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Abstract

:

Animal models are still used in the research and development of ophthalmic drug products, mainly due to the difficulty in simulating natural physiological conditions with in vitro models, as there is a lack of dynamic protection mechanisms. Therefore, developing alternative ophthalmic models that evaluate drug penetration in the cornea while applying dynamic protection barriers is a contemporary challenge. This study aimed to develop a dynamic ex vivo model using porcine eyes with a simulated lacrimal flow to evaluate the performance of pharmaceutical drug products. A glass donor cell to support a simulated tear flow was designed, optimized, and custom-made. The system was challenged with different formulations (with fluconazole) including excipients with different viscosities (poloxamer 407) and mucoadhesive properties (chitosan). The results were compared to those obtained from a conventional excised cornea model mounted in Franz-type diffusion cells. The dynamic model could differentiate formulations, while the static model did not, overestimating ex vivo drug penetrated amounts. Hence, the dynamic model with simulated tear flow showed to be a simple and promising new alternative method for the drug penetration of ophthalmic formulations that ultimately can reduce the number of animals used in research.
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1. Introduction


Animal model substitution in research, development, and routine assays of pharmaceutical drug products is a contemporary challenge [1,2]. In contrast with in vivo models, ex vivo and in vitro models can provide more reliable, faster, practical, and lower-cost results [3,4]. The development and use of these alternative techniques to in vivo animal models for the efficacy and performance evaluation of pharmaceutical drug products are being stimulated by Regulatory Health Agencies Worldwide [5].



The biggest challenge for the pharmacological efficacy of topical ophthalmic drug products is the formulation’s residence time, which is affected by the eye’s physiological characteristics and dynamic mechanisms of protection such as lacrimal flow and drainage, mucosal defence, and blinking [6,7,8,9,10,11]. However, after intimate contact of the formulation with the cornea, the second challenge is to achieve a therapeutically relevant drug ocular penetration, circumventing the barrier function posed by the corneal structure [12,13].



Innovative formulations are being developed with the addition of penetration enhancers that alter corneal epithelium integrity and enhance drug permeability aiming to boost the effectiveness of ophthalmic drug products. For instance, viscosity-enhancing polymers like poloxamer 407 are employed to reduce precorneal drug removal. The thermosensitive polymer has the advantage of the gelling process through the change in temperature, thus being able to go from the liquid state to the gelled state when it comes into contact with the tissues, thus facilitating the application of the formulation [14]. Additionally, mucoadhesive components such as chitosan are utilized to interact with the eye’s mucous layer, further enhancing drug delivery [12,13,15,16,17,18,19]. In addition, colloidal drug delivery systems have also shown enormous potential to increase drug penetration, precorneal residence time, and prolonged retention in the eye’s conjunctival region [13,20]. Thus, experimental methods to evaluate the attributes of innovative ophthalmic formulations are essential during the research and development stage to track down the most promising approaches. Two main aspects such experiments should assess are the drug’s penetration profile through ocular tissues and the formulation’s resistance to the dynamic mechanisms of ocular protection [20,21].



Current ex vivo models used for ophthalmic drug product efficacy and performance evaluation are based on the Franz diffusion cell, which consists of a donor chamber, a tissue compartment, and a receptor media compartment [4,22,23,24]. The problem is that these static models do not mimic the eye’s dynamic defence mechanisms.



When innovative formulations are tested in static ex vivo models, there are limitations in simulating natural physiological conditions, either for their lack of dynamic protection mechanisms or the anatomical differences from the human eye. Also, these models cannot detect the drug in different compartments of the eyeball, such as the cornea, conjunctiva, or aqueous humour. For such reasons, some studies proposed the use of excised whole eyes. Excised bovine eyes have been incubated in Teflon well-containing buffer [25] or in beakers with a donor chamber on top [26,27]. Also, excised porcine or human eye has been used in the inverted position so that the cornea facing down could be in contact with the test formulation filling the Teflon well [28]. An evident limitation of these models is that the cornea is exposed to a significant excess of the test formulation, resulting in swelling and hydration, which could compromise corneal integrity. Above all, such models did not include any mechanism for simulating formulation dilution and clearance. In any case, cornea exposure to very high drug concentrations over extended periods may overestimate obtained results [27,29].



Even though whole eyes can help estimate drug permeation profile, there is no alternative model to animal use to properly evaluate the formulation performance in minimally realistic conditions [30].



Alternatively, in vitro methods may be used for the determination of the mucoadhesive strength of a formulation, e.g., tensile strength test [31,32], peel strength test [33], rheological synergism [34], and interaction with mucin particles [35]. Nevertheless, all of these methods solely assess the mucoadhesion potential, and none of them integrates a key variable component: formulation resistance towards the continuous tear flow.



