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Abstract: The human eye is a specialized organ with a complex anatomy and physiology, because it
is characterized by different cell types with specific physiological functions. Given the complexity
of the eye, ocular tissues are finely organized and orchestrated. In the last few years, many in vitro
models have been developed in order to meet the 3Rs principle (Replacement, Reduction and
Refinement) for eye toxicity testing. This procedure is highly necessary to ensure that the risks
associated with ophthalmic products meet appropriate safety criteria. In vitro preclinical testing is
now a well-established practice of significant importance for evaluating the efficacy and safety of
cosmetic, pharmaceutical, and nutraceutical products. Along with in vitro testing, also computational
procedures, herein described, for evaluating the pharmacological profile of potential ocular drug
candidates including their toxicity, are in rapid expansion. In this review, the ocular cell types and
functionality are described, providing an overview about the scientific challenge for the development
of three-dimensional (3D) in vitro models.
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1. Introduction

The human eye is a deeply specialized organ with a singular anatomy and physiology,
comprehending several structures with specific physiological functions. Due to the complexity
of the eye, ocular tissues are finely organized and orchestrated. As a result, optimal visual function is
maintained while the passage of solutes, fluids, and also drugs is highly controlled [1]. Briefly, the human
eye is characterized by three main layers, which enclose many anatomical structures. The outermost
layer is the fibrous tunic, composed of the cornea and sclera. The cornea and opaque sclera,
its non-transparent extension, are inelastic structures that provide mechanical support to the eye globe,
also protecting the eye from the external environment [2–4]. Moreover, the cornea is covered by the tear
film, whose composition ensures hydration, provides nutrients, and further limits the entering of toxins
or particles into the eye [3,5–7]. The middle layer (uvea or vascular tunic) includes the iris, pigmented
epithelium, choroid, and ciliary body [8]. Finally, the innermost layer of the eye is represented by the
retina, which is a neurosensory structure fundamental for the vision process [9–11]. According to its
crucial role in regulating the vision process, many pathological conditions affecting the retina may
progressively lead to an altered vision or blindness [12,13].

Based on these observations, along with the necessity to reduce tests on animals for evaluating
the pharmacological profile of possible ocular drug candidates for given ophthalmic disorders (drug
delivery/drug efficacy), including possible toxicity issues, the development of suitable and robust
in vitro ocular models is a challenging task. These models allow to investigate the different aspects of
the ocular pathophysiology of different diseases as well as the potential efficacy of possible therapeutic
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agents [14]. Furthermore, the use of these in vitro tools can be relevant for studying cell surface
biomarkers for drug delivery. In the last years, along the ocular in vitro models, isolated primary
cultures are expected to reproduce in vivo cellular functions and morphology in a more accurate
way; however, these kinds of cells are difficult to cultivate since they arrest their growth quickly.
Moreover, considering the human primary cells, it is very problematic to obtain numerous isolates for
the restricted availability of human donor eyes. In order to overcome this issue, several attempts aimed
at exploiting immortalized cell lines have been described to be used for pharmacological and biological
investigations [15]. Unfortunately, the immortalized cell lines are characterized by altered gene
expression patterns that often do not reflect the comportment of ocular cells in vivo, partially lacking
the ability to mimic the complexity of the physiology of the human eye. However, the development of
improved ocular cell-based models established also by reconstructing ocular tissues is fundamental for
speeding up the discovery of safe ocular drugs with a relevant pharmacological profile. In this review,
we report the most advance in vitro ocular models along with the computational approaches in the field
of ophthalmic research. In fact, in the next sections, actual in vitro ocular models are discussed in detail,
considering conventional two-dimensional (2D) models and advanced corneal three-dimensional (3D)
models, with a particular focus on the application of the human cornea-like epithelium system and the
potential models resembling human corneal diseases such as the zebrafish ocular surface. In addition,
possible pharmacological application of 3D reconstructed human corneal tissues are reported as well
as the most advanced in silico approaches in the field of ocular pharmacology and toxicology.

2. In Vitro Ocular Models

2.1. Opportunity and Application

Due to the complexity of the eye anatomy, a crucial issue in the development and realization
of ophthalmic products and medical devices is to identify the specific mechanism of toxicity that
could lead to severe adverse effects [6]. For this reason, recognizing and classifying the potential risk
of commercial products is highly recommended to clearly know possible side effects. Eye toxicity
testing is therefore necessary and mandatory to ensure that risks associated with the use of specific
ophthalmic products follow appropriate safety criteria. In vitro preclinical testing is nowadays a
well-established and important experimental approach for evaluating the efficacy and safety of
cosmetic, pharmaceutical, and nutraceutical products (Figure 1) [16]. The realization and development
of increasingly sophisticated experimental models, especially those based on reliable 3D cell cultures,
can reduce the costs of experimental procedures, obtaining predictive information on the ocular
tolerability and efficacy of a given product, severely limiting the in vivo experimentation on animals [17].

The development of novel in vitro approaches is firstly linked to the campaigns carried out in
this decade by few associations, which strongly ask for a significant reduction in animal testing [18],
leading to finding alternative methods and solutions to animal testing in the cosmetic, pharmaceutical,
and nutraceutical fields. In particular, the principle of the 3Rs (Refine, Reduce, Replace) has been
considered a stimulating opportunity to improve in vitro methods, even if nowadays it is not possible
to completely abolish animal experimentation [19]. The scientific world gave the introduction
of experimental in vitro models a strong impulse, implementing European Union (EU)-validated
alternative methods in compliance with Good Laboratory Practice (GLP). In addition, the new Medical
Devices Regulation (MDR 745/2017) is a further opportunity for companies operating in the preclinical
sector [20] stimulating the exponential evolution of in vitro technologies. In particular, the potential of
3D systems (3D human tissues reconstructed in vitro) often proved to be more relevant and predictive
than monolayer cell models. Many 3D models, at first, were quickly developed under the regulatory
push, in order to replace animal models. They have been included in numerous OECD (Organisation
for Economic Co-operation and Development) validation studies. In a short time, they became
increasingly predictive with respect to the evaluation of a possible drug candidates, and were rapidly
adopted in preclinical research. The advantages of using experimental in vitro 3D cell cultures
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models is due to their complex organization and structure, which is very similar to in vivo tissue [21],
showing reproducible results in pharmacological and toxicological responses to reference substances.

