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ABSTRACT 

 Current corneal drug testing methods are limited based on reliability, ethicality, 

and applicability due to reliance on traditional culture and animal models. To mitigate 

these concerns, new biomimetic models need to be created that incorporate the 

physiology and microenvironment of the in-vivo human eye. Recent advances in 

microfluidic technologies has enabled the development of such devices, often called an 

“eye-on-a-chip” or simply “eye chip”. These models enable greater understanding of 

the in-vivo drug transport mechanisms through ease of use and accurate recapitulation.  

 This work presents a novel eye chip device that focus on recapitulating the 

corneal epithelium, especially the flow conditions therein. A literature review of past 

and modern anterior eye models is presented before an in depth look at the cornea chip 

device is given. The chip utilizes polydimethylsiloxane (PDMS) microchannels bonded 

to a polycarbonate (PC) membrane to form the support structure of the organ chip 

device. The membrane was treated with fibronectin and seeded with 1,3, or 5 layers of 

immortalized human corneal epithelial cells to investigate the cell layer dependence of 

the cornea. After allowing the cells to grow to confluence they were exposed to two 

separate drugs under static, continuous, or simulated blinking flow conditions and the 

permeation through the cell layers of the drugs was measured. This model shows 

promise as method for testing eye drops as well as expansion to incorporate more of the 

corneal structure.  
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CHAPTER I 

INTRODUCTION 
[This chapter was previously published as a part of an article in Lab on a Chip on May 2nd, 2018.  Used 
with permission of the publisher Royal Society of Chemistry. Full reference entry with all authors listed.] 
 

The human cornea is a primary site of exposure to environmental agents, which are 

highly associated with major visual impairment, eye disease, and ocular disorders.1 

Much effort is devoted to develop various ocular medicines with high precision and 

efficacy to treat these defects. Furthermore, ocular mass transport is also highly relevant 

for drugs which enter the aqueous humor to reach their sites of action (e.g. anti-

glaucoma medication). However, drug development efforts currently require multistep 

animal and clinical studies with high failure rates. Most drug testing studies for 

ophthalmic applications are carried out with a static trans-well culture in in-vitro, ex-

vivo, and animal model conditions2-4 and are considered for regulatory acceptance for 

chemicals and drugs testing.5 Studies have shown the limited ability of these tests to 

recapitulate the complex structure of the cornea due to differences between humans and 

animal models in geometrical and dynamic characteristics of corneal and precorneal 

constraints (i.e. tight junctions of the corneal epithelium, blinking interval, tear flow 

shear, tear secretion, flow, size, structure, and thickness). Thus, a sophisticated, 

physiologically relevant model is required for ocular drug testing to minimize overall 

time and monetary costs.  

Recently, organ-on-a-chip platforms have created attention for the possibility to 

establish standardized in-vitro testing platforms for ocular biological studies. During the 

past decade, various ocular-based organ-on-a-chip devices have been developed and 

proved to be helpful for pharmacokinetic (PK) evaluation of drugs.6 Particularly, 

microfluidic-based ocular models such as the blinking eye-on-a-chip 7, collagen-vitrigel 

integrated multi-layered microfluidic devices8, and the contact-lens-on-a-chip9 have 

been developed to partially mimic ocular events.10 Recently, a dynamic cell culture 

platform has been developed for in vitro drug testing with controlled dynamic micro 

flow conditions, that enables the study of ocular drug absorption and permeation.11 

However, these models do not provide the required tear flow associated with blinking 
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patterns or cellular environment that is critical for recapitulating the micro-ocular 

physiological environment in mass transport studies of ocular drugs.  

The normal human cornea consists of five layers which are epithelium, Bowman’s, 

stroma, Descemet’s, and endothelium. In the cornea, the epithelium provides a rate-

limiting barrier, especially for hydrophilic drugs while the stroma provides a barrier for 

lipophilic drugs. Moreover, the permeation also depends on the physicochemical 

properties of the drugs/formulation such as lipophilicity, hydrophilicity, molecular 

weight, charge, size, and degree of ionization.12  

The epithelium is five-to-seven layers of cells thick, and the epithelial cells are 

connected to each other via intercellular junctions that play a critical barrier function. 

The Bowman's layer acts as a supporting layer for the epithelium with 17.7 ± 1.6 µm 

thick collagen fibrils13 and a pore size of ~ 10 µm14. The epithelium and Bowman`s 

layer are interconnected through the basement membrane. This basement membrane 

consists of a felt-like arrangement of fibers (46 nm), bumps and pores (92 nm)15 with 

feature sizes in the nanoscale and submicron range which play a major role in 

modulating cell behaviors such as proliferation, differentiation, and migration.16 

Therefore, reconstruction of these two layers is extremely critical to study drug transport 

behavior in three-dimensional ocular structure.  

In this study, we aimed to establish a fully integrated cornea chip with native 

morphological, topographical and precorneal characteristics (Figure 1) that exist in the 

human corneal epithelium, anterior basement membrane, and the surface of Bowmen’s 

layer. The cornea chip was then used to study drug mass transport behavior using two 

different ocular model drugs under three different conditions: static, continuous flow 

and pulsatile flow. The cornea chip was constructed using immortalized human corneal 

epithelial cells (hTCEpi) cultivated on a fibronectin functionalized porous 

polycarbonate (PC) permeable membrane integrated microfluidic device. The surface 

of the functionalized membrane was examined to mimic the anterior basement 

membrane and Bowman’s layer and to study the permeability across these rate-limiting 

barriers, we chose two topical eye drops in the forms of suspension (Pred Forte) and 

liquid (Zaditor) formulations to investigate mass transport efficiency. These formulation 
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types are the most widely used forms for delivering ocular therapeutics for eye allergy 

and inflammatory diseases. We believe the present study demonstrates a novel in-vitro 

microengineering model that provides meaningful results that are predictive and 

complimentary to in-vivo observations. 

 

Figure 1: Schematic diagram of topical application to the human eye and design for the 
cornea chip. 
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CHAPTER II 

LITERATURE REVIEW 
[This chapter previously published as an article in Lab on a Chip on Apr 3rd, 2017.  Used with permission 
of the publisher Royal Society of Chemistry. Full reference entry with all authors listed.] 

Introduction 
Recently, ocular drug research and development has seen many improvements 

in in-vitro based methodology. However, clinical validation can be challenging and 

presents ethical concerns due to the need for animal testing to determine 

pharmacokinetics/pharmacodynamics (PK/PD), safety, and therapeutic efficacy of 

ocular drugs. For example, several approaches have been proposed for advancing ocular 

drug delivery including, mucoadhesives,17 nano and micro formulations,18 viscosity,19 

and penetration enhancers,20 iontophoresis transporter-targeted and receptor-targeted 

design21 to improve drug penetration across ocular tissues, pre-corneal residence time, 

and prolong the therapeutic efficacy. The inclusion of these enhancers will need to be 

reliably tested to ensure they have the desired PK/PD effects. One of the advanced 

approaches for studying drug properties in other organs is to use bioequivalence adapted 

by an organ-on-a-chip (organ chip) concept. Organ chips are devices that recapitulate 

environments and tissue of interest to study in a microfluidic platform. The microfluidic 

platform is well-suited to manipulating small amounts of fluids in microchannels and 

generates spatiotemporal gradients, as well as delivers nutrients and other chemical cues 

to cell layers. Advancements in microfluidic manufacturing and handling processes 

have enabled the creation of organ chips22, 23 with low-cost and high controllability for 

biomimicry. Various organ chips have been developed to mimic in-vivo micro-

physiological condition by controlling flow and phases of circulation in fabricated 

artificial microsystems. These organ chip platforms allow for estimation of the PK/PD 

of candidate drugs by mimicking mechanical and physicochemical properties of organs 

such as lungs,24 muscles,25 the blood-brain barrier,26-28 the heart,29 and many more. Most 

organ chips are commonly fabricated with a soft-lithography technique which uses 

polydimethylsiloxane (PDMS) to create integrated microfluidic systems, including 

support layers to allow for culturing target cells. Since the organ chips mimic anatomical 

structures and physiology of organs in a reproducible and controllable way, these chips 
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enable a better understanding of pathophysiological mechanisms, toxicity screening, 

and mass transport of drugs on a tissue level, while reducing ethical and cost concerns 

regarding such research. 