Thus, considering that experimental models to evaluate the efficacy and performance of innovative ophthalmic formulations are critical for the development of new approaches to ophthalmic drug delivery systems, this study aims to develop an alternative dynamic ex vivo model that uses a porcine whole eye globe with a simulated lacrimal flow to evaluate the performance of pharmaceutical drug products. The proposed method is evaluated using FLU as model drug, incorporated in formulations already tested in rabbits in vivo and in humans, so that permeation and residence performance of such formulations are already known to be different [15,16].




2. Materials and Methods


2.1. Material


Fluconazole (FLU), chitosan (MW = 50–190 kDa), and poloxamer 407 were purchased from Sigma-Aldrich (Steinheim, Germany). Acetonitrile and methanol of HPLC grade were purchased from J. T. Baker (Phillipsburg, NJ, USA). Buffer 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES), sodium hydroxide, and silicon grease were purchased from Dinâmica (São Paulo, Brazil). Sodium chloride was purchased from Cromoline (São Paulo, Brazil). All analyses were performed using ultra-purified water Millipore, (Illkirch-Graffenstaden, France).



The porcine eyes used in this study were collected from Via Carnes (Formosa, Brazil). The whole eye globes were extracted after slaughter and before the scalding process. It was immediately transported to the laboratory in a thermal box. The fat tissues and blood vessels were discarded, and only the eyes with the intact cornea and sclera were used, as described by [24].




2.2. Drug Assay


FLU (logP: 0.5, MW: 355.34 g/mol) was analysed using HPLC/UV, adapted by [16]. Briefly, FLU was extracted from cornea samples with 5 mL of an isotonic HEPES buffer solution (25 mM, pH 7.4) in an Ultra-Turrax (Model T25 Digital, IKA, Staufen, Germany) for 30 s and filtered (0.45 µm hydrophilic filters) directly into a vial. Then, the filtered samples were injected (20.0 µL) in an isocratic system using acetonitrile, methanol, and water (15:5:80) as a mobile phase with a flow rate of 0.8 mL/min. A C18 column (150 × 4.6 mm, 5 µm, Supelco Discovery BIO Wide-Pore) with the temperature settled at 40 °C was used, and the drug was detected at 210 nm. The standard curve was selective and linear (y = 30,676x + 2843.9 and R2 = 0.9992) for a concentration range of 0.5–10 µg/mL. The Limit of Detection and Limit of Quantification were determined to be 0.007 and 0.021 µg/mL, respectively.




2.3. Formulations


FLU was chosen as a model drug to compare static and dynamic permeation studies. Seven formulations of FLU 0.2% were prepared: (I) aqueous solution (SOL); (II) 14% poloxamer gel (PLX14); (III) 16% poloxamer gel (PLX16); (IV) 20% poloxamer gel (PLX20); (V) 16% poloxamer gel and chitosan 0.5% (PLX16C050); (VII) 16% poloxamer gel and chitosan 1% (PLX16C100); and (VIII) 16% poloxamer gel and chitosan 1.25% (PLX16C125). The formulations with poloxamer (14, 16, and 20% w/w) were prepared by weighing the polymer and leaving it in contact with ultra-pure water at 4 °C for 24 h. For the formulations with chitosan (0.5, 1.0, and 1.25% w/w), an aqueous solution of acetic acid 0.5% v/w was first prepared. After the complete dissolution of chitosan, poloxamer was added to the solution and left in contact at 4 °C for 24 h, as described by [15].




2.4. Design of Dynamic Model System


To simulate the lacrimal flow in the eye, starting from a conceptual idea (Figure 1), the lacrimal flow channel inlet (a) and outlet (b), a donor compartment (c) with access to the cornea, an ex vivo porcine whole eye globe (d), and an eye support compartment (e), this system was coupled with a peristaltic pump (MINI PLUS evolution, Gilson, Middleton, WI, USA). Different glass flow donor compartments were fabricated (Unividros, Ribeirão Preto, SP, Brazil). These prototypes vary in height, angles, and width of inlet/outlet channels. To determine the maximum volume supported by the model, different volumes of dyes were applied with the aid of an automatic pipette to allow visualization of the dispersion of blue over the cornea until it reached a volume that covers the surface of the exposed cornea (300 µL). After carrying out the exploratory tests, the model was optimized considering the lacrimal flow drainage and the eyeball coupling.



Using the optimized model, ex vivo corneal penetration experiments were carried out for 15 min (2 min of 16%/min clearance + 13 min under 11%/min clearance, respectively 48 µL/min and 33 µL/min), with 300 µL (60 µg/mL) of each sample added to the corneal surface and water as simulated lacrimal flow. After the test period, the drug formulation from the corneal surface was removed with abundant water. Next, the cornea was removed from the eyeball [24] and then minced, and the drug was extracted and analysed as previously described by [16]. All experiments were carried out in quadruplicate at room temperature.




