

Normalmente el aumento de la permeabilidad de la fluoresceína se interpreta como un signo de 

toxicidad, sin embargo, es conocido que las ciclodextrinas pueden interaccionar con 

componentes de membrana celular mejorando la permeabilidad a través de diferentes epitelios 

y barreras sin mostrar efectos tóxicos, incluyendo la permeabilidad transcorneal.   

La capacidad mucoadhesiva de las ciclodextrinas se estudió mediante ensayos in vitro, ex vivo 

e in vivo. Estos ensayos demostraron la capacidad de las ciclodextrinas para interaccionar y 

unirse a la mucosa ocular. Los estudios ex vivo mostraron que a las concentraciones estudiadas 

no existen diferencias significativas entre las diferentes ciclodextrinas y presentan niveles 

similares de mucoadhesión a los observados para algunos polímeros biodhesivos (como HA y 

PVA) y para sus mezclas con ciclodextrinas. Los estudios in vitro realizados a partir de mezclas 

de mucina y las disoluciones de ciclodextrinas pusieron de manifiesto el establecimiento de 

interacciones entre las ciclodextrinas y la mucina en disolución, probablemente a partir del 

establecimiento de enlaces débiles tipo puentes de hidrógeno o interacciones de Van der Waals. 

En los estudios in vivo, se demostró la excelente capacidad de las disoluciones de ciclodextrina 

para permanecer sobre la superficie ocular. Todos los valores de permanencia (con excepción 
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de las disoluciones de RMβCD) disminuyeron al ajustar las soluciones a pH 7,4. Esto puede ser 

debido a una mayor dificultad en el establecimiento de puentes de hidrógeno entre las 

ciclodextrinas y la mucina causada por la ionización del ácido siálico. En el caso de la RMβCD, 

la permanencia ocular in vivo aumentó al neutralizar la disolución. Valores de pH tan ácidos 

como los observados para esta disolución sin neutralizar, superan la capacidad tamponadora del 

ojo, produciendo irritación y daño en el epitelio, lo que promueve el lagrimeo y el parpadeo, 

aumentando el aclaramiento en su superficie.  

La αCD fue la ciclodextrina que mostró el valor de MRT más alto, probablemente debido a la 

formación de agregados insolubles formados con los fosfolípidos de las células epiteliales. 

HPαCD, HPβCD y HPγCD mostraron los valores más elevados de t1/2, sugiriendo que son las 

ciclodextrinas hidroxiladas las que más tiempo permanecen sobre la superficie ocular.  

Por lo tanto, teniendo en cuenta los resultados obtenidos sobre la seguridad y mucoadhesión 

ocular de las diferentes ciclodextrinas, así como su capacidad para promover la penetración 

transcorneal de otras moléculas, hacen de las ciclodextrinas unos excelentes candidatos para la 

elaboración de formulaciones oftálmicas de fármacos poco solubles en agua o con baja 

permeabilidad corneal.  

 

En conclusión, en esta tesis doctoral se ha abordado el diseño racional de diferentes 

formulaciones tópico-oftálmicas para el tratamiento de enfermedades fúngicas oculares. 

Empleando tres antifúngicos con diferentes espectros de actividad se han desarrollado 

diferentes formulaciones destinadas a su administración tópico-oftálmica. Además, se ha 

realizado una completa caracterización preclínica de las mismas. Estas formulaciones tienen un 

gran potencial para el tratamiento de la queratitis fúngica causada por diferentes especies, que 

pueden cubrir el vacío terapéutico actual existente. Todas las formulaciones desarrolladas han 

presentado adecuados niveles de seguridad, actividad in vitro y un excelente comportamiento 

mucoadhesivo, con tiempos de permanencia en la superficie ocular elevados.  

Finalmente, los estudios de seguridad y bioadhesión realizados con las disoluciones de 

ciclodextrinas, demuestran que incluso a concentraciones relativamente elevadas son 

excipientes adecuados para la elaboración de formulaciones oftálmicas. No obstante, deberían 

completarse con otros estudios in vivo para completar el conocimiento sobre el efecto de las 

ciclodextrinas sobre la superficie ocular.   
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STATEMENT OF THE PROBLEM 

About 1,000,000 new cases of fungal keratitis are reported worldwide each year. Fungal 

keratitis is the cause of more than 50% of infectious eye ulcers in countries with tropical 

climates while infection is rare in temperate climates, where the few infections that do occur 

are usually caused by the genus Candida.  

Fungal keratitis is an uncommon disease in developed countries, although we are currently 

seeing an increase in the number of cases due to different factors such as poor use of contact 

lenses, long treatments with corticoids or antibiotics, immunocompromised patients, patients 

with a previous ocular lesion, etc.  

In addition, this disease is difficult to diagnose clinically, as the patient is often asymptomatic, 

with symptoms often taking days or even weeks to appear. It is also common to confuse this 

infection with other types of infectious keratitis. 

Existing topical antifungal preparations are not as effective as existing preparations for bacterial 

keratitis, so in most cases prolonged topical and systemic antifungal therapy is required. 

Currently, there is only one FDA-approved ophthalmic formulation for the treatment of fungal 

keratitis. This formulation is based on a natamycin suspension, which is limited to use for 

filamentous fungal infections and superficial infections due to its low transcorneal penetration. 

Due to this large therapeutic gap, hospital pharmacy departments are obliged to reformulate 

formulations intended for other routes (mainly intravenous) by dilution in biocompatible ocular 

vehicles for the preparation of eye drops. The problem with these extemporaneous preparations 

is that their ocular toxicity, stability and efficacy are unknown. It should be noted that with 

these formulations an intensive treatment (every hour) is usually applied to maintain the 

effective concentration on the ocular surface, which allows resolution of the infection. This 

intensive dosage causes the patient to abandon the treatment, which worsens the clinical picture 

and often leads to hospitalization of the patient. This intensive dosing is due to the low 

permanence of these formulations on the ocular surface due to the intense precorneal clearing 

caused by high tear renewal and blinking. 

On the other hand, the need to increase the bioavailability of drugs via the topical-ophthalmic 

route leads to the objective of increasing the concentration of the active ingredient on the ocular 

surface. For the administration of drugs that are not very soluble in water, it will be necessary 

to increase their solubility by means of different strategies. One of these is the use of 

cyclodextrins, conical or toroidal oligosaccharides with a lipophilic inner cavity and a 

hydrophilic surface. They are able to internalize hydrophobic molecules, increasing their 

solubility, stability and even decreasing their toxicity. In addition, they can significantly 

increase the permeability of different biological membranes. Generally and to a certain extent, 

as the concentration of cyclodextrin increases, the amount of solubilized drug will increase (this 

depends on the interaction between drug and cyclodextrin and their natures). Thus, high 

concentrations of cyclodextrin will often be needed to solubilize the amount of drug intended 

to be administered in each dose. At present, knowledge of the effects of cyclodextrins at high 

concentrations on the ocular surface is unknown, which limits their use. 
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OBJECTIVES  

Taking into account the above considerations, the general objective of this thesis was to 

improve the pharmacological treatment of fungal keratitis through topical-ophthalmic 

administration.  

To achieve this purpose, the following specific objectives were set out: 

1. Development of hydrogels containing econazole as a molecule for the treatment of fungal 

keratitis. 

1.1. Design, optimization, physicochemical characterization of hyaluronic acid 

mucoadhesive hydrogels and ion-sensitive hydrogels containing econazole.  

1.2. Evaluation of ocular safety and in vitro antifungal effectiveness. 

1.3. Evaluation of in vivo bioadhesion by determining the residence time on the ocular 

surface in murine animal models.   

2. Development of voriconazole eye drops that improve the extemporaneous formulation 

used in hospitals, with the aim of improving their posology by increasing their permanence 

on the ocular surface.  

2.1. Design, optimization and physicochemical characterization of ion-sensitive hydrogels 

and mucoadhesive hyaluronic acid hydrogels containing voriconazole. 

2.2. Ocular safety assessment.  

2.3. Evaluation of in vivo bioadhesion by determining the residence time on the ocular 

surface in murine animal models. 

3. Development of a new eye drop combining natamycin and voriconazole. 

3.1. Design, optimization and physicochemical characterization of the combined 

formulations of natamycin and voriconazole. 

3.2. Determination of the antifungal effectiveness of the combination of natamycin and 

voriconazole against different fungal species in comparison with formulations used in 

hospital pharmacy services. 

3.3. In vivo evaluation of the residence time on the ocular surface of the developed eye 

drops. 

4. Evaluation of the mucoadhesive capacity and safety of cyclodextrins at high concentrations 

on the ocular surface. 

 

ORGANIZATION 

Based on the objectives described above, this doctoral thesis is presented as a compendium of 

four research papers and a literature review.  
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This doctoral thesis has been organized to comply with the regulations of the International 

Doctoral School of the University of Santiago de Compostela in terms of structure, language 

and ethical and intellectual property.  

This doctoral thesis is divided into three sections that correspond to: 

1. A general and critical review of the state of the art of the problem to be developed. 

2. Development and characterization of topical-ophthalmic formulations containing different 

drugs useful for the treatment of the disease studied.  

3. Characterization in terms of ocular irritation and permanence of excipients useful for the 

development of ophthalmic formulations.  

The first section or introduction corresponds to an in-depth review of the pharmacological and 

non-pharmacological management of fungal keratitis. It also includes a review of the anatomy 

of the eye, the factors involved in topical-ophthalmic drug delivery to the anterior segment of 

the eye and the types of formulations useful in increasing the bioavailability of drugs in the 

precorneal area.   

The second section covers the development and characterization of multiple topical-ophthalmic 

formulations for the treatment of fungal keratitis. This section comprises the first three chapters. 

In all three chapters, the ocular safety of the developed formulations and their in vivo 

permanence on the ocular surface are evaluated.  

Chapter 1 comprises the characterization of two different hydrogels for topical-ophthalmic 

administration of econazole: an ion-sensitive hydrogel formed by the combination of gellan 

gum and kappa carrageenan and a mucoadhesive hydrogel formed by hyaluronic acid.  

Chapter 2 comprises the characterization of two different hydrogels for the topical-ophthalmic 

administration of voriconazole: an ion-sensitive hydrogel formed by the combination of gellan 

gum and kappa carrageenan and a mucoadhesive hydrogel formed by hyaluronic acid.  

Chapter 3 comprises the characterization of two different hydrogels for the topical-ophthalmic 

administration of natamycin and voriconazole: one hydrogel formed by hyaluronic acid and the 

other by PVA (Liquifilm®).  

The third section corresponds to the fourth chapter and is based on the study of the 

mucoadhesive capacities of different cyclodextrins at high concentrations using different 

techniques. In addition, their safety on the ocular surface is evaluated. 
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ANTECEDENTES DEL PROBLEMA 

Cada año se registran alrededor de 1.000.000 de nuevos casos de queratitis fúngica en todo el 

mundo. La queratitis fúngica es la causa de más del 50% de las úlceras oculares infecciosas en 

países con climas tropicales mientras que la infección es rara en climas templados, donde las 

pocas infecciones que hay, generalmente están provocadas por el género Candida.  

La queratitis fúngica es una enfermedad poco habitual en los países desarrollados, aunque 

actualmente se está viendo un incremento en el número de casos debido a diferentes factores 

como el mal uso de las lentes de contacto, los tratamientos largos con corticoides o antibióticos, 

pacientes inmunocomprometidos, pacientes con una lesión ocular previa, etc.  

Además, esta enfermedad presenta un diagnóstico clínico complicado ya que es frecuente que 

el paciente sea asintomático, tardando días o incluso semanas en aparecer los síntomas. Es 

habitual también confundir esta infección con otros tipos de queratitis infecciosas.  

Las preparaciones tópicas antifúngicas existentes a día de hoy no son tan efectivas como las 

preparaciones existentes para las queratitis bacterianas, por lo que en la mayoría de los casos se 

requiere una terapia antifúngica tópica y sistémica prolongada. 

En la actualidad, sólo existe una formulación oftálmica aprobada por la FDA para el tratamiento 

de la queratitis fúngica. Esta formulación se basa en una suspensión de natamicina, que se limita 

a su utilización en caso de infecciones por hongos filamentosos e infecciones superficiales, 

debido a su baja penetración transcorneal. Debido a este gran vacío terapéutico, los 

departamentos de farmacia hospitalaria se ven en la obligación de reformular formulaciones 

destinadas a otras vías (principalmente intravenosas) mediante su dilución en vehículos 

oculares biocompatibles para la preparación de colirios. El problema de estas preparaciones 

extemporáneas es que se desconoce su toxicidad ocular, su estabilidad o su eficacia. Cabe 

destacar, que con estas formulaciones se suele aplicar un tratamiento intensivo (cada hora) para 

mantener la concentración eficaz sobre la superficie ocular, que permita la resolución de la 

infección. Esta posología intensiva provoca abandonos del tratamiento por parte del paciente, 

que empeoran el cuadro clínico provocando en muchas ocasiones la hospitalización del 

paciente. Esta posología intensiva, se debe a la baja permanencia sobre la superficie ocular que 

presentan estas formulaciones debido al intenso aclaramiento precorneal, provocado por alta 

renovación lagrimal y el parpadeo. 

Por otra parte, la necesidad de aumentar la biodisponibilidad de los fármacos a través de la vía 

tópico-oftálmica, nos conduce al objetivo de aumentar la concentración de principio activo 

sobre la superficie ocular. Para la administración de fármacos poco solubles en agua, será 

necesario aumentar su solubilidad mediante diferentes estrategias. Una de ellas es el uso de las 

ciclodextrinas, oligosacáridos con forma cónica o toroidal que presentan una cavidad interior 

lipofílica y una superficie hidrofílica. Son capaces de internalizar moléculas hidrofóbicas, 

aumentando su solubilidad, estabilidad e incluso disminuyendo su toxicidad. Además, pueden 

aumentar de forma considerable la permeabilidad de diferentes membranas biológicas. 

Generalmente y hasta cierto punto, a medida que se aumenta la concentración de ciclodextrina 

aumentará la cantidad de fármaco solubilizado (esto es dependiente de la interacción que se 

genere entre fármaco y ciclodextrina y de sus naturalezas). De esta forma, en muchas ocasiones 
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se necesitarán altas concentraciones de ciclodextrina para solubilizar la cantidad de fármaco 

que se pretenda administrar en cada dosis. Hoy en día, el conocimiento sobre los efectos de las 

ciclodextrinas a altas concentraciones sobre la superficie ocular se desconoce, lo que limita su 

utilización.  

OBJETIVOS  

Teniendo en cuenta las consideraciones anteriores, el objetivo general de esta tesis fue el de 

mejorar el tratamiento farmacológico de la queratitis fúngica a través de la administración 

tópico-oftálmica.  

Para lograr este propósito, se plantearon los siguientes objetivos específicos: 

5. Desarrollo de hidrogeles conteniendo econazol como molécula para el tratamiento de la 

queratitis fúngica. 

5.1.Diseño, optimización, caracterización fisicoquímica de hidrogeles mucoadhesivos de 

ácido hialurónico y de hidrogeles sensibles a iones conteniendo econazol.  

5.2. Evaluación de la seguridad ocular y de la efectividad antifúngica in vitro. 

5.3.Evaluación de la bioadhesión in vivo determinando el tiempo de residencia sobre la 

superficie ocular en modelos animales murinos.   

6. Desarrollo de colirios de voriconazol que mejoren la formulación extemporánea utilizada 

en los hospitales, con el objetivo de mejorar su posología aumentando la permanencia sobre 

la superficie ocular.  

6.1. Diseño, optimización y caracterización fisicoquímica de hidrogeles ión-sensibles e 

hidrogeles mucoadhesivos de ácido hialurónico conteniendo voriconazol. 

6.2.Evaluación de la seguridad ocular.  

6.3.Evaluación de la bioadhesión in vivo determinando el tiempo de residencia sobre la 

superficie ocular en modelos animales murinos. 

7. Desarrollo de un nuevo colirio que combine natamicina y voriconazol. 

7.1. Diseño, optimización y caracterización fisicoquímica de las formulaciones combinadas 

de natamicina y voriconazol. 

7.2. Determinación de la efectividad antifúngica de la combinación de natamicina y 

voriconazol frente a diferentes especies fúngicas en comparación con las formulaciones 

utilizadas en los servicios de farmacia hospitalaria. 

7.3. Evaluación in vivo del tiempo de residencia sobre la superficie ocular de los colirios 

desarrollados. 

8.  Evaluación de la capacidad mucoadhesiva y de la seguridad que presentan las 

ciclodextrinas a altas concentraciones sobre la superficie ocular.  
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ORGANIZACIÓN 

En base a los objetivos descritos, esta tesis doctoral se presenta como un compendio de cuatro 

trabajos de investigación y un trabajo de revisión bibliográfica.  

Esta tesis doctoral se ha organizado para cumplir la normativa de la Escuela Internacional de 

Doctorado de la Universidad de Santiago de Compostela en cuanto a estructura, idioma y 

propiedad ética e intelectual.  

Esta tesis doctoral se divide en tres apartados que corresponden con: 

1. Una revisión general y crítica del estado del arte del problema a desarrollar. 

2. Desarrollo y caracterización de formulaciones tópico-oftálmicas que contengan 

diferentes fármacos útiles para el tratamiento de la enfermedad estudiada.  

3. Caracterización en cuanto a irritación y permanencia ocular de excipientes útiles para 

el desarrollo de formulaciones oftálmicas.  

La primera sección o introducción corresponde a una revisión profunda del manejo 

farmacológico y no farmacológico de la queratitis fúngica. Además, se incluye una revisión de 

la anatomía del ojo, de los factores que intervienen en la administración tópica-oftálmica de 

fármacos sobre el segmento anterior del ojo y sobre los tipos de formulaciones útiles en el 

aumento de la biodisponibilidad de los fármacos en el área precorneal.   

La segunda sección engloba la elaboración y caracterización de múltiples formulaciones 

tópico-oftálmicas destinadas al tratamiento de la queratitis fúngica. Este apartado comprende 

los tres primeros capítulos. En los tres capítulos se evalúa la seguridad ocular de las 

formulaciones desarrolladas y su permanencia in vivo sobre la superficie ocular.  

El capítulo 1 comprende la caracterización de dos hidrogeles diferentes para la administración 

tópica-oftálmica del econazol: un hidrogel ión-sensible formado por la combinación de goma 

gellan y carragenato kappa y otro hidrogel mucoadhesivo formado por ácido hialurónico.  

El capítulo 2 comprende la caracterización de dos hidrogeles diferentes para la administración 

tópica-oftálmica del voriconazol: un hidrogel ión-sensible formado por la combinación de goma 

gellan y carragenato kappa y otro hidrogel mucoadhesivo formado por ácido hialurónico.  

El capítulo 3 comprende la caracterización de dos hidrogeles diferentes para la administración 

tópica-oftálmica de la natamicina y el voriconazol: un hidrogel formado por ácido hialurónico 

y otro por PVA (Liquifilm®).  

La tercera sección corresponde al cuarto capítulo y se basa en el estudio mediante diferentes 

técnicas de las capacidades mucoadhesivas de diferentes ciclodextrinas a concentraciones altas. 

Además, se evalúa su seguridad sobre la superficie ocular.   
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GENERAL INTRODUCTION 

1. OCULAR ANATOMY AND PHYSIOLOGY 

The eye is the organ responsible for vision. It presents complex anatomy and physiology that 

provides insulation and protection. The eyeball occupies only one-third of the orbit, the other 

two-thirds are occupied by muscles, nerves, and blood vessels (1). 

The eye can be divided into two segments: 

Anterior segment: It comprises the cornea, limbus, conjunctiva, anterior and posterior 

chambers, trabecular meshwork, Schemm's duct, iris, pupil, lens, zonules, ciliary body, and 

aqueous humor. 

           Posterior segment: It comprises the posterior part of the sclera, the uveal tract, the 

vitreous humor, the retina, the choroid, and the optic nerve. 

In addition, the eye is composed of three main layers: the sclerocorneal layer, the uveal layer, 

and the retinal layer (2). 

The sclerocorneal layer is the outermost layer. It is formed by the sclera, which provides 

structural support, and the cornea, which is the main refractive element towards the retina. The 

sclera and the cornea are joined through the limbus (2,3).  

The middle layer is the uveal layer. It is a highly vascularized layer composed of the choroid, 

ciliary body, and iris. The iris comprises pigmented epithelial cells and circular muscles that 

regulate the size of the pupil and thus the entry of light into the eye. The choroid lies between 

the sclera and the retina. Its main functions are to provide nutrition to the retina, adjust its 

position and secrete growth factors (4), among others. In the anterior part of the eye, the choroid 

is attached to the ciliary body, which is attached to the lens through a suspensory ligament (2). 

The ciliary body secretes aqueous humor, which circulates through the anterior and posterior 

chambers supplying nutrients and oxygen to the lens and cornea. The aqueous humor drains 

into Schlemm's canal. 

The retinal layer is the innermost layer of the eye. It consists of the photosensitive retina in the 

posterior segment (ending at the ora serrata) and continues in the anterior segment as a non-

photosensitive epithelium covering the posterior part of the iris and the ciliary body. The fovea, 

located at the back of the retina, is the area of highest visual acuity and is surrounded by the 

macula, a yellowish region. The optic nerve exits the eye through the laminae cribrosa, the part 

of the sclera covered by the optic disc, which lacks photoreceptors (2). 

2. ANATOMY OF THE CORNEA    

The cornea is the front part of the eye. It is a curved and transparent structure (5) and is the 

main refractive element of the eye (6). It is an avascular connective tissue, highly innervated 

(7) and organized in 3 overlapping layers (epithelium, stroma, and endothelium) and three 

interfaces (Bowman's membrane, Dua's layer, and Descemet's membrane) (8,9). 

The corneal epithelium is a squamous, stratified, non-keratinized layer consisting of 5 or 6 

layers of cells.  The superficial layers (2 or 3) are formed by flat polygonal cells that present 

microvilli and micropliace in their apical part. These structures increase the surface area of 

interaction between the superficial cells and the mucin layer of the tear film. The suprabasal 
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layers (2 or 3) are formed by winged cells (wing cells) less flat than the superficial ones and the 

basal layer is formed by a single layer of columnar cells. All the cells of the different layers of 

the epithelium present very tight junctions between them (8,10).  

Bowman's membrane is an acellular layer formed by type I and type III collagen fibers and 

proteoglycans (9). It is found between the epithelium and the stroma and its function is not clear 

(11). 

The corneal stroma constitutes 90% of the corneal structure (8). The main cellular components 

of the stroma are keratocytes, which produce collagen and proteoglycans. Keratocytes are 

widely dispersed occupying only 2-3% of the total stromal volume, the rest of the stromal 

volume is mainly occupied by components of the extracellular matrix (collagen and 

proteoglycans (8)) and collagen fibers (9) arranged in parallel forming lamellae. 

Between the stroma and Descemet's membrane, there is Dua's layer (12), recently discovered, 

although there is controversy regarding its discovery (13). It is an air-impermeable layer formed 

by 5 - 8 compact sheets of collagen type I and VI and a low density of keratocytes (14).  

Descemet's membrane is located between the stroma and the endothelium. It is mainly 

composed of collagen type IV and VIII, laminin, fibronectin, and proteoglycans (9). Its main 

functions are to maintain corneal hydration, the differentiation and proliferation of endothelial 

cells, and the maintenance of corneal curvature, in addition to maintaining the integrity of the 

corneal structure (15).  

The endothelium is the deepest layer of the cornea and is composed of a single layer of 

hexagonal cells joined together by very tight junctions (8,16). The main function of the 

endothelium is to control the movement of aqueous humor into the stroma, thus maintaining 

proper corneal hydration (16). 

3. DRUG PASSAGE THROUGH THE CORNEA 

The cornea represents the main biological barrier of the eye, preventing the entry of 

microorganisms and foreign substances (including drugs) into the interior of the eyeball (10). 

The different anatomical characteristics of its layers greatly complicate the permeability of drug 

molecules to the interior of the ocular tissues, being conditioned by their lipophilicity, 

molecular weight, charge, and degree of ionization (17).  

The corneal epithelium presents different types of junctions between its cells. Apical cells are 

joined by desmosomes, adherens junctions, and tight junctions. The winged cells of the 

suprabasal layer are joined by desmosomes and adherens junctions (18). Basal or columnar 

cells are joined by desmosomes, GAP junctions, and tight junctions. They are also attached to 

the basal layer by hemidesmosomes (9). In the corneal stroma, there are no tight junctions, but 

the stromal cells (keratocytes) are joined together by GAP junctions (9). Endothelial cells 

present zonula occludens or tight junctions, macula occludens, and macula adherens or 

desmosomes (9). 

The tight junctions present both in the epithelium and in the corneal endothelium are responsible 

for restricting the passage by diffusion mechanisms of small hydrophilic molecules to the 

internal ocular tissues (aqueous humor, iris, and uvea) by the paracellular route (9), while the 

hydrophobic molecules that can cross the epithelium by the transcellular route, will see their 
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permeability conditioned by the hydrophilic nature of the stroma (7,19). Drugs with a molecular 

weight greater than 500 Da do not cross the cornea, while those with a molecular weight below 

100 Da cross it without any difficulty. Ionization of drug molecules can also interfere with 

passage through the different layers. Thus, there must be a balance between the ionized and 

non-ionized forms of the drug so that the molecules can penetrate completely (20). Once the 

drug has passed through the cornea and reached the aqueous humor, it is distributed by diffusion 

processes to the surrounding tissues (ciliary body, iris, lens) and to the vitreous humor (21). 

In addition, the passage of molecules across the cornea can be affected by the presence of 

transmembrane efflux and influx pumps expressed on the corneal surface (and in other ocular 

structures) that also limit the passage of molecules to the inner tissues of the eye (7,22,23). 

Efflux pumps such as the transmembrane glycoprotein P-gp, multidrug resistance-associated 

protein (MRP), and breast cancer-resistant protein (BCRP) are members of the ABC (ATP 

Binding Cassette) family of transporters. These efflux transporters can block drug entry into 

cells, protecting them from potential damage associated with toxic metabolites and other 

foreign molecules (22). Efflux pumps belong to the solute carrier (SLC) family of transporters 

with amino acid and peptide transporters being the most common for ocular delivery, although 

cation/organic anion (SLC22), monocarboxylate (SLC16), and nucleoside transporters (SLC28 

and 29) have also been identified in various ocular tissues. To improve the bioavailability of 

certain drugs with low permeability, it would be desirable to employ transporter-targeted 

prodrugs, which would help the evasion of efflux pumps and entry into the cell via an influx 

transporter (23). 

4. OCULAR DRUG DELIVERY: TOPICAL ADMINISTRATION 

Ocular administration of drugs can be carried out by three different methods: direct injection 

(intravitreal, peribulbar, retrobulbar, suprachoroidal...), systemic administration, or topical 

administration (17).  

Topical administration is the most appropriate way to achieve therapeutic levels in the anterior 

segment, besides representing the least invasive method of ophthalmic application, since it is 

well tolerated by patients because it is painless, simple, and easy to self-administer (7,23). The 

main disadvantage is that its bioavailability is significantly low, with less than 5% of the 

administered drug reaching the intraocular tissues (aqueous humor among others) (24,25) and 

only 0.001% of the fraction that penetrates reaches the posterior segment of the eye (26). Once 

the drug is administered on the surface of the eye it is rapidly eliminated from the precorneal 

area by the protective mechanisms of the eye such as nasolacrimal drainage, blinking (6 to 15 

times per minute), tear turnover rate (0.5-2.2 µL/min) and high tear clearance (27,28), as well 

as unproductive absorption into the systemic circulation through the conjunctiva, choroid, uveal 

tract, and inner retina.  

The topically administered drug is released from the vehicle into the tear film. The tear film has 

a complete renewal every 2-3 minutes, which accelerates the elimination of the drug from the 

precorneal area through the nasolacrimal drainage. In addition, enzymes (carbonic anhydrase 

and esterase enzymes) and proteins present in the tear may influence the metabolization of the 

active ingredient (26).  
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The tear drainage rate is conditioned by different factors that can accelerate reflex lacrimation 

and increase the number of blinks. Among these factors are pH, osmolality, limpidity, and 

viscosity (among others) of the administered formulations. 

4.1.  PH 

The pH of ophthalmic formulations should be similar to the pH of the tear (7.4) to avoid 

irritation at the ocular level, since this irritation could produce an increase in lacrimation as a 

mechanism to restore normal physiological conditions, increasing the elimination of the drug 

in the precorneal area (29). Although the recommendation is that ophthalmic formulations 

should have a pH of around 7.4 to avoid irritation of the ocular surface, it is important to 

consider the pH at which the drug is most stable and at which its absorption is favored. In 

addition, tears have a certain buffering capacity, between pH 4 and 8 (30) due to the presence 

of bicarbonate ions, proteins, and mucins (31), so small pH deviations in ophthalmic 

formulations can be buffered without producing irritation or lacrimation.   

4.2. OSMOLALITY  

Osmolality is considered a secondary aspect in the development of new ophthalmic 

formulations, but it should be taken into account that hyperosmolality will produce an osmotic 

movement of water to the conjunctival sac, producing a dilution of the administered drug, 

increasing its elimination (32). Thus, the osmolality values of ophthalmic formulations should 

be as close as possible to the osmolality of the tear fluid (290 mOsm/kg). 

4.3.  LIMPIDITY 

All ophthalmic formulations should be observed for the presence of suspended particles (the 

size of any particle administered into the eye should be less than 10 µm (29,33)) since at the 

topical level, these particles can cause epithelial damage leading to infection or corneal scarring 

(29), as well as the production of tear in excess that increases the rate of drug clearance from 

the ocular surface. Removal of possible suspended particles can be accomplished by using 0.22 

µm membrane filters, which will remove all particles larger than this pore size. In addition, if 

filtration is performed under sterile conditions, such filters will also serve to sterilize the 

formulation. 

4.4. VISCOSITY 

Normally, the volume of instilled formulation is around 40 - 50 µL, but during blinking, the 

volume of liquid remaining on the ocular surface is reduced to 10 µL, which when mixed with 

tear fluid will reduce its concentration to a quarter (34). An increase in the viscosity of the 

instilled formulation through the use of polymers can prolong the residence time of that volume 

in the precorneal area if the formulation exceeds a viscosity of 20 cP (29). Increasing the contact 

time with the precorneal area allows for a decrease in the number of instillations, since 

increasing the time the drug remains in the eye can increase the bioavailability of the drug by 

up to 50% (24). 

The polymers used to increase viscosity are high molecular weight hydrophilic polymers such 

as methylcellulose, hydroxyethylcellulose, alginates, poly(vinylpyrrolidone) (PVP), 
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polyethylene glycol (PEG), polyvinyl alcohol (PVA) or hyaluronic acid (HA), among others 

(29,35,36).   

5.  OPHTHALMIC FORMULATIONS INTENDED TO INCREASE DRUG BIOAVAILABILITY IN THE 

PRECORNEAL AREA. 

Generally, to improve the efficacy of topical ophthalmic formulations, there is a tendency to 

use fortified formulations containing very high drug concentrations. An intensive dosage 

(repeating the administration every hour, for example) is also often maintained, which can lead 

to systemic side effects due to unproductive absorption of the drug (through the conjunctiva, 

choroid, uveal tract, and inner retina) and cellular damage of the ocular surface (37), which 

leads to early discontinuation of treatment by the patient. This generally leads to a worsening 

of the clinical picture and hospitalization of the patient, thus increasing healthcare costs. 

Over the years, research in the development of new formulations has focused mainly on two 

strategies to improve the bioavailability of drugs through the ophthalmic topical route: 

increasing the biopermanence of the drug in the precorneal area and increasing the permeability 

of the drug through the cornea, sclera, and conjunctiva (38).  

These two objectives can be achieved by developing easy-to-administer and easy-to-formulate 

systems based mainly on polymers that increase the viscosity of the formulations and increase 

adhesion to the mucin layer of the tear (mucoadhesive systems), or that undergo a change in 

their conformation on contact with the surface of the eye (in situ gelling systems). In addition, 

there are different tools to improve drug permeability that can be combined with polymeric 

systems, such as the use of cyclodextrins that can significantly increase the solubility of 

hydrophobic drugs in aqueous vehicles.  

5.1.  MUCOADHESIVE SYSTEMS 

Mucoadhesive systems are formed by polymer solutions capable of interacting with the acidic 

remains (sialic remains) of the mucin present in the lacrimal fluid (39) increasing the contact 

time with the ocular surface. 

Several theories have been described to explain the mechanisms by which mucoadhesion takes 

place, such as the wetting theory that describes the ability to spread through the mucin layer; 

the electrostatic theory that proposes mucoadhesion as a result of the attractive forces between 

the charges of the polymer and the mucin; the adsorption theory in which the polymer chains 

bind to the mucin by Van Der Waals forces, hydrogen bridges, or hydrophobic interactions; the 

diffusion theory which describes the interpenetration of the polymer chains into the mucin layer 

forming semi-permanent bonds; and the fraction theory, which analyzes the forces required to 

separate mucoadhered surfaces (40–42). It is likely that mucoadhesion is a combination of all 

the described theories. 

Numerous polymeric solutions have been used to increase mucoadhesion at the topical 

ophthalmic level, such as methylcellulose, hydroxyethylcellulose, carboxymethylcellulose, 

chitosan, sodium alginate, povidone, polyvinyl alcohol or hyaluronic acid (HA) (35,43).  

Hyaluronic acid or sodium hyaluronate (HA) is a glycosaminoglycan composed of repeating 

disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine. It is a natural polymer 
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endogenous in the human body, being present in the skin, umbilical cord, synovial fluid, lungs, 

heart valves, aorta, or vitreous humor, among others (44). HA has anti-inflammatory, 

immunosuppressive, antiangiogenic, and analgesic properties, which give it numerous 

applications (45). It also exhibits biophysical characteristics similar to tear mucins, providing 

long-lasting water retention and hydration (37). Several studies have demonstrated the ability 

of HA to protect epithelial cells from dehydration and to increase their proliferation (46,47). In 

addition, it has been shown to be effective in recovery after anterior chamber surgery (48–50) 

and is widely used in the treatment of dry eye (51–53).  

Its negative charge facilitates adhesion to the ocular surface, which gives it mucoadhesive 

properties, and although its bioadhesive capacity is lower than that of other polymers, it has 

been shown to improve the bioavailability of several drugs when compared to other polymers. 

This fact shows that polymers that present properties similar to tear mucin can significantly 

increase the bioavailability of some drugs (54,55).  

5.2.  IN-SITU GELATION SYSTEMS 

In situ gelling systems are liquid polymeric systems that crosslink in the presence of a stimulus 

or a combination of stimuli, such as ocular surface temperature, pH, or the presence of certain 

tear ions. They can be classified as thermo-sensitive, pH-sensitive, and ion-sensitive in situ 

gelling systems.  

Their main advantages are increased corneal retention, precise dose delivery, and control of 

drug release (56). 

5.3.  THERMOSENSITIVE IN-SITU GELLING SYSTEMS 

Thermo-sensitive in situ gelation systems are formed by polymers capable of changing their 

physical properties through a variation in temperature. These systems are based on the critical 

solution temperature of polymers such as poloxamer, chitosan, or polyacrylic acid, among 

others (35). An increase in the temperature of the polymer solution will cause the interactions 

between the hydrophobic and hydrophilic groups of the polymer chains and the water molecules 

to change, causing a decrease in the solubility of the polymers in water and thus leading to gel 

formation (57). Numerous studies have been described proposing various hydrogels for the 

treatment of ophthalmic pathologies based on thermosensitive polymers (58–61). 

5.4.  PH-SENSITIVE IN-SITU GELLING SYSTEMS 

pH-sensitive in situ gelation systems are made up of polymers composed of acidic (anionic) 

and basic (cationic) groups such as carbomers, macrogol, or methacrylic acid, among others 

(35). Depending on the pH of the medium in which these systems are applied, the polymers 

will modify their solubility in water, gelling according to their ionizable groups (62). Several 

authors have published studies in which they have developed pH-sensitive hydrogels for the 

treatment of ophthalmic pathologies (63–65). 

5.5.  ION-SENSITIVE IN-SITU GELATION SYSTEMS 

Ion-sensitive in-situ gelling systems are based on the interaction of anionic polymers with the 

cations of the tear fluid (Na+, K+, Mg2+, Ca2+) (66). The most commonly used natural anionic 
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polymers for the formulation of these systems are gellan gum (GG), carrageenans, and alginate, 

among others (30,35,67–70). 

In these systems, the transition from solution to gel occurs when the polymer molecules in 

solution come into contact with the monovalent (Na+, K+) and/or divalent (Mg2+, Ca2+) cations 

of the tear, triggering the union of the polymer chains by ionic bonds between the negatively 

charged groups of their structures with the positive charges of the cations of the tear. 

Gellan gum (GG) is a natural polymer produced by Pseudomonas elodea. It consists of 

repeating units of glucose, glucuronic acid, and rhamnose with acetate and glycerate groups, 

although the one used for formulation is deacetylated. The transition from solution to gel occurs 

when the molecules in solution of GG come into contact with divalent Ca2+ cations (it can be 

triggered with others, but with Ca2+ especially) forming aggregation zones between the chains 

with a double helix structure to form a three-dimensional network (69). This gelation 

mechanism is simpler in the case of deacetylated GG due to the elimination of acetate and 

glycerate groups (56,71).  

Carrageenans are natural linear polymers from red algae (Rhodophyceae). They are composed 

of repeating units of galactose and anhydrogalactose linked by glycosidic bonds. There are three 

types of carrageenans and they differ in the degree of substitution of the sulfate group, in the 

position of the sulfate ester groups, and in the presence or absence of anhydrogalactose units: 

kappa (κ), iota (ι), and lambda (λ). 

Only κ and ι form gels: carrageenan κ (CK) gels in the presence of K+ and carrageenan ι in the 

presence of Ca2+ (69,72). Gelation takes place by aggregation of the helical dimers through 

intermolecular interactions giving rise to a stable three-dimensional network (73).  

Alginate is a linear polymer produced by several types of bacterial strains (Laminaria 

hyperborea, Laminaria digitata, Laminaria japonica, Ascophyllum nodosum, and Macrocystis 

pyrifera) and brown algae (Phaeophyceae) (74). It consists of blocks of glucuronic acid and 

mannuronic acid residues (56). Like gellan gum, the fastest alginate gelation reaction occurs 

when the polymer solution is brought into contact with Ca2+ cations (the gelation reaction can 

be triggered by other divalent cations) that bind the glucuronic acid blocks together forming the 

so-called egg-box structure (56). Generally, alginate is used in combination with other polymers 

(75). 

6.  CYCLODEXTRINS 

Cyclodextrins are cyclic oligosaccharides formed by α-D-glucopyranose units linked by α-D-

(1,4) bonds obtained during the enzymatic degradation of starch. Depending on the number of 

α-D-glucopyranose units forming them, they are classified as alpha-cyclodextrin (αCD) (6 

units), beta-cyclodextrin (βCD) (7 units) and gamma-cyclodextrin (ɣCD) (8 units). They have 

cone- or toroid-shaped structures with a hydrophobic interior cavity (lined by the carbons of 

the molecular backbone and the oxygens of the glucose residues) and a hydrophilic outer 

surface (with numerous hydroxyl groups, primary in C6 position and secondary in C2 and C3 

position) (76).  