The sections below aim at highlighting the substantial differences between conventional 2D
models and advanced corneal 3D models, describing specific test guidelines already adopted for the
evaluation of important toxicological and pharmacological responses.
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Figure 1. Relevant disease areas and the main model systems actually used for evaluating efficacy
and/or safety of drugs and nutraceutical products.

2.2. Conventional 2D Models

The investigation of basic developmental or differentiation processes can be studied using primary
or immortalized human cells deriving from the cornea, retina, and conjunctiva to understand and
clarify pathophysiological conditions or to set up models in order to reproduce specific disease
models and to perform toxicological and pharmacological studies [22]. Epithelial cells, keratocytes,
fibroblasts, and trabecular meshwork cells are critical components required for the normal function
of the ocular cell system. Atypical cell proliferation and regulation within the ocular cell system
contributes to the development of disorders such as corneal inflammation, proliferative retinopathy,
macular degeneration, glaucoma, and retinoblastoma. Cell culture models allow to evaluate the
physiology of the different ocular cell types outside the living organism in reproduced conditions
that mimic, as closely as possible, the environment of the tissue or organ from which they derive [23].
Among the possible applications, we can mention: (a) the investigation of the physiological processes
of the cell life and of the response to exogenous treatments in a controlled environment [24]; (b) the
evaluation of the effect of various molecules and drugs on specific cell types; and (c) the study aimed at
generating reconstructed tissues (e.g., artificial corneal tissues). In the living organisms, cells are kept
vital thanks to the supply of nutrients, supported by the vascular system which, through the capillary
vessels, nourishes the tissue and abolishes those harmful molecules deriving from the cell metabolism.
In vitro, the role of the vascular system is substituted by the culture medium, a highly nutritious liquid
medium. It contains fundamental substances, such as glucose, amino acids, vitamins, and minerals,
absolutely necessary for the physiological processes of cells, and animal serum, which supports cell
growth and proliferation. Thanks to these culture conditions, ocular cell-culture models offer several
advantages over animal experimental models, including a higher reproducibility, easier handling,
and reduced costs, but still giving the possibility to study mechanistic processes of physiological
or pathological altered pathways. Corneal cells can be directly exposed to test samples (chemicals
or environmental matrix samples) at low and relatively defined concentrations [14]. In this regard,
although distribution and excretion phenomena (which occur in in vivo exposure) do not occur,
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the bioavailable concentration of the test sample must be taken into account even in the in vitro models.
The interaction of the sample with the cells allows a very rapid evaluation (even by hours) of the effect
on cell activities and also allows to verify the reversibility of the response. Animal cell cultures can be
used as a low-cost, rapid screening tool for toxicological and pharmacological evaluation of chemicals.
Moreover, the problems deriving from interspecies variability are avoided if cells of human origin are
used [25]. However, primary cells usually can only be used for limited passages before starting to lose
their normal physiology and structural characteristics. Immortalized cell lines can be used for several
passages, but they show the likelihood of developing chromosomal abnormalities, reduced expression
of key markers, or abnormal growth [24]. However, there are also some limitations in the use of cell
cultures. The in vivo–in vitro translation causes the loss of specific cell–cell interactions, histological
characteristics of the tissue of origin and the components involved in homeostatic regulation (especially
those of the nervous and endocrine systems). There are also metabolic alterations with a drop in
some enzymatic levels (e.g., cytochrome P450) or changes in metabolic cycles, so that the energy
metabolism of cells is largely based on glycolysis. Due to the strong selection in favor of the most
actively proliferating cells, the culture also suffers a loss of differentiated properties.

2.3. Advanced Corneal 3D Models

To date, regarding ocular studies, there are several in vitro methods that have been developed.
Some of them suffer from diverse drawbacks, as in the case of organotypic and cell-based testing
methods, that are scarcely compatible with real human eyes. Moreover, differences between species
caused by the use of animals’ eyes may lead to an excessive and insufficient prediction of the eye
irritation. The monolayer cell cultures employed in in vitro testing do not realistically reproduce the
complicated 3D environment of real ocular tissues. Artificially rigid and flat surfaces of culture plates
may alter cell metabolism and intrinsic functionality. To overcome these inaccuracies, 3D models
equivalent to the human cornea have been developed based on normal human cells which are grown
on an inert polycarbonate insert (Figure 2).
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Figure 2. Schematic representation of a 3D in vitro corneal model: (A) Corneal endothelial cells grow
on a permeable support up to confluence. (B) A 3D matrix containing stromal cells grows on top of
the endothelial layer. (C) Epithelial cells are seeded on the stromal layer; then, exposure to air–liquid
interface results in a stratified epithelium.

These tissues are validated and standardized, and each batch is derived from a single donor,
giving a huge advantage in terms of accuracy and reproducibility. The human cornea is formed by
the epithelium, stroma, and endothelium. Although ideal 3D models equivalent to human cornea
should have all the three components of the cornea, only the human cornea-like epithelium (RhCE)
has been presently developed, due to technical limitations. However, the corneal epithelium is the
most important part to assess eye irritation, because it represents the outermost layer of the cornea,
which protects the underlying tissue by excluding foreign material. There are a large variety of corneal
models used to predict eye irritation including EpiOcular™, SkinEthic HCE, the Labcyte Cornea model,
and MCTT HCE™. In particular, with regard to the reconstructed corneal tissue, the cells form a
stratified and well-organized epithelium that is structurally, morphologically, and functionally similar
to the human cornea presenting basal, wing, and mucosal cells [26]. These models are used to study
drug delivery, as they represent a metabolically active tissue with the presence of tight junctions,
characteristics of the human corneal epithelium. In addition, it has been shown that this type of tissue
can be stimulated for the release of cytokines characteristic of an inflammatory state.
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2.3.1. Application of Human Cornea-Like Epithelium: Irritation Test Following OECD TG 492