The human eye is an important sensory organ with several specialized complex 

structures and highly heterogeneous anatomical and physiological parameters. Eyes are 

protected from external environments by biological barriers and dynamic motions, 

including epithelial tight junctions, blinking, tear flow, and chemistry of tear film. 

Ocular barriers play an important role in governing the transport of solutes and these 

dynamic motions reduce the drug residence time. The common method of drug 

application is through eye drops and the average drug residence time on the ocular 

surface using this method is only 2 ~ 5 minutes, and the estimated amount of drugs 

absorbed by the cornea during that time is only 5% of the total dose, while the rest flows 

through the canaliculi into the lacrimal sac.30 For several years, in-vivo and ex-vivo 

models have been used for evaluating ocular studies and drug behavior. However, due 

to verification and repeatability concerns, researchers have been encouraged to develop 

alternative techniques for various ocular studies including mathematical and in-vitro 

engineering models. Various mathematical models of the eye exist but they do not focus 

on drug PK/PD and are lacking relevant parameters for drug studies. The mathematical 

models that currently exist focus on tear flow profiles and breakup times, which, is only 

part of the information needed for useful drug permeation and effectiveness study. In-

vitro engineering models can be divided into two broad categories, theoretical models, 

and in-vitro experimental models. Experimental engineering models include two-

dimensional (2D) and three-dimensional (3D) functional eye chip models. Some eye 

chip models using microfabrication techniques substitute live animal models by 

emulating ocular events like reflex tearing or blinking patterns. However, most eye drug 

testing platforms fail to provide the required ocular surface constraints and are 

unsuitable for recapitulating the ocular surface environment. Furthermore, in these eye 

chip models, tear influx/outflux, eyelid motion, and eyeball movement has not been well 

investigated. To create a realistic eye chip model, a new microengineering model must 

be developed to eliminate the drawbacks of current models by considering eye 
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microenvironments. Figure 2 is a conceptual design that considers all physiological and 

anatomical microenvironments for a successful eye chip device. The device would 

consider the cell environment on the ocular surface, accurate tear flow rate profiles 

generated by a microfluidic pump, and a blinking eyelid analog. This combination of 

factors has not been considered by any current eye chip devices and these factors are all 

important for drug PK/PD studies. Furthermore, this possible design can easily be scaled 

up to enable for high-throughput drug screenings by coupling with parallel microfluidic 

platforms.31-33 In this review, we focus on the current state of theoretical and 

experimental models and provide an overview of the microfabricated eye chip models 

and their advantages and limitations. In addition, we discuss various physiological 

parameters and constraints that need to be addressed to achieve the ideal eye chip shown 

in Figure 2 for on-chip ophthalmic drug tests.  

 
Figure 2: Schematic design for an ideal eye chip device.  
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The Eye: Anatomy and Physiology 
A brief description of the anatomy, physiology, of the eye, is overviewed in 

Figure 3. The eye has two principal segments, anterior and posterior. The anterior 

segment is comprised of the cornea, iris, ciliary body, lens, the anterior portion of the 

sclera, and the front of the vitreous humor. The posterior segment is comprised of the 

vitreous body, retina, choroid, sclera and optic nerve.  

 

Figure 3: Structure and anatomical components of the eye 

Corneal Layer 
The corneal layer is the outermost, transparent, clear, avascular component of 

the anterior segment of the eye and is in nonstop contact with the external 

environment.34 It is provided with oxygen and nutrients through the lacrimal fluid. 

Shown in Figure 3A, the human cornea is comprised of five layers: (1) Epithelium, (2) 
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Bowman’s layer, (3) stroma, (4) Descemet’s membrane, and (5) Endothelium with a 

thickness of (1) 55.8 ± 3.3 μm35, (2) 18.7 ± 2.5 μm35, (3) 465 to 500 μm36, (4) 10.1 μm37, 

and (5) 4.0 μm,37 respectively. The epithelium is five-to-seven layers thick, and the 

epithelial layer has tight junctions between the cells, which protect it from contaminants. 

Moreover, the cornea is the major route of absorption for topically applied drugs, so it 

is useful in studying drug permeation, absorption, and ocular toxicity. The tight 

junctions of the corneal epithelium act as a rate-limiting barrier for the permeation of 

hydrophilic drugs, in contrast to the stroma and endothelium which allow for little 

resistance to trans-corneal permeation. The permeability of a drug across the cornea is 

affected by physiochemical properties of the drug38 including lipophilicity, molecular 

weight, charge, and size, the degree of ionization and hydrophilic-lipophilic balance of 

the adjuvants or surfactant.  

Conjunctival Layers 
As shown in Figure 3, the conjunctiva is an upper mucous membrane that is thin 

and highly vascularized and covers the anterior globe and inner surface of the eyelids 

which lines the white part of the eye. It is influential for drug delivery as it acts as a 

permeation barrier.39 The conjunctiva consists of three layers shown in Figure 3B. The 

conjunctival layers are rich in epithelial and goblet cells that produce mucin that spreads 

as the basal layer of the tear film. The mucin influences many of the tear film’s 

rheological properties. Figure 4B shows the accessory lacrimal glands that secrete 

minor quantities of tears, which help to protect and lubricate the eye.40, 41 The superficial 

layer of the conjunctiva is made up of epithelial cells, which are responsible for the 

transport of ions and water.42 The conjunctival epithelium is the first non-corneal route 

barrier for the permeation of topically applied drugs. The pore size of the conjunctival 

epithelium is two times bigger and the pores density is 16 times higher than those of the 

corneal epithelium. This structural property provides a high degree of permeability in 

comparison to the cornea.43 In addition, significant amount of any applied drugs reach 

systematic circulation while crossing the conjunctiva because the conjunctiva layer 

contains micro-blood vessels.44 
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Choroid and Sclera 
As shown in Figure 3C and Figure 3D, the choroid and sclera play an important 

role in drug delivery and treatment. The sclera is the outer coat of the eyeball and 

consists of collagen and proteoglycans surrounded in an extracellular matrix (ECM).45 

Figure 3D represents the sclera as three zones: the episclera, the sclera stroma proper, 

and the lamina fusca. The choroid and scleral layers are also highly responsible for the 

drug mass transport because sclera is about 10 times higher permeable than the cornea 

and 5 times higher permeable than the conjunctiva.43 Drugs entering the eye via the 

conjunctival/scleral pathway can enter the posterior segment of the eye. Like the 

conjunctiva, the choroid and sclera consist of micro-blood vessels and blood flow can 

act as a clearance mechanism for ocular medications.44   

Tear Film and Fluid 
The tear film acts as a lubricant, maintains surface smoothness, is a barrier for 

light, and supplies nutrition to the ocular surface. As shown in Figure 4A, tear fluid is 

secreted from the lacrimal glands, meibomian glands, and goblet cells, then enters onto 

the surface of the cornea and conjunctiva where it is then distributed over the eye before 

being drained through the lacrimal sac.46, 47 The tear film thickness is 5.1 ± 0.5 μm35 and 

is commonly described as 3-layered structure (Figure 4B): an outer lipid layer produced 

by the meibomian glands in the eyelids, an aqueous layer produced by the lacrimal 

glands containing lysozymes48 and various proteins,49 and the inner mucous layer 

produced by goblet cells in the epithelium of the conjunctiva that contain glycoproteins. 