There are different types of synthetic cyclodextrins (2-hydroxypropyl-β-cyclodextrin 

(HPβCD), hydroxypropyl-ɣ-cyclodextrin (HPɣCD), sulfobutylether-β-cyclodextrin (SBECD), 
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methyl-β-cyclodextrin (MβCD), among others), derived from natural cyclodextrins (αCD, βCD 

and ɣCD). They are obtained mainly by substitution of the hydroxyl groups present on the 

external surface. These substitutions improve certain characteristics of natural cyclodextrins, 

such as the low water solubility exhibited by βCD (77).  

Cyclodextrins are able to internalize hydrophobic drug molecules or part of them in their cavity, 

forming inclusion complexes that can improve the aqueous solubility of the molecule, reduce 

or decrease toxicity, improve drug stability, etc (78–80). They are widely used as excipients in 

the formulation of topical ophthalmic drugs and have been shown to increase the bioavailability 

of poorly soluble drugs, reduce ocular irritation and improve corneal permeability (78,81,82). 

SPECIFIC INTRODUCTION 

7. FUNGAL KERATITIS 

Ocular fungal infections can affect different parts of the eye such as the lacrimal apparatus, 

conjunctiva, eyelids, and even the bony orbit, although most commonly the affected parts are 

the cornea (keratitis) or the vitreous humor (endophthalmitis) (83).  

Fungal keratitis or mycotic keratitis is an infection of the cornea and can be caused by 

filamentous fungi, the most common being Fusarium spp., Aspergillus spp. Curvularia spp and 

Penicillium spp, (84) or by yeasts, Candida albicans being the most frequent (85), although it 

can be caused by other genera (Table 1). 

The severity of the disease lies mainly in the lack of effective drugs available, the difficulty in 

diagnosis, and the delay in starting effective treatment. These factors lead to blindness (86) or 

even omplete loss of the eyeball.
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Table 1. Fungal species implicated in fungal keratitis. 

 

  

Genus Specie Reference 

 YEAST  
Blastoschizomyces B. capitatus (87,88) 

Candida 
spp (C. albicans, C. guilliermondii, C. parapsilosis, C. 

tropicalis, C. glabrata) 
(89–94) 

Cryptococcus C. albidus (95,96) 

Malassezia M. restricta (97) 

Pichia spp (P. ohmeria, P. anomala) (98) 

Trichosporon spp (T. beigelli, T. asahii) (93,99) 

 SEPTATE FILAMENTOUS FUNGI  

Acremonium spp (92,94,100,101) 

Alternaria spp (92,100,102) 

Aspergillus 

spp (A. flavus, A. fumigatus, A. niger, A. nomius, A. 

pseudonomius, A. sydowii, A. terreus, A. tamrii, A. 

effusus, A. protuberus, A. minisclerotigenes) 

(90,92–94,103–112) 

Beauveria B. bassiana (113,114) 

Bipolaris spp (94,100) 

Cladosporium spp (115) 

Colletotrichum 
spp (C. truncatum, C.  tropicale, C. fusiforme,  C. 

fructicola, C. gloeosporioides) 
(116–120) 

Curvularia spp (92,94,100,121,122) 

Cylindrocarpon C. lichenicola (123–125) 

Drechslera spp (126) 

Epicoccum spp (100) 

Exophiala spp (E. Phaeomuriformis) (127–129) 

Fusarium 
spp ( F.epishaesia, F. moniliforme, F. osysporum, F. 

solanii) 

(90,92,94,107,109,110,130–

133) 

Histoplasma H. capsulatum (134) 

Lasiodiplodia spp (L. threobromae) (135–137) 

paecilomyces spp (P.farinosus, lilacinus) (92,94,138) 

Penicillium (P. expansum, P. marneffei, P. farinosus) (92,111,139) 

Phialophora verrucosa (140) 

Phoma spp (P. gardeniae) (94,141) 

Scedosporium spp (S. apiospermun, S. prolificans) (90,94,100,142,143) 

Scytalidium spp (S. dimidiatum) (144,145) 

Trichophyton spp (S. interdigitale, S. schoenleinii) (146–149) 

Ulocladium spp (U. atrum) (100,150) 

 NOT SEPTATE FILAMENTOUS FUNGI  
Absidia corymbifera (151) 

Mucor spp (92,109) 

Rhizopus spp (92) 

 DIMORPHIC FUNGI  
Blastomyces spp (152) 

Coccidioides immitis (153,154) 

Paracoccidioides brasiliensis (153,154) 

Sporothirx schenckii (153,154) 
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About 1,000,000 new cases of fungal keratitis are reported worldwide each year (84). Fungal 

keratitis is the cause of more than 50% of infectious ocular ulcers (85,155) in countries with 

tropical climates, whereas infection is rare in temperate climates, where the few infections that 

do occur are generally caused by the genus Candida. 

The most frequent risk factor is trauma with contaminated plant material (135,140,156), and it 

is most often associated with rural areas, where agriculture is the main resource (144,154).  

 It is an uncommon disease in more developed countries, although an increase is currently being 

seen due to different factors such as the misuse of contact lenses (90,113,138,142,145), long 

treatments with corticosteroids and local or systemic antibiotics, immunocompromised patients 

(83,116,139,143,157), previous ocular lesions (132), dry eye, or even corneal transplantation 

(114) since there is no antifungal preventive treatment in the preparation of donated eyeballs 

(158).  

Keratitis presents a complicated clinical diagnosis since it is common for the patient to be 

asymptomatic after the trauma, and it takes days or even weeks to feel pain, photophobia, or 

conjunctival injection. Moreover, it is common to confuse it with other types of infectious 

keratitis since the first symptoms are usually common and non-specific (9) and the clinical 

features depend on the type of fungus and the progression of the disease.  During the latency 

period, the epithelium may heal completely above the focus of infection. As time passes, 

inflammatory processes lead to the permanent breakdown of the epithelium, ulceration of the 

stroma, or even involvement of Descemet's membrane, producing a descemetocele that may 

lead to perforation of the cornea (83).  

The infection usually presents suppurative ulcers (159), recurrent, with irregular borders, dry 

surface, and occasionally with "satellite" lesions (94,160) peripheral to the infiltration area. 

Due to the difficulty of clinical diagnosis, a microbiological diagnosis should be performed in 

all cases to ensure which species is responsible for the infection. For sampling, corneal 

scrapings with a spatula or scalpel blade are preferred because the organisms may be in deeper 

tissue (9). In addition, confocal microscopy allows in vivo examination and provides high-

resolution images of the corneal layers (110,129,154,161). 

8. PHARMACOLOGICAL TREATMENT OF FUNGAL KERATITIS 

The mechanism of action in fungal keratitis should aim at early diagnosis, immediate 

eradication of the infection, effective simultaneous treatment options, minimization of 

complications, and prevention of recurrence.  

The effectiveness of treatment lies primarily in the early initiation of therapy. Antifungal 

treatment should be initiated as soon as the microbiological diagnosis of fungal keratitis has 

been made. Formulations developed for this pathology should have good ocular penetration as 

well as a broad spectrum of action against the fungal pathogens that can cause the disease. The 

formulations chosen should not cause ocular irritation or toxicity (153), unless there is no other 

effective treatment with these characteristics against the pathogen causing the lesion. Topical 

antifungal administration is the most appropriate route to achieve therapeutic levels in the 

corneal epithelium, where the molecular weight of the active ingredient acts as a key factor due 

to its influence on corneal permeability. Other routes of administration, such as systemic or 
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intraocular, are chosen according to the resistance of the pathogen or the affected area of the 

eyeball (162). 

 Existing topical antifungal preparations are not as effective as preparations for bacterial 

keratitis, so in most cases, prolonged topical and systemic antifungal therapy is required. If 

pharmacologic treatment fails, surgical treatment in the form of penetrating keratoplasty or 

conjunctival flap may be required. In most cases, fungal keratitis requires the maintenance of 

topical antifungal medications for a long period of time (greater than 6 weeks) to reduce 

possible recurrences. In some cases, it may be necessary to extend treatment to 12 weeks, 

especially in filamentous keratitis or in the presence of deep stromal infiltrates. Local or 

systemic antifungal drugs have also been shown to be effective after penetrating keratoplasty. 

Topical medications are generally administered hourly (day and night) for the first 48 hours and 

thereafter only during the day. 

Once the presence of symptoms or signs of corneal fungal infections is detected, effective 

antifungal treatment based on inhibition of fungal penetration into the corneal stroma and 

anterior chamber should be established. Early eradication of microorganisms and suppression 

of inflammation are the main established goals of drug therapy. 

Drug selection is dependent on the etiology of the disease, where the diagnosis is made through 

specific culture media that allow deciding which is the best pharmacological treatment. 

Over the years, many drugs (from antiseptics to antibiotics) have been used for the treatment of 

fungal keratitis, although the most commonly used drugs belong to three different groups: 

polyenes, azoles, and pyrimidines. 

Table 2. Representative drugs in the treatment of fungal keratitis, marketed drugs and formulations 

used. Table modified from (175). 

GROUP DRUG 

MARKETED 

OPHTHALMIC 

MEDICINES 

PHARMACEUTIAL 

COMPOUNDING 

 

REF. 

Polyenes 

Natamycin Natacyn® (USA) - (163–168) 

Amphotericin B - 0.15 % - 0.2 % (163,164,169–171) 

Imidazoles 

Miconazole - 1 % (163,164,169) 

Econazole Aurozole® (India) 0.2 – 1 % (103,113,121) 

Ketoconazole - 1 % (163,168,169) 

Triazoles 

Itraconazole 
Itral® (India) 

Entozole® (India) - (163,165,168) 

Fluconazole Zocon® (India) 0.2 - 2 % (153,163,170) 

Voriconazole Vozole® (India) 1 % (153,163,170) 

Pyrimidines 5-Flucytosine - 
1 % (always in combination 

with amphotericin B) 
(163,173,174) 
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8.1. POLYENES 

Polyenes are characterized by a complex structure, composed by a macrocyclic lactone ring 

with several carbon-carbon conjugated bonds. Within this group, amphotericin B and 

natamycin are two of the most used drugs as first-line treatment in fungal keratitis. 

In general, resistance to polyenes is rare, but it has been described in some occasions. This 

resistance occurs due to the ergosterol exhaustion and the 14α-methylphecosterol accumulation 

in fungal cell membranes as a consequence of a desaturase enzyme inhibition (176). 

8.2.  AMPHOTERICIN 

Amphotericin B was the first broad-spectrum antifungal agent discovered. It was isolated for 

the first time in 1950 from the Streptomyces nodosus actinobacteria (177). It has a broad 

spectrum of action against yeasts (Candida spp.) and filamentous fungi (Aspergillus spp., 

Penicillum spp., ...) (178). Anphotericin B represents the treatment of first choice for fungal 

keratitis. 

Its mechanism of action is based on the binding to the fungal membrane ergosterol, an essential 

component of the fungal cell membrane, leading to an ion-channels formation, which causes to 

a membrane depolarization, a greater membrane permeability and a leakage of important 

intracellular components as well as the loss of small intracellular molecules and ions. This leads 

to cell rupture and, eventually, cell death. It also promotes cellular oxidation by altering its 

metabolic functions to stimulate host immune cells (163). 

The name was given by its amphoteric properties since it is insoluble in water at pH 6-7, but 

soluble at extreme pH values (pH 2 or pH 11; over 0.1 mg / mL). In addition, it has a high 

molecular weight (924.0.1 g / mol) which leads to a low corneal penetration, these being 

improved by eliminating the epithelium layer (179,180).  

Generally, amphotericin B topical administration is carried out in concentrations between 0.05-

0.3% (153,169,170), although there are references about its use at a 5% concentration (181). n 

either case, similar pharmacokinetics were described, including penetration into the deep 

corneal stroma after administration. (182). In addition, it is important to keep in mind that, as 

concentration increases, so does its toxicity. Eye drops are prepared from commercialized 

parenteral formulations (Abelcet®, Ambisome®, Amfocan®, Amphotecin B for injection USP 

X-gen®, Funtex B®) diluted in water for injection (170,183). Significant differences among 

these formulations are observed, where drug is incorporated into different pharmaceutical 

forms, including colloidal dispersions, lipid solutions, deoxycholate salts or liposomal 

complexes (184). 

Generally, a 0.15% amphotericin B concentration (550 times higher than the most frequent 

fungi MIC) is enough for the fungal keratitis treatment and less toxic than higher 

concentrations, which do not show any therapeutic improvement and can produce an epithelium 

healing delay, stromal clouding, edema and iritis (169). 

In addition to the topical route, intracameral (5-10 μg/0.1 mL) (5-10 μg/0.1 mL) (169,185,186), 

intracorneal (stroma) (0.5 μg–5 mg/0.1 mL) (153,185), intravitreal (5-10 μg/0.1 mL) (153,187) 

and intravenous routes (0.25-1 mg/kg/day) (0.25-1 mg/kg/day) (188) were tested, the latter 

being used for severe cases in which scleral affection or even endophthalmitis were observed, 
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due to numerous side effects (fever, nausea and vomit, among many others),  where high 

nephrotoxicity is noticed as the most dangerous one. This side effect depends on the 

pharmaceutical form where the active principle is included, being lower in the liposomal one. 

(162,189). Besides that, it must be taken into account that subconjunctival administration can 

produce conjunctival necrosis, being the main disadvantage of this route (182). 

Currently, several research lines are based on the new amphotericin B release systems 

development, these being: 

Chitosan-modified nanostructured lipid carriers: the study concludes with an 

amphotericin B bioavailability improvement due to a permanence time increase in the rabbits 

corneal epithelium without showing ocular irritation (190). 

Lecithin/chitosan nanoparticles: amphotericin B release from this pharmaceutical form 

was significantly prolonged compared to the commercialized brand (Fungizone®). Ocular 

bioavailability was improved and nanoparticles showed good mucoadhesive properties. In 

addition, no eye damage was observed in rabbits compared to the commercial formulation, 

which caused ocular irritation (191). 

Eudragit RS 100 nanoparticles: recent studies showed amphotericin bioavailability 

from this pharmaceutical form was similar to the reference one, but without no ocular irritation 

(192). 

8.3.  NATAMYCIN 

Natamycin or Piramicin has been the first antifungal approved by the FDA for topical 

ophthalmic use (193) in the fungal keratitis treatment. It is an amphoteric macrolide isolated 

for the first time in 1958 from Streptomyces natalensis (169), although it was also later isolated 

from Streptomyces chattanoogensis, S. gilvosporeus and S. lydicus (194). It has a broad 

spectrum of action against most filamentous fungi, and it is especially effective against 

Fusarium spp.  (166), making it the most successful and first-election drug for early fungal 

keratitis treatment (195) caused by filamentous fungi. It also has a good activity against yeasts 

(Candida spp.) (194). 

Its mechanism of action is based on the inhibition of ergosterol-dependent carriers in the fungal 

plasma membrane (194). 

Due to its amphipathic nature, it is practically water-insoluble (30-50 mg / L) (196) and has a 

methanol-and-ethanol low solubility, but it is glacial-acetic-acid and dimethylsilfoxide 

(DMSO) soluble (197). It is a large molecule with a high molecular weight (665.75 g / mol) 

which prevents its corneal penetration. It is used as monotherapy for the superficial infections 

treatment (163,182), and combined with an azole antifungal-oral-treatment for severe infections 

(165). As with amphotericin B, desepithelization improves passage through the cornea. 

In an in vitro test, natamycin and voriconazole combination proved to have a more effective 

antifungal activity than the treatment of each of them separately and can be used in the fungal 

keratitis treatment (198). 

Intravenous or subconjunctival injections of antifungals do not achieve therapeutic drug levels 

in the aqueous humor (195). To overcome this, when an advanced stage infection reaches the 
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underlying tissues, combined formulations of natamycin and another antifungal are used by an 

alternative route of administration. (163). 

A 5% concentration natamycin suspension is the most used and topically applied 

pharmaceutical form (153), being a stable formulation and showing a high tolerance that does 

not cause pain or secondary corneal damage (182). 

Natamycin is also a first-line drug for the filamentous fungal keratitis therapy in many countries 

(182) and unlike amphotericin, there are numerous commercialized formulations worldwide, 

such as: Elmycin® (India), Natam® (India) Pima Biciron N® (Germany), Natacyn® (Argentina, 

Colombia, New Zealand, Malaysia, USA), among others. 

Currently, new natamycin formulations are being tested, being the most relevant: 

PEGylated Nano-lipid carriers: transcorneal permeability and flow showed better 

results than the commercialized suspension (199).  

Complexes with cyclodextrins: several inclusion complexes have shown a natamycin 

transcorneal-permeability improvement leading to a better antifungal efficacy (197). 

9. AZOLES 

Azoles are cyclic organic molecules that are divided into two groups according to the number 

of azole-ring nitrogen atoms, these being: 1) imidazoles, with two azole-ring nitrogen atoms 

and 2) triazoles, where three azole-ring nitrogen atoms are observed. 

Azoles were developed as a less toxic alternative than amphotericin. In 1981, the FDA approved 

the use of oral ketoconazole as the first compound available for the treatment of systemic fungal 

infections. During the 90s, first triazoles discovered (fluconazole and itraconazole) showed a 

greater spectrum of action than imidazoles and a better safety profile than amphotericin B and 

ketoconazole. From there, new analogues were found (voriconazole, posaconazole, etc.), which 

showed better efficacy in resistant infections to the previous ones, greater action potency (200) 

better pharmacokinetic profiles (162). 

Its mechanism of action is based on its binding to cytochrome P450 which is responsible for 

the ergosterol formation. The ergosterol-production blocking produces a methylated-sterols 

accumulation. That increases the membrane permeability and cell growth inhibition, leading to 

cell death. The ergosterol-production inhibition also modifies the function of other enzymes 

associated with the fungal membrane (169). 

All of them present similar mechanisms of action; however, differences on the antifungal 

spectrum variation, tissue penetration, toxicity and pharmacokinetics were observed. 

9.1. VORICONAZOLE 

Voriconazole is a fluconazole synthetic triazole with a broad spectrum antifungal activity, 

particularly against Aspergillus spp., Candida spp., Fusarium spp., Scedosporium spp. and 

Paecilomyces spp., among others. 

(201). 

As with other triazole antifungal agents, voriconazole exerts its effect primarily through 

inhibition of cytochrome P450 CYP-dependent 14α-sterol demethylase, an enzyme responsible 

for the conversion of lanosterol to 14α-demethyl lanosterol in the ergosterol biosynthetic 

pathway (202), as well as the cytochrome P-450 CYP3A, P450 2C19 and P450 2C9 inhibition. 



INTRODUCTION 

25 

  

This leads not only to an ergosterol depletion and the subsequent disruption of the integrity and 

function of the fungal cell membrane, but also to the accumulation of toxic sterol precursors 

including squalene, zymosterol, lanosterol, 4,14-dimethylzymosterol, and 24-

methylenedihydrolanostero (202), eventually resulting in fungal cell lysis. 

In randomized comparative trials, voriconazole appeared to be as efficacious as fluconazole 

and conventional or liposomal amphotericin B. Voriconazole may be an alternative therapeutic 

choice in fungal infections that are refractory to older antifungal agents. Voriconazole has also 

been tested in vitro against yeast, filamentous fungi and dimorphic fungi, appearing to exhibit 

antifungal activity against a wide variety of clinically important yeasts and molds (203). 

Voriconazole, a new azole antifungal agent structurally derived from fluconazole, possesses 

several advantages over some older azole antifungal agents and other conventional antifungal 

agents. Unlike some triazole antifungals (e.g. itraconazole and ketoconazole), it is highly orally 

available ( 75%), and its absorption does not appear to be affected by intragastric pH changes. 

It is rapidly absorbed after oral administration, with a time to maximum plasma concentration 

(tmax) within 2 hours and a 96% oral bioavailability. After single and multiple oral and 

intravenous doses administration, voriconazole had a 6 hours plasma elimination half-life (t1/2) 

(203). 

Voriconazole was approved for use in the United States in 2002 and currently is available as 50 

and 200 mg tablets, an oral suspension (40 mg / mL) and several parenteral formulations 

generically and under the brand name Vfend® (Pfizer, New York).  Serious fungal infections 

are typically treated initially with intravenous voriconazole (4 to 6 mg / kg every 12 h) for 3 to 

10 days, followed by more prolonged therapy with oral forms (20 mg / 12 h).  It is also available 

as a 1 mg / mL topical formulation (Vozole®), 50 µg / mL intrasomal injection, 50 µg / mL 

intracameral injection and 50 µg / mL intravitreal injection (153). 

This drug has also been extensively studied as a keratitis and endophthalmitis alternative 

treatment due to its good concentrations in several ocular tissues, including cornea, vitreous 

humour and aqueous humour. It is also used as a drug of choice for the deep keratitis, scleritis 

and endophthalmitis treatment, as well as prophylaxis after penetrating keratoplasty (163). 

Common side effects include nausea, photosensitivity, hallucinations, headache, visual 

disturbances and rash. 

In recent years, several new voriconazole release systems for ocular delivery were studied, 

being an HPβCD-Voriconazole in situ gelling system the most promising vehicle for topical 

ocular administration against Candida albicans and Aspergillus fumigatus. Its application could 

reduce the necessity for repeated drug administration due to the sustained release properties, 

thereby potentially lowering corneal toxicity and increasing patient compliance (204). 

9.2.  FLUCONAZOLE 

Fluconazole is a synthetic triazole antifungal agent introduced in 1990 into the therapeutic 

arsenal as an alternative treatment for fungal infections. It preferentially inhibits fungal 

cytochrome P-450 2C9, 2C19 and 3A4 sterol C-14α-demethylation, leading to a fungal 14α-

methyl-sterols accumulation and, consequently, disrupting the fungal cell membrane and 

impairing cell replication. 
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(205). 

Commercialized fluconazole pharmaceutical forms are tablets and IV solutions. Nevertheless, 

several ocular formulations have been also tested (169). Orally administration is based on a 

rapid and almost complete GI tract absorption, being the second route reserved for patients who 

do not tolerate or are unable to take the drug orally. Besides that, oral and IV dosage are 

identical (206). Fluconazole oral administration presents a good ocular penetration (182). 

Despite its advantageous pharmacological activity, fluconazole can cause several clinically 

significant side effects, including headache, hives, itching or skin rash, abdominal pain, and 

hematemesis (207). 

Fluconazole topical administration (0.2-2%) presents a good corneal penetration, while 

subconjunctival formulations (2-20 mg / 0.5-1 mL, once or twice a day) showed to be effective 

as a fungal keratitis alternative treatment (153), avoiding surgical procedures (208,209). 

Besides that, it is also effective by intravenous administration (100-200 mg / day) in 

natamycin/amphotericin-refractory Alternaria spp. infections (210). 

It is currently used for both prophylaxis and the treatment of broad-spectrum fungal infections, 

although the emergence of drug-resistant isolates continues to increase dramatically (211).  

(211).  In response to this challenge, the use of new drug formulations and delivery systems 

were studied, including: 

Fluconazole-loaded liposomes for topical ophthalmic administration: liposomes 

showed improved response with Candida albicans compared to fluconazole solution (212). 

Fluconazole lipid nanoparticles: lipid nanoparticles enhanced in vitro antifungal 

activity against Candida spp. (211). 

9.3.  ECONAZOLE 

Econazole is an imidazole derivative mainly used in superficial topical mycosis although it has 

also been used as an alternative treatment for fungal keratitis since the 1980s (213,214). 

Its mechanism of action is the same as the rest of the azoles, although unlike some, it has activity 

against gram-positive bacteria. (215). It has a broad spectrum of action against most filamentous 

fungi (Fusarium spp. and Aspergillus spp.) (216,217) as well as yeasts (Candida spp.) (217–

219), although some authors suggest that the effectiveness against Candida spp. can be variable 

(159,220). 

Its low water solubility (1.48 mM)  (219) and its high molecular weight (381,681 g / mol) leads 

to a low corneal bioavailability, although recent studies have shown that it can be improved 

using cyclodextrins (221) or others systems, such as nanoparticles, which have been used in an 

in vivo trial with rabbits demonstrating the econazole presence in the aqueous humour and the 

cornea within 5 min  application (222) (Zhang, Tian, Xu, Zhao y Zhang, 2015). 

1% or 2% concentration topical econazole eye drops are the most frequent econazole 

pharmaceutical form used for the fungal keratitis treatment (153). In a study in which 112 cases 

of filamentous fungal keratitis were studied, comparing a 2% econazole solution against a 5% 

topical natamycin suspension. Results obtained demonstrated that both drugs showed similar 

efficacy (172), so econazole could be used as an alternative to topical natamycin in countries 

where it was not available, or in natamycin refractory infections. It has also been used a 1% 
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econazole ointment as a prophylactic treatment in cases of ocular traumas with high fungal 

infection risk, obtaining good results (214). Nevertheless, it must be taken into account that 

topical administration can be associated with ocular irritation due to the low pH that it presents 

in aqueous solution (182). 

There is an ophthalmic formulation commercialized in India called Aurozole®. Besides that, 

currently, there are several research and lines focused on new ocular econazole-release-systems 

development, such as: 

Chitosan and sulfobutilether-β-cyclodextrin mucoadhesive nanoparticles: nanoparticles 

have shown a controlled drug release and a drug-residence-time increase, improving its fungal 

activity compared with the econazole nitrate solution currently used (223). 

Ion-sensitive and mucoadhesive hydrogels: hydrogels are controlled-release devices that 

improve the econazole permanence in the eye (219). 

PLGA (poly-lactic-co-glycolic acid) contact lenses containing econazole: contact lenses 

have shown a good efficacy against Candida albicans (218). 

Econazole nitrate nanoparticles: nanoparticles with cyclodextrins and different 

stabilizers, prepared by using a nanospray-dryer. These nanoparticles have shown a better 

bioavailability than the drug suspension due to the nanoparticle’s solubility in the tear (224).  

Econazole ocular nanoemulsifier systems: with hydroxypropylmethylcellulose as a 

precipitation inhibitor, which can stabilize the supersaturation state created, improving ocular 

drug bioavailability (225). 

9.4.  KETOCONAZOLE 

Ketoconazole is a phenylpiperazine synthetic derivative with broad antifungal properties and 

potential antineoplastic activity. It was approved for use in the United States in 1981 and 

introduced in Europe in 1984 as an alternative treatment into the therapeutic arsenal against 

superficial and systemic fungal infections.  The spectrum of activity includes dermatophytes 

(e.g. Microsporum spp., Trichophyton spp., Epidermophyton spp.), yeasts (e.g. Candida spp., 

Cryptococcus neoformans), dimorphic fungi (e.g. Coccidioides immitis, Histoplasma 

capsulatum, Paracoccidioldes brasiliensis) and various other fungi (226). 

As with other imidazole antifungals, ketoconazole has some in vitro activity against Gram-

positive cocci. Interestingly, it has also showed in vitro activity against some parasites, 

including Plasmodium falciparum and Leishmania tropica (226). 

Likewise, there are reports of cases treated exclusively with 10 to 50 mg / mL topical econazole 

solution, although other drugs showed to be more effective against fungal keratitis. Currently, 

ketoconazole is mainly used as an adjuvant treatment of deep fungal keratitis (163). 

It is believed to work by several mechanisms of action, including the fungal sterol 14α-

dimethylase inhibition (201). Other mechanisms may involve the endogenous respiration 

inhibition, interaction with membrane phospholipids, yeast transformation inhibition to 

mycelial forms, purine-uptake inhibition and/or impairment of triglyceride and/or phospholipid 

biosynthesis. Ketoconazole can also inhibit the thromboxane and sterols synthesis such as 

aldosterone, cortisol or testosterone (227,228). 
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Most patients tolerate ketoconazole well, even those who are immunosuppressed for prolonged 

periods at high doses (211). Common side effects include pruritus, gastrointestinal reactions 

(nausea), headache, dizziness, fatigue, impotence, menstrual abnormalities and gynaecomastia. 

Serious adverse events include anaphylaxis, hepatotoxicity (LD50 = 86mg/kg), endocrine 

dysregulation and QTc interval prolongation. Because of this, it is no longer recommended as 

a first-line antifungal agent, being replaced by other antifungal agents with fewer side effects 

and a wider range of activity (228). 

Ketoconazole is also available in 200 mg capsules under the brand name Nizoral® and also in 

various generic forms. An ophthalmic formulation is available in India under the name 

Ketostar® (229), although the manufacturer recommends its use only when no other treatment 

is available.  

Formulations for topical ophthalmic administration of ketoconazole are being developed in 

several research lines: 

Ketoconazole-loaded solid lipid nanoparticles: nanoparticles showed ocular 

biocompatibility and safety in in vitro (in corneal and retinal cells) and in in vivo (in rabbits) 

(230). 

Ketoconazole nanoparticles: nanoparticles vehicleised in a hydrogel in situ showed 

good permeability in epithelial cell lines (231). 

9.5.  ITRACONAZOLE 

Itraconazole is a synthetic triazole agent with antimycotic properties (232). It was synthesized 

in 1980 and approved in the United States in 1992 as an alternative treatment for both topical 

and systemic use, being widely used today as an antifungal agent (233). 

This agent can be used for long-term maintenance treatment of chronic fungal infections, such 

as the ones caused by Aspergillus spp. (aspergillosis), Candida spp. (candidiasis), Curvularia 

spp. or Cryptococcus spp (165,234). Itraconazole has not enough efficacy against Fusarium 

spp. (169). 

Itraconazole is orally administrated (100 - 200 mg / day) (153) due to its excellent safety profile 

and good absorption. Its oral absorption improves if the administration is carried out with food 

(169,232). It is not the most appropriate route for the fungal keratitis treatment due to its poor 

ocular penetration (163), and a drug  minimum concentration that reaches the aqueous humour 

(235) although it has been effective in non-severe fungal keratitis cases caused by Aspergillus 

spp. (236). Topically (1%) (153), easily crosses corneal epithelium and endothelium but, due 

to its lipophilicity, it is not able to cross the corneal stroma, being less effective than 5% topical 

natamycin formulation (165). 

Intravitreal injections have been experimentally used causing retinal necrosis areas when it 

exceeded a dose greater than 10 μg / 0.1 mL itraconazole injection, but lower doses are 

interesting for the several fungal infections treatment that unleash on endophthalmitis 

(237,238). 

Itraconazole is available in several pharmaceutical forms, being the commercialized ones: 100 

mg capsules (Sporanox®, Canadiol®, Hongoseril®), 200 mg tablets (Onmel®), 10 mg / mL oral 

solutions (Sporanox®) and eye drops (Itral®, Entozole®). The daily typical dose is 100 to 400 
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mg based upon the fungal infection type and severity. Common side effects include nausea, 

vomit, diarrhea, rash and hypokalemia, even that the most important one is still being the 

hepatotoxicity (239).  

Several innovative itraconazole formulations are currently being developed, should be 

mentioned: 

Spanlastic nanosystem vesicles: nanosystem have increased the inhibition zone of 

Candida albicans cultures compared to powdered itraconazole, showing a transcorneal 

permeability improvement and a better controlled drug-release profile than conventional 

niosomes (234). 

Stearic acid solid-lipid nanoparticles: nanoparticles showed an inhibition zone against 

Aspergillus flavus cultures, as well as a good corneal permeability in an ex vivo test (240). 

Itraconazole polymeric micelles: micelles included in an in-situ ion-sensitive gel 

showed a better transcorneal permeation than the eye drops commercialized formulation (Itral®) 

(241). 

9.6.  MICONAZOLE 

Miconazole is an imidazole synthetic derivative, an aromatic heteromonocyclic compound that 

belongs to the benzylethers group (242). It was synthesized in 1969, being the first azole 

approved by the FDA for parenteral use (200). 

It is active against most yeasts (Candida spp.) (243) and filamentous fungi (Aspergillus spp. 

and Scedosporium spp.), showing a variable activity against Fusarium spp. (200,243,244). 

Miconazole selectively affects the fungal cell-membranes integrity which present a higher 

ergosterol content and different composition from mammalian cell membranes (245). Its 

mechanism of action is based on the interaction with the 14α- demethylase, a necessary 

cytochrome P-450 enzyme for the conversion of lanosterol to ergosterol. Even though, 

miconazole may also inhibit endogenous respiration, interact with membrane phospholipids, 

inhibit the transformation of yeasts to mycelial forms, inhibit purine uptake and impair 

triglyceride and/or phospholipid biosynthesis (246). 

Several in vivo studies using rabbits showed that a 1% (w/v) miconazole topical administration 

(153) was effective in fungal infections by Candida albicans, Fusarium solani and Aspergilus 

fumigatus (243,244), obtaining better results once the epithelium was eliminated (163). It has 

also been used by subconjunctival injection (10 mg / 0.5 mL) and/or intravenous infusion (600-

1200 mg / day) (153). The latter, at a 30 mg / kg dose was test in a in vivo assay with rabbits, 

observing antifungal high levels in the aqueous humour from the administration starting time 

(247). Due to this, it would be suitable to treat severe fungal infections that have reached ocular 

deeper areas. In addition, good results were obtained by using miconazole oral administration, 

although it is a disuse route due to the associated cardiovascular-and-hepatic toxicity (163). 

Likewise, there are no commercialized miconazole ophthalmic formulations and currently, 

there are not enough clinical trials that assess their real effectiveness, so it is difficult to draw 

any conclusions about the miconazole use as a fungal keratitis alternative treatment. 

 



INTRODUCTION 

30 

  

9.7.  POSACONAZOLE 

Posaconazole is an itraconazole hydroxylated derivative that belongs to the second-generation-

triazoles group, due to the chlorine substituents replacement with flourine in the phenyl ring, as 

well as triazolone side chain hydroxylation. These modifications enhance the potency and 

activity spectrum of the drug Posaconazole can be fungicidal or fungistatic (248). 

Posaconazole shows an in vitro action spectrum similar to voriconazole’s, being effective 

against a very large number of fungal agents (249). Good results were achieved against most 

Candida spp. and other yeasts like Cryptococcus neoformans, as well as filamentous fungi such 

as Fusarium spp. and Aspergillus spp. (250), among others. It was used in medical practice for 

a relatively short time, being effective against recalcitrant infections unsuccessfully treated with 

other antifungals such as fluconazole, voriconazole, amphotericin B and/or natamycin 

(251,252). 

Posaconazole strongly inhibits 14α-demethylase, a cytochrome P450-dependent enzyme. Even 

though, compared to other azole antifungals, posaconazole is a significantly more potent 

inhibitor of sterol 14α-demethylase (253). 

It is currently commercially available as injectable, oral suspension tablets and delayed-release 

tablets (Noxafil®). Its use in the fungal keratitis treatment is quite limited, but  an oral (200 mg 

every 6 hours or 400 mg every 12 hours) and topical combined treatment has given good results 

(163,251,254). Posaconazole levels were detected in the posterior segment of the eye after 

topical and oral administration, although their corneal penetration is unknown (252). 

Generally, it is a well-tolerated drug, although different side effects, including those related to 

the gastrointestinal system (nausea, gastric juices, diarrhea), were observed. Besides that, 

transient elevations in serum aminotransferase levels occur in 2% to 12% of patients on 

posaconazole. These elevations are usually mild, asymptomatic and self-limited, rarely 

requiring a medication discontinuation (255). 

10. PYRIMIDINES: FLUCYTOSINE (5-FLUOROCYTOSINE) 

In 1957, flucytosine was synthesized as an antitumor drug, not showing enough effectiveness, 

being its antifungal power discovered later. It only shows antifungal activity when it is 

introduced into the cell. Its mechanism of action is based on its deamination by the cytosine-

deaminase action once the drug crosses the fungal membrane, leading to the 5-fluoroacil 

production. As a result, a pyrimidine antimetabolite is incorporated into the fungal DNA, 

avoiding cellular replication (256). 

It has a great activity against yeasts such as Candida spp., Cryptococcus spp. and a variable 

susceptibility against Aspergillus spp. (163). Nevertheless, it shows resistance to many other 

etiological agents that cause fungal keratitis such as Fusarium spp., where it is topically applied 

(10-15 mg / mL) in combination with amphotericin due to their synergistic effects (153,169). 

In an in vivo assay using rabbits, significant flucytosine levels were detected in the aqueous 

humour after the drug was subconjunctival and orally administered. This later pathway also 

showed flucytosine therapeutic levels in the vitreous humour (247,257). 
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Currently, new flucytosine release systems are being studied, where gold-nanoparticles 

liposomal systems were the most effective ones comparing them with the control flucytosine 

solution in an experimental treatment by using Candida albicans infected rabbits (258). 

11. ECHINOCANDINS: CASPOFUNGIN 

Caspofungin is the acetate salt of an antimycotic echinocandin lipopeptide, semisynthetically 

derived from a fermentation product of the fungus Glarea lozoyensis. It was discovered by 

James Balkovec, Regina Black and Frances A. Bouffard and currently belongs to Merck & Co., 

Inc, being commercialized under the name Cancidas®. Cancidas® is a sterile and lyophilized 

product for intravenous infusion (259). 

-(1,3)-D-glucan decreased synthesis, an essential component of the fungal cell wall, 

weakening it and, eventually, leading to a fungal cell wall rupture (163,260). 

Currently, it is available under two different pharmaceutical forms, these been:  0.5% 

Caspofungin suspension (261) and  100 µg / 0.1 mL intravitreal injection. The latter proved to 

be effective in an in vivo assay by using infected rabbits with Candida spp. (237). 

12. OTHER ANTIFUNGALS 

12.1. POVIDONE-IODINE 

Povidone-Iodine preparations have a broad antimicrobial spectrum. Povidone-Iodine shows a 

very low antigenicity and this, taken with the clinical effectiveness, makes this preparation very 

suitable for clinical use. However, its mechanism of action on fungal mycelium or how rapidly 

it works is barely known (262).  

Las preparaciones de povidona yodada tienen un amplio espectro antimicrobiano incluyendo 

bacterias, virus y hongos (263). 

In several cases, 2.3% povidone-iodine solution was successfully used on the fungal keratitis 

treatment caused by Candida albicans and Acremonium strictum (264), although its mechanism 

of action on fungal mycelium and the speed with which it works is not known (262). 

Nevertheless, a comparative study by using 0.5% povidone-iodine solution showed no benefit 

compared to 5% natamycin suspension in the Fusarium solani keratitis treatment (163). 

12.2. CHLORHEXIDINE DIGLUCONATE 

Chlorhexidine digluconate is a cationic microbicidal antiseptic with a broad spectrum of action 

against bacteria, fungi and amoebae (265,266) and has been used in combination with 

antifungal drugs for the treatment of fungal keratitis (267,268).   

In a study comparing the in vitro activity of chlorhexidine with seven antifungals (amphotericin 

B, voriconazole, posaconazole, miconazole, natamycin, flucytosine and caspofungin) in 

cultures of various Fusarium species, chlorhexidine showed superior antifungal activity to 

flucytosine, posaconazole, miconazole and caspofungin against F. oxysporum and F. solanii 

(269).  
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12.3.  POLYHEXAMETHYLENE BIGUANIDE (PHMB) 

Polyhexamethylene biguanide (PHMB), also known as polyhexanide, polyaminopropyl 

biguanide, polymeric biguanide hydrochloride or polyhexanide biguanide, is an antiseptic with 

antiviral and antibacterial properties used as an alternative for fungal keratitis treatment. It also 

shows a broad viricide and antifungal spectrum and has amoebicidal activity. Certainly, its 

antimicrobial efficacy has been demonstrated on Acanthamoeba polyphaga, A. castellanii, and 

A. hatchetti (270) by using 0.02% to 0.053% solutions without causing side effects. 

Focusing on the fungal keratitis treatment, Fiscella et al. demonstrated that 0.02% 

PHMB solution is effective in the fungal infections treatment by Fusarium solani in rabbits. In 

addition, no growth was obtained in 58% of PHMB-treated eyes, compared to 17% of placebo-

treated eyes (271). Even that, more studies must be done to corroborate these preliminary 

results. 