The assessment of serious eye damage/eye irritation has typically been carried out by the use
of laboratory animals. The development of novel 3D reconstructed human corneal tissues gave the
opportunity to consider this substrate as a valid alternative for the setup of innovative experimental
procedures in order to investigate important toxicological parameters. In particular, in the last
few years, the corneal irritation assessment test guideline has been validated by using 3D human
reconstructed corneal tissue following the OECD procedures [27]. This Test Guide, named OECD
TG 492, describes an in vitro procedure that allows the identification of toxic and harmful chemicals
(substances and mixtures) not requiring classification for eye irritation or serious eye damage by
using human reconstructed corneal tissues [28]. These tissues closely reproduce the main feature of
in vivo human cornea since they show physiological, morphological, histological, and biochemical
properties of the human corneal epithelium. The RhCE tissues are produced from human immortalized
corneal epithelial cells, primary human epidermal keratinocytes or primary culture human corneal
epithelial cells, which are kept in controlled condition of temperature for several days to generate a
highly differentiated, multi-stratified squamous epithelium morphologically similar to the human
cornea [29]. However, it is currently accepted that no single in vitro test method will be able to
fully replace the in vivo Draize eye test to predict serious eye damage/eye irritation responses for
different chemical classes. Anyway, strategic combinations of several alternative test methods may
be able to fully replace the Draize eye test. Moreover, the test method directly measures cytotoxicity
resulting from exposure of the tested substance through the cornea and evaluates cell and tissue
damage following chemicals exposure. Cell damage can occur due to several toxicological mechanisms,
but cytotoxicity plays a fundamental role in determining clinically relevant eye damage response due
to a given chemical entity [30]. Such a toxicity may lead to iritis, corneal opacity, conjunctival chemosis,
and redness. The main cytotoxic mechanisms depend on the nature of the chemical exposure.
In particular, cell membrane lysis can be caused by organic solvents and surfactants [31]; coagulation of
macromolecules can occur if the eye is exposed to surfactants, organic solvents, alkalis, and acids [32];
saponification of lipids is mainly due to alkalis; alkylation or other covalent interactions with
macromolecules are triggered by bleaches, peroxides, and alkylators. Furthermore, the serious eye
damage/eye irritation effect of a toxicant is mainly associated with the extent of initial injury, which is
related to the amount of cell death and with the magnitude of the following responses and eventual
outcomes [33]. Thus, slight irritants generally only affect the superficial corneal epithelium, the mild
and moderate irritants principally damage the epithelium and superficial stroma, while severe irritants
are harmful for the epithelium, deep stroma, and the corneal endothelium. This test allows the use of
different commercially available corneal-like tissues, in particular, the Labcyte CORNEA-MODEL24,
EpiOcular™, and MCTT HCE™ RhCE tissue constructs that consist of at least 3 viable layers of cells and
a nonkeratinized surface, showing a corneal-like structure similar to that found in vivo. The SkinEthic™
HCE RhCE tissue construct consists of at least 4 viable layers of cells including transitional wing
cells, columnar basal cells, and superficial squamous cells similar to that of the normal human corneal
epithelium. The measurement of viability of the RhCE tissues, after topical exposure to a chemical
entity, is commonly used to identify its potential toxicity, carried out by enzymatic conversion of
formazan salts (MTT assay) by the viable cells of the tissue into colored formazan salt, which is
quantitatively measured after the extraction from tissues [34].

2.3.2. Zebrafish Ocular Surface: A Model for Human Corneal Diseases?

The zebrafish (Danio rerio) is a common aquarium fish that originated in the Ganges region of
India. The transparent embryos developing ex utero promoted a rapid increase in its popularity for
the study of vertebrate development and genetics, making the visualization of developmental events
reliable [35]. Detailed characterization of the embryonic development of the posterior segment of the
eye, which includes the neural retina, the retinal pigment epithelium (RPE), and the anterior segment,
highlighted the similarities in the architecture of the zebrafish eye to that of the human eye [36].
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However, beside enormous similarity with the human eye, an interesting analysis about the structure
of zebrafish eye structure and characteristics has been carried out by Puzzolo and colleagues [37].
The authors demonstrated that the corneal epithelium was formed by five layers of cells, but no
Bowman’s layer has been reported. Moreover, the stroma is formed by lamellae of different thicknesses
with few keratocytes [38]. The Descemet’s membrane was not detected. The immunohistochemical
experimental procedures did not highlight corneal nerve fibers. The conjunctival epithelium was
stratified and overlies the stroma formed by a subepithelial and a deep layer. This latter resulted to be
connected to the scleral cartilage. The morphometric study demonstrated that the peripheral cornea
epithelium was thicker if compared to the other parts of the ocular surface, with smaller superficial
cells. The stroma was thinner in the conjunctiva than in the cornea, while corneal lamellae were thicker
in the intermediate stroma. In conclusion, after a very interesting study, the authors concluded that the
zebrafish ocular surface shows significant differences compared to the human, such as the absence
of the Descemet’s membrane, Bowman’s layer and corneal nerve fibers, the presence of rodlet cells,
and the reduced stromal thickness. Although the use of the zebrafish model is useful to predict eye
toxicity after chemical exposure, such differences underline that the use of the zebrafish as a model for
studying normal or pathological human corneas should be used with particular caution [37].

2.4. Pharmacological Application of 3D Reconstructed Human Corneal Tissues: The Dry Eye Model

Dry eye syndrome is caused by chronic dehydration of the conjunctiva and cornea, which induces
irritation [7]. It is mainly due to a quantitative reduction or qualitative alteration of the tear film,
which physiologically covers, lubricates, and protects corneal tissue [39]. Poor production or excessive
evaporation of tears can be a complication of blepharitis, conjunctivitis (including allergic forms),
and other inflammatory eye diseases [40]. Dry eye syndrome can also result from systemic diseases
such as systemic lupus erythematosus and rheumatoid arthritis. Moreover, the disorder is typical in
elderly patients (for the atrophy of the tear glands), in menopausal women (for the new hormonal
balance), and in those who wear contact lenses [41]. Dry eye can be also related to iatrogenic causes
for the use of several systemic drugs (antihypertensives, anxiolytics, sleeping pills, antihistamines).
The most common symptoms due to dry eye syndrome are itching, burning, irritation, and annoyance
to light (photophobia). In addition, a sensation of a foreign body pulling and scratching inside the
eye, blurring of vision, difficulty opening the eyelid when waking up, eye pain, and hyperemia (red
eyes) may also occur [42]. Tiredness or fatigue of the eyes may also appear and, in some patients,
the appearance of mucus inside or around the eye is observed. All these disorders increase as a result
of prolonged visual strain or under particular environmental conditions, such as exposure to wind or
heat or staying in dusty, smoky, air-conditioned, or heated environments. In the most serious cases,
the eye is exposed to increased friction due to eyelid movement and an increased risk of infections.
In addition, it can degenerate to the appearance of lesions to the external structures of the eye: scarring,
neovascularization, infections, and ulceration. Treatment for dry eye syndrome includes therapies
that may vary depending on the cause and type of the disorder. Generally, medication is prescribed
with eye drops or lubricating gels to help the eye to stay moist and clean [43]. When the patient’s eye
allows it, it is also possible to prescribe protective contact lenses to protect the organ from rubbing
with the eyelid. Developing novel medical devices for the treatment of dry eye syndrome is nowadays
a challenging issue and 3D human corneal tissues have been recently used for the setup of in vitro
dry eye model [44]. In particular, several research papers describe the realization of in vitro dry eye
condition by exposing the tissues to specific conditions. Reconstructed corneal tissues are first treated
with 0.6 M sorbitol in order to create a hyperosmolar environment mimicking the qualitative alteration
of tear film. Furthermore, the tissues are exposed to 40 ◦C and 40% humidity for simulating the
dryness [45]. After 24 h, tissues can be treated with the tested medical devices, and several biomarkers
can be investigated. In particular, besides the tissue viability, also pro-inflammatory biomarkers
(e.g., TNF, interleukins) and specific metalloproteinases which are responsible for corneal remodeling
processes can be measured in order to characterize the efficacy of medical devices or drugs [46].
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3. Computational Aspects for the Ocular Pharmacology and Toxicology