2.5. Static Penetration Model


Ex vivo corneal penetration experiments were performed using a Franz-type diffusion cell (diffusional area of 1.0 cm2). Penetration was carried out for 15 min with 300 µL of each formulation previously described, added to the corneal surface. All experiments were carried out in quintuplicate. A 15 mL volume of 25 mM HEPES buffer pH 7.4 was added to the receptor compartment. The cells were maintained at 32 ± 2 °C under magnetic stirring (500 rpm). The excised porcine cornea was positioned between the donor and receptor compartments. After the test period, the drug formulation from the corneal surface was removed with abundant water. The cornea was then minced, and the drug was extracted and analysed as previously described by [16].




2.6. Statistical Analyses


Data were analysed considering the analysis of variance and using GraphPad Prism® Software, version 7.02 (San Diego, CA, USA). The significance level was p < 0.05 to reject the null hypothesis.





3. Results


3.1. Design of Dynamic Model System


The assembly of and improvement in the dynamic model’s donor compartment included five versions. In addition, the outlet channel was produced with a larger diameter than the inlet to avoid induced pressure. As illustrated in Figure 2, the differences between the versions produced were characterized by nine parameters divided between those capable of directly affecting the simulated tear flow (associated with the horizontal axis of the donor compartment) and geometric factors related to the delivery of test formulations and accommodation of the eyeball (arranged on the vertical axis of the donor compartment). In the first case, the following are considered: (i) the mutual direction of entry and exit of the tear flow represented by the angle θ; (ii) the inlet (Hin) and outlet (Hout) height of the flow, and (iii) the diameter for the inlet (Din) and outlet (Dout) of the flow.



In addition, regarding the geometric parameters of the donor compartment’s global height (H), two specific cases related to the internal diameter in its vertical axis were defined. In the first case, models with a single internal diameter along their entire height (Dt equals Db) were considered, characterized only by the donor compartment diameter (Dt). In contrast, in the second case, models that have wider bases (Db) were used to facilitate the eyeball adjustment, leading to the final versions described by the upper diameter Dt and by a new, larger diameter defined as the base diameter (Db) (Figure 2, Table 1). Then, the height from which the broader donor medium (Hb) starts was considered, as this parameter has considerably impacted the eyeball fit. Initially, the direction of tear flow was established as collinear, i.e., the inlet and outlet flow followed the same direction, forming an angle of 90° in relation to the vertical axis (height of the donor compartment).



Two critical parameters of this model were (I) the height of the outlet, which determines the maximum volume of fluid accumulated on the ocular surface, and (II) the pump flow, which determines the drainage of the formulation (Figure 3). The design helped to reduce the amount of dammed fluid in the donor compartment. It was important to note that although versions 2 and 3 had a lower overall height of H about the first donor compartment, Hin, Hout, Dt, Db, and H values were kept practically unchanged (Table 1). Therefore, these versions allowed for exploring the role of angulation and the ratios between inlet and outlet diameters, demonstrating that these are critical factors in preventing fluid damming.



Considering versions 3 and 4, we sought to evaluate the role of widening the donor compartment’s lower part to optimize the eyeball coupling in the system. As shown in Table 1, it can be observed that despite the lower diameter Db being the same between the two versions, the parameter Hb (height from where the widening starts) assumes the values of 9.30 mm and 7.15 mm in versions 3 and 4, respectively. The eyeball accommodation tests indicated better performance for the highest Hb value (version 3). In version 5, all the optimization variables explored are finally combined, such as the angle θ, the inlet and outlet diameters, and the inferior enlargement of the donor medium, which has been increased to Hb 12.72 mm. A final variable not explored based on the hydrodynamic flow of the dammed fluid was tested in this model. For this purpose, version 5 was produced to establish a more significant gap between the inlet and outlet heights of the tear flow.



As expected, the hydrodynamic flow ensured that such optimization in the donor compartment avoided fluid damming. Therefore, considering the results, version 5 was chosen as a donor compartment in the dynamic model.




3.2. Mathematical Description of System Clearance Effects


The clearance is a crucial factor for model performance. Here, the clearance percentage was extrapolated from the physiological one. At physiological conditions, the preocular tear film is subjected to a continuous production cycle, evaporation, absorption, and drainage, which leads to a dynamic equilibrium in the preocular tear film. The human basal tear flow in healthy subjects is approximately 1.1 µL/min [36]. Considering a 7–10 µL basal tear volume, this would represent a tear turnover of approximately 11–16%/min [37]. However, a process of reflex flow is initiated in stress conditions as the instillation of medicines, lasting until equilibrium conditions are re-established. Another extrapolation of the present model is the total volume of formulation initially in contact with the eye. In a physiological condition, the ocular globe would hold only approximately 50 µL of formulation on its surface, homogeneously distributed in the eye surface by the eyelids. As the ex vivo model lacks an eyelid, the volume needed to be more prominent because of the tissue curvature to cover the whole cornea surface.