13. POSSIBLE ANTIFUNGALS THERAPEUTIC COMBINATIONS 

Currently-available antifungal therapies exhibit limited effectiveness and a complete response 

mainly depends on correction of the underlying disease. Nevertheless, concurrent or sequential 

antifungal treatment for invasive mycosis has been considered as an option to improve 

monotherapy results. Several alternatives were studied: 

Voriconazole plus natamycin: the combination of these two antifungals has shown 

synergistic antifungal efficacy against Candida spp., Curvularia spp., Fusarium spp. and 

Aspergillus spp. in an in vitro assay and no antagonism was shown (198).  

Azole agents plus flucytosine: combinations of flucytosine and both older and newer 

azole agents (e.g., voriconazole or posaconazole) have exhibited synergy against several fungi 

species such as C. neoformans (174,272–274), leading to an increased used as a fungal 

alternative treatment.  

Azole agents plus terbinafine: azoles (fluconazole, itraconazole, voriconazole or 

posaconazole) and terbinafine combinations have shown synergy in in vitro studies against 

Candida spp., Aspergillus spp. and Mucorales spp. (275–277). 

Amphotericin B plus echinocandins: the combination of amphotericin B and 

caspofungin has shown a synergistic effect for some strains of Criptococcus neoformas and no 

antagonism was found. (278). 

Combinations of antifungal and antibacterial agents: synergy was found for 

amphotericin B plus rifampicin combination against Candida spp., Aspergillus spp., Fusarium 

spp. and C. neoformans and antagonism was not observed (276,279–282). 

Antifungal agents and non-antimicrobial agents: Calcineurin inhibitors (e.g. 

cyclosporin or tacrolimus) enhanced fluconazole and caspofungin in vitro activity against 

Candida spp., Aspergillus spp. and C. neoformans (283–286). Combinations of antifungal 

agents with proton pump inhibitors, antiarrhythmic agents and immunomodulators have also 

been explored (276,287,288). 
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14. USE OF TOPICAL STEROIDS 

Steroids role in the fungal keratitis treatment remains controversial (289). Some authors 

describe that topical steroids early use for infectious keratitis helps reduce neovascularization, 

scarring and pain. Activated immune cells release cytokines, collagenases and growth factors, 

leading to keratocytes apoptosis and collagen destruction. Viable corneal keratocytes are 

transformed into activated fibroblasts, which restore the tissue defects by irregularly depositing 

collagen and the extracellular matrix. This causes opacification or haze during the scarring 

process. 

Actualmente no hay revisiones multicéntricas o de literatura sobre el uso de corticoides en la 

queratitis fúngica. Sin embargo, los estudios sobre úlceras bacterianas han demostrado que el 

tratamiento antibiótico apropiado mejora los resultados visuales. 

There are currently no multicentric or literature reviews concerning the steroids use in fungal 

keratitis. However, studies on bacterial ulcers have shown that appropriate antibiotic treatment 

improves visual outcomes. Fungal keratitis differs from bacterial ulcers, as it is often more 

severe, usually affects deeper corneal layers and causes more inflammation (hypopyon). 

Although steroids have been a key factor in the inflammatory processes treatment in modern 

medicine, their use reduces defense mechanisms and creates a fungal-proliferation favourable 

environment. Several studies have revealed that fungal keratitis management should aim not 

only for early diagnosis, but also for effective treatment schemes which eradicate the infection, 

reduce complications and prevent recurrence (261,290). Topical steroids use for fungal keratitis 

may stimulate microorganism penetration to deeper layers, even invading Descemet’s 

membrane, and reduce some antifungal agents effectiveness, such as natamycin, flucytosine 

and miconazole. Therefore, it is recommended to avoid their use, especially during the first 2 

or 3 weeks of specific treatment or until the infection is under control. Once this is achieved, 

steroids may be beneficial for reducing inflammation and corneal scarring, but they must be 

used in combination with antifungal drugs. 

Steroids are occasionally used in patients before diagnosis is confirmed and adequate targeted 

treatment is prescribed. Its abrupt withdrawal can lead to a clinical profile worsening due to the 

inflammatory response activation and a symptoms’ exacerbation. 

Although topical steroids can also be beneficial in patients who have undergone keratoplasty, 

as they help prevent graft rejection, they should only be used once the fungal infection has been 

eradicated. Topical 0.05% cyclosporin A may also be considered due to its immunosuppressant 

and antifungal properties. 

Finally, scientific evidence for the treatment success is still limited and clinical trials should be 

carried out to determine the most favourable type of steroid, dosage and duration of treatment. 

15. FINAL PHARMACOTHERAPY MANAGEMENT RECOMMENDATIONS 

15.1. KERATITIS CAUSED BY FILAMENTOUS FUNGI 

Natamycin (0.5%, eye drops) (Natacyn®) is the drug of choice when filamentous keratitis is 

suspected. Epithelial debridement should be performed prior to administration in order to help 

drug penetrance (83,291). 
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Natamycin is the only drug available for treating fungal keratitis in USA and India, and it has 

been approved by the FDA. Alternatively, 1% voriconazole solution or 0.2% chlorhexidine 

solution can be used (83,267). In severe cases affecting the anterior chamber and/or the sclera, 

it is important to combine two or more antifungal drugs (e.g. voriconazole and chlorhexidine), 

starting a systemic (oral or intravenous) antifungal treatment (292–295). 

In patients with filamentous keratitis with poor response to treatment, it may be useful to add 

1% voriconazole solution, which has been found to be superior to natamycin monotherapy 

(296)- Esto se demostró en un estudio  

A recent in vitro study showed that the combination of natamycin and voriconazole provided 

superior antifungal activity than monotherapy for treating Fusarium spp., Aspergillus spp., 

Candida spp. and Curvularia spp. (198) A natamycin and 0.2% chlorhexidine solution 

combination may also be effective.  

In deep stromal infections, intrastromal/intracamerular voriconazole administration (50 - 100 

mg / 0.1 mL) may also be useful. 

In severe cases requiring treatment with voriconazole, a 400 mg induction dose should be 

administered on the first day, followed by 200 mg maintenance dose every 12 hours for 2 weeks. 

Administered voriconazole orally yields plasma levels of 53% and intravitreal levels of 88% 

(292,293). 

15.2. KERATITIS CAUSED BY YEAST-FUNGI 

The initial drug of choice for fungal keratitis caused by yeasts is 0.15 - 0.25% amphotericin B 

eye drops or 0.05% amphotericin B liposomal form following epithelial debridement.  

Amphotericin B presents a good stroma penetrance and can be administered in topical, 

intracameral, intravitreal or intravenous solutions. If amphotericin is not available, 1% 

voriconazole eye drops may be used. 

In severe keratitis which does not respond to treatment with amphotericin, fluconazole (topical, 

subconjunctival or oral) may be added. This combination provides better outcomes than 

amphotericin monotherapy (297). 

Keratitis caused by yeasts involving the sclera or the anterior chamber should be treated with 

an oral/intravenous-antifungal-agents combination (amphotericin, voriconazole or 

fluconazole). 

16. SURGICAL APPROACH 

Surgical treatment is necessary when fungal keratitis does not respond to pharmacological 

treatment or if corneal thinning is present. Surgery can eradicate the infection, preserve the 

eyeball integrity and improve visual acuity in many patients. However, further surgical 

interventions may be deemed necessary to manage complications which may arise after the first 

surgery. 

16.1. EPITHELIAL DEBRIDEMENT 

Epithelial debridement is important for improving drug penetration and reducing the infective 

load. This procedure may be repeated within 24 - 48 hours in some cases. 
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Periodic debridement is an excellent procedure for removing necrotic tissue from the cornea, 

stimulating blood circulation and increasing the drug topical efficacy, thus reducing the 

infective load and providing a symptoms faster resolution. 

16.2. CORNEAL ADHESIVES 

Thin corneas or small perforations may be treated with tissue adhesives such as cyanoacrylate 

and therapeutic contact lenses or fibrin adhesives. 

16.3. AMNIOTIC MEMBRANE TRANSPLANT 

Several clinical effects of amniotic membrane transplant have been described in the fungal 

keratitis treatment. This procedure acts as a drug release system, reduces pain, inflammation 

and neovascularization, as well as stimulates re-epithelialization and minimizes scarring. In 

patients with fungal keratitis, it may be used from day 3 to 5 following treatment and once the 

microbiological analysis is complete (298,299). 

16.4. KERATOPLASTY 

Sometimes, it is difficult to determine when keratoplasty should be performed in patients with 

fungal keratitis. Despite medical treatment, infection progression should be considered as an 

indication for keratoplasty, as spreading to the limbus or sclera may lead to scleritis and 

endophthalmitis, worsening the prognosis (300). 

These therapeutic keratoplasties represent a risk for intraocular dissemination of the infection 

but, in some cases, they are necessary to preserve the eyeball integrity.  

The type of surgical intervention depends on the microorganism, location and affected area by 

the keratitis. When the infection is limited to the corneal surface, lamellar keratoplasty may be 

performed to eliminate lesions. Deep anterior lamellar keratoplasty (DALK) eliminates all the 

corneal stroma to Descemet’s membrane and does not penetrate the anterior chamber, 

minimizing the risk of endothelial rejection (301). 

In cases of perforation or deep keratitis, penetrating keratoplasty is the first-line surgical 

treatment to prevent pathogens from entering the anterior chamber and causing fungal 

endophthalmitis.  

Surgical technique correct choice is important. Complete elimination of hypopyon and fibrin 

from the anterior chamber, as well as corneal lesion eradication, may reduce the fungal infection 

recurrence. Trepanation at 1 - 1.5 mm from the affected area must be attempted when possible. 

In patients with cataract it is not recommended to extract the lens during the same intervention 

in order to prevent microorganisms from reaching the vitreous cavity. 

The graft diameter should be determined in accordance with the size of the affected area. The 

risk of rejection is higher when grafts larger than 8 mm are needed or when these are eccentric. 

Tissues should be analyzed by both a pathologist and a microbiologist to confirm elimination 

of all the infected area and to identify the type of fungus. 

Interrupted sutures should be used. On finalizing the intervention, an intraocular or intrastromal 

antifungal drug should be injected to eliminate any remaining microorganisms.  
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Topical antifungal treatment should be maintained during the post-operative period to prevent 

recurrence. Systemic treatment is also recommended. Steroids use in these patients is 

controversial, although they are deemed to reduce postsurgical inflammation, which is an 

important risk factor for graft failure. 

Some authors suggest that topical steroids routine use following transplant is beneficial for 

inflammation control, even in fungal keratitis. However, as these drugs may facilitate invasion 

by residual fungi, they should not be used until two weeks after surgery. Intravenous steroids 

may be administered in patients with severe postoperative inflammation. Cyclosporin A may 

also be useful for controlling and preventing graft rejection (289). 

These transplants success is inferior to that of those performed in eyes without inflammation or 

with bacterial keratitis although, in some cases, keratoplasty outcomes in fungal keratitis may 

be relatively good. Postoperative complications are frequent and, in many cases, a second 

corneal transplant is necessary. 

16.5. CONJUNTIVAL FLAP 

Conjunctival flap involves conjunctiva’s release near the lesion in order to cover the ulcer 

afterwards. This procedure may be used in peripheral ulcers which do not respond to 

pharmacological treatment or in severe keratitis with a corneal-perforation high risk when 

corneal transplant is not available. 

17. OTHER TREATMENTS 

17.1. CROSS-LINKING 

Corneal cross-linking (CXL) has been proposed as an adjutant treatment for infectious keratitis 

with poor response and has been named as Photo Activated Chromophore for keratitis: ‘PACK-

CXL’ (180,302). 

The CXL procedure creates junctions linking polymer chains by using type ultraviolet-A light 

and a photoreactive agent such as riboflavin (vitamin B2). This technique is used for tissue 

fixation and prosthetic cardiac valves hardening. Foote et al. first introduced the concept of 

photo-oxidation in 1968 (303). 

In 2003, Wollensak et al. applied CXL in patients with keratoconus to artificially fortify the 

cornea biomechanics and also reduce the disease progression (304). A combination of 

ultraviolet-A light (365 nm, intensity 3 mW / cm2), irradiated over the cornea for 30 minutes 

and riboflavin application, creates free radicals which interact with corneal collagen and 

proteoglycans. New covalent bonds between collagen monomers are created, strengthening the 

corneal structure. 

Based on this fortification principle, CXL has been proposed as a treatment for other corneal 

ectasias (305), bullous keratopathy (306), progressive corneal lysis associated or not with 

infectious ulcers (307,308) or as a therapeutic alternative in infectious keratitis with poor 

response to conventional pharmacological treatment (309–312). This procedure aims to reduce 

the infective load by destroying microorganisms DNA and RNA through photo-oxidation and 

reducing/removing enzymatic digestion (proteases and collagenases), actions that promote 

corneal reconstruction. 
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Application protocols in infectious keratitis differ among studies. The following are the most 

common: a) UV-A irradiation at 365 nm and 3 mW/cm2 for 30 minutes (Dresden protocol), b) 

UV-A irradiation at 365 nm and 9 mW/cm2 for 10 minutes. The superiority of one technique 

over another cannot been determined (313,314). 

Infectious keratitis is linked to corneal injury risk entailing vision loss, especially if there is a 

diagnosis and treatment delay. Moreover, an increased incidence of drug resistance has been 

detected, hampering recovery. Although the pharmaceutical industry has launched new 

molecules, these are expensive and have stimulated the development of alternative treatments 

such as CXL. 

Most studies with CXL in infectious keratitis concern bacterial infections as the most frequent 

ones. Alio et al.  (315) carried out a meta-analysis about published cases of infectious keratitis 

treated with CXL between 2000 and 2013. Only 5 out of 12 studies included fungal infections. 

The meta-analysis showed that the average time to resolution of corneal lysis by fungal keratitis 

was 53.2 days and the need for corneal transplant was superior in this group. 

In other studies, the response to CXL in fungal keratitis was variable (316–318). One of the 

most important contraindications for this treatment is the infiltrate’s depth. Nevertheless, it 

must be taken into account that a 50% of the radiation is absorbed in the first 100 µm and a 

larger endothelial lesion can be produced if the infiltrate overcomes a 250 µm depth. Fungal 

keratitis tends to penetrate the deep stroma, so this treatment is not usually very effective, 

increasing the corneal perforation risk (319). However, it may be considered as an adjutant 

treatment in infection early stages. 

In a recent review on CXL and microbial keratitis by Garg et al. (320) reported that the evidence 

is poor to date and is based on isolated cases or case series, and prospective randomised 

comparative studies are considered necessary. In addition, "severe keratitis" is not a 

standardised term, as research on infections caused by fungi, viruses and parasites is scarce. 

Furthermore, they consider that the criteria for poor response to conventional treatment are not 

uniform and that protocols for CXL are variable, and the safety of this procedure cannot be 

proven in cases of severe stromal cell loss or stromal irregularity (in keratoconus a minimum 

of 400 µm is established). Although CXL can be considered as part of an alternative treatment 

in bacterial ulcers with superficial infiltrates, it may be unsafe in keratitis caused by fungi or 

Acanthamoeba spp. 
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1. INTRODUCTION 

Fungal keratitis (FK) is a severe and difficult to treat disease which can be caused by different 

fungal species. Filamentous fungi, such as Aspergillus spp or Fusarium spp, are the main 

etiological agents in tropical and subtropical regions, where contaminated vegetables (by 

penetrating trauma) act as the most frequent transmission vehicles, causing the disease later in 

40–60% of patients (1). In colder regions, Candida albicans is the most common causing-FK 

species, and the disease incidence is related to corneal surface surgeries, abrasions caused by 

contaminated contact lenses, neurotrophic ulcers or chronic use of topical corticosteroids (2).  

Pain, vision loss, photosensitivity or tearing are the most frequent symptoms in FK, leading this 

to a subsequent complete blindness if not treated correctly (3). The ophthalmic FK treatment 

complexity requires the use of topical ophthalmic antifungal drugs for a prolonged time period, 

with frequent instillations and occasional corneal debridement to ensure the antifungals 

penetration (4,5). The current treatment mainly consists of polyene drugs such as natamycin for 

the filamentous fungi and amphotericin B for yeasts (6). Other treatments include azole drugs 

such as econazole, fluconazole or voriconazole (7,8), the latter being the most commonly used. 

Nevertheless, recent studies have shown econazole is a potential therapeutic alternative in the 

treatment of filamentous fungal keratitis caused by Aspergillus spp and Fusarium spp, showing 

therapeutic effects similar to natamycin (9,10). 

However, nowadays there is a significant lack of commercial ophthalmic antifungal 

formulations due to their high cost and low stability. Therefore, a significant number of patients 

are in distress and ophthalmologists are forced to seek alternative options such as antifungal 

eye drops prepared at hospital pharmacy departments (11). A common practice consists of using 

commercial drugs for parenteral administration for the ophthalmic formulations’ preparation 

by simply dissolving or diluting them in physiological buffers. However, the poor aqueous 

solubility of econazole nitrate requires complementary preparation methods to reach an 

optimum solubilization into the formulation, such as the complexation with the 

oligosaccharides derivatives cyclodextrins (12–14). 

Additionally, one of the main challenges in ocular therapeutic design is the formulation of 

ophthalmic solutions that increase drug residence time in the ocular surface as well as allowing 

controlled drug release in order to increase bioavailability and effect duration (15). Hence, some 

ocular polymeric formulations, such as hydrogels, are developed to improve the viscosity and 

mucoadhesion of eye drops. To overcome these limitations in situ gelling systems based on 

smart polymers were studied in previous works due to their capability to recognize changes in 

the environmental conditions, modifying their conformation as a result of the stimulation (16–

19).  

In this work, econazole nitrate was solubilized with cyclodextrins and incorporated into 

ophthalmic hydrogels, being a better alternative to current pharmaceutical formulations 

prepared at hospital pharmacy departments. In vitro (drug release, antifungal effectiveness) and 

ex vivo (transcorneal permeation and Hen's Egg Test Chorionallantoic Membrane) studies were 

developed for validating this approach. In addition, novel in vivo studies using Positron 

Emission Tomography (PET) were performed in order to determine the ocular biopermanence 

of the econazole ophthalmic hydrogels prepared. Two different polysaccharide hydrogels were 
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selected to formulate econazole: an in situ ion sensitive hydrogel (20) and a mucoadhesive 

hydrogel based on hyaluronic acid (21), both previously developed by our group.  

2. MATERIALS 

Econazole nitrate and hyaluronic acid were obtained from Acofarma®, Spain; 2-hydroxypropyl-

β-cyclodextrin (HPβCD, Kleptose HPβCD® with a 0.65 molar substitution ratio and MW 1399 

Da) was purchased from Roquette Laisa S.A. (Valencia, Spain); 2-hydroxypropyl-Ƴ-

cyclodextrin (HPγCD, 0.6 molar substitution ratio, MW 1580) was acquired from Sigma 

Aldrich® (Darmstadt, Germany); α-cyclodextrin (αCD, Cavamax® W6, MW 972.84) was 

procured from Wacker Chemie AG (München Germany); gellam gum (GG, Kelcogel® CG-LA 

molecular weight 1.5–2.5・106 Da) and κ-carrageenan (CK, Genugel® carrageenan GC-130 

molecular weight 3.5–8.0・105 Da) were provided by CP Kelco® (Atlanta, Georgia). 

3. METHODS 

3.1. PHASE SOLUBILITY DIAGRAMS 

Phase solubility diagrams were employed to estimate the econazole nitrate stability constants 

with HPβCD, HPγCD and αCD. Solubility measurements were carried out according to Higuchi 

and Connors (22) methodology following the protocols previously described by Anguiano-Igea 

et al (23). An excess amount of econazole nitrate was added to a series of aqueous solutions of 

increasing cyclodextrin concentrations. Econazole nitrate solubility in distilled water and in 

PBS (Phosphate buffer saline pH 7.4) was also studied. Solutions were shaken in an orbital 

shaking bath (VWR) at 25 °C and 100 rpm for 7 days to reach equilibrium. Afterwards, an 

aliquot was centrifuged for 20 min at 16625G (SIGMA 2-16P) and 1 mL of the supernatant was 

diluted 100 times. Econazole nitrate concentration was determined for each sample using a 

diode-array spectrophotometer (Hewlett Packard 8452A, λ = 220 nm). Econazole nitrate 

solubility final values were shown as mean of three replicate measurements. Phase solubility 

diagrams were obtained by plotting mean solubility against cyclodextrin concentration. 

Apparent stability constant, assuming cyclodextrin inclusion complex formation with a 1:1 

stoichiometry (K1:1), was calculated from the slope, and drug solubility (S0) or the intercept (S0 

extrap) from linear regions was obtained by least squares regression using the following 

equation: 

 

𝐾1:1 =
𝑆𝑙𝑜𝑝𝑒

𝑆𝑜 (1−𝑆𝑙𝑜𝑝𝑒)
   eq. 1 

 

 

Complexation efficiency (CE) parameter was produced by: 

 

𝐶𝐸 = 𝑆𝑜 . 𝐾1:1 =
[

𝐷

𝐶𝐷
]

[𝐶𝐷]
=

𝑆𝑙𝑜𝑝𝑒

1−𝑆𝑙𝑜𝑝𝑒
  eq. 2 
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In addition, D:CD relation was calculated by using the CE obtained according to: 

 

𝐷: 𝐶𝐷𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 = 1: (1 +
1

𝐶𝐸
)   eq. 3 

3.2. 1H-NMR AND MOLECULAR MODELLING STUDIES 

The inclusion complex showing best econazole nitrate solubilization characteristics was studied 

by carrying out 1H-NMR and molecular modelling studies. Mono and bidimensional 1H-NMR 

spectra of econazole, αCD, and the inclusion complex formed were obtained in a Bruker DRX 

500 (Karlsruhe, Germany) spectrometer at 500.13 MHz. Rotating-frame Overhauser Effect 

Spectroscopy (ROESY) spectra were obtained in the same spectrometer.  All the samples were 

prepared in D2O solutions. Molecular modelling was performed by using Avogadro 20.8.0 

software. Econazole molecular geometry was generated by an energy-minimization subroutine 

(maximum no. interactions 500; minimizer cut off 0.01). αCD molecular geometry was 

obtained by imputing X-ray diffraction monocrystal data. Complex molecular geometry was 

based on the previous 1H-NMR results and generated using manual docking and, subsequently, 

by the same energy-minimization subroutine. 

3.3. STUDY OF THE ECONAZOL-CD COMPLEX INCORPORATED INTO OPHTHALMIC 

HYDROGELS 

First, a 2 mg/mL econazole nitrate solution with 15% (w/v) αCD (ECN) was prepared in warm 

distilled water (40ºC) under magnetic stirring for an hour. Subsequently, hydrogels were 

prepared by dispersing polysaccharides in warm distilled water (55°C), stirring for 24h and 

filtering for sterilization in a horizontal laminar flow hood. The Ion Sensitive Hydrogel (ISH) 

was prepared by using a 0.82% (w/v) GG (deacylated Gellan Gum) and CK (κ-carrageenan) 

mixture in a 4:1 ratio. 0.4% (w/v) hyaluronic acid was added in order to obtain a mucoadhesive 

hyaluronic acid hydrogel (HAH). Polymer concentrations and ratios were selected based on 

previous works (20,24). 

3.4. IN VITRO RELEASE OF ECONAZOLE FROM OPHTHALMIC HYDROGELS 

Econazole–αCD in vitro release from the hydrogel systems (ISH and HAH) and the econazole 

control solution (ECN) in contact with simulated lacrimal fluid (SLF) was estimated by using 

Franz diffusion cells and GVS 0.22 μm cellulose acetate membranes (membrane surface area 

of 0.784 cm2). 500µl of each formulation containing 1 mg of econazole were placed in the upper 

compartment, adding 175 µL of SLF prepared as detailed by Ceulemans et al. (25). Sink 

conditions were maintained in the receptor compartment, which was filled with 6 mL of SLF. 

During the experiment, cell compartments were continuously homogenized by magnetic 

stirring at 200 rpm in a thermostated bath at 36ºC. Serial sampling was performed at different 

times. The Hewlett Packard 8452A diode-array spectrophotometer (λ = 220nm) was used for 

econazole content determination. Each experiment was repeated three times. Release data were 

fitted to Higuchi diffusion kinetics (26) and Peppas-Korsmeyer (27) equation using GraphPad 

Prism 6.0 software (GraphPad Software Inc.). Drug release was compared among formulations 

by using a one-way ANOVA with GraphPad Prism 6.0 software at different times. 
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3.5. EX VIVO CORNEAL PERMEABILITY STUDIES 

For this purpose, bovine eyes were removed within the first hour after animal death and 

transported following the BCOP test protocol (28). Once received, corneas were isolated with 

2-4 mm of surrounding sclera, washed with an isotonic saline solution and mounted on Franz 

diffusion cells. The cornea was placed on the receptor chamber and the donor one was attached. 

The receptor chamber was filled with 6 mL of SLF and the donor one with 500µl of each 

formulation containing 1 mg of econazole (area available for permeation: 0.785 cm2) and 175µl 

of SLF. During the experiment, both compartments were continuously homogenized as 

previously reported (magnetic stirring at 200 rpm in a thermostated bath at 36ºC) and serial 

sampling was performed at different times. Each experiment was repeated three times.  

Econazole nitrate determination was performed by a HPLC system (Merck® Hitachi, 

Germany), consisted of UV–VIS photodiode array detector model L-4500 (Merck® Hitachi, 

Germany), a solvent delivery pump system model L6200 A (Merck® Hitachi, Germany) and an 

auto injector fitted with 100µL loop model AS4000 A (Merck® Hitachi, Germany). D-7000 

HMS 4.0 software (Merck® Hitachi, Germany) was used for data processing. Analyses were 

performed by an isocratic method. The column used was a C18 (3.9x150mm, 5µm of particle 

size Symmetry® Waters) keeping its temperature at 25ºC by using a thermostat model L-5025 

(Merck® Hitachi, Germany). The mobile phase was methanol-water (85:15 v/v), using a flow 

rate of 1 mL min-1. The sample injected volume was 50μl and the retention time was 4.5 

minutes. A 320 nm wavelength was employed for the econazole quantification.  

Apparent corneal permeability (Papp) was calculated according to the equation: 

𝑃𝑎𝑝𝑝 =
𝛿𝑄 𝛿𝑡⁄

𝐴·𝐶0
               eq. 4 

 

Where δQ/δt represents the econazole flux across corneal tissues in the linear portion of the 

representation, A the corneal surface (in this study 0.785 cm2) and C0 the initial drug 

concentration at the epithelial side. Tlag was calculated extrapolating the linear portion of the 

graph to the X-axis. 

Nonparametric Kruskal Wallis test was used to compare the econazole corneal permeability 

from formulations using GraphPad Prism 6.0 software. 

3.6. IRRITATION OCULAR TEST 

HEN'S EGG TEST CHORIONALLANTOIC MEMBRANE (HET-CAM) 

The HET-CAM assay was performed in order to evaluate possible acute ocular irritation caused 

by the econazole solubilized with αCD, as described in a previous work (29). 0.3 mL of 

econazole-αCD formulations (ECN, ISH, and HAH) were deposited onto the egg 

chorioallantoic membrane (three eggs per compound). Blood vessels were observed for 300 

seconds with a stereomicroscope (Olympus SZ-STN), aiming at detecting episodes of bleeding, 

coagulation and partial lysis. The compounds’ irritation score (IS) was determined as described 

in the INVITTOX 96 Protocol (30).  
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BOVINE CORNEAL OPACITY AND PERMEABILITY TEST (BCOP) 

Corneal Opacity 

BCOP assay was a variation of the method described in Protocol Invittox nº 437 (31), used to 

identify potential ocular corrosives and severe irritants. This method was carried out using fresh 

bovine corneas, where changes in corneal transparency, opacity and permeability were 

assessed.  

Corneas were obtained, prepared, and placed in Franz diffusion cells as previously described 

(see “Ex vivo Corneal Permeability studies” section). Opacity (transmitted light, (TL)) was 

measured by using a luxmeter (Gossen Mavolux 5032C USB). Corneas were placed between 

two cylindrical supporting black holders (fabricated with polylactic acid filaments using a 3D 

printer, Wilbox® BQ) and illuminated with a pipe light (Olympus® Highlight 200) with fixed 

brightness values (32). The difference between light intensity measurements with and without 

cornea in the luxmeter was also calculated (% TL initial).  

Corneal transparency was measured in transmittance values by UV-Vis spectrophotometry 

(Agilent® Cari 60 UV) from 800 to 200 nm, and a transmittance against wavelength spectrum 

was obtained for each cornea. After opacity and transparency initial readings of untreated 

corneal tissue, corneas were placed in Franz diffusion cells. Epithelial part of the cornea was 

placed towards the donor compartment and the receptor compartment was filled with PBS and 

homogenized by magnetic stirring in a thermostatic bath at 36°C during assay.  

The test consisted of two parts. First, corneas placed in Franz diffusion cells were incubated for 

60 min with 1 mL PBS in the donor chamber. Then, the PBS was removed, and opacity and 

transparency values were measured again. In the second part of the assay, 1 mL formulation, 

positive control (ethanol) or negative control (PBS) was placed in the donor compartment of 

each cell and kept in contact with the epithelial part of the cornea for 10 minutes, after which 

the solutions were removed with a Pasteur pipette. Donor compartment was subsequently 

cleaned and refilled with 1 mL PBS. After 120 min of incubation, corneal opacity and 

transparency were measured for the last time. 

 

Corneal permeability 

The same corneas used in the previous assay (see “Corneal Opacity” section) were placed back 

into the Franz cells with 6 mL PBS in the receptor compartment. Then, 1 mL of a 0.4% (w/v) 

fluorescein aqueous solution was placed in the donor compartment. Samples were collected at 

90 min, and fluorescein amount was measured by Uv-Vis spectrophotometry at a 490 nm 

wavelength (Agilent® Cary 60 UV). Results are shown in μg of fluorescein per cm2 of corneal 

surface. 

3.7. ANTIFUNGAL EFFECTIVENESS 

Candida Albicans ATCC 90028 (CA), Aspergillus Fumigatus KM8001 (AF) and Paecilomyces 

(PA), isolated from culture collection of the University Clinical Hospital of Santiago de 

Compostela microbiology department, were inoculated onto Mueller Hinton agar and RPMI 

culture medium (33). Kirby-Bauer disk diffusion susceptibility method was used to evaluate 

antifungal effectiveness. Filter paper disks, impregnated with 20 µL of econazole, natamycin, 
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amphotericin b, voriconazole and fluconazole, were placed into the Petri dish (previously 

seeded) and incubated at 37 °C for 24 h with CA and for 48 h with AF and PA. Digital pictures 

of the discs were taken using a Leica CLS-150 stereomicroscope connected to a Nikon digital 

camera and the econazole inhibition zone was measured and compared to other antifungals. 

3.8. IN VIVO ASSAYS: QUANTITATIVE OCULAR PERMANENCE STUDY BY PET 

PET studies were carried out on male Sprague-Dawley rats (500 g of average weight), supplied 

by the animal facility at the University of Santiago Compostela. Animals were kept in 

individual cages with free access to food and water under controlled temperature (22±1ºC) and 

humidity (60±5%), with day-night cycles regulated by artificial light (12/12 hours) for, at least, 

one week before experiments. Animals were treated according to the laboratory animals’ 

guidelines (34). Experiments were approved by the Galician Network Committee for Ethics 

Research following the Spanish and European Union (EU) rules (86/609/CEE, 2003/65/CE, 

2010/63/EU, RD 1201/2005 and RD 53/2013)".  

Hydrogel ocular pharmacokinetic studies were performed as described in previous works (35). 

Briefly, Positron Emission Tomography (PET) and Computed Tomography (CT) images were 

acquired using the Albira PET/CT Preclinical Imaging System (Bruker Biospin, Woodbridge, 

Connecticut, United States). Anesthetized animals were placed in the small animal bed, and 7.5 

μL of ECN or 7.5 μL econazole hydrogels labelled with 18F-fluorodeoxyglucose (18F-FDG) 

were instilled into the conjunctival sac eye by using a pipette.  The administered radioactivity 

was 0.35 MBq per eye. Single frames of 10 minutes at 0.5, 1, 2 and 3 hours after instillation 

were acquired. Three animals (6 eyes) were tested for each formulation. Different Regions of 

Interest (ROIs) were manually drawn containing the signal on each eye. ROIs were replicated 

on different frames over time and results were corrected for radioactive decay. Afterwards, 

graphical representations of radioactivity versus time were obtained. Fitting of the remaining 

formulation vs time to a monoexponential decay equation using a single compartmental model 

was made with pKSolver software (36). Non-compartmental analysis was also performed, 

calculating the mean residence time (MRT) and the total area under the curve of the remaining 

concentration vs time. 

4. RESULTS  

4.1. ECONAZOLE NITRATE SOLUBILIZATION WITH CYCLODEXTRINS, 1H-NMR AND 

MOLECULAR MODELLING STUDIES 

Evidence of the inclusion-complex formation was obtained from the solubility curves for the 

three cyclodextrin hosts. In addition, the most favourable interaction between cyclodextrin and 

econazole nitrate was determined as well as the most stable inclusion complex formed. 

Diagrams obtained in water solutions with all cyclodextrins were AL type (22) (Figure 1A). 

These diagrams suggest the formation of high solubility complexes characterized by a linear 

increase in solubility with the cyclodextrins concentration, also showing a constant 

stoichiometry of the complexes. Apparent stability constants (K1:1), complexation efficiency 

(CE) and econazole-cyclodextrin relations with different cyclodextrins are shown in Table 1.   
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Figure 1. Phase solubility diagrams for econazole obtained with three cyclodextrin derivatives at 25 °C 

A) in water and B) in PBS (mean ± SD, n = 6). The dotted lines indicate the minimum CD concentration 

required to solubilize the required dose of the drug in hydrogels. 

 

Table 1. Values for K1:1, CE and the D:CD relation obtained from the econazole-cyclodextrin complex 

in A) water and B) PBS at 25 °C.  

 

(A) 

Water 

S0 

(mM) 

S0 

extrap 

(mM) 

K1:1* 

(mM-1) 

K1:1 

extrap** 

(mM-1) 

CE 
D:CD 

(mol:mol) 
R2 

HPβCD 1.48 1.96 52.21 39.51 0.077 1:13.91 0.9187 

HPɣCD 1.48 2.22 54.11 36.18 0.080 1:13.46 0.8877 

αCD 1.48 0.79 505.54 948.32 0.750 1:2.33 0.9936 

(B) PBS 
S0 

(mM) 

S0 

extrap 

(mM) 

K1:1* 

(mM-1) 

K1:1 

extrap** 

(mM-1) 

CE 
D:CD 

(mol:mol) 
R2 

HPβCD 0.59 1.2 86.34 42.86 0.051 1: 20.5 0.7981 

HPɣCD 0.59 0.59 40.35 40.75 0.0245 1:42.8 0.8807 

αCD 0.59 0.74 61.28 49.44 0.036 1:28.5 0.8942 

*K1:1 calculated using S0 (solubility of free drug) 

**K1:1 calculated using S0 extrap (free drug solubility calculated from the phase solubility diagram). 

 

The K1:1 highest value (K1:1=505.54) was found for αCD, indicating econazole interacts more 

strongly with this cyclodextrin. αCD also showed the best solubilization properties for the 

econazole and forms the most stable complex presenting relatively high CE (0.75) and small 

D:CD (1:2.33) relation.  

Despite eye drops were elaborated in water, the econazole-cyclodextrins phase solubility 

diagram was also made in PBS in order to evaluate the effect of pH and salt concentration in 

the econazole solubility once the eye drops are administered. The PBS graph showed a 

considerable decrease in the econazole affinity for αCD when it was dissolved in PBS (Figure 

1B). HPβCD and HPɣCD were less affected by the pH. 
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1H-NMR was carried out to characterize the econazole-αCD complex. 1D-RMN econazole and 

αCD spectra (with the correspondent proton assignation for each signal) are shown in Figure 2. 

Chemical displacement changes were observed in the inclusion complex spectra (Figure 3), for 

both drug and cyclodextrin signals due to interactions between these molecules in solution. 2D-

RMN assays were executed to elucidate the type of interactions. Specifically, a 2D-ROESY 

assay was developed, which allows obtaining the bidimensional spectra shown in Figure 3. 

There, it can be seen the interactions’ formation between protons of the econazole imidazolic 

group and αCD’s H5 and H3 protons (which were the ones that face the inside of the cavity). 

Moreover, interactions between econazole’s H2 and cyclodextrine’s H2 and H4 protons located 

in the narrow edge of cavity are observed. These results suggest the imidazole group remains 

inside the cavity and the econazole´s H2 proton is located in the αCD cavity edge. Figure 4 

contains the built molecular model, showing how econazole is included into the αCD cavity. 

Chlorine, nitrogen, oxygen, carbon and hydrogen atoms are represented in green, blue, red, grey 

and pale grey, respectively.  Nitrogen atoms, which are part of the econazole imidazolic ring, 

are located into cyclodextrin’s cavity, while Cl atoms, which are fixed to phenyl groups, remain 

in the external area. 
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Figure 2. 1H-NMR spectrum of α-cyclodextrin (top) and econazole (bottom) indicating the 

assignment of protons to the different signals 1H-NMR. 
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Figure 3. 2D-ROESY spectrum (details of the more significant area) of the complex 

econazole-α-cyclodextrin. 

2 
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Figure 4. Molecular model of A) α-cyclodextrin, B) econazole and C) econazole-αCD inclusion 

complex obtained from NMR results. 

 

4.2. STUDY OF THE ECONAZOL-ΑCD COMPLEX INCORPORATED INTO OPHTHALMIC 

HYDROGELS 

Considering the results presented above, αCD was selected as the best econazole nitrate 

solubilising agent and the inclusion complex was added to the ISH and HAH hydrogels. 

Although αCD minimum concentrations necessary to solubilise 2 mg/mL econazole nitrate in 

accordance with solubility diagrams results were 1.2% (w/v) in water and 10.5% (w/v) in PBS, 

the cyclodextrin concentration selected was 15% (w/v) in order to avoid possible drug 

precipitation problems in environments with high ion concentration such in tears. The pH values 

for ISH, HAH and ECN were 4.86, 5.16 and 4.52, respectively.  

4.3. ECONAZOLE RELEASE STUDY 

Figure 5 shows both hydrogels have great capacity to control the econazole release during the 

24 hours study. Peppas and Korsmeyer kinetics fitting with n~0.5 and Higuchi kinetics best 

fitting of HAH suggest the drug release is produced by a diffusion-controlled mechanism 

through the polymeric network. In the ISH case, the n value of Peppas and Korsmeyer equation 

(n=1.053) suggests the release kinetics are close to a pseudo-zero order process (Table 2). This 

value indicates the ISH gelation in contact with the SLF may have an important role in the drug 

release. The two-way variance analysis, including correlations for time point and formulation, 

shows a significant influence of both factors for <0.01. The analysis shows differences 

between the control solution and the hydrogels after ten minutes, and between both hydrogels 

after one hour.    
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Figure 5. Release profiles of econazole in SLF from the ion sensitive hydrogel (ISH), hyaluronic acid 

hydrogel (HAH) and econazole control solution (ECN) (mean ± SEM, n=3). 