Along with in vitro models, for characterizing the pharmacological profile of possible drug
candidates for treating ocular diseases, nowadays are growing different in silico approaches.
These computational methods could be extremely useful for assessing the performance of given
drug candidates saving money and time with respect to the drug discovery pipeline. In particular,
computational pharmacology and toxicology represent a specified field of research comprehending in
silico approaches for predicting, modelling, and explaining pharmacological effects and toxicological
mechanisms at the molecular level. Several research studies have described the usefulness of in silico
techniques for rapidly determining pivotal physico–chemical properties in order to optimize drug
candidates (e.g., molecular weight, polarity, and lipophilicity). This computational evaluation is crucial
for reducing off-target effects, and therefore the total number of animals required for the in vivo test.
Computational pharmacology and toxicology take advantage from numerous scientific disciplines
and usually include the application of in silico and statistical approaches for evaluating the bioactive
profile of molecules for which a specific pharmacological or toxicological effect is not known, starting
from a group of molecules for which the mentioned effect has been proven (training set) [47–50].

Accordingly, in silico strategies used for assessing the profile of compounds are mainly based
on structure–activity relationship (SAR) and quantitative SAR (QSAR). In fact, most categories
of computational methods in pharmacology and toxicology are based on the similarity principle:
the hypothesis that compounds possessing a structural similarity could show comparable
pharmacological or toxicological profiles. Numerous in silico techniques are commonly used for
predicting both on- and off-target pharmacology of potential drug candidates [51,52]. Moreover, the use
of computational approaches is decisive to limit animal testing also for the evaluation of potential ocular
drugs and their possible toxicity. Currently, as mentioned above, the general evaluation of potential
drugs is largely based on animal testing. In this context, the valuable advances in computational models
are facilitating to amend this standard. First of all, the regulatory agencies are encouraging the usage
of in silico toxicology models for accomplishing the growing public request in order to improve animal
welfare. This latter has convinced governmental organizations to boost the reduction of animals used
in in vivo tests, encouraging alternative procedures for evaluating promising potential drug candidates.
This exigence is well enclosed in the 3Rs principle [53]. Accordingly, the computational tools employed
to characterize a given set of compounds are almost without cost, and they are applicable for virtual
molecules before their synthesis, limiting the use of animal in preclinical development, testing only the
most promising computational hits. Classical QSAR analysis for determining potential pharmacological
profiles has been amended for predicting general toxicity and ocular toxicity as well as the side effects
of drugs, developing quantitative structure–toxicity relationship (QSTR) models [54]. This approach
is widely used for generating models in order to computationally assess the potential toxicity of
chemical entities. In QSAR approaches, the quality of the developed models is dependent on the
chemical/molecular descriptors and the modelling strategies that are used. For example, early efforts
about the QSAR modelling for predicting ocular toxicity were founded on the simple linear regression
technique and empirical descriptors such as the physico–chemical properties [55,56]. These kinds of
models are surely easy to explain and implement due to their simplicity, but their efficacy is restricted to
molecules that are extremely similar to the molecules included in the training set. Later, more complex
modelling strategies and descriptors have also been applied in this field of research. For example,
it is possible to use membrane-simulated models for studying ocular toxicity, identifying a group of
descriptors that appropriately correlate to the cornea permeability. The individuation of appropriate
descriptors, as in the mentioned case, were also used for developing eye irritation models [57].

Furthermore, because only one type of descriptor and one modeling approach were used in most
of the existent computational approaches, as the works centered on the Draize test data, the developed
models for predicting ocular toxicity suffer from a difficult-to-predict toxicity for different structural
unrelated chemical entities. This drawback is partially overcome by using an improved QSAR method
such as the combinatorial QSAR (combi-QSAR) approach [58]. This technique relies on the use of
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numerous diverse combinations of many chemical descriptors and modelling strategies. By this
approach, it is highlighted that the improvement of the number of descriptors is crucial for developing
effective predictive models. Furthermore, combi-QSAR models can culminate in a consensus model
(i.e., averaging of the results of all individuals) in order to improve predictivity and coverage [59].
The main drawback of these models is surely the lack of sensitivity and/or specificity combined with
an inability to predict the exposure to a given drug that would elicit the adverse effects, making
these models needing some improvements for their use as part of the ocular drug development
trajectory. In general, these issues could be overcome by Machine Learning (ML)/Deep Learning (DL)
approaches [60], but actually regarding the ophthalmology, DL has displayed clinically satisfactory
diagnostic performance, but only for detecting various retinal pathologies. In fact, DL in ocular imaging
may be employed in combination with telemedicine as a potential solution for screening, diagnosing,
and monitoring main eye disorders (e.g., age-related macular degeneration, glaucoma, diabetic
retinopathy, choroidal neovascularization, and other macular diseases) [61,62]. Accordingly, only few
examples of ML application to ocular pharmacology and toxicology are available and often referred to
one ocular toxicity condition [7,63]. On the other hand, attempts are starting to appear in literature to
model ocular traumas. In this context, eye injuries referred to the interaction of a blast wave with ocular
tissues are defined as primary ocular blast injury (POBI). Interestingly, a method for investigating
POBI has been described. For this purpose, a finite element model of the human eye employing
simple constitutive models was developed, taking into account material parameters adjusted using a
multi-objective optimization accomplished on existing eye impact test information. Using this strategy
is possible to model the behavior of the human eye and the dynamics of mechanisms occurring
under POBI loading conditions, predicting the human eye reaction under diverse kinds of shocks.
This approach is useful for the development of in silico models in order to understand processes
causing ocular tissue injuries [64].