At the air-liquid interface, lipids are believed to help the tear film protect the ocular 

surface and delay evaporation. Figure 4A describes the section of the pre-corneal tear 

fluid with the concave outer surface at the upper and lower lid margins, containing most 

of the tear volume. There are two types of tear secretion mechanisms: Basal tear 

secretion occurs without any stimulation and reflex tear secretion occurs in response to 

the conjunctiva irritation, physiological factors, as well as outside stimulus like eye drop 

applications. The normal tear flow rate is the range of 0.5~2.2 µL/min with high age-

dependency such as 2 µL/min for age 16 and at 1 µL/min for age 60.50 
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Figure 4: Anatomy and physiological of the ocular surface and modeling consideration 
for various studies 

Eyeball Movements 
Eye movements, including voluntary and involuntary movement, occur 

through ocular motor systems that control the position and movement of the eyes. 

Figure 4C illustrates possible positions of eyes obtained from both slow and fast types 

of movement by extra- and intraocular muscles. These movements are separated into 

four types: saccades, smooth pursuit movements, vergence movements, and vestibulo-

ocular movements. The intraocular muscle movements are simply pupillary 

constriction/dilation and accommodation of the eye. The extra-ocular muscle 

movements are controlled through the oculomotor nerve systems using the three pairs 

of rectus muscles. This set of muscles controls the horizontal, vertical, and torsional 

position of each eye.51 All of these muscles coordinate in order to produce movement 

of the eye. All classes of eye movements may be affected by therapeutic doses of 

various drugs.52 Thus, the effects of drugs on eye movements needs to be a research 

priority, and the perspectives are given below. 

Anatomical and physiological aspects of ideal eye chip design 
For the anterior segments of the eye, current in-vitro platforms are not able to 

reconstruct in-vivo environments properly due to the pre-corneal constraints such as tear 

inflow and outflow, lacrimation, dilution, conjunctival absorption and interaction with 

tear fluid, as well as corneal constraints such as rate limiting barriers, active ion 

transport, the anatomy of the cornea. Existing platforms disregard the tear dynamics and 

effect of eye blinking movement on drug permeation. The eye chip models should be 

designed, developed and characterized by considering various ocular surface parameters 
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like the tight junctions of the corneal epithelium, blinking, tear secretion, tear drainage 

and even tear film chemistry, which effectively reduces drug residence time after 

administration. Additionally, the ideal eye chip should be able to recapitulate the 

anterior compartment which is the most important for studying the ocular PK/PD as this 

is the common anatomical site for ocular drug application. By considering the ocular 

constraints, the advancement of microfabrication technology could allow replicating the 

anatomy and physiology of the cornea, curved surface of the eye, the lacrimal inflow 

and outflow system, blinking actions, the movement of the eyeball, and disease. 

Engineered Ocular Models 
Many mathematical and physical models have been developed to study different 

ocular phenomena. Currently, mathematical models focus on the development and 

breakup of the tear film, but some have attempted to quantify drug dynamics in a way 

that may be useful for pharmacological studies with further development. Additionally, 

ex-vivo and in-vitro models have been developed with the specific purpose to test ocular 

irritation using cultured epithelial cells and will be influential to the creation of a full 

eye chip platform.53   

Theoretical Models 
Theoretical models of the resting tear film and the tear film during blinking 

action have been formulated. Because of the low aspect ratio of the tear film, lubrication 

theory54 is used as the basis for creating most numerical tear film models. These models 

are generally expressed as partial differential equations, which include the influence of 

surface tension, gravity, and evaporation as non-dimensional parameters. So far, these 

models have been used to investigate the influence of initial film height, evaporation, 

blinking, and gravity on the stability of the tear film. For example, it has been shown 

that gravity and evaporation influences the tear film during the inter-blink period,54 but 

not during the formation of the tear film during blinking.55 

𝐻 + 𝐸 + 𝑄 = 0                            (Eq. 1) 

Eq. 1 is the non-dimensional governing equation for the tear film with H as the tear film 

height, E as an evaporation parameter, and Q as the volume flux term that varies with 

each model. The subscripts on each term represent a partial derivative with respect to 
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the subscript term. This equation is numerically solved to quantitatively estimate the 

shape of the tear film while being able to vary the size of the domain, the amount of 

evaporation, or the initial film height and boundary conditions. Common boundary 

conditions are fixing the boundary flux and pinning the film height at the edge of the 

domain. The same governing equations are used when accounting for eyelid blinking 

motion, except a change in coordinates, i.e. 𝜂 =
( )

 where 𝐿(𝑡) is the length of the 

opening of the eye at time t and 𝜂 is the equivalent x coordinate in a fixed domain, is 

used to simplify the change from a static domain to a moving domain.55-57 The primary 

differences between models are the definition of Q, the volume flux, as well as the flux 

boundary conditions for the model. The definition of the volume flux will change as 

different physics, e.g. gravity and van der Waals forces and conditions for the surface 

of the cornea and sclera are considered, e.g. no-slip vs slip or the permeability of the 

cornea/contact.  

                                                    𝑄 = ∗ (𝐻 + 𝐺)          (Eq. 2)  

Eq. 2 is an example of the volume flux term assuming gravitational and evaporation 

effects with no slip at the eyeball surface.54 Models assume no volume flux, constant 

volume flux,55, 58 a fixed contact angle of the tear film,54, 59, 60 or varying boundary flux57, 

61 at the tear film edge. These models can be verified through comparison of simulated 

tear breakup times to observed tear breakup times. Winter et al. included the effects of 

both evaporation and Van der Waals forces on an inter-blink domain and found that the 

model they formulated showed similar dry spot formation to that seen in-vivo.59 The 

partial differential equation used in the study is shown in Eq. 3. 

                           𝐻 + [1 − 𝛿(𝐻 + Π)] = − (𝐻 + Π + 𝐺)         (Eq. 3)  

Again, H is again the tear film height, E, δ, and K are evaporation parameters, G is the 

gravitational parameter, and Π is the dimensionless conjoining pressure term given by 

Π = [𝐴 + 𝐵(2𝐻𝐻 𝐻 − 𝐻 )], with A and B as terms to account for Van der Waals 

forces. Because lubrication theory evolves from the Navier-Stokes equation, it is 
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possible to find the velocity field for the tear film. For example, Braun and Fitt derived 

the velocity field equations:54 

                                             𝑢 =
( )( )

                                            (Eq. 4)  

                                          𝑣 = 𝐻 (−𝐻 − 1) − ( − )                (Eq. 5)  

These equations are solved using the previous results for the tear film height, H, on the 

domain defined when formulating the model. This field can be used along with the 

convection-diffusion equation to model the diffusion of a particular drug into the tear 

film and through the corneal epithelial cells. 