 

Table 2. Fitting of the release data from the hydrogels in the in vitro release of econazole to the diffusion 

kinetics of Higuchi and Peppas and Korsmeyer. 

 

 

 

 

 

 

 

4.4. EX VIVO TRANSCORNEAL PERMEABILITY 

The results from the corneal permeability study for the drug solution and the bioadhesive 

hydrogels are shown in Table 3. Econazole nitrate shows a good permeability across the bovine 

cornea and the formulations do not affect the drug corneal flux nor the apparent permeability 

parameter (Nonparametric Kruskal Wallis  n.s.). However, there are differences (<0.05) in 

terms of lag time comparing ISH results with the ones obtained from ECN and the HAH.  

 

Table 3. Parameters obtained in the ex vivo transcorneal permeation assay. 

 

Formulation 
Tlag 

min 

Flux (µg/min) 

(mean±SE) 

Papp x 10-6 

(cm/s) 

%  Permeation                  

at  5 h 

HAH 65 0.084±0.0093 2.52±0.27 0.79 

ISH 100 0.083±0.0044 2.50±0.13 0.35 

ECN 60 0.089±0.0060 2.67±0.18 0.63 

 

  

 Higuchi Peppas and Korsmeyer 

Formulation 
K 

(mg·cm-2·min-0.5) 
R2 k n R2 

ISH 9.45 0.8624 4.58 1.05 0.9685 

HAH 19.71 0.9477 29.71 0.63 0.9615 

ECN 29.20 0.8624 77.71 0.35 0.8983 
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4.5. IRRITATION OCULAR TEST  

HET CAM 

Het-Cam results show no damage on blood vessels after the addition of econazole hydrogels 

and econazole solution after 5 minutes of contact (IS = 0). Therefore, it seems these compounds 

are non-irritating for the ocular surface.  

BCOP 

 
Figure 6. Left: Ultraviolet-visible (UV-Vis) scan (from 200 to 800 nm) of corneal transmittance (%) 

after 10 min drug treatment and 120 min PBS treatment. Right: Opacity (TL %) values of bovine corneas 

treated with ISH, HAH, ECN and Ethanol after 10 min drug treatment and 120 min PBS treatment. 

100% corresponds to the total light transmitted through bovine corneas incubated in PBS.  

 

The results obtained in the BCOP test (Figure 6) show that all formulations caused significant 

changes in corneal transparency and opacity. A one-way ANOVA was performed and no 

significant differences (α=n.s) were found between the positive control and the formulations, 

no modification of fluorescein permeability was observed. 

4.6. ANTIFUNGAL EFFECTIVENESS  

Results obtained from the diameters (mm) of fungal growth inhibition (Figure 7) zones by each 

antifungal are shown in Table 4. Both econazole and voriconazole produce the largest inhibition 

zones, being much bigger of those created by fluconazole, amphotericin and natamycin.  

  

Table 4. Zone diameters (mm) of fungal growth inhibition by antifungals. 

 Candida albicans Aspergillus fumigatus Paecilomyces 

Antifungal RPMI Mueller Hinton RPMI 
Mueller 

Hinton 
RPMI 

Mueller 

Hinton 

Econazole-αCD 36 40 >50 40 >50 >50 

Fluconazole 34 39 - - - - 

Amphotericine B 15 15 - - - - 

Voriconazole 55 65 >50 >50 >50 >50 

Natamycin 15 13 25 15 - - 



  CHAPTER 1  

74 

 

Figure 7. Inhibition zone images of Econazole and VFEND against Aspergillus fumigatus, Candida 

albicans ATCC 90231, Candida albicans ATCC 90028, Fusarium solani and Paelomyces lilacinus. 

 

 

4.7. BIOPERMANENCE PET STUDY 

The biopermanence of radiolabelled econazole hydrogels was measured in rats by using a 

small-animal PET system and compared to a radiolabelled solution. A strong signal at early 

times after instillation was observed for both formulations. It was shown after 2 hours of 

contact, 21.71±10.23 % of the ISH, 20.17±10.11% of HAH and only 10.15±6.34% of ECN 

remained in the ocular surface. Data were fitted to a mono exponential model with time, as it is 

shown in Figure 8. The pharmacokinetic parameters obtained by fitting to the mono 

compartmental model are shown in Table 5. The average half-life time (t1/2) and mean residence 

time (MRT) were 49.3±28.88 and 71.08±41.66 minutes respectively for the HAH, 50.16±18.64 

and 72.37±26.90 minutes for the ISH and 20.73±8.01 and 29.9±11.56 minutes for the ECN. 
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The hydrogels labelling was considered as optimum since the remaining 18F-FDG in both 

hydrogels was above 95% at 180 minutes post-preparation. 

Figure 9 contains axial and sagittal views of co-registered PET/CT animal head images right 

after the HAH hydrogel administration and 1 hour post-instillation. CT images show the head 

structure, while PET images show the labelled hydrogel distribution. Initially, all the hydrogel 

is located on the ocular surface. After 1 hour, the amount of hydrogel on the eye is still 

significant, indicating a high retention time on the ocular surface. In addition, the radiotracer is 

also detected in the nasolacrimal duct and in the nasal cavity due to the hydrogel partial 

clearance from the lacrimal sac into the nasal cavity. 

 

Table 5. Parameters obtained by the fitting of the % formulation remaining on the ocular surface 

obtained by PET imaging to a mono-compartmental model. 

 

Formulation t1/2 (min) 𝑨𝑼𝑪𝟎
∞ (mg/L·min) MRT (min) 

HAH 49.3±28.88 6689.02±6689.52 71.08±41.66 

ISH 50.16±18.64 6812.83±2426.91 72.37±26.90 

ECN 20.73±8.01 2920.13±1078.09 29.9±11.56 

 

 

 
Figure 8. Clearance ratio of the formulations from the ocular surface determined by PET. 
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Figure 9. Fusion PET-CT-Real images of the eat´s head in wich the formulation (HAH) remains on the 

ocular surface after instillation [(a) and (b)] subsequently observed as it is eliminated by the nasolacrimal 

ducts [(c) and (d)]. Sagittal (a) and axial (b) PET image and fusion PET-Real images of the rat post-

administration. Sagittal (c) funsion PET-CT image and axial (d) fusion PET-Real images of the rat 60 

min post-administration.  

5. DISCUSSION 

Topical antifungal ophthalmic formulations are not available in several countries. Therefore, 

alternatives are elaborated at hospital pharmacy departments, using isotonic solutions 

compatible with the ocular surface as the main vehicle for their elaboration. These 

manufactured solutions present many limitations, mainly related to their low retention time on 

the ocular surface (37). In addition, the low water solubility of these drugs prevents their 

formulation, limiting the therapeutic arsenal in pathologies with reduced pharmacological 

alternatives as fungal keratitis. For this reason, achieving the solubilization of antifungal drugs 

is an essential task in order to increase the odds for a successful treatment (38). Many authors 

have performed solubility studies using cyclodextrins and co-solvents due to econazole low 

water solubility (1.48mM) (39-42).  

The diagrams obtained with HPɣCD, HPβCD and αCD in water were of the AL type (22). These 

diagrams show the formation of high solubility complexes characterised by a linear increase in 

solubility with the cyclodextrins concentration. Additionally, complexes presented a constant 

composition. This behaviour agrees with the results reported by Mura et al (43), while El-

Gawad et al. obtained Bs type diagrams (44). Bs type diagrams are typical of natural β-

cyclodextrins, the least soluble cyclodextrins used, showing inclusion complexes with limited 

solubility. Nevertheless, HPβCD inclusion complexes usually present AL or Ap type diagrams. 

HPβCD is an amorphous cyclodextrin composed by a mixture of cyclodextrin molecules with 

different mode and substitution degree. This structure prevents the inter and intra-molecular 
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hydrogen bounds formation among inclusion complexes and cyclodextrins. The inter and intra-

molecular hydrogen bounds are an important factor involved in the aggregates formation which 

is responsible of the natural β-cyclodextrin limited water-solubility. The highest values of K1:1 

(K1:1 = 505.54 M-1) and CE (0.75) as well as the smallest ratio of D:CD (1:2.33) relation were 

found for αCD, indicating econazole interacts more strongly with this cyclodextrin. These 

results are in good agreement with Mura et al (43), where authors also reported the best results 

for αCD and econazole base. In this work, a stability constant (K1:1) value of 2630 M-1 was 

obtained. This higher stability constant is related to the econazole base low water solubility 

(0.013 mM) compared to econazole nitrate (1.48 mM). Nevertheless, using econazole nitrate in 

combination with αCD allows achieving higher drug concentration than using the base. Similar 

results were obtained by Mura et al. (43) using different organic acids in combination with 

cyclodextrins.      

In order to determine the cause of the stronger interaction with the αCD, 1H-NMR structural 

studies were performed. 1D and 2D NMR results suggest the econazole imidazole ring is more 

deeply included into the cyclodextrin cavity and interactions between them are stronger. The 

PBS graph shows a considerable decrease in the econazole affinity for αCD. This may be due 

to the amino group ionisation of its imidazole ring at pH 7.4, which decreases the drug affinity 

for the cyclodextrin cavity. In the case of HPβCD and HPɣCD, due to their bigger cavity size, 

they would probably include the clorophenylmethoxil or the diclorophenylethyl group in the 

cavity, which are less influenced by the econazole ionisation; and therefore, they are less 

affected by pH. 

The importance of increasing the therapeutic arsenal in ophthalmology is a key factor for the 

optimisation of the fungal keratitis therapeutics. In this work, the econazole-αCD inclusion 

complex effectiveness against the main fungi which caused fungal keratitis was studied. 

Compared to the antifungal tested, only econazole-αCD and voriconazole solubilised with 

sulphobutylether-β-cyclodextrin (Vfend®) showed activity against all the studied fungi. 

Therefore, the econazole-αCD complex is a very attractive therapeutic alternative for the 

treatment of these infectious diseases due to its advantages described above. Moreover, the fact 

that the compound is not irritating for the ocular surface it is also important. The econazole-

αCD inclusion complex does not show any type of damage in the vessels. However, in the 

BCOP test, a significant change in corneal transparency was observed, showing values similar 

to those obtained with the positive control. For this reason, further testing would be necessary.  

In vitro release studies using vertical Franz cells show both ISH and HAH can successfully 

control the econazole nitrate release over time. ECN release the drug for 250 min, where the 

high molecular volume of the inclusion complex could decrease the drug diffusion rate through 

the membrane filter. The econazole nitrate proportion released from ISH is significantly lower 

than the one obtained from HAH. This is due to the hydrogel ion sensitive characteristics, and 

it gels in contact with the lacrimal fluid (45-46). This causes the econazole-cyclodextrin 

complex to be trapped into the hydrogel and so the release to be slower than the hyaluronic acid 

hydrogel network.  

It is important to point out that the biopermanence study of ophthalmic formulations is an 

essential requirement to be able to determine their appropriate dosages (47). In this work, a 
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novel in vivo image methodology based on PET/CT for evaluating the hydrogels ocular surface 

residence time was used (35). PET/CT images confirm the hydrogels high retention time 

compared to the econazole solution used as control. Furthermore, PET studies allow obtaining 

the quantitative analysis of the ophthalmic formulations pharmacokinetic profile, by calculating 

the elimination constant, the half-live and the zero and first order pharmacokinetic parameters 

AUC0
∞ and MRT. Hydrogels show a mean residence time of 71-72 minutes in the ocular surface, 

much more than the ECN. Results from the ocular biopermanence assay show both hydrogels 

are mucoadhesive compounds and have an adequate consistence to remain on the ocular surface 

for a long time.   

The combination of the good results from the release study and the high retention time of the 

hydrogels in the ocular surface confirms the interest on these formulations for the controlled 

econazole release in the eye. These two properties of econazole hydrogels might lead to an 

increase in the effect duration, decreasing the administration frequency. In most of the 

occasions, the fungal infection reaches the aqueous humour and eye internal structures; 

therefore, the drug needs to be able to cross the cornea. Hence, in order to verify hydrogels were 

able to allow the econazole nitrate penetration into the cornea, an ex vivo transcorneal study 

was performed. Results show econazole have equivalent apparent corneal permeability from 

both inclusion complex solution and hydrogels. Despite the release study shows differences 

among formulations, transcorneal study results suggest the drug permeation rate limiting step 

in the eye is their own diffusion across the corneal structure and it is independent of the 

hydrogels drug release properties.    

The development of the proposed formulations at hospital pharmacy departments is feasible 

when commercial alternatives are not available or ineffective. Results obtained through this 

work demonstrate both HAH and ISH hydrogels are promising as vehicles for econazole nitrate-

αCD ocular administration. Both hydrogels demonstrated a prolonged retention time on the 

ocular surface, an adequate econazole nitrate controlled release and safety. Considering 

hyaluronic acid is an auxiliary substance habitually used and authorised for eye drops 

elaboration, HAH can be considered a more suitable vehicle for increasing the econazole nitrate 

effectivity.   
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1. INTRODUCTION 

Fungal keratitis (FK) is a serious infectious corneal disease mostly caused by filamentous fungi 

such as Aspergillus spp., Fusarium spp. or yeasts like Candida albicans (1), although it may be 

also associated to many others species (2,3). The infection is usually produced by corneal 

epithelium damage. This pathology is typical from tropical regions or developing countries, 

being generally associated to corneal trauma by a contaminated vegetable (stick, thorn or plant) 

(Rai and Occhiutto, 2019; Taechajongjintana et al., 2018), although its incidence is increasing 

in developed countries due to new etiological factors, such as: (I) misuse of contact lens (3,8), 

(II) prolonged use of topical corticosteroids (9), (III) immunocompetent patients 

(Anutarapongpan et al., 2016;; Hung et al., 2020)  or  (IV) corneal transplant (14), among others. 

FK presents a complicated clinical diagnosis since it is common for the patient to be 

asymptomatic after the corneal trauma, taking days or even weeks for symptoms to appear (e.g., 

pain, photophobia or episphagm, among others). Besides that, it is often confused with other 

types of infectious keratitis since initial symptoms are usually common and non-specific (15), 

and the clinical characteristics depend on the type of etiological agent and the disease’s 

progression. It also must be taken into account that, during the latency period, the epithelium 

can be completely healed, even above the infection focus. As time goes, inflammatory processes 

may cause a permanent rupture of the epithelium, stromal ulceration or even severe damages 

on the Descemet’s membrane, leading to the development of a descemetocele or corneal 

perforation (10). 

Clinical diagnosis of FK is extremely complicated and the treatment election depends on the 

disease`s ethology; thus, a microbiological diagnosis is always required in order to ensure the 

etiological agent identification.  

Polyenes are the first-line FK treatment, where natamycin is mainly used against filamentous 

fungi, while amphotericin B is the first-line drug against yeast (16). However, since 70s, azoles 

began to be used due to their greater action spectra and fewer side effects compared to 

amphotericin B (17). Nowadays, voriconazole, a fluconazole derived synthetic triazole, is one 

of the most used drugs due to its broad action spectrum (particularly against Aspergillus spp., 

Candida spp., Fusarium spp., Scedosporium spp. and Paecilomyces spp., among others (18)) 

that can reach therapeutic concentrations in different ocular tissues (cornea, vitreous humor, 

aqueous humor) and it has shown to be effective against resistant infections to polyenes and 

other first-line azoles (17).    

Currently, no voriconazole’s topical ophthalmic formulations are approved by the Food and 

Drug Administration (FDA) or the European Medicines Agency (EMA). This lack of 

therapeutic alternatives leads to the reformulation of intravenous administrated commercialized 

formulations by the hospital pharmacy departments in order to prepare the appropriate 

ophthalmic formulations. VFEND® is an intravenous voriconazole commercial presentation 

that is usually used in the reformulation processes, by dilution in biocompatible ocular vehicles 

for the eye drops preparation. In order to point out, intensive treatment (every hour) is 

commonly applied with these formulations, due to their low permanence on the corneal surface, 

which may lead to local and systemic side effects (19).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
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Topical ophthalmic drug administration presents numerous challenges in terms of drug 

penetration through the cornea. The passage of molecules through this tissue depends on several 

key factors, including lipophilicity, molecular weight, charge and ionization degree, among 

others (20,21). This administration route represents the least invasive method of ophthalmic 

application, being well tolerated by patients since it embodies a painless, simple and easily self-

administered method. Nevertheless, the main disadvantage is associated with the rapid 

formulation removal by the ocular protection mechanisms, such as nasolacrimal drainage, 

blinking (6-15 times/min, tear renewal rate (0.5-2.2 μL/min)) and high lacrimal clearance 

(22,23), as well as the unproductive absorption to systemic circulation through the conjunctiva, 

choroid, uveal tract and inner retina.  

The use of polymers is a crucial factor to improve the adhesive properties of the topical 

ophthalmic formulations, achieving a greater permanence in the ocular surface and, 

subsequently, a drug bioavailability increase (24). Stimulus sensitive hydrogels (involving 

various polymers) may seem to be suitable for this purpose, as the one previously developed by 

our group, consisting of a in situ gelling  system (formulated with gellan gum and κ-

carrageenan), which gelifies in contact with the tear, increasing its viscosity and improving the 

drug’s permanence in the eye (25). The use of mucoadhesive polymers, such as hyaluronic acid, 

is also considered an appropriate option to increase the drug’s permanence and bioavailability, 

due to the chemical interactions with the anionic groups of the mucin layer in the corneal and 

conjunctival epithelium. In addition, an increase in the formulation’s ocular permanence  will 

considerably reduce the number of necessary instillations (up to 1 application per hour (26,27)), 

improving patient’s adherence-to-treatment and compliance. 

The aim of this work was based on the design and development of new voriconazole ophthalmic 

formulations as improved pharmacological alternatives compared to the existent voriconazole 

eye drops prepared at hospital pharmacy departments (28). Voriconazole was incorporated into 

two different types of novel hydrogels: (I) a gelling in situ hydrogel and (II) a mucoadhesive 

hydrogel. Physicochemical characterization was performed by solubility studies, solution 

NMR, squeezing force, pH, and osmolality measurements. In vitro release studies were 

subsequently made in order to determine the pharmacokinetic profile. Ocular irritation assays 

(HET-CAM and BCOP) were carried out to ensure their safety. Permanence and bioavailability 

properties were studied by corneal permeability, corneal mucoadhesiveness and in vivo ocular 

permanence assays.  

2. MATERIALS 

Voriconazole was purchased from Normon® (Madrid, Spain); VFEND® was acquired from 

Pfizer® (New York, USA); hyaluronic acid (HA) was obtained from Acofarma® (Barcelona, 

Spain); 2-hydroxypropyl-β-cyclodextrin (HPβCD) (Kleptose®, 0.65 molar substitution ratio, 

MW 1399 Da) was purchased from Roquette® Laisa S.A. (Valencia, Spain); 2-hydroxypropyl-

γ-cyclodextrin (HPγCD) (0.6 molar substitution ratio, MW 1580 Da) was acquired from Sigma 

Aldrich® (Darmstadt, Germany); α-cyclodextrin (αCD) (Cavamax® W6, MW 972.84 Da) was 

procured by Wacker Chemie AG® (München, Germany); gellam gum (GG) (Kelcogel® CG-
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LA Mw1.5–2.5・106 Da) and κ-carrageenan (CK) (Genugel® carrageenan GC-130 Mw 3.5–8.0

・105 Da) were provided by CP Kelco® (Atlanta, Georgia). 

3. METHODS 

3.1.  PHASE SOLUBILITY DIAGRAMS 

The stability constants of voriconazole/cyclodextrin (HPβCD, HPγCD and αCD) inclusion 

complexes were estimated by phase solubility diagrams according to the Higuchi and Connors 

methodology (29). Voriconazole solubility was determined by adding an excess of drug to a 

series of aqueous solutions with increasing concentrations of aforementioned cyclodextrins. 

These solutions were incubated for 7 days in an orbital shaker (VWR®) (25 ± 0.5°C, 200 rpm). 

Afterwards, 1 mL of each formulation was centrifuged (Eppendorf® Centrifuge 5804R) at 

11500 rpm for 20 minutes and 25°C. An aliquot of each sample was diluted in distilled water 

and concentration was determined by a diode-array spectrophotometer (Hewlett Packard® 

8452A, λ = 260 nm). Each measurement was made in triplicate. 

Solubility diagrams were subsequently obtained by representing voriconazole concentration 

(mM) against cyclodextrin concentration (mM).  

The apparent stability constant (K1:1 or Kd) was calculated considering the slope, the 

voriconazole water solubility (S0) and the voriconazole solubility in the intercept (S0 extrap.), 

assuming the formation of 1:1 ratio inclusion complex between voriconazole and cyclodextrin. 

The complexation efficiency (CE) was calculated using the slope of the solubility profile or the 

concentration ratio between the complexed cyclodextrin and the non-complexed cyclodextrin. 

Drug:cyclodextrin molar ratio (D:CD) was then estimated using CE values. The formulas used 

were previously described by Loftsson et al. (30). 

3.2.  NUCLEAR MAGNETIC RESONANCE (NMR) STUDIES  

Liquid-state NMR experiments were conducted at 25˚C on a Bruker NEO 17.6 T spectrometer 

(proton resonance 750 MHz), equipped with a 1H/13C/15N triple resonance PA-TXI probe and 

PFG shielded z-gradient that uses 5 mm standard OD tubes. The spectrometer control software 

was TopSpin® 4.0. The chemical shifts are referenced to the lock deuterium solvent. Spectra 

were processed and analyzed with Mestrenova® software v14.0 (Mestrelab® Inc.).  

NMR sample preparation: three different NMR samples were prepared for the study. A sample 

of the pure drug voriconazole was prepared at a concentration of 20 mM in 0.6 mL of deuterated 

methanol (MeOD). Two samples consisting of a voriconazole/HPβCD mixture and 

voriconazole/HPɣCD mixture were respectively prepared. Each sample was prepared in 0.6 mL 

of D2O with a molar ratio voriconazole:cyclodextrin 1:1 and a concentration of 20 mM for each 

substance.  

The following NMR experiments were acquired for the three samples: 

A one-dimensional 1H spectrum (pulse sequence “zg” of the Bruker library) with 32 scans, a 

relaxation delay (d1) of 2 s and a fid (free induction decay) acquisition time (aq) of 2.75 s was 

measured.  
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A one-dimensional 19F spectrum without 1H decoupling (pulse sequence “zg30” of the Bruker 

library) with 32 scans, a d1 of 4 s and an aq of 1.83 s was measured. The spectral window 

covered the region where the 19F-NMR voriconazole signals are expected, with the center of 

the spectrum placed at -120 ppm and a spectral width of 100 ppm. 

A two-dimensional Heteronuclear Single Quantum Correlation multiplicity edited 1H-13C 

spectrum (2D HSQC) was measured (pulse sequence “inviedgpph” of the Bruker library). The 

spectra were acquired with 1024 and 160 complex points in the t2 and t1 dimensions (t1: 

indirectly detected time dimension for heteronucleus, which in this case is 13C, t2: directly 

detected time dimension for 1H), respectively. The INEPTs (insensitive nuclei enhanced by 

polarization transfer) transfers of HSQC were optimized for a nominal value of 1JCH (coupling 

constant) of 145 Hz. The d1 and the fid aq were1.6 s and 0.112 s, respectively. The spectra were 

acquired with 16 scans per t1 increment and the total measurement time was ~2 h. 

A two-dimensional Heteronuclear Multiple Bond Correlation 1H-15N (2D HMBC) spectrum 

was measured (pulse sequence “hmbcgplpndqf” of the Bruker library). The spectra were 

acquired in the magnitude mode in t1 with 1024 and 300 points in the t2 and t1 dimensions, 

respectively. The low-pass filter for the suppression of the one-bond 1H-15N couplings was set 

to 95 Hz. The delay for the evolution of the long range 1H-15N couplings was set to 50 ms, 

corresponding to a nominal 1H-15N coupling of 10 Hz. The d1 and the fid aq were 1.5 and 0.212 

s, respectively. The spectral window in the 15N dimension was set with the center at 160 ppm 

and a spectral width of 400 ppm. The spectra were acquired with 16 scans per t1 increment and 

the total measurement time was ~2 h and 20 min. 

The following NMR experiments were acquired only for the two samples prepared containing 

a mixture 1:1 voriconazole:cyclodextrin to study their intermolecular binding interactions: 

One dimensional Saturation Transferred Difference 1H spectra (STD) (31) were measured. The 

experiment consists of a selective saturation pulse train, a WET selective solvent suppression 

module and finally a 90-degrees hard-pulse followed by the acquisition of the fid.  The selective 

saturation consisted of a train of soft gaussian shaped pulses of 50 ms duration with a 1 ms 

interpulse delay. The selective saturation was applied during 2 s at a specific frequency of the 
1H spectrum and covers a region of the spectrum of ±125 Hz around the chosen frequency (i.e. 

±0.17 ppm in a 750 spectrometer). The STDoff saturation was applied at 20 ppm. The STDon 

saturation was applied at the frequency of one specific aromatic proton signal of voriconazole 

and does not affect any of the signals of the cyclodextrin receptor. The STDon and STDoff scans 

were measured in alternate scans and subtracted by the phase cycling providing the subtracted 

STDoff-on spectrum. Three STD spectra were obtained by STDon saturation of the voriconazole 

signal at 6.96, 6.86 and 4.52 ppm, respectively. Each spectrum was acquired in 15 min with 

128 scans and a 6.75 s total scan duration consisting of a 2 s pre-scan d1, a 2 s STD saturation-

time and a 2.75 s fid aq. 

A two-dimensional Nuclear Overhauser Spectroscopy (NOESY) 1H-1H spectrum with zero-

quantum artefacts filtration (pulse sequence “noesygpphzspr” of the Bruker library) was 

measured with presaturation of the residual deuterated water (D2O) peak at ca. 4.7 ppm. The 

NOESY mixing was 500 ms. The spectrum was acquired with 2048 and 256 complex points in 

the t2 and t1 dimensions, respectively. The d1 and the fid aq were 2.0 and 0.27 s, respectively. 
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The spectrum was acquired with 16 scans per t1 increment and the total measurement time was 

~2 h. 

A two-dimensional Diffusion-Ordered Spectroscopy (DOSY) spectrum (pulse sequence 

“ledbpgp2s” of the Bruker library) was measured. The gradient pulses that encode diffusion 

were linearly varied between 1 and 50 G cm-1 along 32 points in the diffusion dimension. The 

duration of each pair of bipolar gradients δ was 3 ms (1.5 and 1.5 ms) and the diffusion time 

variation was 200 ms. The spectrum was acquired with a d1 of 2 s, an acquisition time of 2.75 

s and 16 scans per each point in the diffusion dimension. After Fourier transformation in the 1H 

dimension with zero-filling to 8 k points, the points along the diffusion dimension were 

processed with the exponential peak-fitting algorithm implemented in MestreNova® software 

in order to generate the DOSY representation of the spectrum with one dimension of chemical 

shifts (d, ppm), and the other with self-diffusion coefficients (D, m2 s-1). 

3.3.  MOLECULAR MODELLING  

Molecular modelling of the voriconazole/HPβCD complex was carried out using the Chem3D® 

(PerkinElmer) and the HyperChem® 8.0 (Hypercube Inc) software. The initial geometry of the 

inclusion complex was built based on the intermolecular proton-proton proximities found by 

NMR, by performing a manual docking of voriconazole into the HPβCD cavity. The 

conformational energy of the initial geometry was extensively minimized using the MM+ force 

field. The final energy optimized model was represented and analyzed with the Pymol® v 0.99 

(Delano Scientific LLD) software.  

3.4.  PREPARATION OF FORMULATIONS 

VFEND® solution (VFEND®) (VFEND® powder was reconstituted in 19 mL of balanced salt 

solution (BSS) to obtain a 1% (w/v) voriconazole final concentration) and a 1% (w/v) 

voriconazole - 20% (w/v) HPβCD solution (VZS) were used to prepared all formulations. 

Preparation of the ion-sensitive hydrogels 

An attempt to formulate the VFEND®-loaded ion-sensitive hydrogel (developed in previous 

studies (25,32)) was made. κ-carrageenan (CK) immediately gelled after adding it to the 

VFEND® solution due to the presence of monovalent sodium ions in the cyclodextrin structure 

(sulfobutyl-ether-β-cyclodextrin (SBECD) used in the VFEND® composition. Therefore, ion-

sensitive hydrogel was only formulated with the voriconazole solution and 20% (w/v) HPβCD. 

Several ion-sensitive hydrogels were prepared with a deacylated gellam gum (GG) and CK in 

different proportions (1:1, 2:1, 4:1) (w/w) (see Table 1), adding the polysaccharides into the 

VZS at 70°C under magnetic stirring until its complete solubilization. VZISH 0.65 (w/v), 

VZISH 0.75 (w/v) and VZISH 0.82 (w/v) were the final formulations for the GG:CK mixtures 

previously described. 
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Table 1. Ion-sensitive hydrogel composition (32). 

Ion-sensitive 

hydrogel 

% polymers in 100 mL of hydrogel 

(w/v) 
GG:CK Ratio 

VZISH 0.65 0.65 1:1 

VZISH 0.75 0.75 2:1 

VZISH 0.82 0.82 4:1 

 

Preparation of the mucoadhesive hyaluronic acid hydrogel 

A predetermined volume of a 0.4% (w/v) hyaluronic acid (HA) solution (the concentration was 

selected based on previous studies (33)) was added to the VFEND® solution or VZS under 

magnetic stirring, until its complete solubilization. 

3.5.  SQUEEZING FORCE MEASUREMENTS 

This method was carried out to choose the optimum VZISH polymer’s mixture. All the results 

were compared with the VZHAH (control), which showed an easy administration. The aim of 

this trial was to determine the necessary force to dispense a single drop from the polypropylene 

eyedropper bottles used in the Clinical University Hospital of Santiago de Compostela.  

Squeeze measurement system was developed based on the method established by Charles H. 

Cox, with minor modifications (34), as presented in Figure 1. A Shimadzu® texturometer 

equipped with a load cell (1000 N maximum force) was used. The eyedropper bottle was placed 

in a specifically designed wedge. A 0.5 mm/s speed was used to move the upper probe. The 

necessary force to dispense was tested in quintuplicate (i.e., 25 measurements per formulation). 

The squeezing force procedure was recorded for each formulation and photographs were 

subsequently taken in order to determine the differences in terms of drop formation, according 

to the formulations tested. A statistical analysis was performed using the one-way ANOVA test 

to assess the presence or absence of significant differences in the necessary strength of 

administration on the different formulations. Furthermore, Tukey multiple comparisons test 

was subsequently carried out.  

 

Figure 1. Simplified representation of squeezing force method. 

 



CHAPTER 2 

91 

 

3.6.  PH AND OSMOLALITY MEASUREMENTS 

The pH measurements were performed with a pHmeter (HI5221 HANNA®) at 25 ± 0.5°C, 

while the osmolality was measured using a MicroOsmometer (Fiske® Model 210). Each 

determination was carried out in triplicate.  

3.7.  IN VITRO RELEASE STUDIES 

In vitro release profiles were obtained using Franz diffusion cells and Visking® dialysis 

membranes (Medicel® membranes Ltd) with a 12-14 KDa cut-off (0.784 cm2 available surface 

area). Donor compartment was filled with 0.5 mL formulation (containing 5 mg voriconazole). 

175 µL simulated lacrimal fluid (SLF) were also added to the donor chamber to imitate the 

amount of tear in the eye. Receptor compartment was filled with SLF. Receptor chamber was 

then homogenized by magnetic stirring in a thermostatic bath at 36°C during the assay. 

Voriconazole concentration in each sample was determined by using a Cary 60 UV-VIS 

spectrophotometer (Agilent® technologies) (λ = 260 nm). Each experiment was repeated three 

times.  

Available permeation area of the Franz diffusion cells (0.784 cm2) was taken into account to 

calculate apparent permeability (Papp) as follows: 

𝑃𝑎𝑝𝑝 =
𝛿𝑄/𝛿𝑡

𝐴∙𝐶0∙60
  (Eq. 1) 

Where δQ/δt represents the voriconazole flux across membrane in the graph linear portion, A 

is the membrane area (0.785 cm2), C0 is the initial drug concentration at the donor compartment 

and 60 is the minute-to-second conversion factor. 

The formulation’s flux across the membrane was established as the slope of the regression line 

obtained from the linear part of the curve between the amount of permeated voriconazole versus 

time.  

3.8.  EX VIVO CORNEAL PERMEABILITY STUDIES 

Fresh bovine eyes were obtained from a local nearby slaughterhouse and transported in 

phosphate buffered saline (PBS) at 4°C to the laboratory in order to carry out the corneal 

permeability studies. Corneas were excised with 2-4 mm of surrounding sclera by using a 

scalpel and subsequently mounted on Franz diffusion cells. Epithelial surface of the cornea was 

placed towards the donor compartment. Receptor compartment was filled with PBS (6 mL) and 

the donor compartment was loaded with 0.5 mL formulation (containing 5 mg voriconazole) 

and 175 µL SLF. Receptor compartment was homogenized by magnetic stirring in a 

thermostatic bath at 36°C during the assay. Voriconazole concentration was determined by 

High Performance Liquid Chromatography (HPLC) (Merck® Hitachi, Darmstadt, Germany). 

The column used was a Waters Symmetry C18 (3.9 x 150 mm, 5 µm) thermostatized at 35°C. 

The mobile phase was acetonitrile:methanol:water (45:10:45 v/v/v) using a 1 mL·min-1 flow 

rate. A 260 nm wavelength was employed for voriconazole quantification. 50 µL of sample 

were injected and the retention time of 3.25 min was observed. Available permeation area of 

the Franz diffusion cells (0.784 cm2) was taken into account to calculate the apparent 

permeability (Papp) as it was described in Eq. 1 (see 3.6. In vitro release studies section).  
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The formulation’s flux across the cornea was established as the slope of the regression line 

obtained from the linear part of the curve between the voriconazole permeated amount (µg/cm2) 

versus time (min). 

3.9.  OCULAR IRRITATION TEST    

Alternative ocular toxicity methods were chosen to comply with the animal replacement criteria 

in experimentation procedures based on the 3Rs principles (replacement, reduction and 

refinement) described on the Directive 2010/63/EU of the European Parliament and of the 

Council of September 22nd 2010 on the protection of animals used for scientific purposes (35). 

Bovine Corneal Opacity and Permeability Assay (BCOP) and Hen´s Egg Test Chorioallantoic 

Membrane (HET-CAM) were selected as alternatives to the Draïze Test (36), where albino 

rabbits are used to classify substances according to the irritation produced on the ocular surface 

of the rabbits. 

3.10.  BOVINE CORNEAL OPACITY AND PERMEABILITY ASSAY (BCOP) 

Corneal Opacity 

BCOP assay was a variation of the method described in Protocol Invittox nº 437 (37), used to 

identify potential ocular corrosives and severe irritants. This method was carried out using fresh 

bovine corneas, where changes in corneal transparency, opacity and permeability were 

assessed.  

Corneas were obtained, prepared, and placed in Franz diffusion cells as previously described 

(see “Ex vivo Corneal Permeability studies” section). Opacity (transmitted light, (TL)) was 

measured by using a luxmeter (Gossen Mavolux 5032C USB). Corneas were placed between 

two cylindrical supporting black holders (fabricated with polylactic acid filaments using a 3D 

printer, Wilbox® BQ) and illuminated with a pipe light (Olympus® Highlight 200) with fixed 

brightness values (38). The difference between light intensity measurements with and without 

cornea in the luxmeter was also calculated (% TL initial).  

Corneal transparency was measured in transmittance values by UV-Vis spectrophotometry 

(Agilent® Cari 60 UV) from 800 to 200 nm, and a transmittance against wavelength spectrum 

was obtained for each cornea. After opacity and transparency initial readings of untreated 

corneal tissue, corneas were placed in Franz diffusion cells. Epithelial part of the cornea was 

placed towards the donor compartment and the receptor compartment was filled with PBS and 

homogenized by magnetic stirring in a thermostatic bath at 36°C during assay.  

The test consisted of two parts. First, corneas placed in Franz diffusion cells were incubated for 

60 min with 1 mL PBS in the donor chamber. Then, the PBS was removed, and opacity and 

transparency values were measured again. In the second part of the assay, 1 mL formulation, 

positive control (ethanol) or negative control (PBS) was placed in the donor compartment of 

each cell and kept in contact with the epithelial part of the cornea for 10 minutes, after which 

the solutions were removed with a Pasteur pipette. Donor compartment was subsequently 

cleaned and refilled with 1 mL PBS. After 120 min of incubation, corneal opacity and 

transparency were measured for the last time. 
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Corneal permeability 

The same corneas used in the previous assay (see “Corneal Opacity” section) were placed back 

into the Franz cells with 6 mL PBS in the receptor compartment. Then, 1 mL of a 0.4% (w/v) 

fluorescein aqueous solution was placed in the donor compartment. Samples were collected at 

90 min, and fluorescein amount was measured by Uv-Vis spectrophotometry at a 490 nm 

wavelength (Agilent® Cary 60 UV). Results are shown in μg of fluorescein per cm2 of corneal 

surface. 

3.11. HEN´S EGG TEST - CHORIOALLANTOIC MEMBRANE (HET-CAM) 

The HET-CAM was carried out by using the method previously described in ICCVAM (39), 

by using fertile Broiler chicken eggs. Eggs were placed in an automatic rotation incubator for 

8 days at 38 ± 0.5°C and 65% relative humidity (RH).  The rotation process was stopped during 

the last 24 h, so that air chamber remained in the widest part of the egg. The assay was made 

the 9th incubation day. A tiny drill (Dremel®) was used to open the eggs. The inner membrane 

was moistened with 0.9% (w/v) NaCl aqueous solution and subsequently removed with 

adequate forceps. 0.3 mL formulation, negative control (0.9% (w/v) NaCl solution) or positive 

control (0.1% (w/v) NaOH solution) were directly applied onto the chorioallantoic membrane 

(CAM) surface. The CAM was observed over a period of 300 s and three reactions were 

assessed (if applicable): (I) hemorrhage (bleeding from the vessels), (II) vascular lysis (blood 

vessel disintegration), and (III) coagulation (intra- and/or extra- vascular protein denaturation).  

3.12.  CORNEAL MUCOADHESIVENESS 

Corneal mucoadhesiveness, also known as corneal bioadhesion, is defined as the work required 

for detaching the formulation from the bovine cornea. It is used as a characterization method 

based on the quantitative determination of the interaction between the formulation and corneal 

surface.   

This method was designed and developed by our group using fresh bovine corneas and a 

Shimadzu® Texturometer. Corneas were fixed to plaster supports, which were attached to the 

upper probe of the texturometer, while formulations were deposited in weighing bottles 

(diameter: 40 mm, height 20 mm) and placed in the lower part of the analyzer. The method is 

shown in Figure 2. Each experiment was carried out in triplicate.  

Procedure’s key parameters were previously studied and subsequently established. Corneas 

were 2 mm lowered into the formulation at a 1 mm/s speed until contact was observed to obtain 

force data (N). Corneas were kept in touch with the formulation for 30 s and then returned to 

the initial position at a 1 mm/s speed, measuring the work (J). Force-displacement curve was 

registered, and the maximum work was calculated from the area under the curve (AUC).  