Moreover, the risk of using low volumes in the donor compartment is not obtaining detectable drug amounts in the ocular tissues after 13 min. Therefore, we initially chose to use 300 µL of formulation, ensuring complete coverage of the cornea surface. The rationale was then to submit this applied formulation to a depuration rate that would simulate an initial “reflex response” (for a short period of 2 min), followed by the basal tear turnover (until experiment completion). For such a “reflex response”, we used 16% depuration per minute, followed by 11% depuration, simulating the minimal basal tear turnover. Such a depuration is achieved by operating the peristaltic pump at flows of 48 and 33 µL/min, respectively, considering the use of 300 µL of each formulation.



A mathematical description of formulation depuration effects was calculated, resulting in a theoretical exponentially decreasing profile associated with the formulation volume clearance depending on the flow, described by Equation (1):


   V   ( t )    =  V 0   e  − β t   ,  



(1)




where V(t), V0, and β represent the volume available after a time interval (t) has passed off the depuration, the initial volume of the formulation, and a coefficient related to the speed of clearance of the initial volume (whose unit is defined as the reciprocal of the unit of time, s−1), respectively.



Assuming that the clearances adopted here (11%/min, 16%/min) are constant and lead to a progressive and non-linear reduction in the amount of formulation in the donor compartment, it was possible to estimate the temporal evolution of the volume available in this compartment. Initially taking as a case study the lowest clearance of 11%/min, it appears that after the first three minutes of testing, the available volume was 89%, 79.21%, and 70.51% of its initial value, respectively. This behaviour reveals an exponentially decreasing profile associated with diluting the formulation volume, demonstrated by Equation (1). Without loss of generality, this mathematical approach was also applied to the case of diluting adjusted to 16%/min. Figure 4 presents the evolution of the volume percentage available in the donor medium as a function of time for clearances of 11%/min and 16%/min, respectively, yielding clearance coefficients of 0.117 s−1 and 0.174 s−1 for these conditions. As expected, for fixed times, the available volume is greater the smaller the clearance coefficient. For example, comparing both cases, after 15 min of system operation, the volume is reduced to 17.29% and 7.35% of its initial value under diluting of 11 and 16%/min, respectively. A central aspect of this system’s clearance mathematical modelling is the possibility of correlating the available formulation volume with the results obtained in the permeation tests.



Concerning the third condition, the adoption of two flow regimes (cleaning) can be modelled sequentially by estimating the percentage change in two stages: the first stage is expressed as Equation (2) equivalent at the first two minutes, and the second stage is expressed by Equation (3) at the later times. It is important to note that in Equation (2), the β coefficient is equivalent to the value found for the highest clearance (16%/min). This is because the initial volume corresponds to the total volume in the donor compartment (300 µL). On the other hand, in Equation (3), the amount available after this first purification regime (occurring in the first two minutes) is assumed as the initial volume, i.e., 211.83 µL. Furthermore, it is essential to note that the clearance coefficient in this second expression corresponds to that found for 11%/min clearance. The subtle change in the temporal parameter led to the change from t to t − 2, which was necessary because, in this second stage, the first two minutes had already elapsed. Through this sequential description, it is shown that operating the system at 16%/min in the first 2 min and continuing the operation for another 13 min, the percentage value of available volume results in 15.43%, differing from what is found at the same time for the other conditions. In this case, the evolution of the available volume percentage as a function of time follows the bi-exponential profile shown by the black line in Figure 4.


   V   ( t )    = 300  e  − 0.174 t    



(2)






   V   ( t )    = 211.83  e  − 0.117  (  t − 2  )     



(3)








3.3. Operating Conditions of the Dynamic Model


The dynamic model is assembled in five steps: (I) cleaning all porcine eye globes and removing all the fat, nerves, and eyelids [24]; (II) fitting the eye globes in a 12-well plate; (III) coupling the donor compartment on the eyeball (could be used silicon grease to avoid leaking); (IV) closing the model with 3D-printed plates and screws; and (V) coupling the peristaltic pump tubing in the donor compartment inlet set to 48 µL/min (16% of depuration/min) for 2 min and 33 µL/min (11% of depuration/min) for 13 min (Figure 5 and Supplementary Material).



The operating conditions were established according to the mathematical simulation of the temporal evolution of the percentage of volume available in the donor medium as a function of the used depuration described in Figure 4, seeking to find a relationship between the formulation’s penetration time and the model’s performance.




3.4. Ex Vivo Ocular Drug Penetration with the Simulated Lacrimal Flow and Static Model


A permeation experiment challenging the proposed model was performed by comparing FLU permeation from the same formulation sets in a classical Franz diffusion-type static model. Such a challenge employed formulations previously tested in vivo that indeed showed differences in ocular residence time [15] and drug release when compared to a drug solution (SOL) [16], demonstrating that the dynamic mechanisms of eye protection affect such formulation’s performances.