More recent tear film models have attempted to move from 1D models of the 

tear film to solving the differential equations over a 2D eye-shaped domain.62, 63 Adding 

in the second spatial dimension allows for further investigation into the tear flow in the 

meniscus, and the flow of tear film from the lacrimal gland to the nasal canthus. These 

new investigations match the hydraulic connectivity seen in-vivo. Researchers 

compared video of reflex tearing during the inter-blink period to the 2D model and 

showed that the model was able to mimic the hydraulic connectivity of the film 

development correctly.62 There have also been attempts to create theoretical models that 

involve contact lenses.60, 64 Including a contact lens layer complicates the normal model 

by introducing a permeable layer into the domain that is considered during problem 

formulation. By solving more complex equations, Anderson et al. demonstrate that the 

contact lens negatively influences tear break-up times, but this influence is relatively 

small for realistic situations.64 However, it is still important to consider under tear flow 

cases with contacts for a couple of reasons. First, this flow condition allows us to study 

the changes in drug permeability that contacts cause as the governing equations under 

flow have been derived. Second, imprinted hydrogel contacts are a novel idea for ocular 

drug delivery and this work would be a basis for a theoretical study of their 

effectiveness. 65 

Other models take a control volume approach for the eye to get a general idea 

of the state of the tear film and solutes introduced to the film.66, 67 This approach does 

not calculate the exact height of the film but instead tries to calculate an expected break 
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up time-based on the different sources and sinks of the tear fluid. Because the control 

volume equations are easier to solve than those that fully model the state of the tear film, 

these models have been able to include the influence of miscible and immiscible 

substances in the tear film. 

            = 𝑄 − 𝐴 ∗ 𝐸 − 𝑄 + 𝑄          (Eq. 6)  

Eq. 6 is the mass balance equation using the tear film as a control volume. Here Q is 

the flux from each respective location, A is the surface area, and E is evaporation. 67 

 These mathematical models of the tear film are important to the understanding 

of the challenges facing ocular drug delivery as well as predicting the usability of a 

candidate drug. However, experimental data is necessary for the development of any 

pharmacokinetic models.68 With relevant modifications, additional considerations, and 

experimental data new mathematical models can be produced to aid medical doctors by 

giving guidelines for selecting proper ocular drugs as well as verifying the tear 

conditions to achieve effective treatment for their patients. 

In-Vivo/Ex-Vivo Ocular Model 
Ocular animal models were first used in the 1940s with a live rabbit and dog 

models for investigating eye irritation and have been accepted by regulatory boards 

since 1964. Currently, rabbit eye models are commonly used to quantify the treatment 

efficacy and effectiveness of ocular drugs.2, 3, 69-72 However, it is difficult to use animal 

models to test ocular drugs due to a lack of control for various anatomical and 

physiological parameters. In the case of ex-vivo models, corneal penetration studies 

mostly rely either on excised porcine or bovine cornea and are considered as one of the 

ethical alternatives to in-vivo studies.73 However, porcine and bovine corneas have 

significant inter-species variations, which cannot be controlled. Furthermore, human 

corneas differ from bovine or porcine cornea in size, structure, and thickness. In addition 

to these anatomical differences, the human blink interval and tear flow dynamics also 

differ from the porcine cornea.74 The clinical relevance of animal models is sometimes 

questionable since the pharmacological and physiological responses of animal eyes 

greatly differ from those in humans.75 For example, zebrafish are used for studying 

retinal diseases. However, the visual acuity of zebrafish is much less than that of 
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humans.76, 77 There are few human eye models for studying tear production and 

evaporation.78 However, these models show inconsistent results due to low sensitivity 

and specificity due to tear production responses in the eye.79, 80  

 In-Vitro Ocular Models 
Due to the challenges and restrictions of in-vivo models, alternative in-vitro 

models have been developed and validated. In-vitro cell culture models have been 

developed by several research groups using animal and human primary81, 82 and 

immortalized83, 84 cells to generate various ocular tissue equivalents. This range of cell 

types has been used for various studies including, toxicity, drug releasing, drug 

permeability, ocular bioavailability and biological interaction of various materials. 

Figure 5 illustrates a corneal model constructed by in-vitro 2D and 3D cell culture to 

create tissue-engineered human corneal equivalents using cell lines.85-87 The first 

complete cornea was developed Minami et al. by using bovine endothelial, stromal, and 

endothelial cells in a collagen matrix.88 Corneal equivalents are also commonly 

constructed from primary rabbit corneal epithelial, keratocytes, and mouse endothelial 

cell line89, as well as bovine and pig epithelium, fibroblasts, and endothelium.90 Figure 

5A shows the common culture method to build a 2D in-vitro study and how to expand 

to a full corneal equivalent. Many corneal epithelial monolayer equivalents are still used 

for toxicity and barrier integrity studies, however, many 2D in-vitro studies cannot be 

correlated with in-vivo models due to a lack of relevant physiological barriers and ocular 

constraints. To compensate for these drawbacks of 2D cell culture model, the 3D 

bioengineered human corneal construct has been developed to mimic entire cornea 

structures on the cell culture inserts shown in Figure 5B. The corneal layer in this insert 

model is constructed using immortalized endothelium and epithelium with a collagen 

scaffold embedded with native stromal cells. These corneal constructs were utilized to 

test the barrier properties of various model drugs and verified against porcine models.74 

The results from this cornea equivalent had a slightly higher permeability, by a factor 

of about 1.6 to 1.8, compared to the porcine cornea. This result is difficult to use for 

human corneal construct since human cornea has 5~6 cell layers whereas porcine cornea 

consists of 6~9 layers.75  
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Figure 5: 2D and 3D in-vitro cell culture models of corneal cell equivalents for various 
studies  

Similarly, a multilayered stratified epithelium formed by co-culturing with 

conjunctival and retinal cells is developed for investigating drug uptake, transport, and 

cytotoxicity. This multilayered 3D culture model involves various extracellular factors 

for differentiating the corneal epithelium. Particularly, cell stratification and 

differentiation the air–liquid interface culture systems91 have been used. The air–liquid 

interface culture system shows the advantage of exhibiting closer morphological and 

growth characteristics to that of in-vivo conditions. Using air-liquid interface systems, 

the EpiOcular model and the SkinEthic model have been developed for recapitulating 

human corneal epithelium. However, these models are not relevant to replace the current 

validation and evaluation methods for ocular medicines in the United States (U.S.) and 

the European Union (E.U.)92. The 3D organ culture model shown in Figure 5C was 

developed for studying corneal wound healing, corneal transplantation,93 transfections, 
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and perfusion.94 In this study, the perfusion chamber made of polycarbonate and secured 

with the clamping sleeve, bovine corneoscleral buttons was fixed between the main 

body and a clamping sleeve. The upper layer of epithelium was exposed to air and the 

surface was irrigated with 20 µL/min flow rate at 35°C. The bottom layer of 

endothelium is perfused with a flow rate of 2.5 µL/min under 18 mmHg. This corneal 

perfusion model closely replicates the in-vivo processes of ocular precorneal constraints 

including drainage. Figure 4C shows an extension of curved design, which can provide 

ideas to fabricate 3D curved corneal culture platform for basic investigations into the 

cornea, such as the study of topical ocular drug pharmacokinetics, wound healing, 

toxins, and therapeutic agents. The design is comprised of an apical and basal 

compartment system, which enables the basic investigations into the cornea. 