 

https://es.vwr.com/store/product/545679/weighing-bottles
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Figure 2. Simplified representation of corneal mucoadhesiveness method. 

3.13. PET IN VIVO ASSAY: QUANTITATIVE OCULAR PERMANENCE STUDY 

The ocular permanence of voriconazole and VFEND® formulations was carried out by Positron 

Emission Tomography and Computed Tomography Preclinical Imaging (PET/CT Albira® 

microPET/CT Bruker Biospin, Woodbridge, Connecticut, United States). This method was 

already described in previous studies (25,33,40) on Sprague-Dawley rats with a 250 g average 

weight. One week before assays, rats were kept in cages (2 animals/cage) with free access to 

water and food. The room temperature and humidity conditions were controlled (22 ± 1°C/60 

± 5% RH) and the day-night cycles were regulated by artificial light (12/12 h). Experiments 

were approved by the Galician Network Committee for Ethics Research following by Spanish 

and EU rules (86/609/CEE, 2003/65/CE, 2010/63/EU, RD 1201/2005 and RD 53/2013). 100 

µl of each formulation were labelled with 18F-fluorodeoxyglucose (18F-FDG). Animals were 

anesthetized in a gas chamber containing 2.5-3% (v/v) isoflurane in oxygen and placed into the 

microPET/CT bed provided with an anesthesia system to maintain animal’s unconsciousness. 

7.5 µL formulation (0.25 MBq radioactivity) were instilled into each eye using a micropipette. 

At once, static PET frame was acquired (10 min duration). The imaging acquisition was 

repeated at predetermined times (0, 30, 75, 120, 240 and 300 min). Animals were only 

anesthetized during the PET acquisition. An Elizabethan collar was placed in each animal 

between PET studies to prevent the rat from scratching their eyes and remove the eye drops. 

Two animals (four eyes) were used for each formulation. Likewise, a unique CT frame was 

acquired by using a control animal in order to accomplish the 3Rs frameworks. Results were 

obtained by Regions of Interest (ROIs), manually delineated and corrected for radioactive 

decay. Data was processed using the pKsolver software. Resulting data was represented in 

Ct/Cinitial ratio of remaining formulations vs acquisition time diagrams. In addition, the total area 

under the curve (AUC), elimination constant (K), half-life time (t1/2) and mean residence time 

(MRT) were also calculated. 

4. RESULTS AND DISCUSSION  

The need for a topical ophthalmic treatment of fungal eye infections leads hospital pharmacy 

departments to use reconditioned injectable drugs for ophthalmic use. These drugs have several 

limitations in terms of retention time on the eye surface and ocular safety, which remains 

unknown. At present, despite the proven efficacy of voriconazole in numerous corneal 

infections by different fungal genre and species, there are no available commercial ophthalmic 

formulations in Europe. 
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4.1.  SOLUBILIZATION STUDIES 

It is essential to seek methods to improve voriconazole’s water solubility (0.46 mg/mL). For 

this purpose, phase solubility diagrams were obtained using different cyclodextrins, which were 

previously studied for the eye drops formulation (40–42). In addition, previous studies have 

shown that cyclodextrins can increase the bioavailability of poorly soluble drugs, reduce eye 

irritation and improve corneal permeability (43,44).  
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Figure 3. Phase Solubility diagrams for voriconazole, obtained with 3 different types of cyclodextrin at 

25°C in water (mean ± SD, n=6). Dotted line represents the minimum CD concentration value that 

enables the solubilization of a 10 mg/mL voriconazole concentration. 

 

Table 2. Values for K1:1, CE, and the D:CD ratio, obtained from the voriconazole/cyclodextrin complex 

in water at 25°C. 

Voriconazole-

CD complex 

S0 

(mM) 

SO 

extrap 

(mM) 

K1:1* 

(M-1) 

K1:1 extrap** 

(M-1) 

CE 

(M) 

D:CD 

(mol:mol) 
R2 

HPβCD 1.32 2.35 224.27 126.55 0.29 1:4.367 0.98 

αCD 1.32 1.23 55.14 59.17 0.07 1:14.70 0.98 

HPɣCD 1.32 1.77 242.65 181.34 0.32 1:4.11 0.98 

                 *K1:1 calculated using S0 (free drug solubility) 
                        **K1:1 calculated using S0 extrap (free drug solubility calculated from the phase solubility diagram). 

 

Phase solubility diagrams for voriconazole/cyclodextrin inclusion complexes (Figure 3) were 

AL type (water solution, 25°C) (45). These diagrams confirmed the formation of high solubility 

complexes between the substrate (voriconazole) and the ligand (each cyclodextrin). These 

complexes are characterized by a linear increase in drug solubility with the cyclodextrin 

concentration, showing that the complexes are of constant stoichiometry. Table 2 lists the 

maximum solubility voriconazole values for each cyclodextrin (S0), as well as apparent stability 

constants (K1:1), complexation efficiency (CE), voriconazole:cyclodextrin complex molar ratio 

(D:CD) and coefficient of determination (R2).  
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HPβCD and HPɣCD showed similar K1:1 values, higher than αCD, suggesting that the 

voriconazole/HPβCD and voriconazole/HPɣCD interactions are stronger than 

voriconazole/αCD’s. Furthermore, HPβCD and HPɣCD obtained the best solubilization 

properties for the voriconazole and showed high CE values (0.30M and 0.32M, respectively) 

and small D:CD ratio (1:4.37 and 1:4.11). Drug bioavailability often increases if 

drug:cyclodextrin complex molar ratio (D:CD) is relatively low, obtaining good results with a 

small amount of cyclodextrin (30); thus, HPβCD and HPɣCD have shown the best voriconazole 

complexation properties.  

Phase solubility diagrams for voriconazole/HPβCD AL types were also obtained in previous 

studies (46,47). However, they were described AN diagrams from 160 mM cyclodextrin 

concentration. The present work results are in disagree with the aforementioned described 

studies, since voriconazole concentration was linear up to the maximum concentration of 

cyclodextrin used (352.42 mM).  

4.2. NMR CHARACTERIZATION OF THE VORICONAZOLE/HPβCD AND 

VORICONAZOLE/HPϒCD COMPLEXES IN SOLUTION 

The higher solubility of the mixtures of voriconazole with HPβCD or HPɣCD in water respect 

to the pure voriconazole suggest the formation of a complex between this drug acting as guest 

and one of the host cyclodextrins (HPβCD or HPɣCD). The formation of inclusion complexes 

of stoichiometry 1:1 is suggested by our previous results (Table 2). The driving force for the 

formation of these complexes is presumably the formation of a number of favorable guest:host 

intermolecular interactions as well as the high hydrophobicity of voriconazole in water.   

 
Figure 4. Voriconazole, HPβCD and HPγCD structures. Numbering scheme referred in the NMR study.  

 

Several NMR methods have been applied in this section to demonstrate the guest:host 

interactions and to achieve insight in the structure of the inclusion complex in solution. 
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Due to the low solubility of voriconazole in water, the pure drug was dissolved in MeOD to 

measure a series of 1D and 2D NMR spectra in order to perform the assignment of the 
1H,13C,15N and 19F resonances. The assignment of the 1H and 13C signals of the cyclodextrins 

(HPβCD or HPγCD) in the mixture is based on previous results (48). The initial NMR signal 

assignment of 1H, 13C, 15N and 19F resonances of voriconazole (MeOD) was taken from the 

literature (49). The assignment was then modified and adapted to our samples by using our 1D 

and 2D correlation spectra (1H, 19F, HSQC 1H-13C, and HMBC 1H-15N). The signal assignment 

of the three NMR samples is provided in Table 3. 

 

Table 3. NMR chemical shifts (d) in ppm and chemical shift perturbations (CSP) in ppm measured for 

selected voriconazole signals in samples: voriconazole in MeOD, and the 1:1 aqueous mixtures 

voriconazole/HPβCD (D2O) and voriconazole/HPγCD (D2O). The CSPs are calculated for the mixtures 

by subtracting the chemical shift of each aqueous mixtures with the chemical shift of voriconazole in 

MeOD. 

 

In a given NMR spectrum, the comparison between the chemical shifts of voriconazole in the 

pure sample and in their mixtures with HPβCD or HPγCD provides the so-called Chemical 

Shift Perturbations (CSPs). They are frequently used in the context of ligand binding to a 

macromolecular receptor to probe binding and discern intermolecular interactions (50). The 1H-

Atom 

Voriconazole 

(MeOD) 

d (ppm) 

Voriconazole/ 

HPβCD 

d (ppm) 

Voriconazole/ 

HPɣCD 

d (ppm) 

Voriconazole/ 

HPβCD 

CSP (ppm) 

Voriconazole/ 

HPɣCD 

CSP (ppm) 

H-1 8.65 8.54 8.61 -0.11 -0.04 

H-5 8.90 8.66 8.84 -0.24 -0.06 

H-8 4.07 4.06 3.98 -0.01 -0.09 

H-10 1.05 1.03 1.00 -0.02 -0.05 

H-12 4.74 4.55 4.69 -0.19 -0.05 

H-12' 4.27 4.52 4.21 0.25 -0.06 

H-14 8.17 7.53 7.57 -0.64 -0.60 

H-16 7.49 7.53 7.57 0.04 0.08 

H-19 7.38 7.55 7.25 0.17 -0.13 

H-20 6.76 6.86 6.80 0.10 0.04 

H-22 6.88 6.96 6.91 0.08 0.03 

F7 -137.32 -133.81 -134.25 3.51 3.07 

F24 -109.48 -107.47 -108.34 2.01 1.14 

F25 -112.93 -109.93 -110.06 3.00 2.87 

N-2 294.07 285.63 287.22 -8.44 -6.85 

N-6 293.77 noise noise - - 

N-13 213.14 211.25 211.89 -1.89 -1.25 

N-15 242.50 244.05 244.05 1.55 1.55 

N-17 296.41 211.39 211.39 -85.02 -85.02 

C-8 37.91 37.91 37.91 0.00 0.00 

C-10 14.25 17.74 19.65 3.49 5.40 

C-12 56.78 57.41 56.78 0.63 0.00 

C-19 129.56 129.56 129.56 0.00 0.00 

C-20 110.56 111.51 111.92 0.95 1.36 

C-22 103.18 104.14 104.57 0.96 1.39 
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CSPs obtained in the mixtures of voriconazole with HPβCD and HPγCD in the aqueous 

solutions in comparison to the voriconazole MeOD solution are evident in Figure 5.  

 

 
Figure 5. Top: 1H-NMR spectra of the pure voriconazole MeOD solution. Middle: 

voriconazole/HPβCD mixture in D2O. Bottom: voriconazole/HPγCD mixture in D2O.  

The stripped lines guide the eye to connect signals of voriconazole with the same assignment in the three 

spectra. Some signals of voriconazole and the cyclodextrin are identified in the three spectra using the 

atom numbering of Figure 4. 

 

In addition, CSPs are observed for cyclodextrin protons but some of them could not be assigned 

due to the signal overlapping in this region of the spectrum. It must be taken under consideration 

the change of solvent used to prepare the NMR sample of the drug (MeOD) and the 

drug/cyclodextrin mixture (D2O) in order to interpretate the CSPs. It is expected to introduce 

new contributions to the CSPs due to the differences in the magnetic susceptibility of these 

solvents. However, these contributions should be constant for all the signals of a solute that do 

not bind with another molecule and do not suffer a change of conformation.  

Interestingly, the differences in the CSPs observed in Figure 5 are very variable in the 

magnitude and even in the sign depending on the considered signal. Therefore, the variations 

in these CSPs cannot be completely explained by the differences in the solvent, and also reflect 

the shielding and de-shielding effects in the proton resonances due to the formation of an 

inclusion complex between voriconazole and the HPβCD or HPγCD cyclodextrins. 

Analogously, CSPs were also observed for the 13C signals by comparison of 2D HSQC 1H,13C 

spectra of these samples (Figure 6) and for the 15N signals by comparison of 2D HMBC 1H,15N 

spectra (Figure 7). 

In the case of the 2D HSQC 1H,13C spectra (Figure 6), relevant CSPs occur for the 1H and 13C 

resonances of the di-fluorophenyl ring signals and also for the protons and carbons labelled as 
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12 and 12’. These CSPs suggest the inclusion of the mentioned aromatic ring in the HPβCD 

cavity. 

 
Figure 6. Left: 2D HSQC 1H,13C spectrum of pure voriconazole in MeOD. Middle: 2D HSQC 1H,13C 

spectrum of voriconazole/HPβCD in D2O. Right: 2D HSQC 1H,13C spectrum of voriconazole/HPγCD 

in D2O. Some 1H-13C signals of voriconazole are identified in the three spectra using the atom numbering 

of Figure 4. 

 

In the case of the 2D HMBC-1H15N spectra (Figure 7), the peaks highlighted in green belong 

to the triazole ring of voriconazole and show considerably small 15N CSPs. On the other hand, 

the peaks highlighted in yellow belong to the pyrimidine ring of voriconazole and have 

considerably larger 15N CSPs. The referred 15N CSPs are very similar for the two cyclodextrin 

derivatives.  

A summary of the CSPs occurring for the 1H, 13C, 15N, 19F signals of voriconazole in the three 

samples (voriconazole (MeOD), voriconazole/HPβCD mixture (D2O) and 

voriconazole/HPγCD mixture (D2O)) is given in Table 3. 
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Figure 7. HMBC-1H,15N spectra of voriconazole in MeOD and of their 1:1 voriconazole/HPβCD and 

voriconazole/HPγCD mixtures in D2O. The 1H-15N signals of voriconazole are identified in the three 

spectra using the atom numbering of Figure 4. The stripped lines guide the eye to connect voriconazole 

signals with the same 15N assignment in the three spectra. 

 

NMR experiments relying on the Nuclear Overhauser Effect (NOE) are aimed to detect spatial 

proximities between a pair of nuclei, such as protons. Among these experiments STD (31) and 

NOESY were used to detect intermolecular NOEs between pairs of protons belonging to 

voriconazole and cyclodextrins (HPβCD or HPγCD). The observation of one or more of these 

intermolecular NOEs demonstrates the molecular association between both compounds. 

Moreover, a quantitative or qualitative interpretation of the intermolecular NOEs intensity is 

useful to build plausible models of the voriconazole/cyclodextrin complex. 

Three STDoff-on spectra were measured for the voriconazole/HPβCD mixture. In each spectrum, 

the selective STDon irradiation was placed in one aromatic signal of voriconazole. The signals 

irradiated were those at 6.96 (signal H-22), 6.86 (signal H-20) and 4.52 ppm (signals H-12’ and 

H-12) respectively, and the correspondingly spectra are given in Figure 8. It can be seen that 

the three STDoff-on spectra show the presence of NOE signals, usually referred as STD 

responses, in the 3.4-4.2 ppm region that can only be attributed to the HPβCD. They reflect 

intermolecular NOEs occurring between the selected proton of voriconazole and different 

protons of the cyclodextrin that could not be specifically assigned due to the overlapping signal 

in that area; however, their appearance clearly implies the formation of either a transient or a 

fairly stable complex between voriconazole and HPβCD.  
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Figure 8. Spectra of voriconazole/HPβCD 1:1 in D2O. a) 1H spectrum. b) STDoff-on spectrum with on-

saturation at 6.96 ppm (H-22 signal). c) STDoff-on spectrum with on-saturation at 6.86 ppm (H-20 signal). 

d) STDoff-on spectrum with on-saturation at 4.52 ppm (H-12’and H-12 signals). The atom numbering 

used to identify the signals of voriconazole follows Figure 4. 

 

A NOESY spectrum of the voriconazole/HPβCD and voriconazole/HPγCD aqueous mixtures 

provided more information about the complexes structure (Figure 9). In the 

voriconazole/HPβCD sample, six intermolecular NOEs were identified (Figure 9); three are 

NOEs between H-5, H-1 and H-19 of voriconazole with the H-9 methyl group of HPβCD, and 

the other three NOEs are between protons H-19 (overlapped with H-14, H-16), H-20, and H-

22 and one or several unidentified proton/s of the pyranose sugar ring of HPβCD. In the 

voriconazole/HPγCD sample, five intermolecular NOEs were identified (Figure 9) between 

protons H-5, H-1, H-14 (overlapped with H-16), H-19, and H-22 of voriconazole and one or 

several unidentified proton/s of the pyranose sugar ring of HPγCD.  
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Figure 9. Top: 2D NOESY 1H-1H NMR spectrum with a 500 ms of the voriconazole/HPβCD sample 

in D2O. Bottom: 2D NOESY 1H-1H NMR spectrum with a 500 ms mixing time of the 

voriconazole/HPγCD sample in D2O. Intermolecular NOEs between aromatic protons of voriconazole 

and the sugar ring protons of the cyclodextrin are indicated. The numbering system used to refer to the 

protons of voriconazole corresponds are given in Figure 4 (left). 

 

Intermolecular NOEs were observed between the protons of the difluorophenyl ring and the 

protons of the HPβCD cavity, confirming the inclusion of this voriconazole aromatic ring. In 

the case of the HPγCD intermolecular, NOEs occur between the HPγCD cavity protons and the 

difluorophenyl as well as with 5-fluoro-4-pyrimidinyl ring protons. These intermolecular NOEs 

suggest the complete inclusion of the voriconazole molecule into the cyclodextrin cavity.  

Once the complexes formation in the aqueous mixtures of voriconazole with HPβCD or HPγCD 

was well established by the CSPs, STD and NOESY spectra, the determination of the self-

diffusion coefficients in these mixtures was carried out by measuring the DOSY spectra (Figure 

10 B). In the case of the voriconazole/HPβCD mixture, the experimentally-measured 

voriconazole self-diffusion (𝐷𝑜𝑏𝑠=3.27x10-10 m2s-1)  and of the HPβCD (𝐷𝑏𝑜𝑢𝑛𝑑 =2.32x10-10 

m2s-1) were different, indicating that voriconazole is not permanently attached to the 

cyclodextrin in the complex, but forming a dynamic or transient complex promoted by weak 

intermolecular interactions. A transient complex implies a balance between free voriconazole 

and inclusion complexes with the cyclodextrins (Figure 10 A).  
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Figure 10. A: Binding equilibrium voriconazole and cyclodextrin and the self-diffusion coefficient of 

several species participating in the equilibrium. B: Top: DOSY diffusion spectrum of 

voriconazole/HPβCD in D2O. B: DOSY diffusion spectrum voriconazole/HPγCD in D2O. The stripped 

line indicates the average diffusion coefficients measured for the signals of voriconazole and HPβCD or 

HPγCD. 

 

Under fast exchange balance conditions, the association equilibrium of Figure 10 A is described 

by eq. 2 (51). In this procedure, it is assumed that the diffusion coefficient of the inclusion 

complex (voriconazole/HPβCD and voriconazole/HPγCD) follows the same pattern as that of 

the free drug (voriconazole): 

 

𝐷𝑜𝑏𝑠 = 𝑋𝑓𝑟𝑒𝑒 ∙ 𝐷𝑓𝑟𝑒𝑒  + (1 − 𝑋𝑓𝑟𝑒𝑒) ∙ 𝐷𝑏𝑜𝑢𝑛𝑑 (Eq. 2) 
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Table 4. Free and bounded voriconazole diffusion coefficients for the inclusion complexes with HPβCD 

and HPγCD.  

Sample 𝑫𝒐𝒃𝒔 (m2s-1) 𝑫𝒃𝒐𝒖𝒏𝒅 (m2s-1) 𝑫𝒇𝒓𝒆𝒆 (m2s-1) 𝑿𝒇𝒓𝒆𝒆 

Voriconazole/HPβCD 3.27x10-10 2.32x10-10 4.2x10-10 0.51 

Voriconazole/HPγCD 2.76 x10-10 1.91 x10-10 4.2x10-10 0.37 

 

Two of the four parameters of Eq. 2 are measured in the DOSY spectrum. 𝐷𝑜𝑏𝑠is related to the 

experimental diffusion determined for voriconazole in the mixture (𝐷𝑜𝑏𝑠=3.27x10-10 m2s-1). 

The parameter 𝐷𝑏𝑜𝑢𝑛𝑑 corresponds to the experimental diffusion for the bound voriconazole, 

which is the same diffusion as the HPβCD in the mixture (𝐷𝑏𝑜𝑢𝑛𝑑=2.32x10-10 m2s-1). The 

parameter 𝐷𝑓𝑟𝑒𝑒 refers to the self-diffusion coefficient of the voriconazole ligand in the free 

state and under the same experimental conditions of solvent and temperature. Given the low 

solubility of voriconazole in D2O, 𝐷𝑓𝑟𝑒𝑒cannot be experimentally obtained in a sample without 

the receptor; nevertheless, it can be theoretically predicted using the Stokes-Einstein-Gierer-

Wirtz Estimation model (SEGWE model) (𝐷𝑓𝑟𝑒𝑒= 4.2 x10-10 m2s-1) (52). The 𝑋𝑓𝑟𝑒𝑒 =0.51 

result was obtained by applying Eq. 2, which corresponds to a Kd = 250 mM under the 

preparation conditions of this mixture.  

In the case of the voriconazole/HPγCD sample, the self-diffusion for voriconazole (𝐷𝑜𝑏𝑠=2.76 

x10-10 m2s-1) and HPγCD (𝐷𝑏𝑜𝑢𝑛𝑑=1.91 x10-10 m2s-1) were also different. This result is also an 

indication of the formation of a dynamic complex. Using the same type of interpretation of the 

diffusion coefficients described above based in the Eq. 2 and the SEGWE model, the result of 

the molar fraction 𝑋𝑓𝑟𝑒𝑒=0.37 which under the conditions of the preparation of this mixture 

corresponds to a Kd= 230 mM. 

Despite the approximations used, the Kd values obtained by the analysis of the diffusion 

coefficients agree with the Ka values obtained in the phase solubility diagram studies (Figure 

3) (note that Ka is equal to 1/Kd for the inclusion complex balance of Figure 10 A).  Ka values 

are in the same affinity range that those obtained for isoflavones/βCD or clonidine/HPβCD 

inclusion complexes with the same technique. Zhao et al. (51) reported values of self-diffusion 

coefficient between D=4.0x10-10 m2s-1 and D=4.3x10-10 m2s-1 for the diadzein, daidzin and 

puerarin isoflavones and βCD, and Braga et al. (53) reported values of D=2.47x10-10 m2s-1 for 

HPβCD and D=5.68x10-10 m2s-1 for clonidine in the complex with Ka of 20 M-1.   

 

In order to better visualize the results obtained by the NMR experiments, the carried-out 

molecular modeling of the complexes qualitatively agree with the intermolecular STD and 

NOEs results (i.e. interproton distances <3.5 Å) (Figure 11). Molecular models show that 

voriconazole is completely hosted into the HPβCD and HPγCD cavities. The size and the 

molecular structure of the voriconazole allows to penetrate in both cavities without causing any 

high-energy conformational distortion in any of the two cyclodextrins. Thus, the structure of 

the voriconazole inclusion complex for HPβCD and HPγCD after the docking calculations are 

in good agreement with the NMR data. 
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Figure 11. Top: Molecular structure of voriconazole/HPβCD. Bottom: voriconazole/HPγCD.  Both 

images were obtained by molecular modelling. 

 

The formation of these complexes in which the voriconazole is deeply inserted into the cavity 

of HPβCD or HPγCD provides an explanation to the enhanced solubility of voriconazole in 

these mixtures compared to the pure sample of voriconazole in aqueous solution. Moreover, the 

binding affinity of voriconazole to form the complex with HPβCD or HPγCD is similar 

according to the obtained Kd values.  

HPβCD is one of the cyclodextrin derivatives that are currently used in the preparation of 

formulations for parenteral administration in humans, also proving to be safe for ophthalmic 

instillation (54). Furthermore, HPβCD has shown an improvement in the amount of drugs that 

permeated the eye surface, increasing their concentration in aqueous humor (55,56), leading to 

a decrease in the drug ocular toxicity (43). Consequently, HPβCD was selected as the 

cyclodextrin of choice for the preparation of the VZN, VZHAH and VZISH formulations. 

4.3.  SQUEEZING FORCE MEASUREMENT 

According to Conner et al. (57), at least 50% of the patients, who were prescribed an ophthalmic 

topical treatment, reported difficulty for self-administration due to the needed force to be 

applied to the boat for the formulation to come out, among other causes.  

Squeeze force test was carried out after a formulation macroscopic analysis based on the high 

viscosity of different VZISH (VZISH 0.65, VZISH 0.75 and VZISH 0.82) after their 
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elaboration. The homogeneity in terms of volume and structure of the formulation drops is also 

an important property that ensures a precise drug dosage, avoiding therapeutic variability. High 

dosages can lead the patient to suffer side effects, while an underdosage may compromise or 

prolong the pharmacological treatment. Squeeze force can be influenced by different factors, 

such as formulation viscosity, surface tension or design of the eye dropper tip (58). For this 

reason, the same type of packaging was used to perform the test.  

 
Figure 12. Comparison of Squeeze Force values among different hydrogels. ANOVA results show 

significant differences among formulations (α < 0.05); * indicates no significant differences between 

both hydrogels.     

 

 
Figure 13. Formulation drops images. 

 

The one-way ANOVA analysis allows concluding that the required force to dispense a drop of 

VZISH 0.65 (Figure 12) is significantly lower than VZISH 0.75 and VZISH 0.82 (p < 0.0001). 

Based on these results, VZISH 0.65 was selected as the optimum formulation for the following-

assays’ execution.  

In addition, the drop image analysis also shows more homogeneous drops (structure and 

volume) for VZISH 0.65 than for VZISH 0.75 and VZISH 0.82 (Figure 13).  
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4.4.  IN VITRO RELEASE STUDIES 

The release study of voriconazole from all formulations (VFEND®, VFEND®HAH, VZN, 

VZHAH and VZISH 0.65) was fitted to a zero-order kinetics model. The cumulative release of 

voriconazole is shown in Figure 14. Papp (cm/s), flux (µg/min) and R2
 are shown in Table 6. 

Release mechanism from all formulations was examined by data fitting to various mathematical 

models such as the zero-order, Higuchi and Korsmeyer-Peppas (Table 5). Zero order model 

showed a R2=0.99 value for all formulations except for VFEND® and VZN (0.96 and 0.97 

respectively), although it can be considered a good fit to a zero-order kinetic model. 

A linear increase in the voriconazole released amount from all formulations (VFEND®, 

VFEND®HAH, VZN, VZHAH and VZISH 0.65) was observed. There were not significant 

differences in the in vitro release of voriconazole in any of the formulations for the 0-120 min 

interval, but statistically significantly differences were found between VFEND® and VZHAH, 

as well as between VFEND® HAH and VZISH at the 240 min measurement.   
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Figure 14. Release profiles of voriconazole formulations. Data were fitted to a zero-order kinetics. 

 

Table 5. Kinetic profiles of in vitro drug release from VFEND®, VFEND®HAH, VZS, VZHAH and 

VZISH 0.65 through Visking® dialysis membranes (Medicel® membranes Ltd) with a 12-14 KDa cut-

off (0.784 cm2 available surface area). 

                                                    R2  

    Formulations 
Zero 

Order 
Higuchi 

Korsmeyer-

Peppas 

VFEND® 0.96 0.87 0.97 

VFEND®HAH 0.99 0.88 0.96 

VZS 0.97 0.79 0.95 

VZHAH 0.99 0.78 0.99 

VZISH 0.65 0.99 0.85 0.98 
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Table 6. Release data fitting from voriconazole formulations to a zero-order kinetics model. 

 

4.5. PH AND ISOTONICITY MEASURES 

Osmolality and pH values are shown in Table 7. The VFEND® formulations, both the solution 

and the mucoadhesive gel (VFEND®HAH), presented osmolality values of 817.33 mOsm/kg 

and 884.33 mOsm/kg respectively, unlike the VZS, VZHAH and VZISH 0.65 formulations, 

which showed osmolality values of 176.66 mOsm/kg, 203.33 mOsm/kg and 170.87 mOsm/kg, 

respectively. The difference in osmolality values may be due to the SBECD’s monovalent 

sodium ions in the VFEND® formulation. This conclusion is supported by the resulting data 

obtained in the comparison of a 20% (w/v) SBECD solution and a 20% (w/v) HPβCD solution, 

where 578.5 ± 7.141 mOsm/kg and 185 ± 1.414 mOsm/kg osmolality results were obtained, 

respectively.  

Likewise, osmolality was considered a secondary aspect in the development of topical 

ophthalmic formulations, but it should be taken into account as a key factor, where 

hyperosmolality was observed to produce an osmotic movement towards the conjunctival sac, 

leading to an increase in the dilution and removal processes (42).  

The ophthalmic formulations should also be formulated to have a similar pH to that of the tear 

(7.4), but the presence of bicarbonate ions, proteins and mucins in the tear (16) may give it 

some buffering ability, so the eye may tolerate small pH deviations without producing ocular 

surface irritation and tearing (which could produce an increase in drug elimination due to the 

formulation dilution). Thus, formulations prepared with the voriconazole-HPβCD inclusion 

complex showed lower pH values (approx. 5.5) than those made with VFEND® (VFEND® pH 

6.82 and VFEND®HAH pH 6.62), so the pH values of all the formulations tested would be 

within the buffer capacity of the tear (4 to 8 pH range) (43). According to this, all the 

formulations studied (VFEND®, VFEND®HAH, VZN, VZHAH, VZISH 0.65) would be 

suitable for topical ophthalmic administration. 

 

 

 

 

 

  

Formulation Papp·10-6 (cm / s) SE·10-7 Flux (µg / min) SE  R2 

VFEND® 4.31 4.88 2.58 0.29 0.96 

VFEND®HAH 4.37 0.48 2.62 0.02 0.99 

VZS 3.76 3.45 2.25 0.20 0.97 

VZHAH 2.67 0.92 1.60 0.05 0.99 

VZISH 0.65 3.21 1.05 1.92 0.06 0.99 
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Table 7.  Osmolality and pH results.  

 

4.6.  EX VIVO CORNEAL PERMEABILITY STUDIES 

Corneal fungal infections frequently reach the aqueous humor and, subsequently, other ocular 

internal structures. Hence, an ex vivo transcorneal permeability test was performed to assess the 

ability of hydrogels to allow voriconazole to pass through the corneal structure into the aqueous 

humor.    
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Figure 15. Corneal permeability profile of voriconazole formulations. 

 

Corneal permeability profiles of different formulations were compared to each other, as 

presented in Figure 15. The non-parametric analysis (Kruskal-Wallis) performed for release 

profiles did not showed significant differences among formulations. It must be taken into 

account that the lag time values the flux and Papp values were obtained starting the fitting of 

permeability values to a linear model from 55 min. Slopes were used to calculate the flux and 

Papp values. Apparent permeability, flux and time lag data were calculated and are represented 

in Table 8. Voriconazole shows similar apparent permeability values for all formulations and, 

Formulation 
Osmolality (mOsm / kg) pH 

Mean SD Mean SD 

VFEND® 817.33 5.50 6.82 0.025 

VFEND®HAH 884.33 16.25 6.62 0.037 

VZS 176.66 3.78 5.54 0.141 

VZHAH 203.33 15.63 5.52 0.023 

VZISH 0.65 170.87 0.57 5.63 0.034 
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formulations do not affect the corneal flux. Non-parametric Kruskal-Wallis test shows that no 

statistical differences (p > ns) were observed between formulation for flux and Papp, but one 

way-ANOVA and the Tukey test shows statistical differences (p < 0.05) for lag time between 

VZS and VZHAH, VZS and VZISH 0.65, VZSHAH and VFEND®HAH.  

Previous studies made by Rodriguez et al. (2017) (59) revealed an apparent corneal 

permeability data for thymolol/HPβCD complex of 0.77x10-6 cm/s, lower than those obtained 

in the present study for the voriconazole/HPβCD (VZS) complexes (1.42 x 10-6 cm/s) despite 

similar molecular weights (thymolol: 316.421 g/mol; voriconazole: 349.317 g/mol). In 

addition, Rodriguez et al. also observed that the apparent permeability of the thymolol/HPβCD 

inclusion complexes considerably decreased when hyaluronic acid was added (0.07x10-6 cm/s), 

while in the present study a slight increase in the apparent permeability of the 

voriconazole/HPβCD complexes with HA (VZHAH) (1.65x10-6 cm/s) was observed, compared 

to that of the complex without HA (1.42x10-6 cm/s).   

Malhotra et al. (2014) (41) evaluated the effect of different polymers on the 

voriconazole/HPβCD complexes’ corneal permeability. They observed that the addition of GG 

or other polymers significantly decrease the voriconazole permeability compared to 

voriconazole/HPβCD aqueous solution. However, in the present study, no significant 

differences in voriconazole permeability were found between non-polymer solutions (VZS and 

VFEND®) and polymer formulations (VFEND®HAH, VZISH 0.65, VZHAH). 

All formulations showed good permeability through the bovine cornea, and none of the 

formulations affected the corneal flow of the drug. 

 

Table 8. Corneal permeability values of voriconazole formulations.  

 

4.7.  OCULAR IRRITATION TEST 

BCOP and HET-CAM were used to assess the potential irritation on the ocular surface of the 

components of all formulations. 

According to HET-CAM results, VFEND®, VFEND®HAH, VZS, VZHAH and VZISH 0.65, 

formulations have been classified as non-irritants since no hemorrhage, vascular lysis and/or 

coagulation phenomena were observed in the CAM vessels after a 5 min period of contact with 

all formulations.  

The results obtained in the BCOP test also showed that none of the formulations tested (VZS, 

VZHAH, VZISH 0.65, VFEND® and VFEND®HAH) cause significant changes in transparency 

and opacity (Figure 16) or fluorescein permeability (Table 9). The initial opacity values 

Formulation Papp·10-6 (cm / s) SE · 10-7 Flux (µg / min) SE T lag (min) SE 

VFEND® 1.73 2.58 0.52 0.01 29.26 10.01 

VFEND®HAH 1.73 2.73 0.52 0.01 24.18 3.09 

VZS 1.29 0.74 0.38 0.01 20.59 4.18 

VZHAH 1.64 1.50 0.49 0.02 48.91 0.09 

VZISH 0.65 1.57 3.16 0.47 0.10 46.15 2.27 
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(corneas treated with PBS for 60 min) and the values obtained after treatment with the 

formulations for 10 min and 120 min with PBS are also shown in Table 9. No significant 

differences were observed between the control (PBS-treated cornea) and the tested formulations 

(VFEND®, VFEND®HAH, VZS, VZHAH and VZISH 0.65) in both transmittance) and opacity 

measurements, compared to the positive control (ethanol-treated cornea). 

Both irritation studies conclude that developed formulations are not irritant and do not produce 

corneal structure alterations.  

 
Figure 16. Top: Ultraviolet-visible (UV-Vis) scan (from 200 to 800 nm) of corneal transmittance (%) 

after 10 min drug treatment and 120 min PBS treatment. Bottom: Opacity (TL %) values of bovine 

corneas treated with VFEND®, VFEND®HAH, VZS, VZHAH, VZISH 0.65 and Ethanol after 10 min 

drug treatment and 120 min PBS treatment. 100% corresponds to the total light transmitted through 

bovine corneas incubated in PBS. Graph was obtained from Table 9 data. *ETOH (C+): Ethanol 

(positive control). 
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Table 9. Bovine Corneal Opacity and Fluorescein Permeability results for all formulations, negative 

control (PBS) and positive control (ethanol).  

                

*Opacity values after incubation of the corneas for 60 min in PBS 

  ** Opacity values after incubation of the corneas for 60 min in PBS, 10 min in formulation and 120 min in PBS 

*** Ethanol (positive control)          

4.8.  CORNEAL MUCOADHESIVENESS  

The bioadhesion properties of the ophthalmic formulations allow to know their residence time 

in the ocular surface.   

 

Figure 17. Maximum breaking strength and bioadhesion work obtained for each formulation using 

bovine cornea as a substrate. 

 

The bioadhesion work (Figure 17) for VZISH 0.65 shows a value of 0.044 ± 0.014 mJ higher 

than the rest of the formulations (from 0.031 to 0.0377 mJ) due to the presence of the GG and 

CK polymers. It should be taken into account that the test was carried out without the presence 

of tears, so the viscosity of the gel would be mainly influenced by the amount of GG (even 

though no one-way ANOVA statistically differences were observed). In the presence of 

teardrops, the bioadhesivity values would probably increase due to the cross-linking process of 

Formulation 
%TL initial* %TL 10** 

Permeability 

µg/cm2 

Mean SD Mean SD  SD 

PBS (negative control) 88.27 5.87 62.93 7.13 0.721 0.89 

***ETOH (C+) 63.89 9.75 39.86 11.64 15.64 9.75 

VFEND® 71.21 6.55 68.54 4.64 0.00 0.00 

VFEND®HAH 82.16 8.15 72.24 4.04 0.00 0.00 

VZS 76.02 16.23 79.60 11.54 0.00 0.00 

VZHAH 73.53 2.92 71.05 11.50 1.73 1.32 

VZISH 0.65 86.05 2.60 85.22 2.54 0.00 0.00 
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GG (due to the divalent calcium ions (Ca2+)) and CK (by the presence of monovalent potassium 

ions (K+)) and would decrease in the rest of the formulations due to their dilution phenomenon 

with the teardrops. The bioadhesion work would also be increased in the case of VZISH 0.65, 

increasing the permanence of VZISH 0.65 in the eye (25). In order to corroborate the 

conclusions obtained after this test, an in vivo permanence study was carried out using the 

PET/CT imaging technique. 

4.9.  PET/CT IN VIVO ASSAY: QUANTITATIVE OCULAR PERMANENCE STUDY 

 

 
Figure 18. VFEND®, VFEND®HAH, VZN, VZHAH and VZISH 0.65, clearance ratio from the ocular 

surface determined by PET. Ct/Cinitial radioactivity ratio remaining on the ocular surface over time was 

calculated assuming Cinicial value recorded in the ROI (ocular globe) equaled 1.  

 

Table 10. Pharmacokinetic parameters (t1/2 (min), AUC0
300 (mg/L·min) and MRT (min)) obtained by 

Ct/Cinitial ratio fitting to a monoexponential model on the ocular surface obtained by PET imaging. 

Formulation 
t1/2 (min) AUC0

300
 (mg/L·min) MRT (min) 

Mean SD Mean SD Mean SD 

VFEND® 32.27 15.56 52.79 12.61 84.85 17.85 

VFEND®HAH 40.78 7.64 67.28 8.03 98.42 17.99 

VZS 42.19 12.61 67.28 14.28 92.16 8.46 

VZHAH 58.91 13.4 89.86 15.01 118.40 21.69 

VZISH 0.65 96.28 49.11 104.56 30.29 119.80 20.57 

  

Figure 18 shows the clearance ratio (Ct/Cinitial) of the formulations from the ocular surface. The 

percentage of formulation that remained on the eye surface after 60 minutes of administration 

was calculated from the graph. VZISH 0.65 and VZHAH showed values of 67.42% and 

50.25%, compared to 35.9%, 31.31% and 35.75% for VZS, VFEND® and VFEND®HAH 

respectively.  