In view of that, based on the previous discussion, it is possible to predict, in the next years, a rapid
growth of computational approaches in this field. The future aim will be turned at reaching a significant
improvement and robustness of in silico models regarding ocular pharmacology and toxicology.

4. Conclusions and Future Perspective

Thanks to the intense efforts that have recently been implemented by biomedical research
in in vitro alternative methods, 3D corneal tissue models are becoming a real prospective of
alternative experimental models, in particular to Draize test, which has been extremely criticized
for ethical motivations. Based on the previous discussion, it is possible to predict, in the next
years, a rapid growth of both the 3D tissue model and computational approaches aimed at reaching
a significant improvement and robustness of in vitro models regarding ocular pharmacology and
toxicology. Furthermore, although not yet approved by OECD testing guidelines, in the last few years,
more innovative organoid (or organ-on-a-chip) in vitro models have been created. The development of
this technology based on microfluidics closes the gap between in vitro and in vivo models by offering
new approaches for pharmacological research. In fact, organs-on-chip can combine both preclinical
models previously discussed, cultivating human cells in tissue-specific 3D contexts. The advantage is
that 3D cell culture models promote higher levels of cell differentiation and tissue organization than
the usual 2D models.

Author Contributions: Conceptualization, V.C. (Valentina Citi), V.C. (Vincenzo Calderone) and S.B.; methodology,
V.C. (Valentina Citi), E.P. and S.O.; investigation, V.C. (Valentina Citi), E.P., S.O., S.B. and V.C. (Vincenzo Calderone);
data curation, V.C. (Valentina Citi), E.P., S.O. and S.B.; writing—original draft preparation, V.C. (Valentina Citi),
E.P., S.B. and V.C. (Vincenzo Calderone); writing—review and editing, V.C. (Valentina Citi), E.P., S.O., S.B. and V.C.
(Vincenzo Calderone); supervision, S.B. All authors have read and agree to the published version of the manuscript.

Funding: This work has been funded by Farmigea S.p.A. for the project entitled “Development of in vitro methods
and pharmacological evaluation of innovative formulations for ocular diseases”.



Methods Protoc. 2020, 3, 74 9 of 12

Acknowledgments: We are grateful to the I-CARE EUROPE association for funding this study with the project
entitled “Reduction and Replacement” in ophthalmic disease.

Conflicts of Interest: Sara Ottino is employed of Farmigea S.p.A. All the other authors declare no conflict
of interest.

References

1. Barar, J.; Asadi, M.; Mortazavi-Tabatabaei, S.A.; Omidi, Y. Ocular Drug Delivery; Impact of in vitro Cell
Culture Models. J. Ophthalmic Vis. Res. 2009, 4, 238–252. [PubMed]

2. Kasthurirangan, S.; Markwell, E.L.; Atchison, D.A.; Pope, J.M. In vivo study of changes in refractive index
distribution in the human crystalline lens with age and accommodation. Investig. Ophthalmol. Vis. Sci. 2008,
49, 2531–2540. [CrossRef] [PubMed]

3. Estlack, Z.; Bennet, D.; Reid, T.; Kim, J. Microengineered biomimetic ocular models for ophthalmological
drug development. Lab Chip 2017, 17, 1539–1551. [CrossRef] [PubMed]

4. Agrahari, V.; Mandal, A.; Agrahari, V.; Trinh, H.M.; Joseph, M.; Ray, A.; Hadji, H.; Mitra, R.; Pal, D.; Mitra, A.K.
A comprehensive insight on ocular pharmacokinetics. Drug Deliv. Trans. Res. 2016, 6, 735–754. [CrossRef]

5. Craig, J.P.; Nelson, J.D.; Azar, D.T.; Belmonte, C.; Bron, A.J.; Chauhan, S.K.; de Paiva, C.S.; Gomes, J.A.P.;
Hammitt, K.M.; Jones, L.; et al. TFOS DEWS II Report Executive Summary. Ocul. Surf. 2017, 15, 802–812.
[CrossRef]

6. Dartt, D.A.; Willcox, M.D. Complexity of the tear film: Importance in homeostasis and dysfunction during
disease. Exp. Eye Res. 2013, 117, 1–3. [CrossRef] [PubMed]

7. Zhang, X.; Qu, Y.; He, X.; Ou, S.; Bu, J.; Jia, C.; Wang, J.; Wu, H.; Liu, Z.; Li, W. Dry Eye Management:
Targeting the Ocular Surface Microenvironment. Int. J. Mol. Sci. 2017, 18, 1398. [CrossRef] [PubMed]

8. Pradeep, T.; Mehra, D.; Le, P.H. Histology, Eye. Available online: https://www.ncbi.nlm.nih.gov/books/
NBK544343/ (accessed on 3 July 2020).

9. Bassnett, S.; Shi, Y.; Vrensen, G.F. Biological glass: Structural determinants of eye lens transparency.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2011, 366, 1250–1264. [CrossRef]

10. Correia Barao, R.; Pinto Ferreira, N.; Abegao Pinto, L. A Camera without a Diaphragm. Ophthalmol. Glaucoma
2020, 3, 138. [CrossRef]

11. Kels, B.D.; Grzybowski, A.; Grant-Kels, J.M. Human ocular anatomy. Clin. Dermatol. 2015, 33, 140–146.
[CrossRef]

12. Haderspeck, J.C.; Chuchuy, J.; Kustermann, S.; Liebau, S.; Loskill, P. Organ-on-a-chip technologies that can
transform ophthalmic drug discovery and disease modeling. Expert Opin. Drug Discov. 2019, 14, 47–57.
[CrossRef]

13. Chemi, G.; Brindisi, M.; Brogi, S.; Relitti, N.; Butini, S.; Gemma, S.; Campiani, G. A light in the dark: State of
the art and perspectives in optogenetics and optopharmacology for restoring vision. Future Med. Chem. 2019,
11, 463–487. [CrossRef] [PubMed]

14. Shafaie, S.; Hutter, V.; Cook, M.T.; Brown, M.B.; Chau, D.Y. In Vitro Cell Models for Ophthalmic Drug
Development Applications. Biores. Open Access 2016, 5, 94–108. [CrossRef]

15. Vasconcelos, T.; da Silva, S.B.; Ferreira, D.; Pintado, M.; Marques, S. Cell-based in vitro models for ocular
permeability studies. In Concepts and Models for Drug Permeability Studies; Woodhead Publishing: Cambridge,
UK, 2016; pp. 129–154.