Postnikoff et al. created 3D, stratified, curved epithelium for the study of 

material interactions at the front of the eye shown in Figure 5D.95 This study shows 3D 

cultured cells on a curved mixed cellulose esters membrane to mimic the anatomical 

structure of the cornea.95 When compared to the 2D models, this 3D model allows for 

creating a more physiologically relevant microenvironment that is more closely mimics 

the native corneal tissues. However, the disadvantage of this system is its opacity which 

makes it challenging for acquiring analytical images. Many in-vitro models have been 

developed at the same period of time, all of these models are not sufficient for 

considering in-vivo conditions, including compositions of aqueous humor, tears, and 

drainage.96  

In addition to the spatial condition of ocular cell cultures, another important 

consideration in all corneal studies is the permeability of the corneal layers presenting 

high cell integrity. In order to achieve high integrity by forming proper tight junctions,97 

long-term cell growth, and enhance cell barrier integrity, research suggests that serum-

free conditions should be used.98, 99 Past attempts at culturing ocular cells in serum-free 

media resulted in conjunctival cells that were not able to produce mucin.99 This mucin 

production has an important physiological function in eye lubrication and aids in the 

adherence of tear films to the eyeball. Moreover, mucin plays an important role in the 

ocular and systemic absorption of topically administered ophthalmic medications. 
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Extensive research has successfully used serum-free media by more closely mimicking 

the configurations of cells that are seen in-vivo. None of these studies can emulate the 

anatomy and physiology perfectly. However, some of the studies have been shown to 

be considerably promising as screens for drugs/chemicals.100-102 These models are 

utilized for basic science, biopharmaceutical research and development, toxicology, 

ocular barriers and permeability studies. 

These cell culture models of ocular tissue have been developed as useful tools 

for investigating cell biology and transport functions. These models can be implemented 

in a microfluidic integrated system for high-throughput analysis since these microfluidic 

systems possess many advantages to overcome all drawbacks of in-vivo, ex-vivo, and 

traditional cell culture models. For example, most of the cornea permeability studies 

rely on static transwell culture models. These models, however, do not fully recapitulate 

the anatomy and physiology of human cornea due to differences in size, structure, 

thickness, blink interval, small volume tear flow dynamics, the arrangement of corneal 

layers, proteins, and enzymes. The advantages include flexibility of device design, 

compatibility with high throughput analysis,103, 104 increased experimental flexibility 

and control over cellular microenvironments,105 low number of cells, possible single 

cell analysis, real-time analysis, high possibility to perform perfusion culture, controlled 

co-culture, minimum reagent consumption and more direct integration with analytical 

components and on-chip analysis.106, 107  

Lastly, in-vitro models have been formulated to study the flow patterns of tear 

fluid on the eye surface. Ali et al. studied the drug release from an imprinted hydrogel 

contact lens during physiological tear flow using an in-vitro model.65 This research 

proposed a contact lens as a drug delivery device which consists of microfluidic 

channels to mimic lacrimal tear flow for drug release studies. Using this contact lens, 

which has infinite sink conditions in the microfluidic model, it was shown that the 

permeation of ketotifen is independent of initial concentration under in-vitro flow rates. 

However, this flow condition does not reflect the tear volume and flow conditions of 

the eye. Tear volume and precise flow conditions are important to mimic because they 

are necessary conditions for accurate ocular modeling to determine mass transport of 
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ocular drugs. Furthermore, increased volume can dampen diffusion and inaccurate flow 

conditions will lead to washing conditions not seen in-vivo. Another recent flow model 

by Awwad et al. 108 was developed by using two compartments for estimation of drug 

clearance by the aqueous outflow pathway. These two compartments were fixed 

together with four screws to mimic the anterior and posterior cavities of the eye. A single 

inlet port and single outlet port were put in the two compartments for overall flow 

control. After validating this model with fluorescence labeled drugs, PK data for various 

drug molecules was obtained to determine the range of vitreous clearing times. This 

study suggests that this device can be used in early drug development to speed 

optimization of therapeutic proteins without the use of animal models.109 However, this 

device does not have epithelial cell layers as part of the permeation study and does not 

account for any blinking or other external effects of flow pattern or generation rate. 

Microengineered Eye Chip 
To design a microengineered eye chip, various anatomical and physiological 

parameters should be included and controlled in the eye chip design, including tear in-

flow, blinking dynamics, the corneal epithelium, and the microstructures of ocular 

tissues. First, the lacrimal system should be included since the amount of tear fluid 

flowing over the eye surface has a significant impact on the diffusion of drugs. This tear 

inflow can be monitored and controlled by a pumping system along with an eyelid 

mimicking the blinking action using common blinking patterns.110 Second, anatomical 

parameters of the eye such as shape and size will need to be varied across different 

devices in order to account for variations present in the global population. The impact 

of the ethnic and genetic differences in eye shape and size has not been investigated in 

theoretical work thus far. The substrate of an eye chip can be fabricated to match 3D 

eye shape to ensure the correct spatial configuration of epithelial cells. However, this 

change of shape should not create a major change in the overall design of the eye chip 

device. Another anatomical characteristic that will need to be considered is the multiple 

layered structures of the eye. The layers of the cornea include the thickness and 

compositions of epithelium, stroma, and endothelium, and rate limiting barriers that 

must be traversed before a drug is absorbed into the interior of the eye. Mimicking this 
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cell structure as closely as possible will improve the performance of any eye chip device. 

Next, the movement of the eyeball can be considered to develop a dynamic platform. 

This movement can have a minor influence on tear flow and might impact drug diffusion 

as well. However, it is not easy to replicate the full layered structure for the anterior 

segment of the eye, and it is difficult to create a device that is representative of the entire 

population. Once these parameters are considered for the eye chip, we will be able to 

create a relevant eye chip for testing drugs/chemicals, utilizing it as an alternative 

method of in-vivo evaluation.  

Current Eye-on-a-chip Models 
 In this section, we discuss an in-vitro eye chip model incorporated with 

microfluidic techniques as listed in Table 1. Microfluidics allows for testing in parallel 

and using small volumes. Most importantly, microfluidic devices allow for specialized 

designs that can be manufactured for testing various tissues and their micro-

physiological environments on a micro scale. Figure 6 shows a fully integrated 

multilayered microfluidic platform for corneal micro-tissue using vitrified collagen.8 

The primary innovation of this work was that a corneal cell bilayer was cultured with 

vitrified collagen for inexpensive micro-tissue patches on PDMS devices. The device 

also showed the ability to control the structure of the model cornea, including pore size 

and permeability. The cornea-on-a-chip successfully cultured cells using collagen 

vitrigel as a scaffold and developed a method for seeding support stromal cells. The 

culture and seeding techniques developed for this device can be used for future eye chip 

devices to create corneal layers that closely mimic conditions within in the human body. 

The impact of ocular geometry on eye chip models must also be recapitulated by 

mimicking the curvature of the ocular surface. For example, a retina-on-a-chip was 

developed for studying the controlled application of drugs and signaling molecules 

directly to the cornea. This retina chip was designed and fabricated to hold mice retina 

and allow for fluidic chemical delivery111. During device testing fluid flows in a channel 

below the retinal cell structure to introduce a negative pressure and introduce curvature 

into the model. For demonstration, cholera toxin beta and toluidine blue were applied 

to the retinal cells to investigate the real-time behavior of the tissue on this retina chip. 
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However, the testing done with this device so far is limited to localized retinal 

examination and further research is needed in order to optimize its methods and apply 

them to other tissues.  