The pharmacokinetic parameters obtained from the PET images are shown in Table 10. VZISH 

0.65 and VZHAH show MRT values of 119.80 ± 20.57 and 118.40 ± 21.69 min respectively, 
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higher than those obtained for VZS or VFEND® solutions with values of 92.16 ± 8.46 and 

84.85±17.85 min, and 98.42 ± 17.99 min for VFEND®HAH, respectively. The values of t1/2 

(Table 10) were 96.28 ± 49.11 min for VZISH 0.65 and 58.91 ± 13.4 min for VZHAH. Both 

values were significantly higher than those obtained for VZS, VFEND® and VFEND®HAH: 

42.19 ± 12.61 min, 32.27 ± 15.56 min and 40.78 ± 7.64 min, respectively.   

 
Figure 19.  Coronal PET/CT images of rat’s eyes treated with VFEND®, VFEND®HAH, VZN, VZHAH 

and VZISH 0.65, over time. The amount of formulation on the ocular surface is coded on a color scale: 

blue areas show a low radioactive activity; red areas show a high radioactive activity.   
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Figure 19 shows the coronal PET/CT images of rat’s eyes after VFEND®, VFEND® HAH, 

VZS, VZHAH and VZISH 0.65, 0 and 30, 75, 120, 240 and 300 min post-administration. 

PET/CT images show 18F-FDG-labelled formulation distributions on the rat eye and 

nasolacrimal duct. As can be appreciated in the Figure 19, VZHAH and VZISH 0.65 are 

retained in the ocular cavity longer than VZS, VFEND® and VFEND®HAH.  

The GG and CK corneal retention profiles were previously studied by Rupenthal et al. (2011), 

whereas better ocular retention time for each one where observed, compared to other studied 

polymers (60). In addition, in this study, AUC0
15 value for GG (81.644% min) and CK 

(78.400% min) was about double that solution without polymers (45.605% min), used as 

control. These results support the obtained data in present study: AUC0
300 value for VZISH 

0.65 was 104.56 mg/L·min and AUC0
300 value for VZS was 67.28 mg/L·min.   

The ocular permanence differences between VZHAH and VFEND®HAH formulations, where 

VZHAH has shown a longer permanence time than VFEND®HAH, are probably related to the 

VFEND®HAH hyperosmolality, which leads to a higher hydrogel dilution and, consequently, 

a faster elimination. 

VZISH 0.65 and VZHAH have shown a longer permanence on the ocular surface compared to 

the voriconazole formulation used in hospital pharmacy departments as pharmaceutical 

compounding (VFEND®) (61–63).   

5. CONCLUSION 

Voriconazole hydrogels were successfully developed as a new topical ophthalmic alternative 

intended for the treatment of fungal keratitis. In vitro characterization was carried out according 

to different parameters, including: (I) solubility studies, (II) NMR characterization, and (III) 

squeezing force, mainly. 

Solubility and NMR results showed that the inclusion complex formation was similar for both 

types of cyclodextrin. The voriconazole/HPβCD inclusion complex formation was based on the 

internalization of the voriconazole’s difluorophenyl ring into the cyclodextrin cavity. On the 

other hand, in the voriconazole/HPγCD inclusion complex, the entire voriconazole structure 

was included into the cyclodextrin cavity due to its bigger size. Even so, stability and solubility 

parameters showed similar values for both inclusion complexes. 

Osmolality and pH values were in the appropriate range. In vitro release studies were 

successfully performed, and a zero-order kinetic profile was observed in all the voriconazole 

hydrogels. All formulations also showed good permeability through the ex vivo permeability 

assay. Moreover, ocular toxicity studies have proven the safety of these hydrogels on the ocular 

surface through the BCOP and HET-CAM tests. PET/CT studies confirm the mucoadhesive 

properties of all the voriconazole hydrogels, where VZHAH and VZISH 0.65 were selected as 

the best topical ophthalmic formulations for the controlled release of voriconazole. On the basis 

of these results, it can be concluded that voriconazole hydrogels (VZISH 0.65 and VZHAH) 

may significantly improve the fungal keratitis treatment, decreasing the number of applications 

and increasing the adherence to the patient's treatment. 

Besides all of that, all the hydrogels show a high versatility in terms of controlled drug release 

and biopermanence intended for topical ophthalmic administration. Based on this, new drugs 
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could be included for the treatment of different ocular pathologies, not just aimed for anterior 

chamber diseases, but also for posterior chamber diseases. 
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1. INTRODUCTION 

Fungal keratitis (FK) is a corneal mycotic infection mainly caused by corneal trauma with 

contaminated plants or objects (1,2), the misuse of contact lenses (3,4), prolonged use of topical 

antibiotics or corticosteroids (5), eye surgeries (6), or the immunocompromised state of the 

patient (7,8) among others. FK is a severe disease that can lead to vision loss or even complete 

loss of the eye. FK is usually caused by yeasts like Candida albicans or filamentous fungi such 

as Aspergillus spp. or Fusarium spp., but it can be caused by more than 100 different species 

(3,8,9).  

The prognosis of FK lies in early diagnosis and correct treatment. One of the biggest problems 

of FK diagnosis is that the patient may be asymptomatic after the trauma, so the diagnosis might 

be delayed for days or even weeks until the patient suffers some symptom (ocular pain or 

sensitivity to light, among others) (10). Furthermore, the non-specific symptoms of FK can lead 

to erroneous diagnosis and treatment; for this reason, the microbiological diagnosis must be 

mandatory to choose a suitable treatment. 

There is currently only one formulation approved by the Food and Drug Administration (FDA) 

for the treatment of FK, Natacyn®, which is a conventional natamycin suspension. Natamycin 

penetration through the cornea to the deeper structures of the eye is hindered by its low aqueous 

solubility and high molecular weight. Therefore, to achieve therapeutic concentrations, 

Natacyn® is administered every hour, leading to poor adherence of patients to the treatment.  

Natamycin is a polyene drug of amphipathic nature, and it is practically insoluble in water    

(30–50 mg/l). Natamycin has a broad spectrum of action against filamentous fungi (e.g. 

Aspergillus spp., Fusarium spp.) (11) and yeasts (e.g. Candida Albicans) (12). However, 

although in vitro studies showed natamycin to be effective against Fusarium spp., this did not 

translate into favorable clinical outcomes, probably due to its poor penetration into the deeper 

corneal layers (13).  

On the other hand, voriconazole (a fluconazole derivative) is a triazole with a broad spectrum 

against Aspergillus spp., Candida spp., Fusarium spp., Scedosporium spp. and Paecilomyces 

spp., among other fungal species (14). Voriconazole is widely used for the treatment of FK 

(6,15,16), but there is still no commercial ophthalmic formulation approved by the FDA or the 

European Medicines Agency (EMA). Only formulations marketed and approved for oral and 

intravenous routes are available (17,18). For this reason, hospital pharmacy departments must 

reformulate voriconazole formulations intended for other administration routes, usually 

intravenous. These formulations are reconstituted with ophthalmic buffers, but their toxicity, 

bioavailability, and stability remain unknown in most cases. Moreover, the high nasolacrimal 

drainage leads to short ocular permanence and to systemic absorption of the formulation that 

may trigger side effects. 

The severity of FK is aggravated by the emergence of resistant fungal species. Antifungal 

combination therapy is more useful than monotherapy in antifungal-resistant fungi infections 

(19). For this reason, several studies have been conducted to evaluate different antifungals 

combinations (20) or combinations between antifungals and other drugs (21). Previous studies 

have shown that the combination of natamycin and voriconazole may be more effective, 

showing synergism or an additive effect in certain species like Fusarium spp. (20,22,23).  
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Ocular formulations must also be designed considering excipients that are safe for ophthalmic 

administration and that enhance the formulation properties. The use of cyclodextrins might be 

considered a suitable approach to improve drug solubility (24). Moreover, according to EMA, 

some cyclodextrins, such as 2-hydroxypropyl-β-cyclodextrin (HPβCD), have demonstrated 

ophthalmic safety, as well as improved drug permanence on the ocular surface and transcorneal 

permeability (25).  

The main goal of this work was to develop a new ophthalmic formulation for the combination 

of natamycin and voriconazole based on the need to find an effective and non-invasive 

treatment for FK. Natamycin and voriconazole formulations were characterized by means of 

solubility, Nuclear Magnetic Resonance (NMR), pH, osmolality, and viscosity studies. The in 

vitro release was evaluated to assess the release kinetics. Ocular safety was evaluated by two 

different organotypic cytotoxicity models, Bovine Corneal Opacity and Permeability (BCOP) 

assay and Hen´s Egg Test - Chorioallantoic Membrane (HET-CAM). Bioavailability properties 

were evaluated using freshly excised bovine corneas. Ocular permanence was assessed by a 

corneal mucoadhesiveness test and confirmed by an in vivo ophthalmic permanence assay using 

Positron Emission Tomography/Computed Tomography imaging (PET/CT imaging). In 

addition, the antifungal susceptibility was studied by a disc diffusion method.   

2. MATERIALS AND METHODS  

2.1. MATERIALS   

Natamycin was purchased from LabNetwork® (Saint Paul MN, US); Voriconazole was 

procured by Normon® (Madrid, Spain); Hyaluronic Acid (HA) (MW 1.4 x 106 Da) was 

obtained from Acofarma® (Barcelona, Spain); 2-hydroxypropyl-β-cyclodextrin (HPβCD) 

(Kleptose®, 0.65 molar substitution ratio, MW 1399 Da) was obtained from Roquette® Laisa 

S.A. (Valencia, Spain); 2-hydroxypropyl-γ-cyclodextrin (HPγCD) (0.6 molar substitution ratio, 

MW 1580 Da) was purchased from Sigma Aldrich® (Darmstadt, Germany); Liquifilm® was 

obtained from Allergan® Pharmaceuticals Ireland (Mayo, Ireland); Poloxamer (P407) and 

Polyvinyl alcohol (PVA) (Mw  30.000-70.000 Da) were procured by Sigma Aldrich, Methyl 

Cellulose (MC) (1500 cP) was procured by Shin-Etsu (Japan). 

2.2. PHASE SOLUBILITY DIAGRAMS 

 Solubility diagrams of natamycin were obtained according to the Higuchi and Connors 

methodology (26). Natamycin complex stability constants were determined using the solubility 

diagrams.  

The solubility assay was based on the addition of an excess of the drug to different solutions 

with increasing concentrations of two different cyclodextrins, 2-hydroxypropyl-β-cyclodextrin 

(HPβCD) or 2-hydroxypropyl-ɣ-cyclodextrin (HPγCD). Cyclodextrin solutions were 

maintained for 7 days in an orbital shaker (VWR®) (25±0.5°C, 200 rpm) to achieve the 

maximum solubility of natamycin. Afterwards, the resultant solutions were centrifugated 

(Eppendorf® Centrifuge 5804R) at 12,000 rpm for 30 min and 25°C. Natamycin concentration 
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was determined by UV-vis spectrophotometry (Agilent® Cary UV 60, λ = 310 nm) after dilution 

of an aliquot in 0.1 M acetic acid. Each measurement was performed in triplicate.  

Solubility diagrams were obtained by representing the concentration of natamycin (mM) 

against the concentration of cyclodextrins (mM). The slope obtained from the solubility 

diagrams, the natamycin water solubility (S0), and the natamycin solubility in the intercept (S0 

extrap) were used to calculate the apparent stability constant (K1:1 or Kd) assuming the obtention 

of 1:1 ratio inclusion complexes. The equations described by Loftsson et al. (27) were used to 

calculate the complexation efficiency (CE) and the natamycin:cyclodextrin molar ratio (D:CD) 

values. 

2.3. MORPHOLOGICAL ANALYSIS BY TRANSMISSION ELECTRON MICROSCOPY (TEM) 

The morphological analysis of the particles of the saturated solution of natamycin in 40% (w/v) 

HPβCD solution and the saturated solution of natamycin in 40% (w/v) HPβCD solution and 

1% (w/v) voriconazole solution were evaluated using a JEOL JEM-F200CF-HR microscope 

(JEOL®. Peabody, USA). Samples were placed on copper grids and stained with 2% (w/v) 

phosphotungstic acid. Samples were dried and evaluated by TEM observation using an 

accelerating voltage of 200 kV.  

Particle size was measured using Image-Pro Plus Image Analysis Software (Media Cybernetics, 

Inc. USA). 

2.4. NATAMYCIN SOLUBILITY WITH HPβCD AND DIFFERENT HYDROPHILIC POLYMERS 

The solubility of natamycin was studied with 20% (w/v) HPβCD and different ratios of 

hydrophilic polymers, these being: polyvinyl alcohol (PVA), hyaluronic acid (HA) and 

poloxamer 407 (P407). This study was carried out to assess the differences of natamycin in 

terms of solubilization efficiency. 

Solubility was determined by adding an excess of natamycin to solutions made up of 20% (w/v) 

of HPβCD and different concentrations of hydrophilic polymers (see Table 1).  

The hydrophilic polymer concentrations were chosen based on previous studies (28,29). 

Table 1. Composition of polymeric solutions to assess the potential increase in water solubilization 

efficiency of natamycin. 

Solution HPβCD % (w/v) Polymer % (w/v) 

I 20 - 

II 20 0.5% PVA 

III 20 1% PVA 

IV 20 0.4% HA 

V 20 0.1% P407 

VI 20 0.5% MC 
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2.5. NATAMYCIN AND VORICONAZOLE SOLUBILITY WITH HPβCD 

The solubility of natamycin was studied at different concentrations of HPβCD and a fixed 

concentration of voriconazole. Three solutions were made at increasing concentrations of 

HPβCD (20%, 30% and 40% (w/v)) and 1% (w/v) voriconazole. An excess of natamycin was 

subsequently added to each solution. Similarly, voriconazole solubility was also studied at 

different concentrations of HPβCD and a fixed concentration of 0.4% (w/v) natamycin. 

The resultant solutions were incubated for 7 days. Afterwards, the solutions were centrifugated 

(Eppendorf® Centrifuge 5804R) at 12,000 rpm for 30 min and 25°C. Natamycin concentration 

was determined by UV-Vis spectrophotometry (Agilent® Cary UV 60 λ = 310 nm) by 

previously diluting an aliquot in acetic acid 0.1 M. Each measurement was made in triplicate. 

2.6. NUCLEAR MAGNETIC RESONANCE (NMR) STUDIES 

Liquid-state NMR spectra were conducted at 25˚C on a Bruker NEO 17.6 T spectrometer 

(proton resonance 750 MHz), equipped with a 1H/13C/15N triple resonance PA-TXI probe and 

PFG shielded z-gradient that uses 5 mm standard OD tubes. The spectrometer control software 

was TopSpin® 4.0. The chemical shifts are referenced to the lock deuterium solvent. Spectra 

were processed and analyzed with Mestrenova® software v14.0 (Mestrelab® Inc.). 

Samples containing natamycin, voriconazole and/or HPβCD were prepared in 5 mm standard 

tubes. The exact concentration of the compounds is indicated in each case. 

A two-dimensional 2D HSQC multiplicity edited 1H-13C spectrum was measured (pulse 

sequence “hsqcedetgpsisp2.4” of the Bruker library) for a sample prepared with 10 mM of 

natamycin in 0.6 mL of CD3OD. The INEPTs transfers were optimized for a nominal value of 

the scalar coupling 1JCH of 145 Hz. The delay for multiplicity selection was set to 1/ (2·1JCH) 

to detect with the same sign signals of CH3 and CH groups and with opposite phase CH2 groups. 

The relaxation delay (d1) and the FID acquisition time (at) were 1.6 and 0.112 s, respectively. 

The spectrum was acquired with 2048 and 160 complex points in the t2 and t1 dimensions, 

respectively. The number of scans per t1 increment was 16 and the total measurement time was 

~1 h.  

One dimensional Saturation Transferred Difference 1H spectra (STD) (30,31) were measured 

for a sample prepared with 10 mM of natamycin and 10 mM of HPβCD in 0.6 mL of D2O. The 

selective saturation consisted of a train of soft gaussian-shaped pulses of 50 ms duration with a 

1 ms interpulse delay. This saturation was applied during 2 s at a specific frequency of the 1H 

spectrum and covers a region of the spectrum of ± 125 Hz around the chosen frequency (i.e. ± 

0.17 ppm in a 750 spectrometer). The STDoff saturation was applied at 20 ppm. The STDon 

saturation was applied at the frequency of one specific aromatic proton signal of natamycin and 

does not affect any of the signals of the cyclodextrin receptor. The STDon and STDoff scans 

were measured in alternate scans and subtracted by the phase cycling providing the subtracted 

STDoff-on spectrum. Two STD spectra were measured by placing the STDon saturation over a 

specific signal of natamycin at 6.79, 6.05 and 5.91 ppm corresponding respectively to protons 

H3, H17-H22 and H2. Each spectrum was acquired in 15 min with 128 scans and a 6.75 s per scan 

distributed as 2 s of pre-scan delay d1, 2 s of STD saturation-time and 2.75 s of FID acquisition 

time. 
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A 1H-NMR titration assay was carried out with the one-dimensional 1H spectrum (pulse 

sequence “zg” of the Bruker library) with 32 scans, a relaxation delay (d1) of 2 s and a fid (free 

induction decay) acquisition time (aq) of 2.75 s was measured. The titration study was carried 

out at a constant concentration of voriconazole and HPβCD of 5.62 and 5.56 mM. The 

concentrations of natamycin explored during the titration were 0, 1.05, 2.10, 3.15, 4.21, 5.26, 

6.31, 7.36, 8.41, 9.46 and 10.51 mM. 

 
Figure 1. Natamycin (n), voriconazole (v) and HPβCD (h) structures showing the numbering scheme 

referred in the NMR study.  

 

2.7. PREPARATION OF FORMULATIONS 

Based on the results of the previous sections, formulations with 40% (w/v) HPβCD, 1% (w/v) 

voriconazole and 0.7% (w/v) natamycin were prepared. 

The concentration of cyclodextrin (HPβCD) required to solubilize 1% (w/v) of voriconazole 

was established at 20% (w/v) in previous studies by using voriconazole solubility diagrams 

(32).  

An aqueous solution (SLV) was prepared by adding 40% (w/v) HPβCD to MilliQ® water until 

completely solubilization Then, 1% (w/v) voriconazole and 0.7% (w/v) natamycin were added 

to the cyclodextrin solutions and subsequently dispersed by magnetic stirring (200 rpm) at room 

temperature until complete solubilization.  

Two types of hydrogels were prepared with the purpose of increasing the permanence of the 

formulations on the ocular surface, these being: hyaluronic acid hydrogel (AHNV), and 

polyvinyl alcohol-based hydrogel (Liquifilm®) (LNV).  
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Preparation of the hyaluronic acid hydrogel (AHNV) 

The AHNV was prepared based on previous studies (33,34). 0.4% (w/v) HA was added to the 

aqueous solution (SNV) and dispersed by magnetic stirring (200 rpm) at room temperature until 

complete solubilization.  

 

Preparation of the polyvinyl alcohol-based (Liquifilm®) hydrogel (LNV) 

The LNV was prepared based on previous studies where Liquifilm® was chosen as a vehicle 

for the preparation of a topical ophthalmic formulation of tacrolimus (35). In addition, 

Liquifilm® is used in ophthalmic pharmaceutical compounding for the preparation of 

antibacterial eye drops in the hospital pharmacy department (36). 40% (w/v) HPβCD was added 

to 50% of the final volume of Liquifilm® and dispersed under low-intensity magnetic stirring 

(50 rpm) until its complete solubilization for 12 h at room temperature to avoid bubble 

formation. Afterwards, the formulation was made up to the final volume, and 1% (w/v) 

voriconazole and 0.7% (w/v) natamycin were added under magnetic stirring (200 rpm) until 

complete dissolution.  

2.8. TRANSPARENCY 

The transparency of the formulations was measured by recording the transmittance in a 

wavelength range from 800 to 200 nm, using a spectrophotometer (Agilent® Cary UV 60). The 

wavelength range includes the infrared light band (780 nm onwards), the visible light (380 to 

780 nm) and the ultraviolet light band (100 to 380 nm) (37). Maximum transparency is 

considered when the transmittance values are 100% in the visible light range. Each formulation 

was measured in triplicate.  

2.9. OSMOLALITY, PH AND VISCOSITY MEASUREMENTS.  

Osmolality measurements were taken with a Micro-Osmometer (Fiske® Model 210). The pH 

was measured using a pH meter (HI5221 HANNA®) at 25±0.5°C. Viscosity was tested with a 

rotational viscosimeter (Visco QC 300 Anton Paar®) at 25ºC and 20 rpm. Each determination 

was carried out in triplicate.  

2.10. QUANTITATIVE ANALYSIS: ULTRA-HIGH PERFORMANCE LIQUID 

CHROMATOGRAPHY (UHPLC) 

The concentrations of natamycin and voriconazole were determined using a UPLC Waters 

HClass Plus (Waters, France) with an FTN injector and PDA detector. The column used was a 

Waters Acquity BEH C18 (2.1 x 50 mm, 1.7µm) thermostated at 25ºC. The mobile phase was 

acetonitrile:ammonium acetate buffer (30:70 v/v) using a 0.5 mL/min flow rate. The 

concentration determination was performed at a wavelength of 310 nm for natamycin and a 

wavelength of 256 nm for voriconazole. The chromatographs were analyzed using the software 

Empower 3 (Waters®). 10 µl of sample were injected and the retention time was 0.58 s for 

natamycin and 1.47 s for voriconazole. Calibration curves were constructed and the R2 values 

obtained were 0.99 for both drugs.  
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2.11. IN VITRO RELEASE STUDIES 

The in vitro release study of natamycin and voriconazole from the developed formulations is 

useful for predicting their in vivo performance. Franz diffusion cells were used to determine the 

release profile. Visking® dialysis membranes (Medicel® membranes Ltd) with a 12-14 KDa 

cut-off (0.784 cm2 available surface area) were placed between donor and receptor 

compartments. 0.5 mL of formulation was added into the donor compartment, while the 

receptor compartment was filled in with 6 mL of simulated lacrimal fluid (SLF). The 

composition of SLF was described in a previous publication by Ceulemans et al. (38). The 

Franz cells were kept thermostated at 37ºC and homogenized by magnetic stirring (200 rpm) in 

a bath during the assay.  

The concentration of both drugs was determined by the UPHLC method previously described 

(see Ultra-High Performance Liquid Chromatography section). Apparent permeability (Papp) 

and flux across the membrane were calculated as described in previous studies (32).  

2.12. EX VIVO CORNEAL PERMEABILITY STUDIES 

The ex vivo corneal permeability was carried out using fresh bovine eyes obtained from the 

local slaughterhouse (Compostelana de Carnes S.L., Santiago de Compostela, Spain). The 

corneas were excised with a scalpel and immediately placed between the Franz cell donor and 

the receptor compartment with the outer side towards the donor so that the outer part of the 

cornea was in contact with the formulation. The receptor compartment was filled in with 6 mL 

of PBS, while 0.5 mL of formulation was placed in the donor chamber. The Franz cells were 

kept thermostated at 37ºC and homogenized by magnetic stirring (200 rpm) in a bath during the 

assay. The concentrations of both drugs were determined by the UHPLC method previously 

described (see Ultra-High Performance Liquid Chromatography section). Apparent 

permeability (Papp) and flux across the membrane were calculated as described in previous 

studies (32).  

2.13. OCULAR IRRITATION TEST 

BCOP and HET-CAM assays were chosen to evaluate the potential irritation produced on the 

ocular surface. These methods comply with the 3Rs principles (replacement, reduction, and 

refinement) as described in Directive 2010/63/EU of the European Parliament and of the 

Council of 22 September 2010 on the protection of animals used for scientific purposes (39).  

Bovine Corneal Opacity and Permeability Assay (BCOP) 

Corneal Opacity 

A variation of the method previously described in the Invittox Protocol nº 437 (40) was carried 

out to detect potential ocular corrosives and severe irritants using fresh bovine corneas. The 

assessment of ocular irritation was extensively described in previous studies (32). Opacity 

(transmitted light (TL)) and corneal transparency (transmittance values) were measured with a 

luxmeter (Gossen Mavolux 5032C USB) and a spectrophotometer (Agilent® Cari 60 UV) 

respectively. 
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First, the two parameters (opacity and transparency) were measured with fresh corneas. 

Immediately, the corneas were placed in Franz cells as described in the “Ex vivo corneal 

permeability studies” section. Then, the corneas were treated for 60 min by introducing 1 mL 

of PBS into the donor chamber and both parameters were subsequently measured. Following 

this period, 1 mL of the formulation was added to the corneas and maintained for 10 min, then 

the formulation was withdrawn, and 1 mL of PBS was added to the corneas and maintained for 

120 min. The previous parameters were measured again. Each formulation was tested in 

triplicate. 

Corneal permeability 

The corneas used in the “Corneal Opacity” section were placed back into the Franz cells. The 

receptor chamber was filled in with 6 mL of PBS, while 1 mL of 0.4% (w/v) fluorescein was 

placed into the donor chamber. A sample of each Franz cell was collected from the receptor 

chamber to determine the amount of fluorescein that crossed the treated corneas at 90 min. 

Fluorescein concentration was measured by a spectrophotometer (Agilent® Cary 60 UV) at a 

wavelength of 490 nm.  

 

Hen´s Egg Test - Chorioallantoic Membrane (HET-CAM) 

HET-CAM is described in The Interagency Coordinating Committee on the Validation of 

Alternative Methods (ICCVAM) (41). Fertilized broiler chicken eggs were placed in an 

automatic rotation incubator and kept for 8 days at 38 ± 0.5°C and 65% relative humidity (RH). 

24 h before the test, the automatic rotation was stopped and on the 9th day of incubation the test 

was conducted. Each egg was opened, and the inner membrane was removed. 0.3 mL of 

formulation, positive control (0.1% (w/v) NaOH solution), or negative control (0.9% (w/v) 

NaCl solution) were administered onto the surface of the chorioallantoic membrane (CAM). 

Hemorrhage, vascular lysis, or coagulation reactions were assessed (if applicable) by direct 

observation of the CAM for 300 s.    

2.14. CORNEAL MUCOADHESIVENESS 

The corneal mucoadhesiveness method was designed and described in previous studies (32). 

Fresh bovine corneas were excised and fixed to the upper probe of a Universal Testing Machine 

(Shimadzu® AGS-X Precision Universal Tester). The formulations were introduced into the 

weighing bottles. The corneas were immersed 2 mm into the formulations for 30 s and then 

retired to register the force-displacement curve. The bioadhesion work (J) was calculated from 

the area under de curve (AUC).  

2.15. PET IN VIVO ASSAY: QUANTITATIVE OCULAR PERMANENCE STUDY 

The ocular permanence of natamycin/voriconazole on the ocular surface was evaluated in 

Sprague-Dawley rats by a Positron Emission Tomography (PET) and Computed Tomography 

(CT) combined system (PET/CT Albira® microPET/CT Bruker Biospin, Woodbridge, 

Connecticut, United States). The procedure was described in previous studies (32,34,35,42). 

All the animal studies and their protocols were approved by the Galician Network Committee 
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for Ethics Research in accordance with the Spanish and EU applicable legislation (86/609/CEE, 

2003/65/CE, 2010/63/EU, RD 1201/2005 and RD 53/2013). SNV, AHNV, and LNV were 

radiolabeled with 2-[18F]-fluoro-2-deoxy-D-glucose (18F-FDG). 7.5 µL of formulation 

containing 0.25 MBq of radioactivity was administrated into each eye of the rat. Immediately, 

a static PET frame was acquired at 0, 30, 75, 120, 240, and 300 min. Animals were only 

anesthetized during the image acquisition. Rats were fitted with an Elizabethan collar to prevent 

them from touching their eyes and removing part of the formulation. ROIs (Regions of interest) 

were manually obtained from the PET images to obtain the ocular remaining formulation (%) 

curve. Then, data were corrected considering the radioisotope decay (18F half-life: 109.7 min). 

Each formulation was evaluated in quadruplicate. The results were analyzed using a non-

compartmental model. The area under the curve (AUC 0
∞), terminal half-life (t1/2) and mean 

residence time (MRT) were calculated. 

2.16. DISC DIFFUSION METHOD BY THE KIRBY-BAUER METHOD 

Candida albicans ATCC 90231 (C.A 90231), Candida albicans ATCC 90028 (C.A 90028), 

Paelomyces lilacinus ATCC 90028 (PL), Aspergillus fumigatus (AF), Paelomyces lilacinus 

(PL) and Fusarium solanii (FS) were used to perform the diffusion disc method. Aspergillus 

fumigatus, Paelomyces lilacinus, and Fusarium solanii isolates were obtained at the bank of the 

University Clinical Hospital of Santiago de Compostela from FK infections. The isolates were 

morphologically, biochemically, and molecularly characterized prior to testing. Modified 

Mueller-Hinton plates were inoculated with suspensions of fungal stock (1 x 106 – 5 x 106 

UFC/mL). The inoculated plates were incubated at 35ºC for 24 h. Then, antifungals discs 

(containing 20 µL of different formulations (Table 2)) were placed on the inoculated plates. 

The inhibition zone diameters were measured after incubating the plates containing antifungal 

discs at 35ºC for 24 h for Candida Albicans species and 48 h for Paelomyces and Aspergillus 

species. 

 

Table 2. Composition of tested formulations in Kirby-Bauer Disc Diffusion Method. 

 

Formulation Composition 

SV 40% (w/v) HPβCD + 1% (w/v) voriconazole 

SN 40% HPβCD + 0.7 % (w/v) natamycin 

SNV 
40% HPβCD+ 0.7 % (w/v) natamycin + 1% (w/v) 

voriconazole 

VFEND Vfend® (1% (w/v) voriconazole+ 16% (w/v) SBEβCD*)  

NTC Natacyn® (5% (w/v) natamycin) 

 *Sulfobutyl-ether-β-cyclodextrin 
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3. RESULTS AND DISCUSSION 

3.1. PHASE SOLUBILITY DIAGRAMS 

Due to the low water solubility of natamycin (30-50 mg/L (43)), improving its aqueous 

solubility was essential for the development of new ophthalmic formulations. 

Solubility diagrams were created with HPβCD and HPγCD (Figure 2). The cyclodextrins were 

chosen based on their large size (1135 and 1761 g/mol respectively) and the volume of their 

cavities. In addition, both have been previously studied for the development of ophthalmic 

formulations, demonstrating their compatibility with this route (44,45). In addition, the 

literature prior to these studies has demonstrated the ability of cyclodextrins to reduce ocular 

irritation, improve corneal permeability, and increase the bioavailability of drugs with very low 

water solubility (46,47).  
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Figure 2. Phase solubility diagrams for natamycin, obtained with 2 different types of cyclodextrin 

(HPβCD and HPγCD) at 25°C in water (mean ± SD, n=6).  

The phase solubility diagrams for natamycin/cyclodextrin inclusion complexes (Figure 2) were 

AN type. These data agree with the study of Koontz and Marcy (43). They evaluated the 

solubility of natamycin with three natural cyclodextrins (αCD, βCD, and γCD) and with 

HPβCD, a βCD derivative. However, AN-type phase solubility diagrams occurred only with 

γCD and HPβCD. In the solubility studies, an initial solubility of 0.0353 ± 0.014 mg/mL was 

obtained for natamycin without cyclodextrin. Similar values were obtained in Koontz and 

Marcy’s study (0.034 mg/mL) (43). 

The AN-type phase solubility diagram shows the self-association of cyclodextrin aggregates or 

their complexes, which can decrease the drug solubility (48).  

The possible existence of cyclodextrin aggregates or their complexes was evaluated for 

saturated solutions of natamycin in 40% (w/v) HPβCD solution (Figure 3) and saturated 

solution of natamycin in 40% (w/v) HPβCD solution and 1% (w/v) voriconazole solution 

(Figure 3A). The resulting Transmission Electron Microscopy (TEM) images (Figure 3) 



CHAPTER 3 

135 

showed the formation of nanometric spheric aggregates. The saturated solution of natamycin in 

40% (w/v) HPβCD solution showed an average particle size of 80.25 ± 35.81 nm. However, 

the saturated solution of natamycin in 40% (w/v) HPβCD solution in presence of 1% (w/v) 

voriconazole showed larger particles with an average particle size of 148.96 ± 32.89 nm.  

The cyclodextrin aggregation occurs because of intermolecular hydrogen bonds among 

cyclodextrin hydroxyl groups (OH). These hydrogen bonds lead to the assembly of the 

dissolved CD molecules into CD aggregates (49). The resultant nanoparticles, formed by 

drug/CD complexes, have demonstrated the ability to improve drug permeation across corneal 

membranes better than the individual inclusion complexes. The CD aggregates can behave in 

the same way as nanosystems, controlling drug release and increasing residence time at the site 

of administration. Loftsson and Stefansson (2007) described a system based on 

dexamethasone/γCD complex aggregates intended for topical ocular administration with 

sustained delivery and enhanced bioavailability of dexamethasone (50). Other authors have 

described similar results for drugs like dorzolamide (51), irbesartan (52), or cyclosporin A (53), 

among others.   

 

 
 

Figure 3. Transmission Electron Microscopy (TEM) images of saturated solution of A) natamycin in 

40% (w/v) HPβCD solution and 1% (w/v) voriconazole solution and B) saturated solution of natamycin 

in 40% (w/v) HPβCD solution.  

 

Table 3 shows the apparent stability constant (K1:1), complexation efficiency (CE), 

natamycin:cyclodextrin complex molar ratio (D:CD), coefficient of determination (R2), and 

water natamycin solubility S0.  

K1:1 was calculated on the linear portion of the phase diagram due to the negative deviation 

previously shown (54). The HPβCD showed a higher K1:1 than HPγCD, suggesting that the 

natamycin/HPβCD interactions were stronger than those of natamycin/HPγCD. Furthermore, 

HPβCD obtained the best solubilization properties for the natamycin and showed higher CE 

values than HPγCD (0.061 and 0.049, respectively). D:CD values were high for both 
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cyclodextrins (1:17.50 and 1:21.41, respectively), but HPβCD showed the lowest value, so its 

bioavailability would be better than that of HPγCD (55).  

 

Table 3. Values for K1:1, CE, and the D:CD ratio, obtained from the natamicyn/cyclodextrin complex 

in water at 25°C. 

Inclusion Complex R2 
K1:1  

(M-1)* 

CE 

 (M) 

S0  

(M) 

D:CD 

(mol:mol) 

Natamycin/HPβCD 0.9717 1102.32 ± 89.09 0.061 5.50·10-5±2.06·10-5 1:17.50 

Natamycin/HPγCD 0.9943 891.08 ± 26.39 0.049 5.50·10-5±2.06·10-5 1:21.41 

    *K1:1 calculated using S0 (free drug solubility) 

3.2. NATAMYCIN SOLUBILITY WITH HPβCD AND DIFFERENT HYDROPHILIC POLYMERS 

The drug solubility in presence of hydrophilic polymers can be enhanced by ternary 

complexation (56). Natamycin solubility with 20% (w/v) HPβCD and different hydrophilic 

polymers is shown in Table 4. Data were compared with natamycin solubility in absence of 

polymers. These data do not show significant differences in natamycin solubility when the 

hydrophilic polymers were added to the system.  

 

Table 4. Natamycin concentration in presence of 20% (w/v) HPβCD and different hydrophilic polymers.  

HPβCD and Polymers solutions Natamycin concentration (mg/mL) 

20% HPβCD 5.151 ± 0.206 

20% HPβCD + 0.5% PVA 5.740 ± 0.867 

20% HPβCD + 1% PVA 5.117 ± 0.484 

20% HPβCD + 0.4% AH 4.625 ± 0.464 

20% HPβCD + 0.1% P407 4.222 ± 0.574 

20% HPβCD + 0.5% MC 4.181± 0.309 

 

3.3. NATAMYCIN AND VORICONAZOLE SOLUBILITY WITH HPβCD AND VORICONAZOLE 

Figure 4a shows the natamycin concentration reached with 20%, 30%, and 40% (w/v) of 

HPβCD and 1% (w/v) of voriconazole. The voriconazole concentration remained stable in all 

HPβCD solutions. Natamycin concentration increased from 6.175 ± 0.658 to 7.951 ± 0.389 

mg/mL with increasing HPβCD concentration. These data agree with the data obtained by 

interpolation in the phase diagram (Table 5). Figure 3B shows the voriconazole concentration 

reached with 20%, 30%, and 40% (w/v) of HPβCD and 0.4% (w/v) of natamycin. Voriconazole 

concentrations obtained in presence of 0.4% (w/v) natamycin and 20%, 30%, and 40% (w/v) 

of HPβCD were 12.43 ± 4.71, 15.937 ± 5.05 and 25.04 ± 1.44 mg/mL respectively. The 

concentrations of voriconazole obtained in the presence of natamycin are similar to those 

obtained without natamycin in previous studies (32) (see Table 5). 
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Figure 4. a) Voriconazole concentration obtained in presence of 4 mg/mL of natamycin and different 

concentrations of HPβCD. b) Natamycin concentration obtained in presence of 10 mg/mL of 

voriconazole and different concentrations of HPβCD. 

 

Table 5. Concentration of natamycin and voriconazole in HPβCD solutions obtained from interpolation 

in the phase diagrams (Figure 2). The HPβCD phase diagram of voriconazole was published in previous 

studies (32).  

 

 Natamycin (mg/mL) Voriconazole (mg/mL) 

20% HPβCD (w/v) 6.351 15.203 

30% HPβCD (w/v) 7.639 22.252 

40% HPβCD (w/v) 8.372 29.301 

 

These results suggest that the incorporation of natamycin into the voriconazole/HPβCD 

complexes solution does not affect the solubility of voriconazole in presence of cyclodextrin. 

To clarify this statement, a competition study of the two drugs for cyclodextrin was performed 

using Nuclear Magnetic Resonance (NMR).  

3.4.  NUCLEAR MAGNETIC RESONANCE (NMR) STUDIES 

Molecular interactions are essential for many biological processes. The binding process is 

promoted by the establishment of a number of favorable non-covalent forces between the 

molecule that interact and there is a dynamic equilibrium between association and dissociation 

events. NMR is one of the methods for screening of ligands that bind to a receptor and detect 

the ligand binding epitope and/or receptor binding site with quantitative results (57,58). 
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3.4.1. DETECTION OF BINDING INTERACTION BETWEEN NATAMYCIN AND HPβCD 

The 1H-NMR signal assignment of natamycin in CD3OD was obtained from the 1H and 13C 

predicted spectrum at 800 MHz in the Human Metabolomic Database (59,60) in concordance 

with the experimental 2D edited-HSQC spectrum obtained by us in Figure 5.  

 

 
 

Figure 5. 2D edited-HSQC spectrum of pure natamycin in CD3OD. Peaks in blue color correspond to 

CH and CH3 groups. Peaks in red color correspond to CH2 groups. The 1H spectrum is shown in the 

horizontal trace.  
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Figure 6. 1H-NMR spectra of a) pure natamycin in MeOD. b) the mixture natamycin:HPβCD 

10mM:10mM in D2O. The atom numbering used to identify natamycin (n) and HPβCD (h) follows 

Figure 1. Stripped lines were drawn to guide the eye to the changes in chemical shift (i.e. CSPs) of the 

signals of n. Signal H23 n was chosen as a reference for the CSPs. 