Figure 6A shows drug penetration data referring to static studies, where the formulation remains in contact with the cornea the entire time of the experiment. In such a condition, the release profile of the drug from the formulation may play a more significant role than in a dynamic condition in which the contact time with the biological membrane is limited. This should explain why there is a trend of higher FLU penetration from the formulations with lower viscosity when there is not a permeation enhancer, i.e., from formulation PLX 14% compared to formulation PLX 20% in static condition. Conversely, in the static condition when a penetration enhancer is added to the formulation, there is a trend of higher FLU permeation with a higher chitosan concentration, demonstrating the permeation enhancer contact with the cornea alters the barrier permeability. Again, such a trend is not observed in a dynamic condition, which might also be explained by the lower contact time of the formulations components with the tissue. Even tough such a trend is not present in the dynamic model, the model was capable of differentiating sets of formulations with different performances. According to Figure 6B, in a dynamic model, it is possible to verify that FLU permeated amounts were independent of the percentage of poloxamer used in the gels (PLX14, PLX16, and PLX20), meaning the viscosity of the formulation had a minor impact compared to the presence of a musoadhesive component [38]. Previous animal and human studies of our group have already confirmed the penetration enhancer capacity of chitosan and the prolonged residence time it confers to the formulation [15,16]. There is no statistical difference (p < 0.05) between the different chitosan proportions in the investigated gels in the dynamic model, but, as expected, they showed an increase in FLU permeation compared to poloxamer formulations. This set of results demonstrates that the dynamic model can differentiate the residence time of different formulations and the role of mucoadhesiveness in the tests without the need of animal experimentation.



Comparing the samples in the static penetration test with a Franz diffusion cell (Figure 6A) and the dynamic model test, the capacity of the dynamic model to differentiate formulations could be confirmed, i.e., formulations with and without chitosan provided similar drug amounts in the cornea following the static penetration experiments, but, when the dynamic model was used, formulations with a mucoadhesive excipient provided significant higher drug amounts in the tissue. Also, the static assays overestimated the permeation values of actives by more than five times in the poloxamer gels and about twice in the case of the gels formulated with chitosan.



It is important to note that when comparing the gels, the static model once again proves that the viscosity does affect the permeation of FLU since the same values are observed for different percentages of poloxamer gels. On the other hand, in poloxamer/chitosan gels, the expected behaviour was observed, in which the greater the chitosan percentage, the greater the mucoadhesiveness and the greater the amount of FLU permeated.





4. Discussion


The adaptation of static drug permeation tests by adding a simulated tear flow provided a greater complexity to the test, allowing the establishment of a more sensitive model capable of assessing the impact of the formulation parameters on the drug permeation profile more realistically.



As previously discussed, the formulation clearance cannot be extrapolated considering only the basal tear renewal since, after ophthalmic administration, the reflex defence mechanism begins, culminating in the extra production of tear fluid and mechanical reflexes such as changing the frequency of blinking and drainage increase. The presented model made several extrapolations to simulate such conditions. However, drug drainage from the donor chamber proposed here is not intended to correlate with in vivo bioavailability directly. Still, an ex vivo permeation experiment that considers at least the expected basal clearance can provide information about the expected in vivo formulation performance and help compare sets of formulations.



Undoubtedly, the dynamic model has demonstrated promising results for evaluating ophthalmic drug products and represents a significant step forward regarding reducing and replacing live experimentation animals. Further optimizations should focus on searching for means to replace the animal-extracted eye globe. Indeed, acquiring intact porcine eyes for experimentation can be challenging, as it requires a reliable and timely supply chain. Moreover, to ensure tissue barrier integrity, experiments must be performed on the same day of the extraction, which may pose additional logistical constraints in experimental design and implementation. The lack of dynamic components, i.e., the absence of blinking mechanics, which play a crucial role in ocular physiology and the distribution of tear film, may limit the model’s ability to fully capture the complex interactions between the eye and tear flow. Hence, future advancements addressing such limitations may be expected shortly.




5. Conclusions


The dynamic model with simulated tear flow is a promising new alternative model for the performance evaluation of ophthalmic drug products and represents a step forward regarding the reduction and replacement of live experimentation animals. Parameters of assembly, optimization, and operation of the dynamic model have been successfully established, enabling its complete application during the research and development of ophthalmic formulations. Furthermore, the results demonstrate that the model can differentiate innovative formulations, therefore representing a more realistic alternative to classical static experiments.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pharmaceutics15092325/s1. Protocol assembly of the Dynamic ex vivo Porcine Eye Model.





Author Contributions


G.N.B.: Validation, Data curation, Visualization, Investigation, Writing—Original draft preparation. M.A.F.: Methodology, Data curation, Writing—Original draft preparation; J.M.S.L.: Methodology, Data curation, Investigation; J.M.L.: Data curation, Visualization, Investigation; J.L.A.C.: Data curation, Visualization, Investigation; M.C.-F.: Conceptualization, Writing—Review and Editing, Supervision; G.M.G.: Conceptualization, Writing—Review and Editing, Supervision; T.G.: Conceptualization, Supervision, Data curation, Resources, Writing—Review and Editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Brazilian funding agencies FAP-DF (Fundação de Apoio à Pesquisa do Distrito Federal, Brazil, Grant n. 000007462021-08. Grant n. 00000802/2021-04) and DPI/DPG University of Brasilia (Edital 02/2023).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article and supplementary material.