 

 
Figure 6: A microfluidic device used for cornea-on-a-chip development. 

Similar work has been done to create a curved cornea structure that can be used to 

expand on the testing methods applied in the previous work. A 3D structure of the eye 

was created using a curved porous scaffold. This 3D scaffold was fabricated to seed 

keratocytes to reconstruct the cornea and conjunctiva under blinking motions. To mimic 

the eyelid and its influence on the eye, a 3D printed eyelid was produced and driven by 

a program that mimics common blinking patterns. These components were integrated 

into a simple PDMS device in order to create the chip described in Figure 7 .7 This 

human blinking eye chip model successfully mimics the blinking motion of the eye as 

on the basic structure of the cornea. This integrated blinking eye chip can potentially be 

used to understand eye dryness, wound healing, and mechanobiological effect of corneal 

epithelial cells. However, tear flow was not included in the integrated system, which is 

a critical factor for drug permeability tests. Currently, no model explores the effects of 

blinking and the tear turnover rate. Due to the small volume and flow of tear along with 
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tear influx in-vivo, infinite sink conditions do not adequately describe drug transport 

kinetics on the eye. Usually, the blink motion spreads the tear film over the ocular 

surface and can affect the PK/PD of drugs. However, the effects of the blink motion 

have not been fully explored and are lacking in current eye chip devices. 

 

Figure 7: Human blinking eye-on-a-chip micro-device for biomedical, pharmaceutical, 
and environmental applications. 

Lastly, to include the influence of eyeball movement with an eye chip device the 

work of Thuenauer et al. is considered. In this research, a device is developed for 

position control for microscopy of the apical cell membrane, which enables the 

microfluidic-based movable cell culture platform.112 In this work, cells were 

successfully cultured on the movable platform and a relation between chamber pressure 

and movement of the platform was obtained. The researchers conclude that the 

integrated pressure controlled positioning system allowed for precise movements of 

their samples when used for total internal reflection fluorescence microscopy analysis. 

Figure 8 shows an extension of this design, which can provide ideas to fabricate a 

movable eye chip platform. The design is comprised of a pneumatically actuated 

microvalve system, enabling the deflection of a PDMS membrane to simulate eye 

movement on cell chambers. 
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Figure 8: Schematic view of 3D in-vitro movable eye chip design. 
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Table 1: Microfluidic models towards the eye-on-a-chip 

Device Species/core 
materials 

Features Culture/ 
conditions 

Studied Application Ref 

Blinking 
eye-on-
a-chip 

Human, 
primary, 
epithelium, 
stroma 
(keratocyte), 
endothelium  

3D-printed 
biomimetic 
eyelid 

Collagen I 
coated pores 
polystyrene 
cell culture 
scaffolds with 
3D curvature 

Blinking 
durations, 
velocity, 
and 
frequencies 

Innovative 
platform for 
various eye 
studies 

7 

Corneal 
multi-
layered 
micro-
fluidic 
devices 

Rabbit, 
primary, 
epithelium, 
stroma 
(keratocyte)  

PDMS, C-
shaped shear 
barrier, C-
shaped 
culture well, 
fluidic 
network 

Collagen 1 
vitrigel 
membrane, 
continuous 
perfusion 

Vitrified 
collagen, 
corneal 
bilayer, 
permeation 
study 

Corneal 
microtissue 
culture, 
Micro-
patches, 
screening 

8 

Micro-
engineer
ed eye-
cavity-
on-a-
chip 

 

Retinal 
ganglion 
cells, 
silicone oil 
with 
different 
viscosities  

PMMA, 
perfusion 
channel, 
stepper-
motor-driven 
platform 

Medium 
infusion by 
syringe pump, 
mimicking 
vitreous  

Saccadic 
movement, 
emulsificati
on, oil–
aqueous–
retina 
interactions 

Vitreous 
emulsificati
on, vitreous 
substitutes 

113 

Movable 
biochip 

MDCK II 
cells, 
pressure 
controlled 
system  

PDMS, 
actuator 
channels 

Apical cell 
culture 
platform, 
fibronectin 
coat  

Biochip 
movable 
function 

Innovative 
platform for 
eye 
movement 
studies  

112 
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CHAPTER III 

MATERIALS AND METHODS 
[This chapter was previously published as a part of an article in Lab on a Chip on May 2nd, 2018.  Used 
with permission of the publisher Royal Society of Chemistry. Full reference entry with all authors listed.] 

Cornea chip design, fabrication, and characterization 
For microfluidic structures, the xurography technique was adapted to create a 

microfluidic pattern on vinyl sticker tape. The microfluidic structures were designed to 

maintain 10 µL of media in the apical cell culture area. To fabricate the microfluidic 

channels, the designed patterns were cut on 3M Scotchcal™ vinyl tape (Gerber; 

Tolland, CT) using a vinyl cutter (Roland CAMM-1 Servo GX-24). The tape patterns 

were transferred onto Petri dishes and uncured PDMS elastomer (Sylgard 184 Silicone 

Elastomer Kit from Dow Corning, Midland, MI) mixture with a 10: 1 (base material: 

curing agent) ratio was poured on top of the dishes and was cured on a 75 °C hot plate 

for one hour. PDMS was chosen based on its use in past organ-on-a-chip devices. The 

cured PDMS layers were then detached from the mold and inlets and outlets were 

punched using a coring tool (Harris Uni-Core-1, Redding, CA). Next, a Whatman® 

Nuclepore™ Track-Etched polycarbonate (PC) thin clear membrane (pore size 5 μm) 

was embedded between these two microfluidic channels using an irreversible direct 

bonding method.114 Lastly, this membrane-embedded microchip inlet and outlet ports 

are connected to the PTFE #24 AWG thin wall tubing (Cole-Parmer, Vernon Hills, 

Illinois) for preliminary tests such as chip validation and particle translocation tests, and 

were presented briefly in Appendix 1, section 1. 

Surface treatment for cell culture optimization 

Membrane surface treatment for hTCEpi cell culture optimization 
Before epithelium construct, the extensive optimization tests were carried out for 

the surface treatments of the PC membrane using different extracellular matrix (ECM) 

proteins and culture conditions for hTCEpi cells in order to choose the most suitable 

environments for cell culture. The detailed experimental procedure is given in the 

Supporting Information, section S2. 
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Surface treatment for mimicking Bowman’s layer surface characteristics 
N-hydroxysuccinimide (NHS)/1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) (1:1) was mixed with fibronectin (50 µg mL-1 in PBS) and 

exposed to the membrane twice to achieve corneal basal matrix topography. Each time 

the membrane was allowed to air-dry and then further exposed to conventional UVA 

light (100W, 360–370 nm) (Upland, CA) for 1 hour at a working distance of 6 cm for 

cross-linking 115 to achieve the in-vivo corneal basal matrix stiffness as well as limit the 

adsorption properties of the PDMS channel as this UV treatment is commonly used to 

reduce hydrophobicity, making it more appropriate for cell culture.116, 117 The 

topography and mechanics of surface modified porous membrane was characterized by 

a noncontact optical profilometer and contact mode bio-atomic force microscopy (Bio-

AFM, NanoWizard® II; JPK Instruments, Berlin, Germany). Using the optical 

profilometer, the surface texture, uniformity, and roughness of coated and uncoated 

porous membrane was evaluated. To obtain the average roughness of each sample, 5 

different locations were analyzed. The stiffness of the samples was studied by Bio-

AFM. The stiffness changes were measured using nanoindentation technique with a soft 

cantilever (Novascan, Technologies, Inc., nominal stiffness = 0.01 N m-1) with a 5 µm 

SiO2 particle attached to it for force spectroscopic analysis. Force curves were collected 

for 20 different locations from each sample, and a minimum of three samples was 

analyzed to obtain the average stiffness (Young's modulus). Young's modulus values 

were extracted using Hertz's contact mechanics model from the JPK data processing 

software. 