 

The comparison of the 1H spectrum of pure natamycin in CD3OD and the mixture 

natamycin:HPβCD 1:1 in D2O denotes relevant changes in the chemical shifts (i.e. CSPs) that 

could be due to either a change in the conformation due to the solvent and/or its binding to 

HPβCD. To further investigate the possibility of binding interaction between ligand natamycin 

and receptor HPβCD in water solution was tested by STD experiments (30,31). The STDoff 

reference 1H spectrum of the mixture natamycin:HPβCD 1:1 is shown in Figure 7a. STDon-off 

spectra were measured to determine possible intermolecular contacts between the ligand and 

receptor in the mixture. A requisite for the STDoff-on experiment is that the on-saturation should 

only affect the signal/s of one of the two components in the mixture. In this case, placing the 

on-saturation in the region where the 1H spectrum the majority of the protons of HPβCD appear 

in the 1H spectrum between 3.2 and 4.6 ppm should be avoided because in this region there a 

few signals of natamycin are also present (Figure 5). For this reason, the on-saturation was 

placed over specific aromatic signal/s of the ligand natamycin that are well isolated in the 1H 

spectrum. The STDon-off spectra (Figure 7a to Figure 7d) show the STD responses; some of them 

are intramolecular NOE contacts in natamycin while those that appear well extended and with 

broad features in the region between 3.2 and 4.6 ppm were assigned to HPβCD. This result 

confirms that there is binding affinity between natamycin and HPβCD. 

a)

b)

CD3OH

h

H2-H6

HPCD

h

h

H1

H1’

n n
H23H16

n
H3

n
H2H17-H22

n

HDO

n n
H13

n
H11H15

n
H25

n
H4

n
H5

n
H24

n
H26H6,H8,8’,H10

H12,H14,14’

n

n
H6’

n
H10’

h

H9



CHAPTER 3 

140 

 
Figure 7. NMR spectra of natamycin:HPβCD 1:1 in D2O showing the assignment of signals of 

natamycin (n) and HPβCD (h). a) 1H reference spectrum. b) STDoff-on spectrum with on-saturation at 

6.79 ppm (H-3 signal of n). c) STDoff-on with on-saturation at 6.05 ppm (H-17 to H-22 signal of n). d) 

STDoff-on with on-saturation at 5.91 ppm (H-2 signal of n). The atom numbering used to identify the 

signals of voriconazole follows Figure 1.  

3.4.2. NMR TITRATION COMPETITION STUDY OF NATAMYCIN AND VORICONAZOLE 

FOR BINDING TO HPβCD 

Having established the affinity between natamycin and HPβCD, the binding affinity of 

natamycin was tested in a competition experiment with the ligand voriconazole in water. The 

affinity of this later ligand for HPβCD was tested in our laboratory and showed the formation 

of an inclusion complex of stoichiometry 1:1 with a dissociation constant KD of 250 mM (32). 

Under conditions of weak binding equilibrium of a ligand to a receptor (typically for KD in the 

1 to 1000 mM range), a chemical shift titration is a feasible method to map a ligand-binding 

site on a target receptor such as a protein (58) or a cyclodextrin (61) and may serve to estimate 

the KD of the equilibrium. The basis of this method under weak binding there is a fast exchange 

equilibrium between the free and bound species in the NMR time scale, and the observed 

chemical shift dobs is a weighted average given by Eq. 1 (57): 

 

dobs =  cfree · dfree +  c bound · dbound     (Eq. 1)  

 

where dfree and dbound are the chemical shifts in the free and bound state, respectively, and cfree 

and cbound are the molar fraction of the species in the free and bound state respectively with cfree 
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+ cbound = 1. Chemical Shift Perturbations (CSPs) can be quantified as dobs - dfree (in units of Hz) 

for any signal in the spectrum at any point in the titration to map the ligand-binding site.  

The 1H-NMR spectra of the titration competition assay for the mixtures prepared of natamycin, 

voriconazole, and HPβCD are shown in Figure 8. The experiment was carried out by the 

addition of natamycin to a sample containing equimolar concentrations of voriconazole and 

HPβCD. It can be seen in Figure 8 that in the course of the titration certain signals of 

voriconazole have CSPs, while all the signals of natamycin remain at the same chemical shift 

and only increase their intensity. Qualitatively, this observation strongly suggests that 

natamycin competes for the same binding site of HPβCD and has a stronger affinity than 

voriconazole because as the concentration of natamycin is raised in the titration the signals of 

voriconazole move towards their characteristic values in the free state dfree which can be 

explained by a higher molar fraction cfree in Eq. 1. In Table 6 are given the CSPs of several 

signals of voriconazole in this competition assay. The data was fit to a competitive binding 

model (described in supplementary calculations) and provided a KI=0.334 mM which is a value 

that represents ca. 700 times higher affinity of natamycin than voriconazole for binding to 

HPβCD. In our previous work, the molecular model of the complex HPβCD:voriconazole (32) 

showed that voriconazole can be inserted almost completely in the cavity of HPβCD. 

Natamycin is a larger molecule than voriconazole and can only be incorporated partially inside 

the cavity of HPβCD as can be seen in the optimized molecular mechanics optimized model of 

Figure 9. In this model, the double bonds of natamycin are disposed towards the most 

hydrophobic side of HPβCD in proximity to the hydroxypropyl pendant chains and the two 

polar six-member rings of natamycin disposed towards the most hydrophilic side of HPβCD. 

 
Figure 8. NMR titration competition assay with natamycin at a constant molar ratio 

voriconazole:HPβCD 1:1. Stack of spectra showing the aromatic region of the 1H-NMR spectrum during 
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the titration. The atom numbering used to identify voriconazole (v) and natamycin (n) follows Figure 1. 

Stripped lines were drawn to guide the eye for the changes in chemical shift (i.e. CSPs) of certain signals 

of v. 

 

Table 6. Signals of voriconazole with relevant CSPs measured by 1H-NMR during the titration 

competition assay with natamycin at constant molar ratio voriconazole:HPβCD 1:1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Molecular Mechanics optimized model of the complex natamycin with HPβCD (red balls and 

sticks indicate natamycin; white lines indicate HPβCD). 

Equivalents 

Natamycin 

H6a 

CSP (Hz) 

H3a 

CSP (Hz) 

H5a 

CSP (Hz) 

H1 

CSP (Hz) 

0.0 89 32 30 51 

0.2 61 26 23 39 

0.4 40 22 15 25 

0.6 29 19 11 16 

0.8 22 17 8 11 

0.9 8 15 5 5 

1.1 8 14 4 4 

1.3 5 14 2 4 

1.5 3 14 2 4 

1.7 0 12 3 2 

1.9 0 0 0 0 
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3.5. TRANSPARENCY 

One of the problems that usually leads to a discontinuation of the FK treatment is the number 

of required instillations (1 drop every 1-2 h). In addition, some eye drops may cause blurred 

vision due to their organoleptic or physicochemical characteristics (e.g., color, high viscosity, 

among other factors), increasing the treatment dropout. Natacyn® is a cloudy white to yellow 

aqueous suspension containing natamycin particles that can cause blurred vision after 

administration. For this reason, transparency measurements were carried out.  

Natacyn® showed transmittance values close to 0 in all light ranges. The results obtained from 

transparency measurements are shown in Figure 10. All formulations (SLV, AHNL, and LNV) 

were practically transparent (transmittance ≃ 100%) in the infrared (780 nm onwards) and 

visible light range (from 380 to 780 nm). The decrease in transmittance values in the UV range 

for all the formulations was possibly associated with the presence of molecules that absorb in 

the UV range, such as natamycin 310 nm or voriconazole 256 nm.  
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Figure 10. Scan light transmittance from 200 to 800 nm for the formulations including natamycin. 

MilliQ® water was used as a transparent formulation in all light ranges.  

3.6. OSMOLALITY AND PH MEASUREMENTS 

Table 7 shows the pH, osmolality, and viscosity data of the ocular formulations. The viscosity 

of AHNV (265.5±37.56 mPa·s) is higher than the viscosity obtained for LNV (54.292±2.88). 

The viscosity data for Liquifilm® were 5.827±0.284 mPa·s.  

The osmolality data obtained for SNV and AHNV were lower than the osmolality data for 

Liquifilm® formulation (LNV). The high osmolality value of LNV (500 ± 3.46 mOsm/kg) is 

due to the osmolality values of the Liquifilm® vehicle (256.5 ± 8 mOsm/kg (62)) used to 

formulate the LNV formulation. The osmolality values of all formulations are higher than the 

physiological value (290 mOsm/kg), however, in an in vivo system, the high precorneal 

clearance would protect the ocular surface from hyperosmolality by removing the formulation 

from the corneal surface (63,64).  
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The new formulations (SNV, AHNV, and LNV) showed pH values within the tolerable range 

of the eye (pH range 4 to 8) (46).  

 

Table 7. pH, osmolality, and viscosity results. 

Formulation pH 
Osmolality  

(mOsm / kg) 

Viscosity 

(mPa·s) 

SNV 6.10±0.16 304 ± 3.46 9.853±0.326 

AHNV 6.34±0.08 344 ± 3.46 265.5±37.56 

LNV 7.09±0.02 500 ± 3.46 54.29±2.880 

 

3.7. IN VITRO RELEASE STUDIES 

The in vitro release profile of the resulting formulations is shown in Figure 11. Papp (cm/s), 

flux (µg/min), and R2
 are shown in Table 8. All profiles were fitted to a Korsmeyer-Peppas 

model, and the R2 values were > 0.96 for all tested formulations. The resulting n values show 

that both drugs are released by a Fickian diffusion process (n ≤ 0.45) from all the formulations 

(SNV, AHNV, and LNV), while natamycin in the Natacyn® formulation presents an anomalous 

diffusion mechanism (0.45 < n >0.89) (65). However, this value of n for Natacyn® (0.629) is 

due to the compensation of the amount of natamycin that diffuses with the amount of natamycin 

that dissolves from the solid particles of the suspension in the diffusion process. 
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Figure 11. In vitro release profiles of natamycin/voriconazole formulations. All data were fitted to 

Korsmeyer-Peppas model.  
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With respect to Natacyn®, the natamycin particles must be dissolved in the medium to diffuse 

through the dialysis membrane, unlike the newly developed formulations in which the 

natamycin was already dissolved. For this reason, Natacyn® Papp values (0.05·10-06 cm/s) were 

lower than SNV, HAV, and LNV release values (1.398·10-06, 1.010·10-06, and 1.810·10-06 cm/s 

respectively). 

 

Table 8. In vitro release data from natamycin/voriconazole formulations.  

Formulation Papp  (cm/s) SE · 10-7 Flux (µg/min) SE R2 n 

SNV Natamycin 1.398·10-6 0.8663·10-7 0.293 0.018 0.981 0.163 

HAV Natamycin 1.010·10-6 0.5985·10-7 0.212 0.012 0.965 0.194 

LNV Natamycin 1.810·10-6 0.8780·10-7 0.380 0.018 0.998 0.053 

Natacyn® 0.050·10-6 0.0612·10-7 0.075 0.009 0.971 0.629 

SNV Voriconazole 4.52·10-6 2.722·10-7 1.358 0.081 0.981 0.163 

HANV Voriconazole 3.110·10-6 1.800·10-7 0.931 0.053 0.982 0.160 

LNV Voriconazole 4.145·10-6 1.606·10-07 1.243 0.048 0.998 0.064 

 

3.8. EX VIVO CORNEAL PERMEABILITY STUDIES 

The fungal infection, which usually occurs on the corneal surface, reaches the internal ocular 

structures such as the aqueous or vitreous humor, causing endophthalmitis. The corneal 

epithelium consists of a cell layer bound by tight junctions that resist the permeability of large 

drug molecules like natamycin (molecular weight of 665.75 g/mol), preventing them from 

reaching the internal structures of the eye. For this reason, it is common in clinical practice to 

carry out corneal scrapings to remove the epithelium and, thus, favor the penetration of drugs. 

Overall, the infections usually lead to the epithelium breakdown (66). The corneal permeability 

of the developed formulations (SNV, HAV, and LNV) and Natacyn® was studied to know the 

natamycin and voriconazole capacity to go through the corneal structure with and without 

corneal epithelium.  

The corneal permeation data for the epithelized and de-epithelized bovine corneas are presented 

in Figure 12. Apparent permeability (Papp), flux, and lag time data were calculated for both 

studies and are represented in Figure 13.  
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Figure 12. Cumulative amount of drug permeated (µg/cm2) through epithelized bovine and de-

epithelized corneas for natamycin (left) and voriconazole (right). 

 

Natamycin and voriconazole Papp values were higher in absence of corneal epithelium than in 

presence of corneal epithelium (see data details in Figure 13 (a)(b)). Natacyn® did not show 

natamycin permeability in presence of corneal epithelium but it was improved in de-epithelized 

corneas (7.17·10-9 ± 8.90·10-9 cm2/s). Other authors, such as O’Day et al. (67), also described 

an improvement in the passage of natamycin when the corneal epithelium was removed.  

The administration of natamycin solubilized with HPβCD (In SNV; AHNV and LNV 

formulations) improved the passage of natamycin in presence of corneal epithelium. This may 

be because cyclodextrins decrease the resistance of the aqueous layer exerted by the tear and 

the ocular mucosa. Also, cyclodextrins enhance the passage across the cornea by the extraction 

of cholesterol from the corneal epithelium (68). Lorenzo Veiga et al. (69) developed a 

natamycin micelle formulation in which the values of the cumulative amount of permeated 

natamycin were below 0.01 µg/cm2 at 5 h of permeation in epithelized corneas. The quantities 

of natamycin permeated with SNV, AHNV, and LNV were 0.15 ± 0.06, 0.37 ± 0.20, and 0.67 

± 0.66 µg/cm2 respectively at 5 h of permeation in epithelized corneas.  

The values obtained for voriconazole showed, both in the presence and absence of epithelium, 

better Papp and flux values than natamycin in the presence of corneal epithelium (Figure 

13(a)(b)(c)(d)).  
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Figure 13. (a) Apparent permeability (Papp) of natamycin, (b) apparent permeability (Papp) of 
voriconazole, (c) flux of natamycin, (d) flux of voriconazole, (e) lag time of natamycin and (f) lag time 
of voriconazole of natamycin and voriconazole formulations across epithelized and de-epithelized 
bovine corneas. *Natacyn® permeability values are not shown because there was no permeability of 
natamycin from this formulation. 

In addition, in the presence of epithelium, the lag time values show that voriconazole takes less 

time to cross the cornea than natamycin (see data details in Figure 13 (e)(f)). However, in 

absence of epithelium the time lag data (see data details in Figure 13 (e)), decreased 

considerably for natamycin (SNV 36.77 ± 3.028, AHNV 37.85 ± 11.22, and LNV 39.87 ± 6.144 

min) with an average of 38.49 ± 1.19 min instead of 102.98±5.81 min with corneal epithelium.  

Permeability, flux, and lag time data show that the limiting step in the penetration of natamycin 

through the cornea is mainly the passage through the corneal epithelium. 
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3.9.  OCULAR IRRITATION TEST 

Bovine Corneal Opacity and Permeability Assay (BCOP) 

BCOP data (Figure 14) showed that there were no significant modifications in transparency and 

opacity after treating the bovine corneas with SNV, AHNV, and LNV for 10 min. ANOVA test 

showed no significant differences between C- (PBS) and all formulations tested.    

 
Figure 14. Left: Transmittance values in the ultra-visible light spectrum (200-800 nm) of bovine corneas 

treated 10 min with SNV, AHNV, and LNV. Values are compared with ethanol (C+: positive control), 

PBS (C-: negative control), and untreated corneas. Right: Transmitted light (%) (opacity) values of 

bovine corneas treated with SNV, AHNV, and LNV. Data were compared with ethanol (C+: positive 

control).  

The data obtained in the corneal permeability test showed no passage of fluorescein and 

therefore the tested formulations did not modify corneal permeability, maintaining the integrity 

of the cornea. 

 Hen´s Egg Test - Chorioallantoic Membrane (HET-CAM) 

Natamycin-voriconazole formulations (SNV, AHNV, and LNV) were tested on the egg’s 

chorioallantoic membrane (Figure 15). None of the formulations showed vessel modifications 

(hemorrhage, lysis, or coagulation at 5 min) compared to a NaOH solution (positive control). 

Consequently, all formulations can be considered non-ocular irritants. 

 
Figure 15. 5 min post-instillation images of Hen´s egg test on the chorioallantoic membrane (HET-

CAM) for different natamycin-voriconazole formulations. A) SNV B) AHNV C) LNV  

D) NaOH 0.1M.  
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The data obtained in the two irritation tests concluded that none of the tested formulations were 

irritating and that they did not produce changes in corneal structure or transparency. 

3.10. CORNEAL MUCOADHESIVENESS  

The study of the mucoadhesive properties of the topical ophthalmic formulations can predict 

the prolonged permanence on the ocular surface improving the effectiveness of the treatment.  

The bioadhesion work for all formulations is represented in Figure 16. 
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Figure 16. Bioadhesive work obtained for SNV, AHNV, and LNV in bovine corneas.   

 

All formulations showed similar values of bioadhesion work (mJ) (SNV: 0.0251 ± 0.002 mJ, 

AHNV: 0.0242 ± 0.005 mJ, LNV: 0.0249 ± 0.002 mJ). These results can be explained because, 

during the traction stage of the assay, the bond between the cornea and the formulation is broken 

within the formulation itself, not at the corneal surface. As all the formulations are low-viscosity 

systems, the interaction between the vehicle molecules is low, and therefore lower than the 

bioadhesive forces between the cornea and the formulation itself. A one-way ANOVA test was 

performed, and no significant differences were found in the bioadhesion work data for SNV, 

AHNV, and LNV. For this reason, an in vivo permanence study was carried out by PET to 

quantify the amount of formulation that remains on the ocular surface over time.  

3.11. PET IN VIVO ASSAY: QUANTITATIVE OCULAR PERMANENCE STUDY 

An eye drop formulation with low ocular permanence cannot ensure the necessary time for the 

drug to diffuse through the corneal tissue. A PET in vivo assay was carried out to quantify the 

amount of formulation remaining on the ocular surface over time.  
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Figure 17. SNV, AHNV and LNV clearance ratio from the ocular surface determination by PET. Ratio 

CT/Cinitial was calculated assuming Cinitial value obtained in the Regions of Interest (ROI).  

The semi-logarithmic plot (Figure 17) shows the data of the clearance rate of the formulations 

as a function of the remaining radioactivity in the eye. Table 10 shows the pharmacokinetic 

parameters (elimination constant K, t1/2, AUC 0
∞, and MRT) obtained by fitting the formulation 

percentage remaining in the eye over time.   

 

Table 10. Pharmacokinetic parameters (K, t1/2, AUC 0
∞, and MRT) obtained by fitting the 

formulation percentage remaining in the eye over time by PET imaging. 

 

Formulations 
K 

(min-1) 

t1/2 

(min) 

AUC 0∞ 

(%*min) 

MRT 

(min) 
R2 

Remaining 

Formulation 

at 75 min (%) 

 Mean SD Mean SD Mean SD Mean SD  Mean SD 

SNV 0.010 0.007 12.02 2.23 46.77 8.19 68.47 4.45 0.96 15.42 6.107 

AHNV 0.009 0.005 15.74 1.62 60.93 23.72 70.26 20.99 0.98 22.53 11.27 

LNV 0.011 0.001 16.94 3.80 43.13 4.22 53.41 4.67 0.93 21.85 8.77 

 

One-way ANOVA and Kruskal-Wallis tests were performed, and no significant differences 

were found for any formulation pharmacokinetic parameters. This suggests that HPβCD is 

responsible for ocular permanence independently of the added polymer. Previous studies 

obtained similar results, proving the mucoadhesive capacity of HPβCD at high concentrations 

(40 % (p/v)) (35).  

The results show that there is a high clearance in the first few minutes due to the loss of the 

formulation by blinking (Figure 18). This is consistent with the mucoadhesion values indicating 

that the breakage of the bioadhesive bond occurs at the level of the vehicle itself. After those 
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first few minutes, the layer of formulation that remains bioadhered to the cornea is slowly 

removed.  

 
Figure 18. Coronal PET/CT images of rat eyes treated with SNV, AHNV and LNV over time. Data 

were compared with a 18F-FDG control solution. The amount of formulation on the ocular surface is 

coded on a color scale: blue areas show a low radioactive activity; red areas show high radioactive 

activity. 
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Although the addition of polymers like HA in AHNV and PVA in LNV has not increased the 

ocular permanence compared with the solution without polymers (SNV), the advantages of the 

presence of polymers must be considered. The addition of high molecular weight HA (>1000 

KDa) (70) to eye drops can promote faster corneal wound healing. This is due to the binding of 

the HA to the CD44 protein (CD44 receptor is expressed when there is damage in the corneal 

epithelium), which enhances the migration and regeneration of epithelial cells (71). 

Furthermore, the expression of inflammatory cytokines (e.g. IL-1beta and MMP-9) is decreased 

following the HA administration, suppressing inflammatory responses (72,73). In addition, 

high molecular weight HA retains water, increasing tear film stability and decreasing the 

friction during the blink. Also, HA increase eye hydration (74). On the other hand, PVA is used 

in ophthalmic formulations as a lubricant and to improve ocular surface hydration, which can 

increase the sense of well-being during the treatment of FK. 

3.12. DISC DIFFUSION METHOD BY THE KIRBY-BAUER METHOD 

Inhibition zone diameters (Figure 19) obtained in Kirby-Bauer Disc Diffusion Method are 

shown in Table 11. The inhibitory zone is influenced by several parameters, including the 

culture medium, the drug diffusion capacity, the amount of inoculum, the time of 

microorganism generation, the sensitivity to the antifungal, or the incubation period (75). SN 

shows larger inhibitory zone diameters for all fungal species than NTC. These results are due 

to enhanced diffusion of natamycin from the disc into the inoculum when natamycin is 

complexed with HPβCD. SN and NTC show no inhibitory activity for PL. PL resistance to 

natamycin has been previously reported in cases of FK (76,77). 

 

Table 11. Inhibition zone diameters (mm) obtained in Kirby-Bauer Disc Diffusion Method.   

 

Fungal 

specie C.A 90231 C.A 90028 AF PL FS 

Formulation 

SV 72 58 81 68 85 

SN 33-35 32 28 0 47 

SNV 74-76 62 72 80 77 

VFEND® 61 61 87 84 103 

NTC® 10 14 12 0 26 
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Figure 19. Inhibition zone images of SV, SN, SNV, NTC and VFEND against Aspergillus fumigatus, 

Candida albicans ATCC 90231, Candida albicans ATCC 90028, Fusarium solani and Paelomyces 

lilacinus.  

 

The inhibition zone diameters obtained for the formulation with both drugs solubilized with 

HPβCD (SNV) show slightly higher values than those obtained with the single drug 

formulations (SN and SV) for all species except for AF and FS.  
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The combined formulation of natamycin and voriconazole was effective for the species tested. 

However, to confirm an additive or synergistic effect produced by the combination of 

natamycin and voriconazole, further studies using other more representative techniques such as 

the checkerboard method (78) or ETEST® strips (79) would be necessary. Also, additional in 

vivo, ex vivo would be required to asses the antifungal efficacy.  

4. CONCLUSION 

Natamycin and voriconazole formulations were developed as a new alternative for the treatment 

of FK. The formulations were developed to have characteristics suitable for topical ophthalmic 

administration.  

Solubility and NMR studies demonstrated the formation of stable complexes between 

natamycin and HPβCD where the double bonds of natamycin are arranged towards the more 

hydrophobic side of HPβCD and the polar rings of natamycin are arranged on the more 

hydrophilic side of HPβCD. Furthermore, NMR results showed that natamycin competes with 

voriconazole for the same binding site of HPβCD although this did not affect the solubility of 

voriconazole in the formulations due to the presence of free cyclodextrin molecules. 

In addition, the formation of aggregates of HPβCD molecules and their complexes with 

natamycin and voriconazole was observed by TEM. These can control drug release, improve 

residence time and enhance their permeability across the cornea. 

The pH, osmolality, viscosity, and transparency values were found to be within the accepted 

range for ophthalmic topical formulations. In vitro release studies were successfully carried out 

and Kickian-type diffusions were obtained for all formulations developed. All formulations 

showed an improvement in transcorneal permeability in the presence or absence of corneal 

epithelium compared to Natacyn®. In addition, the ocular toxicity studies performed (BCOP 

and HET-CAM) showed that the formulations are safe. Ex vivo and in vivo mucoadhesion 

studies suggested that the mucoadhesive capacity of the formulations is due to the presence of 

HPβCD and is not increased by the addition of HA or PVA. Antifungal activity studies 

demonstrated the ability to inhibit the growth of several fungal species. All these results 

concluded that the formulations developed in the present study could significantly improve the 

treatment of FK. Additionally, formulations can also be prepared using only one of the drugs, 

making it a versatile pharmaceutical system that can be tailored to meet the different needs of 

patients. Therefore, they could be used as a first-choice treatment in cases of FK where the 

causative agent is unknown, species resistant to one of the antifungal agents are suspected, or 

where no commercial drug is available.  
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Appendix 1. Details of the calculation of the inhibition equilibrium constant KI for natamycin 

for the titration competition assay with natamycin at constant molar ratio voriconazole:HPβCD  

1:1. The following forked two-site binding model was used:  

 
The equilibrium can be described by Eq. 2 (57):  

 

𝐾𝐷 =
([𝐿1]0 𝐾𝐼)

𝐼𝐶50(𝐿2)−𝐾𝐼
     Eq. 2 

 

The dissociation constant of the voriconazole-HPβCD complex was previously determined to 

be KD=250 mM (32) and [L1]0 was 5.62 mM. The 1H NMR signal of voriconazole with the 

maximum CSP during the titration is H6a. This signal was chosen to determine IC50 by 

representing dobs normalized by the maximum variation in this property with respect to the 

molar ratio natamycin:voriconazole. The curve was fitted to an exponential equation and the 

IC50 obtained was 0.34, which introduced in Eq. 2 provides KI = 0.334 mM. 
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1. INTRODUCTION 

Cyclodextrins (CDs) are cyclic oligosaccharides formed by α-D-glucopyranose units linked by 

α-D-(1,4) bonds obtained during the enzymatic degradation of starch. Depending on the number 

of α-D-glucopyranose units forming them, natural CDs are classified as α-cyclodextrin (αCD) 

(6 units), β-cyclodextrin (βCD) (7 units) and ɣ-cyclodextrin (ɣCD) (8 units). 

In addition to natural CDs, there are different types of synthetic CDs such as hydroxypropyl-α-

cyclodextrin (HPαCD), hydroxypropyl-β-cyclodextrin (HPβCD), hydroxypropyl-ɣ-

cyclodextrin (HPɣCD), sulfobutylether-β-cyclodextrin (SBEβCD) or methyl-β-cyclodextrin 

(RMβCD) among others. They are obtained mainly by the substitution of the hydroxyl groups 

present on the external surface of natural CDs. These substitutions improve certain 

characteristics of natural CDs, such as the low water solubility exhibited by βCD (1).  

CDs have cone- or toroid-shaped structures with a hydrophobic interior cavity (lined by the 

carbons of the molecular backbone and the oxygens of the glucose residues) and a hydrophilic 

outer surface (with numerous hydroxyl groups, primary in C6 position and secondary in C2 and 

C3 position) (2).  

CDs can internalize hydrophobic drug molecules or part of them in their cavity, forming 

inclusion complexes that can enhance drug aqueous solubility, reduce toxicity and improve 

drug stability (3–5). They are widely used as excipients in topical ophthalmic formulations as 

they have been shown to increase the bioavailability of poorly soluble drugs, enhance drug 

stability, reduce ocular irritation and improve corneal permeability (3,6–8). There are several 

approved topical ophthalmic drugs using CDs as an excipient in their composition (Table 1) 

 

Table 1. Approved topical ophthalmic drugs using CDs as an excipient in their composition.  

Cyclodextrin Drug Comercial Name 

βCD 

Naphasoline hydrochloride 

Dexamethasone 

Thiromersal 

Clear eyes® 

Glymesason® 

Vitaseptol® 

HPβCD 

Indomethacin Indocid® / Indocollyre® 

Bilastine 

Ciprofloxacin+Desamethasone 

Azelastine 

Diclofenac 

Lanosterol 

Levocabastine 

Methylethylpyridinol 

Olopatadine 

Bilaxten®/ Ibis® 

Kominil-Duo® 

Antalerg® 

Dyloject® 

Lanomax®(veterinary) 

Allergiflash® 

Vixipin® 

Opatanol®/Olantin® 

HPɣCD Diclofenac Voltaren®/Voltadol® 

RAMEB Chloramphenicol Clorocil® 

HPβCD+ RAMEB Lanosterol+n-acetylcarnosine LumenPro®(veterinaty) 

 

There are numerous studies on the use of CDs in the development of topical ophthalmic 

formulations such as aqueous solutions (9), nanoparticles (10,11), or hydrogels (8,12). 

However, there is a gap in the study of both, the mucoadhesive capacity and the ocular safety 
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of CDs as a function of their concentration in ophthalmic formulations. Some studies with CDs 

have demonstrated their mucoadhesive capacity by modifying CD radicals, such as the thiolated 

CD MβCD-SH (13,14), or by adding mucoadhesive polymers to the formulation (15). 

In 2017, the European Medicines Agency (EMA) published a report on the safety of CDs 

according to routes of administration. Regarding the ophthalmic safety, EMA concluded that 

concentrations of   4% αCD and 5% RMβCD could be toxic to the corneal epithelium, while 

concentrations up to 10% SBEβCD and 12.5% HPβCD were non-toxic and non-irritating in 

rabbit trials (3). Since this report, some studies have shown that HPβCD concentrations of up 

to 40% were safe (8,16). In addition, the formation of diclofenac complexes with αCD, βCD 

and ɣCD, was found to reduce the corneal irritation of diclofenac topical ophthalmic 

formulations (6). 

In this work the ocular safety of various CDs at high concentrations was determined in vitro by 

the Hen´s Egg Test on Chorioallantoic Membrane (HET-CAM) and ex vivo by the Bovine 

Corneal Opacity and Permeability Assay (BCOP). In addition, the potential use of CDs as 

ocular surface permanence promoters was determined in vitro with porcine mucin, ex vivo with 

bovine corneas and mucoadhesion studies, and in vivo with PET/CT. 

2. MATERIALS AND METHODS 

2.1. MATERIALS 

α-cyclodextrin (αCD) (Cavamax® W8), β-cyclodextrin (βCD) (Cavamax® W7) and γ-

cyclodextrin (γCD) (Cavamax® W8) were obtained from Wacker Chemie AG (Munich, 

Germany), 2-hydroxypropyl-α-cyclodextrin (HPαCD) (0.5-0.9 molar substitution ratio) and 

Sulfobutylether- β-cyclodextrin (SBEβCD) (3.00−6.50 molar substitution ratio) were provided 

by Cyclolab Ltd (Budapest, Hungary), 2-hydroxypropyl-β-cyclodextrin (HPβCD) (Kleptose®, 

0.65 molar substitution ratio) and partially methylated β-cyclodextrin (RMβCD) (Crysmeb® 

was obtained from Roquette® Laisa S.A. (Valencia, Spain), 2-hydroxypropyl-γ-cyclodextrin 

HPγCD (0.6 molar substitution ratio, MW 1580 Da) and mucin from porcine stomach were 

purchased from Sigma Aldrich® (Darmstadt, Germany). 

3. METHODS 

3.1. CYCLODEXTRIN SOLUTIONS ELABORATION 

The CD solutions were prepared at a concentration of 20% (w/v), except for αCD (15% w/v) 

and βCD (1.8% w/v), which were formulated according to their maximum solubility (17). An 

aqueous solution was prepared for each CD by adding the CD powder into MilliQ® water until 

its complete solubilization. The experiments were carried out with solutions at their original pH 

and with solutions that were adjusted to pH 7.4 by adding 0.1 M NaOH or 0.1 M HCl.  

3.2. OSMOLALITY, PH AND VISCOSITY MEASUREMENTS.  

Osmolality measurements were taken with a Micro-Osmometer (Fiske® Model 210). The pH 

was measured using a pH meter (HI5221 HANNA®) at 25±0.5°C. Viscosity was tested with a 
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rotational viscosimeter (Visco QC 300 Anton Paar®) at 25ºC and 20 rpm. Each determination 

was carried out in triplicate.  

3.3. OCULAR IRRITATION TEST 

BCOP and HET-CAM assays were chosen to evaluate the potential irritation produced on the 

ocular surface. These methods comply with the 3Rs principles (replacement, reduction, and 

refinement) as described in Directive 2010/63/EU of the European Parliament and of the 

Council of 22 September 2010 on the protection of animals used for scientific purposes (18). 

3.4. BOVINE CORNEAL OPACITY AND PERMEABILITY ASSAY (BCOP) 

Corneal Opacity 

A variation of the method previously described in the Invittox Protocol nº 437 (19) was carried 

out to detect potential ocular corrosives and severe irritants using fresh bovine corneas. The 

assessment of ocular irritation was extensively described in previous studies (12). Opacity 

(transmitted light (TL)) and corneal transparency (transmittance values) were measured with a 

luxmeter (Gossen Mavolux 5032C USB) and a spectrophotometer (Agilent® Cari 60 UV) 

respectively. 

Opacity and transparency were measured in fresh corneas. The corneas were then placed in 

Franz cells and treated for 60 min by introducing 1 mL of PBS into the donor chamber, after 

which both parameters were measured. Following this period, 1 mL of the CD solution was 

added to the corneas and maintained for 10 min, then the CD solution was withdrawn, and 1 

mL of PBS was added to the corneas and maintained for 120 min. Finally, the aforementioned 

parameters were measured again. Each CD solution was tested in triplicate. 

Corneal permeability 

The corneas used in the “Corneal Opacity” section were placed back into Franz cells. The 

receptor chamber was filled in with 6 mL of PBS, while 1 mL of 0.4% (w/v) fluorescein was 

placed into the donor chamber. At 90 min, samples were collected and analyzed to determine 

the amount of fluorescein that crossed the treated corneas. Fluorescein concentration was 

measured by a spectrophotometer (Agilent® Cary 60 UV) at a wavelength of 490 nm. 

3.5. HEN´S EGG TEST - CHORIOALLANTOIC MEMBRANE (HET-CAM) 

HET-CAM is described in The Interagency Coordinating Committee on the Validation of 

Alternative Methods (ICCVAM) (20). Fertilized broiler chicken eggs were placed in an 

automatic rotation incubator and kept for 8 days at 38 ± 0.5°C and 65% relative humidity. 24 

hours before the test, the automatic rotation was stopped and on the 9th day of incubation the 

test was conducted. Each egg was opened, and the inner membrane was removed. 0.3 mL of 

CD solution, positive control (0.1% (w/v) NaOH solution), or negative control (0.9% (w/v) 

NaCl solution) were administered onto the surface of the chorioallantoic membrane (CAM). 

Hemorrhage, vascular lysis, or coagulation reactions were assessed, if applicable, by direct 

observation of the CAM for 300 sec. 
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3.6. MUCOADHESION AND OCULAR PERMANENCE STUDIES 

3.6.1. CORNEAL MUCOADHESIVENESS 

The corneal mucoadhesiveness method was designed and described in previous studies (12). 

Fresh bovine corneas were excised and fixed to the upper probe of a Universal Testing Machine 

(Shimadzu® AGS-X Precision Universal Tester). The CD solutions were introduced into the 

weighing bottles. The corneas were immersed 2 mm into the formulations for 30 sec and then 

retired to register the force-displacement curve. The bioadhesion work (J) was determined from 

the area under de curve (AUC).  

3.6.2. IN VITRO MUCOADHESIVE TEST  

In vitro mucoadhesive test was carried out with minor modifications of the method described 

by Haimhoffer et al. (21). Interactions between mucin and the different CDs were studied using 

dynamic light scattering (DLS) and zeta potential (ζ) measurements. A 1 mg/mL (w/v) mucin 

dispersion was formulated by adding mucin to water. The dispersion was maintained under 

magnetic stirring for 12 h. Then, the dispersion was centrifugated for 5 min at 5000 rpm and 

the supernatant was collected to use in the experiment. 1:1 mixtures of CD solutions and the 

mucin dispersion were prepared. CD solutions, mucin dispersions and mixtures of CD solutions 

with mucin dispersion were measured by DLS (ZEN3600, Malvern Instruments Ltd., UK).  

3.6.3. PET IN VIVO ASSAY: QUANTITATIVE OCULAR PERMANENCE STUDY 

The ocular surface permanence of initial pH and pH 7.4 CD solutions was assessed in Sprague-

Dawley rats by a Positron Emission Tomography (PET) and Computed Tomography (CT) 

combined system (PET/CT Albira® microPET/CT Bruker Biospin, Woodbridge, Connecticut, 

United States). The procedure was described in previous studies (8,12,22,23). All the animal 

studies and their protocols were approved by the Galician Network Committee  for Ethics 

Research in accordance with the Spanish and EU applicable legislation (86/609/CEE, 

2003/65/CE, 2010/63/EU, RD 1201/2005, and RD 53/2013). CD solutions were radiolabeled 

with 2-[18F]-fluoro-2-deoxy-D-glucose (18F-FDG). 7.5 µL of formulation containing 0.25 MBq 

of radioactivity was administrated into each eye of the rat. Immediately, a static PET frame was 

acquired at 0, 30, 75, 120, 240, and 300 min. Animals were only anesthetized during the image 

acquisition. Rats were fitted with an Elizabethan collar to prevent them from touching their 

eyes and removing part of the formulation. ROIs (Regions of interest) were manually obtained 

from the PET images to obtain the ocular remaining formulation (%) curve. Then, data were 

corrected considering the radioisotope decay (18F half-life: 109.7 min). Each formulation was 

evaluated in quadruplicate. The results were analyzed using a non-compartmental model. The 

area under the curve (AUC 0-300), terminal half-life (t1/2) and mean residence time (MRT) were 

calculated. 
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4. RESULTS 

4.1. OSMOLALITY, PH, AND VISCOSITY MEASUREMENTS 

Table 2 shows the pH, osmolality, and viscosity data of the CD solutions. The viscosity of the 

derivatives CD solutions (HPαCD, HPβCD, HPγCD, SBEβCD and RMβCD: 4.548±0.00, 

4.358±0.32, 4.548±0.00, 4.358±0.32 and 3.79±0.328 respectively) showed higher values than 

the solutions of the natural CDs solutions (αCD, βCD and γCD: 2.274±0.00, 2.843±0.00 and 

2.843±0.00 respectively). The viscosity data of all the CD solutions are in the range of the 

viscosity reported for tear (1.5 mPa.s – 10 mPa.s)  (24,25).  

For Newtonian fluids and shear thinning fluids, viscosity does not affect the ocular drainage 

rate when values are below 4.4 mPa.s (25). Therefore, the viscosity of CD solutions at the tested 

concentrations is not a critical parameter regarding their ocular clearance. Only hydroxypropyl 

and sulfobutyl derivatives approached these limit values. 

 

Table 2. pH, osmolality, and viscosity results.  

Cyclodextrin Osmolality (mOsm/kg) pH Viscosity (mPa·s) 

αCD 135.50±0.707 4.577±0.070 2.274±0.00 

βCD 18.50±0.707 5.457±0.067 2.843±0.00 

γCD 155.667±3.78 6.297±0.115 2.843±0.00 

HPαCD 235.667±3.055 6.647±0.131 4.548±0.00 

HPβCD 185.00±1.414 5.023±0.130 4.358±0.32 

HPγCD 200.50±0.707 6.037±0.050 4.548±0.00 

SBEβCD 578.50±7.141 5.060±0.098 4.358±0.32 

RMβCD 213.00±1.732 2.447±0.025 3.79±0.328 

 

Regarding osmolality, all the CD solutions showed significant differences (α<0.05). SBEβCD 

solution (578.50±7.141 mOsm/kg) showed the highest osmolality value obtaining a 

hyperosmolar solution. SBEβCD sodium salt is a polyanionic chemically modified βCD which 

is substituted with a sodium sulfonate salt with a butyl ether spacer group. In this study a 

SBEβCD with a 3.00-6.50 molar substitution ratio was used. The presence of the sulfonate 

sodium salt residues provided a high concentration of sodium ions responsible for the high 

osmolality value of the SBEβCD solution. SBEβCD osmolality value almost doubled the value 

of the physiological tear osmolality (285-295 mOsm/kg) (26). Hyperosmolar solutions cause 

discomfort and increase lacrimation, which may result in a decrease of the residence time on 

the ocular surface due to an increasement of the clearance (27,28). 