Acknowledgments


The authors thank Via Carnes (Formosa—Brazil) for providing the porcine ocular globes and DPI/DPG UnB for providing researcher support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Akkermans, A.; Chapsal, J.-M.; Coccia, E.M.; Depraetere, H.; Dierick, J.-F.; Duangkhae, P.; Goel, S.; Halder, M.; Hendriksen, C.; Levis, R.; et al. Animal Testing for Vaccines. Implementing Replacement, Reduction and Refinement: Challenges and Priorities. Biologicals 2020, 68, 92–107. [Google Scholar] [CrossRef]

	



Díez-Solinska, A.; Vegas, O.; Azkona, G. Refinement in the European Union: A Systematic Review. Animals 2022, 12, 3263. [Google Scholar] [CrossRef]

	



Krombholz, R.; Fressle, S.; Nikolić, I.; Pantelić, I.; Savić, S.; Sakač, M.C.; Lunter, D. Ex Vivo–in Vivo Comparison of Drug Penetration Analysis by Confocal Raman Microspectroscopy and Tape Stripping. Exp. Dermatol. 2022, 31, 1908–1919. [Google Scholar] [CrossRef]

	



Bao, Q.; Newman, B.; Wang, Y.; Choi, S.; Burgess, D.J. In Vitro and Ex Vivo Correlation of Drug Release from Ophthalmic Ointments. J. Control. Release 2018, 276, 93–101. [Google Scholar] [CrossRef]

	



Pistollato, F.; Madia, F.; Corvi, R.; Munn, S.; Grignard, E.; Paini, A.; Worth, A.; Bal-Price, A.; Prieto, P.; Casati, S.; et al. Current EU Regulatory Requirements for the Assessment of Chemicals and Cosmetic Products: Challenges and Opportunities for Introducing New Approach Methodologies. Arch. Toxicol. 2021, 95, 1867–1897. [Google Scholar] [CrossRef]

	



Loftsson, T. Topical Drug Delivery to the Retina: Obstacles and Routes to Success. Expert Opin. Drug Deliv. 2021, 19, 9–21. [Google Scholar] [CrossRef]

	



Durgun, M.E.; Kahraman, E.; Hacıoğlu, M.; Güngör, S.; Özsoy, Y. Posaconazole Micelles for Ocular Delivery: In Vitro Permeation, Ocular Irritation and Antifungal Activity Studies. Drug Deliv. Transl. Res. 2022, 12, 662–675. [Google Scholar] [CrossRef]

	



Juretić, M.; Cetina-Čižmek, B.; Filipović-Grčić, J.; Hafner, A.; Lovrić, J.; Pepić, I. Biopharmaceutical Evaluation of Surface Active Ophthalmic Excipients Using In Vitro and Ex Vivo Corneal Models. Eur. J. Pharm. Sci. 2018, 120, 133–141. [Google Scholar] [CrossRef]

	



Doane, M.G. Blinking and the Mechanics of the Lacrimal Drainage System. Ophthalmology 1981, 88, 844–851. [Google Scholar] [CrossRef]

	



Mcclellan, K.A. Mucosal Defense of the Outer Eye. Surv. Ophthalmol. 1997, 42, 233–246. [Google Scholar] [CrossRef]

	



Tsubota, K. Tear Dynamics and Dry Eye. Prog. Retin. Eye Res. 1998, 17, 565–596. [Google Scholar] [CrossRef]

	



Cardoso, C.O.; Ferreira-Nunes, R.; Cunha-Filho, M.; Gratieri, T.; Gelfuso, G.M. In Situ Gelling Microemulsion for Topical Ocular Delivery of Moxifloxacin and Betamethasone. J. Mol. Liq. 2022, 360, 119559. [Google Scholar] [CrossRef]

	



Almeida, G.; Santos, D.; Ferreira-Nunes, R.; Facco Dalmolin, L.; Carolina, A.; Ré, S.; Luiz, J.; Anjos, V.; Mendanha, S.A.; Aires, C.P.; et al. Besifloxacin Liposomes with Positively Charged Additives for an Improved Topical Ocular Delivery. Sci. Rep. 2020, 10, 19285. [Google Scholar] [CrossRef]

	



Alhakamy, N.A.; Hosny, K.M.; Rizg, W.Y.; Eshmawi, B.A.; Badr, M.Y.; Safhi, A.Y.; Murshid, S.S. Development and Optimization of Hyaluronic Acid-Poloxamer In-Situ Gel Loaded with Voriconazole Cubosomes for Enhancement of Activity against Ocular Fungal Infection. Gels 2022, 8, 241. [Google Scholar] [CrossRef]