Human corneal epithelium tissue model construction and characterization 
The cornea equivalent was constructed step by step in the chip as described before.4, 

74 Prior to the cell culture, the membrane was rinsed with complete culture medium. 

Cells were then seeded on the chip at an optimized concentration of 1.5 × 106 cells mL-

1. After 24 hours, detached or dead cells were washed with fresh medium and medium 

was replaced every 8 to 10 hours for nutrient replenishment for the entire duration of 

the culture. The cells were grown to confluence on a chip over 3 days after seeding in a 

95% humidified 5% CO2 incubator at 37 °C. Well-differentiated hTCEpi monolayer 
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cultures were obtained on the 5th day. After monolayer formation, the tissue construct 

was exposed to the air-liquid interface for 3 hours by removing the apical channel 

medium. Next, medium with mitomycin C (3 hours, 4 μg mL-1) is applied through the 

channel for 3 hours to inhibit DNA synthesis and nuclear division, and then washed 

thoroughly with fresh medium for thrice. Next, 1.5 × 106 mL-1 of hTCEpi cells were 

cast on top of the 1st confluent cell layer. After the 5th layer epithelial construct is 

confluent, the tissue was exposed to the air-liquid interface for an additional 3 days. 

Within 3 days the cell stacked epithelium was formed as a native corneal epithelium. 

Each cell layer was fixed and characterized by a confocal microscope using 

immunofluorescence staining, and the transepithelial electrical resistance (TEER) was 

measured for barrier integrity evaluation, and the details given in the Supporting 

Information, section S3. Figure 9 illustrates three different precorneal models (static, 

continuous flow, and pulsatile flow) that were used to investigate the kinetic profiles 

under various tear flow conditions. This cornea chip was used for the ocular 

pharmacokinetic evaluation of topically applied drugs as shown in Figure 9A. Detailed 

experimental procedures for each model are described below. 

 

Figure 9: Schematic of in-vitro mass transport models using cornea chip. 
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In-vitro permeation with static model  
Figure 9B shows the experimental setup for the static model. The experiments for 

the evaluation of transepithelial drug permeability from two eye drops containing Pred 

Forte 10 μg μL-1 (lipophilic model drugs) and Zaditor 0.035 μg μL-1 (hydrophilic model 

drugs) were performed for 300 minutes using our chip composed of a donor 

compartment (an effective diffusion area of 8 mm2, acted as an anterior segment of the 

cornea) and a receiver compartment (acted as a posterior segment of the cornea). This 

study used HBSS as a diffusion medium. A measured volume (20 µL) of drug sample 

was added to the donor compartment and same amount HBSS containing 0.1 % Tween-

20 (which can increase the solubility of drugs in static conditions) was added to the 

receiver compartment. Drug samples were collected from the receiver compartment. 

Then, the samples were mixed with 20 µL of acetonitrile/water (9:1) and were extracted 

by high-speed centrifugation (10,000rpm). The supernatant was collected and was 

analyzed by NanoDrop™ Spectrophotometers at a maximum wavelength (λmax) of 247 

nm and 302 nm for Pred Forte and Zaditor, respectively. The area under the curve for 

the resulting plots is calculated using a MATLAB script and the calculated area is 

compared against a standard curve to determine the concentration for that sample. This 

method was validated by a linear calibration curve (r2 = 0.999 for Zaditor and r2 = 0.995 

for Pred Forte) which was obtained over different concentration versus absorbance 

(Figure S1). The mass transport profile of model drugs was calculated by plotting the 

amounts (µg mm-2) of drug permeated through the epithelium construct versus the time 

(minutes). The permeation coefficient Kp was calculated as flux/drug concentration 

from the linear ascent of a permeation curve. 

In vitro permeation under continuous tear flow model 
Figure 9C shows the experimental setup for the continuous flow model. In this 

study, the same amount of drug was injected in the donor side (through drug application 

port) followed by the infusion pump injected the fluid continuously over the surface of 

the epithelium for 300 min with a flow rate of 1.5 µL min-1 for 1st Layer, 1.36 µL min-1 

for 3rd Layer, 1.21 µL min-1 for 5th Layer, while an outlet line removed fluid from the 

chamber at the same rate for collection. The flow rate was calculated to get the same 
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velocity (0.0198 cm s-1) in order to maintain a constant Péclet number and was chosen 

to match previously measured ocular flow rates 78 and the acceptor compartment was 

left static. The low flow rate also suggests the impact of pressure differential, less than 

1 Pascal, between the apical and basal chambers is negligible. 

In vitro permeation under blinking associated pulsatile flow model  
The physiological blinking associated pulsatile flow model was used to study the 

effect of repetitive flow pattern and friction/shear cycles associated with the eyelid 

movement, present in in-vivo conditions, on the drug mass transport from the 

ophthalmic application, which, to our knowledge, have never been investigated before. 

Figure 9D shows the experimental setup for blinking associated pulsatile flow model. 

The pulsatile flow control equipment was used to simulate eyelid movement over the 

corneal layer. The blinking-like pattern was generated according to the normal human 

subject blinking sequence (17 blinks per minute Figure 9E). In this study, the same 

amount of drug was injected in the donor side (through drug application port) followed 

by the infusion pump injected the blinking associated pulsatile flow over the surface of 

the epithelium for 300 min same as the continuous flow case. 
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CHAPTER IV 

RESULTS AND DISCUSSION 
[This chapter was previously published as a part of an article in Lab on a Chip on May 2nd, 2018.  Used 
with permission of the publisher Royal Society of Chemistry. Full reference entry with all authors listed.] 

Design and characterization of the cornea chip  
We designed and fabricated a cornea chip with an integrated membrane and PDMS 

microfluidic channels to create biomimetic anterior corneal layers including tear, 

epithelium, anterior basal matrix and Bowmen’s layer (Figure 1).118, 119 The PDMS 

microchannels are 0.6 mm wide, 220 µm tall, and 8 mm long with a well structure 

(radius of 1 mm) in the center of the microchannel. PDMS combats a primary 

disadvantage of existing standard in-vitro transwell systems, i.e. limited scope for cell 

imaging, bigger size, and difficulties environmental exposure, because this chip can be 

easily imaged and is thin and compact. As shown in Figure 10A~C, the fabrication 

procedure starts by functionalizing a PC membrane with APTES for bonding114 and 

exposing all components to oxygen plasma120 to provide irreversible direct bonding of 

porous polymer membrane to the PDMS microchannels.114 Figure 10D shows a 

photographic image of the cornea chip verification with two different color dyes that 

indicate apical (red color) and basal (blue color) channels separated by the porous PC 

permeable membrane. This PC membrane is well-established for transwell systems that 

separate, through the cell layer, an apical and a basolateral compartment.  