16. Santini, A.; Cammarata, S.M.; Capone, G.; Ianaro, A.; Tenore, G.C.; Pani, L.; Novellino, E. Nutraceuticals:
Opening the debate for a regulatory framework. Br. J. Clin. Pharmacol. 2018, 84, 659–672. [CrossRef]

17. Swaminathan, S.; Kumar, V.; Kaul, R. Need for alternatives to animals in experimentation: An Indian
perspective. Indian J. Med. Res. 2019, 149, 584–592.

18. Akhtar, A. The flaws and human harms of animal experimentation. Camb. Q. Healthc. Ethics 2015, 24, 407–419.
[CrossRef]

19. Burden, N.; Benstead, R.; Benyon, K.; Clook, M.; Green, C.; Handley, J.; Harper, N.; Maynard, S.K.; Mead, C.;
Pearson, A.; et al. Key Opportunities to Replace, Reduce, and Refine Regulatory Fish Acute Toxicity Tests.
Environ. Toxicol. Chem. 2020, 39, 2076–2089. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/23198080
http://dx.doi.org/10.1167/iovs.07-1443
http://www.ncbi.nlm.nih.gov/pubmed/18408189
http://dx.doi.org/10.1039/C7LC00112F
http://www.ncbi.nlm.nih.gov/pubmed/28401229
http://dx.doi.org/10.1007/s13346-016-0339-2
http://dx.doi.org/10.1016/j.jtos.2017.08.003
http://dx.doi.org/10.1016/j.exer.2013.10.008
http://www.ncbi.nlm.nih.gov/pubmed/24280033
http://dx.doi.org/10.3390/ijms18071398
http://www.ncbi.nlm.nih.gov/pubmed/28661456
https://www.ncbi.nlm.nih.gov/books/NBK544343/
https://www.ncbi.nlm.nih.gov/books/NBK544343/
http://dx.doi.org/10.1098/rstb.2010.0302
http://dx.doi.org/10.1016/j.ogla.2019.12.001
http://dx.doi.org/10.1016/j.clindermatol.2014.10.006
http://dx.doi.org/10.1080/17460441.2019.1551873
http://dx.doi.org/10.4155/fmc-2018-0315
http://www.ncbi.nlm.nih.gov/pubmed/30907134
http://dx.doi.org/10.1089/biores.2016.0008
http://dx.doi.org/10.1111/bcp.13496
http://dx.doi.org/10.1017/S0963180115000079
http://dx.doi.org/10.1002/etc.4824


Methods Protoc. 2020, 3, 74 10 of 12

20. Piccinno, M.S.; Petrachi, T.; Resca, E.; Strusi, V.; Bergamini, V.; Mulas, G.A.; Mari, G.; Dominici, M.; Veronesi, E.
Label-free toxicology screening of primary human mesenchymal cells and iPS-derived neurons. PLoS ONE
2018, 13, e0201671. [CrossRef] [PubMed]

21. Chaicharoenaudomrung, N.; Kunhorm, P.; Noisa, P. Three-dimensional cell culture systems as an in vitro
platform for cancer and stem cell modeling. World J. Stem Cells 2019, 11, 1065–1083. [CrossRef]

22. Crespo-Moral, M.; Garcia-Posadas, L.; Lopez-Garcia, A.; Diebold, Y. Histological and immunohistochemical
characterization of the porcine ocular surface. PLoS ONE 2020, 15, e0227732. [CrossRef]

23. Kapalczynska, M.; Kolenda, T.; Przybyla, W.; Zajaczkowska, M.; Teresiak, A.; Filas, V.; Ibbs, M.; Blizniak, R.;
Luczewski, L.; Lamperska, K. 2D and 3D cell cultures—A comparison of different types of cancer cell cultures.
Arch. Med. Sci. 2018, 14, 910–919.

24. Edmondson, R.; Broglie, J.J.; Adcock, A.F.; Yang, L. Three-dimensional cell culture systems and their
applications in drug discovery and cell-based biosensors. Assay Drug Dev. Technol. 2014, 12, 207–218.
[CrossRef] [PubMed]

25. Tong, L.; Diebold, Y.; Calonge, M.; Gao, J.; Stern, M.E.; Beuerman, R.W. Comparison of gene expression
profiles of conjunctival cell lines with primary cultured conjunctival epithelial cells and human conjunctival
tissue. Gene Exp. 2009, 14, 265–278. [CrossRef] [PubMed]

26. Blazejewska, E.A.; Schlotzer-Schrehardt, U.; Zenkel, M.; Bachmann, B.; Chankiewitz, E.; Jacobi, C.; Kruse, F.E.
Corneal limbal microenvironment can induce transdifferentiation of hair follicle stem cells into corneal
epithelial-like cells. Stem Cells 2009, 27, 642–652. [CrossRef]

27. Kolle, S.N.; Van Cott, A.; van Ravenzwaay, B.; Landsiedel, R. Lacking applicability of in vitro eye irritation
methods to identify seriously eye irritating agrochemical formulations: Results of bovine cornea opacity and
permeability assay, isolated chicken eye test and the EpiOcular ET-50 method to classify according to UN
GHS. Regul. Toxicol. Pharmacol. 2017, 85, 33–47. [PubMed]

28. Kaluzhny, Y.; Kandarova, H.; d’Argembeau-Thornton, L.; Kearney, P.; Klausner, M. Eye Irritation Test (EIT)
for Hazard Identification of Eye Irritating Chemicals using Reconstructed Human Cornea-like Epithelial
(RhCE) Tissue Model. J. Vis. Exp. 2015, 23, e52979. [CrossRef]

29. Ronkko, S.; Vellonen, K.S.; Jarvinen, K.; Toropainen, E.; Urtti, A. Human corneal cell culture models for drug
toxicity studies. Drug Deliv. Trans. Res. 2016, 6, 660–675. [CrossRef]

30. Wilson, S.L.; Ahearne, M.; Hopkinson, A. An overview of current techniques for ocular toxicity testing.
Toxicology 2015, 327, 32–46. [CrossRef]