	



Gratieri, T.; Gelfuso, G.M.; Rocha, E.M.; Sarmento, V.H.; de Freitas, O.; Lopez, R.F.V. A Poloxamer/Chitosan in Situ Forming Gel with Prolonged Retention Time for Ocular Delivery. Eur. J. Pharm. Biopharm. 2010, 75, 186–193. [Google Scholar] [CrossRef]

	



Gratieri, T.; Gelfuso, G.M.; De Freitas, O.; Rocha, E.M.; Lopez, R.F.V. Enhancing and Sustaining the Topical Ocular Delivery of Fluconazole Using Chitosan Solution and Poloxamer/Chitosan in Situ Forming Gel. Eur. J. Pharm. Biopharm. 2011, 79, 320–327. [Google Scholar] [CrossRef]

	



Popova, E.V.; Tikhomirova, V.E.; Beznos, O.V.; Chesnokova, N.B.; Grigoriev, Y.V.; Klyachko, N.L.; Kost, O.A. Chitosan-Covered Calcium Phosphate Particles as a Drug Vehicle for Delivery to the Eye. Nanomedicine 2022, 40, 102493. [Google Scholar] [CrossRef]

	



Kollross, B.; Gelfuso, G.M.; Cunha-Filho, M.; Gratieri, T. Topical Ophthalmic Antimicrobials: Unfulfilled Demands and Possibility of New Investments in Brazil and in the United States. Braz. J. Pharm. Sci. 2019, 55, e18481. [Google Scholar] [CrossRef]

	



Andrade, L.M.; Rocha, K.A.D.; De Sá, F.A.P.; Marreto, R.N.; Lima, E.M.; Gratieri, T.; Taveira, S.F. Voriconazole-Loaded Nanostructured Lipid Carriers for Ocular Drug Delivery. Cornea 2016, 35, 866–871. [Google Scholar] [CrossRef]

	



Diebold, Y.; Calonge, M. Applications of Nanoparticles in Ophthalmology. Prog. Retin. Eye Res. 2010, 29, 596–609. [Google Scholar] [CrossRef]

	



Kaur, I.P.; Kanwar, M. Ocular Preparations: The Formulation Approach. Drug Deliv. Ind. Pharm. 2002, 28, 473–493. [Google Scholar] [CrossRef] [PubMed]

	



Sebastián-Morelló, M.; Alambiaga-Caravaca, A.M.; Calatayud-Pascual, M.A.; Rodilla, V.; Balaguer-Fernández, C.; Miranda, M.; López-Castellano, A. Ex-Vivo Trans-Corneal and Trans-Scleral Diffusion Studies with Ocular Formulations of Glutathione as an Antioxidant Treatment for Ocular Diseases. Pharmaceutics 2020, 12, 861. [Google Scholar] [CrossRef] [PubMed]

	



Almeida, H.; Amaral, M.; Lobao, P.; Frigerio, C.; Sousa Lobo, J. Nanoparticles in Ocular Drug Delivery Systems for Topical Administration: Promises and Challenges. Curr. Pharm. Des. 2015, 21, 5212–5224. [Google Scholar] [CrossRef] [PubMed]

	



Gratieri, T.; Thomazini, J.A.; Gelfuso, G.M.; Lopez, R.F.V. Excised Porcine Cornea Integrity Evaluation in an in Vitro Model of Iontophoretic Ocular Research. Ophthalmic Res. 2010, 43, 208–216. [Google Scholar] [CrossRef]

	



Kompella, U.B.; Sundaram, S.; Raghava, S.; Escobar, E.R. Luteinizing Hormone-Releasing Hormone Agonist and Transferrin Functionalizations Enhance Nanoparticle Delivery in a Novel Bovine Ex Vivo Eye Model. Mol. Vis. 2006, 12, 1185–1198. [Google Scholar]

	



Morrison, P.W.J.; Khutoryanskiy, V.V. Enhancement in Corneal Permeability of Riboflavin Using Calcium Sequestering Compounds. Int. J. Pharm. 2014, 472, 56–64. [Google Scholar] [CrossRef]

	



Morrison, P.W.J.; Connon, C.J.; Khutoryanskiy, V.V. Cyclodextrin-Mediated Enhancement of Riboflavin Solubility and Corneal Permeability. Mol. Pharm. 2013, 10, 756–762. [Google Scholar] [CrossRef]

	



Thiel, M.A.; Coster, D.J.; Standfield, S.D.; Brereton, H.M.; Mavrangelos, C.; Zola, H.; Taylor, S.; Yusim, A.; Williams, K.A. Penetration of Engineered Antibody Fragments into the Eye. Clin. Exp. Immunol. 2002, 128, 67. [Google Scholar] [CrossRef]

	