In contrast, βCD showed the lowest osmolality (18.50±0.707 mOsm/kg) due to its low 

concentration in the solution caused by its limited solubility (1.8% (w/v)). HPαCD and RMβCD 

(235.667±3.055 and 213.00±1.732 mOsm/kg) showed the closest osmolality to the 

physiological values.  

In addition, the effect of other ophthalmic excipients in the osmolality of ophthalmic 

formulations containing CDs must be considered. In the case of ophthalmic formulations with 
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low osmolality values, different osmotic agents (e.g. glycerol) approved for ophthalmic use 

could be added. 

Finally, pH values of all the CD solutions were around 5-6 except for RMβCD, which had a pH 

value of 2.447±0.025. This value is outside the range of tear buffering capacity (4 to 8) (6)  

which may cause discomfort, irritation and tearing (increasing precorneal clearance and 

decreasing permanence on the ocular surface ). 

4.2. BCOP  

4.2.1. CORNEAL OPACITY  

Figures 1 and 2 show the changes in light transmission and the UV-Vis spectrum transmittance 

obtained for corneas in contact with the CD solutions. The comparison of the effect of the 

different CD solutions in the corneal transparency was assessed using a one-way ANOVA and 

Dunnett’s multiple comparison test. The corneas incubated with the pH 7.4 αCD solution and 

both RMβCD pH solutions (unadjusted and pH 7.4 solution) showed significant alterations 

(α<0.05) compared with the negative control (PBS), producing similar alterations as the 

positive control (ethanolic solution). The rest of the CD solutions did not produce alterations in 

corneal transparency, showing similar values to the negative control (α n.s.). 

The unadjusted RMβCD aqueous solution showed acidic pH with values of 2.447±0.025, far 

out of the tear’s supported pH range (6.5-8.5) increasing the likelihood of structural or 

functional damage (29). Solutions outside this pH range can produce direct cellular damage, 

disrupting junctional complexes and damaging the barrier function of the corneal endothelium 

(29). Additionally, acidic solutions can cause denaturation and precipitation of the proteins in 

the corneal epithelium and anterior stroma (30). These alterations can lead to changes in corneal 

transparency. 

The fact that the neutralization of the RMβCD solution resulted in a minor change in 

transparency compared to the acidic pH RMβCD solution confirmed the role of the acidic pH 

in modifying corneal opacity. 

The unadjusted αCD solution showed the lowest pH after the RMβCD solution (pH 

4.577±0.070), however, it was found to be better supported by the cornea without altering 

transparency. Contrary to the case of the RMβCD solution, the adjustment of the αCD solution 

to pH 7.4 compromised the transparency of the cornea. This loss of transparency may be due 

to the interactions between the αCD with different membrane phospholipids and lipid 

components of the tear as explained below. 
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Figure 1. Opacity (Light transmission %) values of bovine corneas treated with CD solutions, PBS 

(negative control (C-)), EtOH (Positive control (C+)) after 10 min solutions treatment and 120 min PBS 

(C-). 100% of light transmission corresponds to total light transmitted through bovine cornea incubated 

in PBS. 
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Figure 2. Transmittance values in the UV light spectrum (200 - 800 nm) obtained by treating the corneas 

for 10 min with the CD solutions: a) αCD, b) βCD, c) γCD, d) HPαCD, e) HPβCD, f) HPγCD, g) 

RMβCD and h) SBEβCD. Data were compared with positive control (EtOH C+), negative control (PBS 

C-) and freshly excised cornea.  

4.2.2. CORNEAL PERMEABILITY 

As can be observed in Figure 3, except for γCD at initial pH, all the CDs led to the passage of 

fluorescein through the cornea. There are numerous examples in the literature where 

cyclodextrins are able to increase the permeability of different drugs across the cornea and 

conjunctiva (6,31,32). Although cyclodextrins are large and hydrophilic molecules, unable to 

pass through the corneal epithelium, these cyclic oligosaccharides can interact with the 

epithelial cells, removing cholesterol and other lipid membrane components and promoting the 
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diffusion of smaller molecules (33). This reversible modification of the corneal permeability 

produced by CDs should be taken into account as an effective tool to improve the delivery of 

molecules with low transcorneal bioavailability.  

High permeability values were observed for αCD and RMβCD, which were the CDs that also 

showed the greatest alterations in corneal transparency. Therefore, before their usage in 

ophthalmic formulations, their safety must be thoroughly studied by assessing their limiting 

concentrations.  

A one-way ANOVA was performed, and no significant differences were found between the 

fluorescein permeability values of the CD solutions at initial pH and at pH 7.4. Furthermore, 

the ANOVA test showed that there were no significant differences between the solutions of the 

different CDs.  

Finally, the BCOP studies confirmed that the rest of the CDs tested are safe for ocular 

administration up to the studied concentrations. 

 

 

Figure 3. Fluorescein concentration in receptor medium after 90 of contact with corneas pretreated with 

cyclodextrin solutions.  
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4.3. HET-CAM 

 

Figure 4. HET-CAM images 5 minutes post-instillation for the different CD solutions: A) 15% (w/v) 

αCD initial pH, B) 2% (w/v) βCD initial pH, C) 20% (w/v) ɣCD initial pH, D) 20% (w/v) HPαCD initial 

pH, E) 20% (w/v) HPβCD initial pH, F) 20% (w/v) HPɣCD initial pH, G) 20% (w/v) SBEβCD initial 

pH, H) 20% (w/v) MβCD initial pH and I) 15% (w/v) αCD pH 7.4. 

 

Figure 4 shows the images of the chorioallantoic membrane (CAM) of the eggs instilled with 

CD solutions. According to the results obtained in the HET-CAM test, all aqueous solutions of 

CDs at the chosen concentrations were classified as non-irritant, as no hemorrhage, vascular 

lysis or coagulation processes were observed in the CAM after the solutions were in contact for 

5 min. 

However, upon contact of the unadjusted αCD solution and αCD pH 7.4 solution, a precipitation 

process was observed (Figure 4A and Figure 4I). This event was probably due to the 

precipitation of the insoluble inclusion complex formed between αCD and phospholipids 

present in the membrane of the endothelial cells from the blood vessels. The complexes between 

αCD and phospholipids present limited aqueous solubility and therefore tend to aggregate. 

Kluzec et al. demonstrated that αCD could interact with lipids, leading to their aggregation 

through a nucleation process followed by the growth of ordered, dense and insoluble stacks on 

the membrane (34). The intensity and reversibility of the process did not depend linearly on the 

concentration level of CD in solution. Takhiro Furune et al. demonstrated the appearance of a 

precipitate upon addition of a 5% (w/v) αCD solution in lecithin medium, suggesting the 

formation of a complex between αCD and lecithin (35). Wensheng Cai studied the complex 

formation with αCD and phosphatidylinositol, phosphatidylserine and 

phosphatidylethanolamine by molecular modelling and flexible docking showing the ability of 
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αCD to form complexes with lipids (36). In addition, another study showed that αCD has a 

greater ability to remove phospholipids from the cell membrane than any other CD (37). 

The formation of these whitish aggregates could also be related to the change in transparency 

that occurred in the BCOP test upon contact with the αCD unadjusted and pH 7.4 solutions and 

to the change in corneal permeability. 

However, the presence of other molecules that may also interact with αCD could modify this 

behavior. Previous works studied the ability of αCD to solubilize econazole in water and its 

ability to produce a mucoadhesive eye drop for the treatment of fungal keratitis (22). This study 

revealed strong interactions between the drug and αCD, especially in water, with high stability 

constant values (K1:11000M-1). Under these conditions, the formation of the whitish 

precipitate was hardly observed in the HET-CAM studies, probably because econazole 

competed for the formation of a soluble complex with αCD, preventing the formation of 

phospholipids/αCD aggregates. 

4.4. CORNEAL MUCOADHESIVENESS 

 
Figure 5. Bioadhesion work obtained for in bovine corneas. 

 

The bioadhesion work data for all CD solutions are represented in Figure 5. All CD solutions 

showed similar bioadhesion work. A one-way ANOVA test was carried out, and no significant 

differences were identified.  

The bioadhesion results were similar to those found for bioadhesive ophthalmic solutions using 

a similar method to determine bioadhesive capacity. Diaz Tomé et al (12) found values in the 

same range for bioadhesive ophthalmic solutions of voriconazole/HPβCD complex in 

hyaluronic acid or in ion sensitive hydrogels with gellan gum and kappa-carrageenan. Garcia 

Otero et al (8) obtained similar values in tacrolimus/HPβCD solutions containing polyvinyl 

alcohol as bioadhesive agent. At first glance these results suggested that at the concentrations 

studied the CD solutions had a high bioadhesive capacity almost similar to that obtained using 

mixtures of CD and mucoadhesive polymers. 
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To confirm the interaction capacity between CDs and the ophthalmic mucosa, additional in 

vitro mucoadhesion studies were performed. 

4.5. IN VITRO MUCOADHESIVE TEST   

The results of the in vitro mucoadhesive test are shown in Figure 6. The mucin dispersion (1 

mg/mL) presented aggregates with a mean size of 564.2±28.87 nm and ζ-potential (ζ) values 

very close to electroneutrality (-3.215±0.19 mV) indicating that they hardly have surface charge 

in water. The different CDs also showed the formation of some aggregates, but the dynamic 

light scattering (DLS) signal indicated that they were formed in very low proportions. In all 

cases, the mixture of aqueous CD solutions with mucin dispersions resulted in an increase in 

the aggregate size, which is indicative of the interaction between the molecules of the aqueous 

dispersion.  

Neutralization of the mucin to pH 7.4 resulted in an increase in aggregate size (2026±288 nm), 

probably due to the ionization of the sialic acid residues and amino acids that produces swelling 

of the mucin because of the repulsion between the negative electric charges. 

However, the mixture of HPβCD with mucin at pH 7.4 resulted in a reduction in the aggregate 

size, suggesting that the ionization of the mucin reduced the intensity of the interactions with 

the CD. It is likely that the CDs interacted with the mucin chains by establishing hydrogen 

bonds with the different residues that were prevented by their ionization at pH 7.4. 

In all cases, an increase in particle size was observed, which shows that the ζ values changed 

considerably in the case of αCD (-6.642 to -15.07) and HPγCD (-4.693 to -9.778). In the rest 

of the solutions the PZ did not change or became less negative, as in the case of HPαCD (PZ -

7.8 to 0.47) or γCD (-7.56 to -4.42) among others. 

 

 
 

Figure 6.   Interaction of mucin with different CD measured by DLS (data are presented as means ± 

SD). 
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4.6. IN VIVO PET/CT 

The clearance ratio (Ct/Cinitial) results of the CD solutions from the ocular surface are shown 

in Figure 7. The pharmacokinetic parameters (AUC, MRT, t1/2) obtained from the PET images 

are shown in Figure 7. 

Figure 7 shows some of the images obtained by PET/CT at different times after administering 

the CD solutions to the animals. The profiles were fitted to a mono exponential equation to 

estimate the first order elimination constant kinetics and the non-compartmental 

pharmacokinetic parameters AUC, MRT and t1/2 were calculated (Figure 8).  

 
Figure 7. A) αCD, B) 2% (w/v) βCD, C) 20% (w/v) ɣCD, D) 20% (w/v) HPαCD, E) 20% (w/v) HPβCD, 

F) 20% (w/v) HPɣCD, G) 20% (w/v) SBβECD, H) 20% (w/v) MβCD clearance ratio at initial pH values 

and pH 7.4 from the ocular surface determination by PET Ratio CT/Cinitial was calculated assuming 

Cinitial value obtained in the Regions of Interest (ROI). 



CHAPTER 4 

 

178 

  

 
Figure 8. Pharmacokinetic parameters ((a)MRT, (b) AUC0-300, (c) t1/2) obtained by fitting the 

formulation percentage remaining in the eye over time by PET imaging. 

 

A two-way ANOVA was performed with CD type and solution pH as factors to compare each 

of the pharmacokinetic parameters obtained in the PET study. 

The highest MRT values were obtained for the αCD (101.270±13.770 min), HPαCD 

(93.303±23.426 min) and HPβCD (93.069±17.919 min) unadjusted solutions, although 
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significant differences (α<0.05) in MRT values were only observed between HPβCD and 

RMβCD unadjusted solutions.  

The high MRT value of the unadjusted αCD solution was probably due to the retention of the 

insoluble complexes between αCD and phospholipids of the corneal epithelium on the ocular 

surface which reduced the clearance of the radiolabeled probe.  

The MRT decreased for all CD solutions when their pH was adjusted to 7.4, with the exception 

of RMβCD, whose MRT values went from 47.172±11.936 min to 63.635±8.278 min. The 

unadjusted RMβCD solution caused an increase in the tear flow and blink frequency of the 

animal due to the discomfort caused by its low pH (2.447±0.025).  However, no signs of toxicity 

such as reddening, clouding or increased blinking were observed on the eye surface of rats after 

a single administration. This resulted in an increase in the clearance rate of the solution and as 

a consequence the MRT value for the RMβCD unadjusted solution was the lowest of all the CD 

solutions. When adjusting the RMβCD solution to pH 7.4, no significant difference in MRT 

values were observed with respect to other CD solutions. 

The highest t1/2 value was 134.759±73.313 min for HPαCD, followed by HPγCD 

(69.733±13.064 min) and HPβCD (47.502±35.449 min). This suggests that the hydroxylated 

CD solutions remained longer on the ocular surface. Significant differences were observed 

between the HPαCD unadjusted solution and the αCD, βCD, γCD, HPβCD, SBEβCD and 

RMβCD unadjusted solutions. At pH 7.4, no CD solution showed significant differences from 

the others in terms of t1/2 values.  

Comparing the MRT and t1/2 values of the CD solutions with those previously published for 

formulations with bioadhesive capacity, the CDs showed excellent mucoadhesive capacity and 

equivalent residence times at the tested concentrations. Mucoadhesive solutions of voriconazole 

(12), voriconazole/natamycin (16) or tacrolimus (8) made with mixtures of HPβCD (20% (w/v)) 

and mucoadhesive polymers such as polyvinyl alcohol, hyaluronic acid, gellan gum or kappa-

carrageenan showed MTR and t1/2 values in the range of 50-120 min and 30-97 min 

respectively. Similarly, equivalent values for these two parameters were found in ocular 

permanence studies of polymeric nanoparticles (38), nanostructured lipid systems (39) and 

chitosan nanoparticles (10). 

The mucoadhesion of CD solutions may be due to various processes that may occur when CD 

solutions come in contact with the ocular mucosa. Mucins are large, highly glycosylated 

glycoproteins. They have tandem repeats of amino acids such as serine, threonine and proline 

(40,41). These amino acids are linked via ester bonds to oligosaccharides such as sialic acid, 

the main oligosaccharide in ocular human mucin (42), N-acetylgalactosamine and N-

acetylglucosamine (43). It is possible that sialic acid and amino acids form hydrogen bonds 

with the OH2 and OH3 protons of the broad side (secondary hydroxyl group) of CDs. Zoppi et 

al. in 2019 characterized a ternary inclusion complex between βCD, proline and ketoconazole 

by nuclear magnetic resonance spectroscopy. They concluded that ketoconazole bound to the 

βCD by inclusion in the CD cavity, while proline interacted with the OH2 and OH3 protons of 

the wide part of the CD (44). 

The decrease in the permanence observed on the ocular surface of the CD solutions when 

adjusted to pH 7.4 may be due to a decrease in hydrogen bond formation generated by the 
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ionization of sialic acid (pKa 2.2). In addition, previous studies on gastric mucosa (41) have 

shown that mucins change conformation to form a highly viscous gel in acidic media. Thus, 

when administering CD solutions at pH 7.4, the mucin may lose viscosity due to swelling and 

expansion of the mucin. This swelling is due to the ionization of the acid groups with the 

consequent binding of water molecules, causing the mucin to expand and reducing its viscosity. 

5. CONCLUSION  

In this study was evaluated the potential of various CDs as vehicles to prepare safer and more 

effective ophthalmic topical forms. The biopharmaceutical characterization of the CD solutions 

showed that most of them met the necessary requirements for ophthalmic use. However, the 

unadjusted aqueous solutions of RMβCD had pH values outside the acceptable range for ocular 

solutions and were unsuitable. Similarly, SBEβCD resulted in hyper-osmolar solutions at the 

studied concentration, while the rest of CDs showed hypo-osmolar solutions close to the tear 

osmolarity. 

Safety evaluations using BCOP and HET-CAM tests showed that except for unadjusted 

solutions of RMβCD and αCD, all the prepared vehicles were safe and non-irritating. CDs, 

except for unadjusted γCD solution, modified the corneal permeability of fluorescein but this 

effect was reversible and posed no risk to corneal integrity, as shown by several safe 

formulations containing CDs authorized for clinical use. However, more detailed studies are 

required to evaluate the toxicity of RMβCD and αCD and determine their usability for this route 

of administration. 

In vitro and in vivo mucoadhesion studies demonstrated excellent ocular mucoadhesive capacity 

of CDs, which depended on the pH of the solution. CDs showed high mucoadhesive capacity 

resulting in high permanence times on the ocular surface, similar to highly mucoadhesive 

polymers. Thus, CDs can act as penetration promoters, improve ocular bioavailability of drugs, 

especially with low aqueous water solubility. 

Furthermore, BCOP showed that none of the CDs modified corneal transparency at the stated 

concentration, except for RMβCD at the initial pH and αCD at pH 7.4, which was resolved by 

adjusting the pH of the solution. The HET-CAM study showed no hemorrhage, lysis, or 

coagulation for any CD, except for αCD (initial pH and pH 7.4) that showed a white precipitate, 

probably due to the formation of insoluble complexes with phospholipids present in the CAM. 

In vitro and in vivo mucoadhesion studies suggested the capacity of the CDs to interact with the 

mucin present on the ocular surface. However, adjusting the pH of the solution to 7.4 may 

decrease the binding between the CDs and the ocular mucins, leading to a decrease in 

mucoadhesion. Overall, hydroxypropyl derivatives and gamma cyclodextrins showed the best 

characteristics among all the varieties studied to be used as vehicles in ophthalmic solutions.  
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In this doctoral thesis we have carried out the design and development of different topical-

ophthalmic formulations containing econazole, voriconazole or a combination of natamycin 

and voriconazole to improve the treatment of fungal keratitis: 

Initially, two types of hydrogels containing econazole as an antifungal have been developed, 

which meet the requirements of the ophthalmic topical route in terms of pH and osmolality. 

Due to the low aqueous solubility of econazole, it was necessary to resort to its complexation 

with cyclodextrins to reach the required dose of antifungal in the eye drops. Of the DCs tested, 

αCD has shown the highest efficacy for drug hydrosolubilization. Nuclear magnetic resonance 

studies demonstrate the inclusion of the imidazole ring of econazole within the cavity of the 

αCD, forming stable inclusion complexes in solution. The solutions containing the econazole 

and αCD complexes showed inhibition values similar to those obtained with Vfend® 

(voriconazole solubilized with SBEβCD) and much higher than those observed with first choice 

drugs such as amphotericin or natamycin. 

Ion-sensitive hydrogels and hyaluronic acid mucoadhesive hydrogels demonstrated good ability 

to prolong econazole release in vitro and to increase its corneal permeability ex vivo, allowing 

the drug to reach deeper tissues. In vivo permanence studies performed by PET/CT molecular 

imaging showed the high retention time of the hydrogels on the ocular surface compared to 

aqueous econazole solution.  

During ophthalmic irritation studies using HET-CAM, no changes were observed in the blood 

vessels of the egg chorioallantoic membrane. However, a significant change in corneal 

transparency was observed by BCOP assay. Therefore, until more information is available on 

the origin and causes of these changes in transparency, these formulations should be used only 

in cases where other effective antifungals with similar activity (such as voriconazole) are not 

available or where treatment outweighs the risks associated with their use.  

Secondly, two types of hydrogels of voriconazole have been successfully developed as a new 

alternative to the eye drops reformulated from injectables, which are used in hospital pharmacy 

services (Vfend®). Solubility and NMR results show that HPβCD is an excellent alternative for 

the hydrosolubilization of voriconazole that occurs due to the formation of a stable inclusion 

complex based on the internalization of the difluorophenyl ring of voriconazole in the cavity of 

HPβCD.  

Ocular compatibility and toxicity studies of voriconazole hydrogels have demonstrated safety 

for administration on the ocular surface. The pH values, osmolarity or evaluation by BCOP and 

HET-CAM show their adaptation to the conditions of this route of administration.  

In vitro release and ex vivo penetration studies show a zero-order kinetic profile for all 

voriconazole hydrogels and excellent transcorneal permeability respectively. In addition, ex 

vivo bioadhesion and in vivo ocular permanence studies by PET/CT molecular imaging confirm 

the excellent mucoadhesive properties of both ion-sensitive hydrogels made from 1:1 mixtures 

of gellan gum and 0.65% (w/v) kappa carrageenan and hyaluronic acid hydrogel. Based on 

these results, it can be concluded that the two types of ophthalmic voriconazole hydrogels 

developed have great potential to improve the treatment of fungal keratitis based on their good 

capacity for controlled drug release and their high ocular permanence, which should allow a 

decrease in the number of applications and favor adherence to the patient's treatment.  
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Third, hydrogels combining natamycin and voriconazole have been developed as a new 

alternative to improve the efficacy of topical treatment of fungal keratitis. Solubility and NMR 

studies demonstrated the formation of stable complexes between natamycin and HPβCD in 

which the double bonds of natamycin are arranged toward the more hydrophobic side of the 

cyclodextrin and the polar rings on the more hydrophilic side. Furthermore, NMR results 

confirmed that natamycin competes with voriconazole for the same binding site in the HPβCD 

cavity. Characterization of this competition allowed us to optimize the concentration of 

cyclodextrin in the hydrogels to avoid precipitation problems.  

Transmission electron microscopy confirmed the formation of spherical nano-aggregates of 

natamycin and voriconazole inclusion complexes. Published studies suggest that these 

aggregates can control drug release, improve ocular residence time and increase its permeability 

across the cornea.  

The pH, osmolality, viscosity and transparency values of the combined hydrogels within the 

accepted range for topical ophthalmic formulations and the ocular irritation studies performed 

(BCOP and HET-CAM) confirmed that the formulations are safe for ophthalmic 

administration. In addition, they demonstrated a significant improvement in the permeability of 

natamycin in the presence or absence of corneal epithelium compared to Natacyn®.  

Ex vivo and in vivo mucoadhesion studies show excellent bioadhesive capabilities of the 

hydrogles and suggest that the mucoadhesive ability of the formulations is largely due to the 

presence of HPβCD at high concentration and is not increased by the addition of HA or PVA. 

Furthermore, in vitro antifungal effectiveness studies confirmed the ability of the inclusion 

complexes to effectively inhibit the growth of several fungal species.  

Therefore, the obtained results allow us to conclude that the developed formulations of 

natamycin and voriconazole could significantly improve the treatment of fungal keratitis. 

Furthermore, the developed hydrogels have the ability to be formulated using only one of the 

antifungals or combining both, which makes them a very versatile pharmaceutical system that 

can be adapted to meet different patient needs. Due to the broad spectrum covered by the 

combination of both antifungals they could be used as first choice treatment in cases of fungal 

keratitis where the causative agent is unknown, species resistant to one of the antifungal agents 

are suspected or no commercial drug is available.  

Finally, in the last section of this doctoral thesis we have addressed the characterization of the 

bioadhesive and ophthalmic safety properties of solutions of different cyclodextrin types at high 

concentrations. The results have shown that most of them meet the requirements for ophthalmic 

use. However, some cyclodextrin types fall outside the desirable parameters for ophthalmic 

formulations. Aqueous solutions of RMβCD at 20% (w/v) presented acidic pH values, outside 

the accepted range for ophthalmic formulations. Similarly, 20% (w/v) SBEβCD dilutions in 

water and in PBS produced hyperosmolar dilutions. Safety evaluations using the BCOP and 

HET-CAM tests showed that, except for the unadjusted 20% (w/v) RMβCD and 15% (w/v) 

αCD dilutions, the rest of the vehicles studied were safe and non-irritating. The 15% (w/v) 

dilutions of αCD in water or neutralized at pH 7.4 formed an off-white precipitate on CAM, 

probably due to the formation of insoluble complexes with the phospholipids present in CAM. 

This phenomenon is also what probably caused the observed change in corneal transparency in 



CONCLUSIONS 

189 

 

the BCOP assay. The modification in corneal transparency caused by econazole eye drops 

described in the first chapter, is probably due to this same phenomenon. In the case of RMβCD 

20% (w/v) in water, the modification of corneal transparency was resolved by adjusting the pH 

to 7.4. In vitro and in vivo mucoadhesion studies demonstrated excellent mucoadhesive capacity 

for all DCs. However, this capacity is dependent on the final pH of the solution, and a decrease 

in the permanence of the solutions adjusted to pH 7.4 was observed, probably due to a lower 

interaction through hydrogen bonds between the mucin and the DCs. In short, hydroxypropyl 

derivatives and γCD showed the best characteristics among all the varieties studied for use as 

vehicles in ophthalmic solutions. 
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En esta tesis doctoral se ha llevado a cabo el diseño y desarrollo de diferentes formulaciones 

tópico-oftálmicas que contienen econazol, voriconazol o una combinación de natamicina y 

voriconazol para mejorar el tratamiento de queratitis fúngicas: 

Inicialmente se han desarrollado dos tipos de hidrogeles conteniendo econazol como 

antifúngico, que cumplen las exigencias de la vía tópica oftálmica en cuanto a pH y 

osmolaridad. Debido a la baja solubilidad acuosa del econazol fue necesario acudir a su 

complejación con ciclodextrinas para alcanzar la dosis necesaria de antifúngico en los colirios. 

De las CD ensayadas, la αCD ha sido la que ha mostrado la mayor eficacia para la 

hidrosolubilización del fármaco. Los estudios de resonancia magnética nuclear demuestran la 

inclusión del anillo imidazol del econazol dentro de la cavidad de la αCD, formando complejos 

de inclusión estables en disolución. Las disoluciones conteniendo los complejos de econazol y 

αCD mostraron valores de inhibición similares a los obtenidos con Vfend® (voriconazol 

solubilizado con SBEβCD) y muy superiores a los observados en los fármacos de primera 

elección como anfotericina o natamicina. 

Los hidrogeles ión-sensible y los mucoadhesivos de ácido hialurónico demostraron buena 

capacidad para prolongar la liberación del econazol in vitro y para aumentar su permeabilidad 

corneal ex vivo, permitiéndole al fármaco alcanzar tejidos más profundos. Los estudios de 

permanencia in vivo realizados mediante imagen molecular PET/CT mostraron el elevado 

tiempo de retención de los hidrogeles en la superficie ocular en comparación con la disolución 

acuosa de econazol.  

Durante los estudios de irritación oftálmica mediante HET-CAM no se observaron 

modificaciones en los vasos sanguíneos de la membrana corioalantoidea del huevo. Sin 

embargo, se ha observado un cambio importante en la transparencia corneal mediante el ensayo 

BCOP. Por lo tanto y mientras que no se dispongan de más información del origen y causas de 

estos cambios en la transparencia, estas formulaciones deben utilizarse exclusivamente en casos 

en que no se dispongan de otros antifúngicos efectivos con actividad similar (como el 

voriconazol) o en el caso de que el tratamiento supere los riesgos asociados a su utilización.  

En segundo lugar, se han desarrollaron con éxito dos tipos de hidrogeles mucoadhesivos de 

voriconazol como una nueva alternativa al colirio reformulado a partir de los inyectables, que 

se emplea en los servicios de farmacia hospitalaria (Vfend®). Los resultados de solubilidad y 

RMN muestran que la HPβCD es una excelente alternativa para la hidrosolubilización del 

voriconazol que se produce gracias a la formación de un complejo de inclusión estable basado 

en la internalización del anillo difluorofenilo del voriconazol en la cavidad de la HPβCD.  

Los estudios de compatibilidad y toxicidad ocular de los hidrogeles de voriconazol han 

demostrado seguridad para ser administrados en la superficie ocular. Los valores de pH, 

osmolaridad o la evaluación mediante BCOP y HET-CAM muestran su adaptación a las 

condiciones de esta vía de administración.  

Los estudios de liberación in vitro y de penetración ex vivo muestran un perfil cinético de orden 

cero para todos los hidrogeles de voriconazol y una excelente permeabilidad transcorneal 

respectivamente. Además, los estudios de bioadhesión ex vivo y de permanencia ocular in vivo 
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mediante imagen molecular PET/CT confirman las excelentes propiedades mucoadhesivas, 

tanto de los hidrogeles ión-sensible elaborados a partir de mezclas 1:1 de goma gellan y 

carragenato kapa al 0,65% (p/v) como del hidrogel de ácido hialurónico. En base a estos 

resultados, se puede concluir que los dos tipos de hidrogeles oftálmicos de voriconazol 

desarrollados poseen un gran potencial para mejorar el tratamiento de la queratitis fúngica 

basada en su buena capacidad de liberación controlada del fármaco y su elevada permanencia 

ocular, que debería permitir una disminución del número de aplicaciones y favorecer la 

adherencia al tratamiento del paciente  

En tercer lugar, se han desarrollado hidrogeles combinando natamicina y voriconazol como una 

nueva alternativa para mejorar la eficacia del tratamiento tópico de la queratitis fúngica. Los 

estudios de solubilidad y RMN demostraron la formación de complejos estables entre la 

natamicina y la HPβCD en los que los dobles enlaces de la natamicina se disponen hacia el lado 

más hidrófobo de la ciclodextrina y los anillos polares en el lado más hidrófilo. Además, los 

resultados de RMN confirmaron que la natamicina compite con el voriconazol por el mismo 

sitio de unión en la cavidad de la HPβCD. La caracterización de esta competición nos ha 

permitido optimizar la concentración de la ciclodextrina en los hidrogeles para evitar problemas 

de precipitación.  

Mediante microscopía electrónica de transmisión se pudo confirmar la formación de 

nanoagregados esféricos de los complejos de inclusión de natamicina y voriconazol. Estudios 

publicados sugieren que estos agregados pueden controlar la liberación del fármaco, mejorar el 

tiempo de residencia ocular y aumentar su permeabilidad a través de la córnea.  

Los valores de pH, osmolalidad, viscosidad y transparencia de los hidrogeles combinados 

dentro del intervalo aceptado para formulaciones tópicas oftálmicas y los estudios de irritación 

ocular realizados (BCOP y HET-CAM) confirmaron que las formulaciones son seguras para su 

administración oftálmica. Además, demostraron una mejora significativa en la permeabilidad 

de la natamicina en presencia o ausencia de epitelio corneal en comparación con el Natacyn®.  

Los estudios de mucoadhesión ex vivo e in vivo muestran unas excelentes capacidades 

bioadhesivas de los hidrogles y sugirieren que la capacidad mucoadhesiva de las formulaciones 

se debe en gran medida a la presencia de HPβCD en alta concentración y no aumenta por la 

adición de HA o PVA. Además, los estudios de efectividad antifúngica in vitro confirmaron la 

capacidad de los complejos de inclusión para inhibir de forma efectiva el crecimiento de varias 

especies fúngicas.  

Por lo tanto, los resultados obtenidos nos permiten concluir que las formulaciones de natamicina 

y voriconazol desarrolladas podrían mejorar significativamente el tratamiento de la queratitis 

fúngica. Además, los hidrogeles desarrollados tienen la capacidad de formularse empleando 

uno solo de los antifúngicos o combinando ambos, lo que los convierte en un sistema 

farmacéutico muy versátil que puede adaptarse para satisfacer las diferentes necesidades de los 

pacientes. Debido al amplio espectro que cubre la combinación de ambos antifúngicos podrían 

ser utilizadas como tratamiento de primera elección en casos de queratitis fúngica en los que se 

desconozca el agente causal, se sospeche de especies resistentes a uno de los agentes 

antifúngicos o no se disponga de ningún fármaco comercial.  
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Finalmente, en la última sección de esta tesis doctoral hemos abordado la caracterización de las 

propiedades bioadhesivas y de seguridad oftálmica de disoluciones de diferentes variedades de 

ciclodextrina en concentraciones elevadas.  Los resultados han demostrado que la mayoría de 

ellas cumplen los requisitos requeridos para su uso oftálmico. Sin embargo, algunas variedades 

se sitúan fuera de los parámetros deseables para formulaciones oftálmicas. Las disoluciones 

acuosas de RMβCD al 20% (p/v) presentaron valores ácidos de pH, fuera del rango aceptado 

para las formulaciones oftálmicas. Del mismo modo, las disoluciones de SBEβCD al 20% (p/v) 

en agua y en PBS producen disoluciones hiperosmolares. Las evaluaciones de seguridad 

mediante las pruebas de BCOP y HET-CAM, mostraron que, excepto las disoluciones no 

ajustadas de RMβCD al 20% (p/v) y de αCD al 15% (p/v), el resto de los vehículos estudiados 

eran seguros y no irritantes. Las disoluciones al 15% (p/v) de αCD en agua o neutralizadas a 

pH 7,4, formaron un precipitado blanquecino sobre la CAM, probablemente debido a la 

formación de complejos insolubles con los fosfolípidos presentes en la CAM. Este fenómeno 

es también el que causó probablemente la modificación observada en la trasparencia corneal en 

el ensayo de BCOP. La modificación en la transparencia corneal ocasionada por los colirios de 

econazol descrita en el primer cápitulo, se debe probablemente a este mismo fenómeno. En el 

caso de la RMβCD al 20% (p/v) en agua, la modificación de la transparencia corneal se resolvió 

al ajustar el pH a 7,4. Los estudios de mucoadhesión in vitro e in vivo, demostraron una 

excelente capacidad mucoadhesiva para todas las CD. Sin embargo, esta capacidad es 

dependiente del pH final de la solución, observándose una disminución en la permanencia de 

las soluciones ajustadas a pH 7,4, probablemente debida a una menor interacción mediante 

puentes de hidrógeno entre la mucina y las CD. En definitiva, los derivados hidroxipropílicos 

y la γCD mostraron las mejores características entre todas las variedades estudiadas para ser 

utilizadas como vehículos en soluciones oftálmicas.   
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Xefatura Territorial

Sº de Gandaría

Edificio administrativo Monelos, 4º andar

Rúa Vicente Ferrer, Nº 2

15008  A Coruña

Tfno.: 981 184 565

Correo electrónico: servizo.gandaria.a.coruna@xunta.gal

RESOLUCIÓN DE AUTORIZACIÓN DE PROXECTO DE EXPERIMENTACIÓN ANIMAL

Expediente núm.:  15012/2021/001 Data de inicio do expediente: 28.2.2021
Persoa solicitante: Anxo Vidal Figueroa Procedemento: resolución de autorización
Forma de inicio: solicitude da persoa interesada

ANTECEDENTES

A  persoa  solicitante  presentou  con  data  28.2.2021  unha  solicitude  para  a  realización  do
proxecto  de  experimentación  animal  (entrada  no Rexistro  Electrónico  da  Xunta  de  Galicia
2021/430700), cuxos datos se detallan a continuación:

Denominación do proxecto:  Estudo da farmacocinética intravítrea de anticorpos marcados
con circonio-89 mediante inxección intravítrea en ratas

Nome do centro usuario:  Centro de Biomedicina Experimental (CEBEGA) da Universidade de
Santiago de Compostela
Persoa responsable do proxecto: Anxo Fernández Ferreiro

Establecemento onde se realizarán os procedementos do proxecto (ou lugar xeográfico no
caso de traballos de campo): Centro de Biomedicina Experimental (CEBEGA) 

Clasificación do proxecto : Tipo I Tipo II    Tipo III 

CONSIDERACIÓNS LEGAIS E TÉCNICAS

1 O Real decreto 53/2013, de 1 de febreiro (BOE 34, do 8 de febreiro), polo que se establecen
as normas básicas aplicables para a protección dos animais utilizados en experimentación e
outros  fins  científicos,  incluíndo  a  docencia,  establece  no  seu  artigo  33  as  condicións  de
autorizacións dos proxectos con animais de experimentación.

2 O artigo 88 da Lei 39/2015, de 1 de outubro, do procedemento administrativo común das
administracións públicas (BOE 236, do 2 de outubro de 2015) establece que a resolución que
poña fin o procedemento decidirá todas as cuestións expostas polos interesados e aquelas
outras derivadas deste.
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Rúa Vicente Ferrer, Nº 2

15008  A Coruña

Tfno.: 981 184 565

Correo electrónico: servizo.gandaria.a.coruna@xunta.gal

3  O Servizo  de  Gandaría  da  Coruña revisou  a  documentación  achegada na  solicitude  e  o
resultado favorable da avaliación do proxecto realizada polo órgano habilitado, a Sección de
Experimentación Animal do Comité de Bioética da Universidade de Santiago de Compostela.

Esta xefatura territorial é competente para ditar unha resolución, de conformidade co Decreto
149/2018, do 5 de decembro, polo que se establece a estrutura orgánica da Consellería do
Medio Rural e se modifica parcialmente o Decreto 177/2016, do 15 de decembro, polo que se
fixa a estrutura orgánica da Vicepresidencia e das consellerías da Xunta de Galicia (DOG 235,
do 11 de novembro).

De acordo con todo o indicado, RESOLVO:

1 Autorizar o proxecto solicitado.

2 O proxecto non precisa someterse a unha avaliación retrospectiva.

3 A autorización deste proxecto terá unha duración de tres anos e unha vez transcorrido este
tempo deberá ser renovada.

A citada autorización é unicamente válida nas condicións que figuran no expediente.  Ante
calquera cambio significativo no proxecto que poida ter efectos negativos sobre o benestar dos
animais, deberá solicitar a confirmación da autorización ao Servizo Provincial de Gandaría.

Esta autorización poderá ser suspendida no caso de que o proxecto non se leve a cabo de
acordo coas condicións de autorización e retirala, previo expediente tramitado ao que se lle
dará audiencia.

Contra a  presente resolución,  que non pon fin á  vía  administrativa,  poderá interpoñer  un
recurso de alzada ante o conselleiro de Medio Rural. O prazo comezará a contar dende o día
seguinte ao da recepción desta resolución. Todo isto, segundo o disposto nos artigos 121 e 122
da citada Lei 39/2015.

Mediante este escrito notifícaselle a Anxo Vidal Figueroa esta resolución segundo o esixido no
artigo 40.1 da antedita Lei 39/2015.
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In the present thesis, different topical-ophthalmic formulations 
of antifungals and cyclodextrins were 
developed for the treatment of fungal keratitis. In addition, the 
safety and permanence on the ocular 
surface of different cyclodextrins were evaluated in order to 
know their behavior in the eye and to 
optimize their use in the development of new ophthalmic 
formulations.
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