31. Kolle, S.N.; Sauer, U.G.; Moreno, M.C.; Teubner, W.; Wohlleben, W.; Landsiedel, R. Eye irritation testing of
nanomaterials using the EpiOcular eye irritation test and the bovine corneal opacity and permeability assay.
Part. Fibre Toxicol. 2016, 13, 18. [CrossRef]

32. McNamee, P.; Hibatallah, J.; Costabel-Farkas, M.; Goebel, C.; Araki, D.; Dufour, E.; Hewitt, N.J.; Jones, P.;
Kirst, A.; Le Varlet, B.; et al. A tiered approach to the use of alternatives to animal testing for the safety
assessment of cosmetics: Eye irritation. Regul. Toxicol. Pharmacol. 2009, 54, 197–209. [CrossRef]

33. Zorn-Kruppa, M.; Houdek, P.; Wladykowski, E.; Engelke, M.; Bartok, M.; Mewes, K.R.; Moll, I.; Brandner, J.M.
Determining the Depth of Injury in Bioengineered Tissue Models of Cornea and Conjunctiva for the Prediction
of All Three Ocular GHS Categories. PLoS ONE 2014, 9, e114181. [CrossRef] [PubMed]

34. Rosdy, M.; Beuerman, R.; Nguyen, D.; DeWever, B. Three-Dimensional Construct of the Human Corneal
Epithelium for In Vitro Toxicology. In Alternative Toxicological Methods; CRC Press: Boca Raton, FL, USA, 2003.

35. Bibliowicz, J.; Tittle, R.K.; Gross, J.M. Toward a better understanding of human eye disease insights from the
zebrafish, Danio rerio. Prog. Mol. Biol. Transl. Sci. 2011, 100, 287–330. [PubMed]

36. Gestri, G.; Link, B.A.; Neuhauss, S.C. The visual system of zebrafish and its use to model human ocular
diseases. Dev. Neurobiol. 2012, 72, 302–327. [CrossRef]

37. Puzzolo, D.; Pisani, A.; Malta, C.; Santoro, G.; Meduri, A.; Abbate, F.; Montalbano, G.; Wylegala, E.; Rana, R.A.;
Bucchieri, F.; et al. Structural, ultrastructural, and morphometric study of the zebrafish ocular surface:
A model for human corneal diseases? Curr. Eye Res. 2018, 43, 175–185. [CrossRef]

38. Fadool, J.M.; Dowling, J.E. Zebrafish: A model system for the study of eye genetics. Prog. Retin. Eye Res.
2008, 27, 89–110. [CrossRef]

39. Davidson, H.J.; Kuonen, V.J. The tear film and ocular mucins. Vet. Ophthalmol. 2004, 7, 71–77. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0201671
http://www.ncbi.nlm.nih.gov/pubmed/30180158
http://dx.doi.org/10.4252/wjsc.v11.i12.1065
http://dx.doi.org/10.1371/journal.pone.0227732
http://dx.doi.org/10.1089/adt.2014.573
http://www.ncbi.nlm.nih.gov/pubmed/24831787
http://dx.doi.org/10.3727/105221609788681231
http://www.ncbi.nlm.nih.gov/pubmed/19630270
http://dx.doi.org/10.1634/stemcells.2008-0721
http://www.ncbi.nlm.nih.gov/pubmed/28163171
http://dx.doi.org/10.3791/52979
http://dx.doi.org/10.1007/s13346-016-0330-y
http://dx.doi.org/10.1016/j.tox.2014.11.003
http://dx.doi.org/10.1186/s12989-016-0128-6
http://dx.doi.org/10.1016/j.yrtph.2009.04.004
http://dx.doi.org/10.1371/journal.pone.0114181
http://www.ncbi.nlm.nih.gov/pubmed/25494045
http://www.ncbi.nlm.nih.gov/pubmed/21377629
http://dx.doi.org/10.1002/dneu.20919
http://dx.doi.org/10.1080/02713683.2017.1385087
http://dx.doi.org/10.1016/j.preteyeres.2007.08.002
http://dx.doi.org/10.1111/j.1463-5224.2004.00325.x


Methods Protoc. 2020, 3, 74 11 of 12

40. Rolando, M.; Cantera, E.; Mencucci, R.; Rubino, P.; Aragona, P. The correct diagnosis and therapeutic
management of tear dysfunction: Recommendations of the P.I.C.A.S.S.O. board. Int. Ophthalmol. 2018,
38, 875–895. [CrossRef]

41. Ziaragkali, S.; Kotsalidou, A.; Trakos, N. Dry Eye Disease in Routine Rheumatology Practice.
Mediterr. J. Rheumatol. 2018, 29, 127–139. [CrossRef]

42. Uchino, M.; Schaumberg, D.A. Dry Eye Disease: Impact on Quality of Life and Vision. Curr. Ophthalmol. Rep.
2013, 1, 51–57. [CrossRef]

43. Javadi, M.A.; Feizi, S. Dry eye syndrome. J. Ophthalmic Vis. Res. 2011, 6, 192–198.
44. Pflugfelder, S.C.; de Paiva, C.S. The Pathophysiology of Dry Eye Disease: What We Know and Future

Directions for Research. Ophthalmology 2017, 124, S4–S13. [CrossRef]
45. Abusharha, A.A.; Pearce, E.I. The effect of low humidity on the human tear film. Cornea 2013, 32, 429–434.

[CrossRef]
46. Acera, A.; Vecino, E.; Duran, J.A. Tear MMP-9 levels as a marker of ocular surface inflammation in

conjunctivochalasis. Investig. Ophthalmol. Vis. Sci. 2013, 54, 8285–8291. [CrossRef]
47. Raies, A.B.; Bajic, V.B. In silico toxicology: Computational methods for the prediction of chemical toxicity.