Cañadas-Enrich, C.; Abrego, G.; Alvarado, H.L.; Calpena-Campmany, A.C.; Boix-Montañes, A. Pranoprofen quantification in ex vivo corneal and scleral permeation samples: Analytical validation. J. Pharm. Biomed. Anal. 2018, 160, 109–118. [Google Scholar] [CrossRef]

	



Pepić, I.; Lovrić, J.; Cetina-Čižmek, B.; Reichl, S.; Filipović-Grčić, J. Toward the Practical Implementation of Eye-Related Bioavailability Prediction Models. Drug Discov. Today 2014, 19, 31–44. [Google Scholar] [CrossRef]

	



Rossi, S.; Ferrari, F.; Bonferoni, M.C.; Caramella, C. Characterization of Chitosan Hydrochloride–Mucin Rheological Interaction: Influence of Polymer Concentration and Polymer:Mucin Weight Ratio. Eur. J. Pharm. Sci. 2001, 12, 479–485. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Ferreiro, A.; Fernández Bargiela, N.; Santiago Varela, M.; Gil Martínez, M.; Pardo, M.; Ces, A.P.; Blanco Méndez, J.; González Barcia, M.; Lamas, M.J.; Otero-Espinar, F.J. Cyclodextrin-Polysaccharide-Based, in Situ-Gelled System for Ocular Antifungal Delivery. Beilstein J. Org. Chem. 2014, 10, 2903–2911. [Google Scholar] [CrossRef] [PubMed]

	



Kim, E.Y.; Gao, Z.G.; Park, J.S.; Li, H.; Han, K. RhEGF/HP-β-CD Complex in Poloxamer Gel for Ophthalmic Delivery. Int. J. Pharm. 2002, 233, 159–167. [Google Scholar] [CrossRef]

	



Hassan, E.E.; Gallo, J.M. A Simple Rheological Method for the in Vitro Assessment of Mucin-Polymer Bioadhesive Bond Strength. Pharm. Res. 1990, 7, 491–495. [Google Scholar] [CrossRef] [PubMed]

	



Shen, J.; Wang, Y.; Ping, Q.; Xiao, Y.; Huang, X. Mucoadhesive Effect of Thiolated PEG Stearate and Its Modified NLC for Ocular Drug Delivery. J. Control. Release 2009, 137, 217–223. [Google Scholar] [CrossRef]

	



Xu, K.P.; Tsubota, K. Correlation of Tear Clearance Rate and Fluorophotometric Assessment of Tear Turnover. Br. J. Ophthalmol. 1995, 79, 1042. [Google Scholar] [CrossRef]

	



Cerretani, C.F.; Radke, C.J. Tear Dynamics in Healthy and Dry Eyes. Curr. Eye Res. 2014, 39, 580–595. [Google Scholar] [CrossRef]

	



Klouda, L. Thermoresponsive Hydrogels in Biomedical Applications: A Seven-Year Update. Eur. J. Pharm. Biopharm. 2015, 97, 338–349. [Google Scholar] [CrossRef]








[image: Pharmaceutics 15 02325 g001] 





Figure 1. Schematic representation of the dynamic ex vivo model: the lacrimal flow channel inlet (a) and the lacrimal flow channel outlet (b), a donor compartment (c) with access to the cornea, an ex vivo porcine whole eye globe (d), and an eye support compartment (e). 
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Figure 2. Representative schematic of the characteristic parameters of the donor medium in the dynamic model, indicating the altered dimensions. H (global height), Hin (inlet height), Hout (outlet height), Hb (base height), Dt (donor compartment diameter), Db (base diameter), Dout (outlet diameter), Din (inlet diameter). 
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Figure 3. Images of the glass versions of the donor compartment: (1) first model without Db and angle θ = 90°; (2) second model without Db and angle θ < 90°; (3) third model with Db and angle θ < 90°; (4) fourth model with Db and angle θ = 90°; (5a) final model with Db and angle θ < 90° (side view), and (5b) final model with large output lacrimal flow (back view). The images are at different scales. 
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Figure 4. Mathematical simulation of the temporal evolution of the volume percentage available in the donor medium as a function of the used purification. A tear flow of 33 µL/min (11% of depuration/min), 48 µL/min (16% of depuration/min), and a combination of both 48 µL/min (16% of depuration/min) and 33 µL/min (11% of depuration/min) are represented in grey, dark grey and black, respectively. 
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Figure 5. A dynamic model with the lacrimal flow. (A) Removal of the eyelids from the eyeball. (B) Position the eyeball in a 12-well plate next to the lower 3D support. (C) Quadruplicate of the eyeball positioned on the plate, (D) Silicone grease is applied to the sides of the donor medium to avoid leakage of the formulation, (E) Donor media fixed to the eyeballs. (F) Closing the system with the 3D-printed top cover. (G) Finished model assembly to couple the flow tubes, flow tubes coupled to the inlet of the donor medium. (H) Fully assembled dynamic model. (I) System set for the start of the tests. 
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