Wiley Interdiscip. Rev. Comput. Mol. Sci. 2016, 6, 147–172. [CrossRef]
48. Sirous, H.; Campiani, G.; Brogi, S.; Calderone, V.; Chemi, G. Computer-Driven Development of an in Silico

Tool for Finding Selective Histone Deacetylase 1 Inhibitors. Molecules 2020, 25, 1952. [CrossRef]
49. Brogi, S.; Papazafiri, P.; Roussis, V.; Tafi, A. 3D-QSAR using pharmacophore-based alignment and virtual

screening for discovery of novel MCF-7 cell line inhibitors. Eur. J. Med. Chem. 2013, 67, 344–351. [CrossRef]
[PubMed]

50. Brogi, S.; Corelli, F.; Di Marzo, V.; Ligresti, A.; Mugnaini, C.; Pasquini, S.; Tafi, A. Three-dimensional
quantitative structure-selectivity relationships analysis guided rational design of a highly selective ligand for
the cannabinoid receptor 2. Eur. J. Med. Chem. 2011, 46, 547–555. [CrossRef]

51. Chemi, G.; Gemma, S.; Campiani, G.; Brogi, S.; Butini, S.; Brindisi, M. Computational Tool for Fast in silico
Evaluation of hERG K(+) Channel Affinity. Front. Chem. 2017, 5, 7. [CrossRef]

52. Zaccagnini, L.; Brogi, S.; Brindisi, M.; Gemma, S.; Chemi, G.; Legname, G.; Campiani, G.; Butini, S.
Identification of novel fluorescent probes preventing PrP(Sc) replication in prion diseases. Eur. J. Med. Chem.
2017, 127, 859–873. [CrossRef]

53. Sneddon, L.U.; Halsey, L.G.; Bury, N.R. Considering aspects of the 3Rs principles within experimental animal
biology. J. Exp. Biol. 2017, 220, 3007–3016. [CrossRef]

54. Verheyen, G.R.; Braeken, E.; Van Deun, K.; Van Miert, S. Evaluation of existing (Q)SAR models for skin and
eye irritation and corrosion to use for REACH registration. Toxicol. Lett. 2017, 265, 47–52. [CrossRef]

55. Abraham, M.H.; Kumarsingh, R.; Cometto-Muniz, J.E.; Cain, W.S. A Quantitative Structure–Activity
Relationship (QSAR) for a Draize Eye Irritation Database. Toxicol. In Vitro 1998, 12, 201–207. [CrossRef]

56. Abraham, M.H.; Kumarsingh, R.; Cometto-Muniz, J.E.; Cain, W.S. Draize eye scores and eye irritation
thresholds in man can be combined into one QSAR. Ann. N. Y. Acad. Sci. 1998, 855, 652–656. [CrossRef]
[PubMed]

57. Li, Y.; Liu, J.; Pan, D.; Hopfinger, A.J. A study of the relationship between cornea permeability and eye
irritation using membrane-interaction QSAR analysis. Toxicol. Sci. 2005, 88, 434–446. [CrossRef]

58. Zhu, H.; Tropsha, A.; Fourches, D.; Varnek, A.; Papa, E.; Gramatica, P.; Oberg, T.; Dao, P.; Cherkasov, A.;
Tetko, I.V. Combinatorial QSAR modeling of chemical toxicants tested against Tetrahymena pyriformis.
J. Chem. Inf. Model. 2008, 48, 766–784. [CrossRef]

59. Solimeo, R.; Zhang, J.; Kim, M.; Sedykh, A.; Zhu, H. Predicting chemical ocular toxicity using a combinatorial
QSAR approach. Chem. Res. Toxicol. 2012, 25, 2763–2769. [CrossRef]

60. Baskin, I.I. Machine Learning Methods in Computational Toxicology. In Computational Toxicology. Methods in
Molecular Biology; Nicolotti, O., Ed.; Humana Press: New York, NY, USA, 2018; Volume 1800, pp. 119–139.

61. Ting, D.S.W.; Pasquale, L.R.; Peng, L.; Campbell, J.P.; Lee, A.Y.; Raman, R.; Tan, G.S.W.; Schmetterer, L.;
Keane, P.A.; Wong, T.Y. Artificial intelligence and deep learning in ophthalmology. Br. J. Ophthalmol. 2019,
103, 167–175. [CrossRef]

62. Schmidt-Erfurth, U.; Sadeghipour, A.; Gerendas, B.S.; Waldstein, S.M.; Bogunovic, H. Artificial intelligence
in retina. Prog. Retin. Eye Res. 2018, 67, 1–29. [CrossRef]

http://dx.doi.org/10.1007/s10792-017-0524-4
http://dx.doi.org/10.31138/mjr.29.3.127
http://dx.doi.org/10.1007/s40135-013-0009-1
http://dx.doi.org/10.1016/j.ophtha.2017.07.010
http://dx.doi.org/10.1097/ICO.0b013e31826671ab
http://dx.doi.org/10.1167/iovs.13-12235
http://dx.doi.org/10.1002/wcms.1240
http://dx.doi.org/10.3390/molecules25081952
http://dx.doi.org/10.1016/j.ejmech.2013.06.048
http://www.ncbi.nlm.nih.gov/pubmed/23880359
http://dx.doi.org/10.1016/j.ejmech.2010.11.034
http://dx.doi.org/10.3389/fchem.2017.00007
http://dx.doi.org/10.1016/j.ejmech.2016.10.064
http://dx.doi.org/10.1242/jeb.147058
http://dx.doi.org/10.1016/j.toxlet.2016.11.007
http://dx.doi.org/10.1016/S0887-2333(97)00117-3
http://dx.doi.org/10.1111/j.1749-6632.1998.tb10641.x
http://www.ncbi.nlm.nih.gov/pubmed/9929667
http://dx.doi.org/10.1093/toxsci/kfi319
http://dx.doi.org/10.1021/ci700443v
http://dx.doi.org/10.1021/tx300393v
http://dx.doi.org/10.1136/bjophthalmol-2018-313173
http://dx.doi.org/10.1016/j.preteyeres.2018.07.004


Methods Protoc. 2020, 3, 74 12 of 12

63. Luechtefeld, T. Analysis of Draize eye irritation testing and its prediction by mining publicly available
2008-2014 REACH data. Altex 2016, 33, 123. [CrossRef]

64. Esposito, L.; Clemente, C.; Bonora, N.; Rossi, T. Modelling human eye under blast loading. Comput. Methods
Biomech. Biomed. Eng. 2015, 18, 107–115. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.14573/altex.1510053
http://dx.doi.org/10.1080/10255842.2013.779684
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	In Vitro Ocular Models 
	Opportunity and Application 
	Conventional 2D Models 
	Advanced Corneal 3D Models 
	Application of Human Cornea-Like Epithelium: Irritation Test Following OECD TG 492 
	Zebrafish Ocular Surface: A Model for Human Corneal Diseases? 

	Pharmacological Application of 3D Reconstructed Human Corneal Tissues: The Dry Eye Model 

	Computational Aspects for the Ocular Pharmacology and Toxicology 
	Conclusions and Future Perspective 
	References