 

Figure 10: Cross-sectional views of cornea chip fabrication 
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 The chip functionality was then characterized by Rhodamine B translocation 

tests over 16 minutes.121-123 As shown in Figure 11A and B, the fluorescence intensity 

grew with time at the outlet of the basal channel, corresponding to an increase of 

Rhodamine B concentration. The diffusion of Rhodamine B saturates in 6 min, while 

diffusion of Rhodamine B loaded suspension is delayed and saturates in 12~16 minutes. 

Time dependent fluorescence intensity profile was found to be the same as in a 

transmembrane system where two compartments were separated by the same type of 

the PC membrane under static conditions of the liquids.124, 125    

 

Figure 11: The bio-inspired ocular drug testing platform development and cornea chip 
optimization. 

To culture corneal epithelial cells on the chip, three ECM proteins, fibronectin, 

gelatin, collagen, were tested along with a control of untreated PC membranes and cell 

viability and proliferation rate was compared. Figure 11D shows the cell viability by 

Calcein AM staining after 5 days of culture on membranes functionalized with different 

proteins. Figure 11E shows the fluorescence intensity of the metabolically active cells 

on these ECM matrices. The number of active cells on fibronectin coated PC membranes 

was higher than membranes functionalized with collagen and gelatin, and untreated PC 

membranes showed active cells about 66.66 %, 66.21 %, and 19.35 % lower than that 

obtained by membranes functionalized with collagen and gelatin, respectively. Thus, a 

fibronectin coated membrane was selected because it shows the highest fluorescence 
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intensity of viable cells. In addition, we found 1.5 × 106 cells mL-1 generated uniform 

cell coverage, leading to cell confluence onto the membrane effectively (Figure S3E).  

Membrane functionalization and topographical characterization 
The Bowman’s layer physical properties are influential in the growth of the corneal 

epithelium. For example, the nanoscale topography of the Bowman’s layer has been 

shown to influence the proliferation of corneal cells.16, 126 Thus, after treating the PC 

membrane surface with fibronectin cross-linking techniques were utilized to mimic the 

topographical and mechanical properties of the in-vivo corneal basal matrix and 

Bowman’s layer. Figure 4A shows the schematic of the membrane functionalization. At 

first, the fibronectin was covalently immobilized on the membrane by forming peptide 

bonds which create the nanofiber like scaffold structures that closely correlates with the 

in-vivo topography of the basal matrix.15, 127 Figure 12B and Figure S2A present PC 

membrane surface profiles from 2D line surface profile and an optical profilometer of 

before and after fibronectin treatment. The thickness of the center of Bowman’s layer is 

21.5 ± 3µm,13, 128 which is close to the thickness of the untreated PC substrate which is 

25 ± 2 µm. After coating with fibronectin shown in Figure 4B, the thickness of the 

membrane increased to 27 ± 3 µm which is still close to the total thickness of the 

Bowman’s layer and anterior basal matrix.13, 129  
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Figure 12: PC membrane functionalization and characterization. 

Further investigation was performed using bio-AFM to measure the surface 

topography and surface roughness, and stiffness of the PC membrane. The fibronectin 

treated membrane shows a mean fiber groove size of 50 ~ 60 nm, which highly 

correlates to the anterior basal matrix of healthy subjects.15 The overall physical 

topography of the fibronectin treated and untreated membranes reveal that they are 

mostly similar to the basement and Bowmen’s layer characteristics to enhance cell 

attachment and proliferation.126 Figure 12D shows the surface roughness of untreated 

(acted as Bowmen’s layer) and treated PC membranes (acted as an anterior basal matrix 

on the Bowmen’s layer). The untreated PC membranes exhibited a roughness of 0.86 ± 
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0.09 μm and the membrane with fibronectin exhibited a roughness of 1.67 ± 0.19 μm. 

This indicates an increase in surface roughness upon functionalization with fibronectin. 

Before and after treatment, the Bowman’s layer and anterior basal matrix mimicking 

layer retain their smoothness which is closely related to the in-vivo subject130 and ECM 

of the human subject.131, 132 

 In addition to topography and surface roughness, membrane stiffness is also 

equally important for various cellular processes.133 We also determined the elastic 

modulus of the untreated and treated membranes using a mean load of 1 nN on the 

surfaces to create force curves. The mean elastic modulus and standard deviation was 

calculated for each membrane. The representative force spectrum of untreated PC 

membrane and fibronectin treated PC membrane are shown in Figure S2B, left side and 

right side, respectively. Figure 12D shows the mean value of the untreated and treated 

membrane stiffness which were 108 ± 11.4 kPa and 19.5 ± 4.3 kPa, respectively.  Both 

stiffness values closely correlates to the in-vivo Bowman's layer (109.8 ± 13.2 kPa) and 

anterior basement membrane (7.5 ± 4.2 kPa), respectively.134, 135 The mechanical 

properties also correlate with a previous experiment, involving a fibronectin coated 

micropatterned scaffold that enhanced cell proliferation and differentiation.136 

Moreover, the fibronectin treated PC membrane results reveal that the elastic modulus 

is directly proportional to the number of crosslinks. Compression of the treated 

membrane results in a higher density of ECM fibers and crosslinks, which may, in turn, 

cause an increase in the modulus.137 Overall, before and after fibronectin treatment, the 

PC membrane retains smoothness, but the stiffness decreased to close to the anterior 

basal matrix properties.129 These kinds of biophysical cues including structuring and 

mechanical characteristics of the PC membrane enable recapitulation of corneal 

epithelium without any phenotype alteration. 

Corneal epithelium equivalent  
 A human corneal epithelium on an anterior basement membrane lined 

Bowmen’s layer was successfully reconstructed in a multilayer microfluidic chip. 

Immunofluorescence analysis indicated that the cultured monolayer of corneal epithelial 

cells on the matrix formed a tight monolayer after 5 days of culture (Figure S3A-C). 
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The cells show a well-defined confluent epithelial monolayer lined by a continuous 

linear distribution of zona occludens (ZO-1).138 In addition, the cell layers were able to 

form a tight monolayer of lattice-like structure of the epithelial cells (Figure S3D) 

which closely resemble human corneal epithelium in-vivo.139 

In addition, multiple corneal epithelial layers were formed by seeding cells on top 

of the fully confluent lower layer. This method allowed us to control the number of 

layers in each device and to shorten the overall culture time when compared to allowing 

the corneal cells to form the layered structure alone. Figure 13 shows the expression of 

a multilayered epithelium construct in the microfluidic chip. Each layer (one to five 

layers) of human corneal epithelium construct consists of a stratified epithelium 

equivalent grown on matrix embedded membrane. Each cell layer showed a tightly 

packed epithelium, and the 5th layer (superficial cell layer) appeared flattened as seen 

in-vivo (Figure 13E). Moreover, this on-chip human epithelium closely resembles the 

in-vivo human corneal epithelium (5-7 layers thickness),140 whereas the commonly used 

porcine cornea consists of 6~9 layers.75, 141 For the ocular drug permeation study, 

multilayered epithelium is considered as the rate-limiting barrier, especially for 

hydrophilic drugs. Extra-layers of epithelium on animal models reduce the permeation 

kinetics of ocular drugs across the posterior segments of the cornea, which is one of the 

reasons animal models often fail to evaluate a drug for human subjects.12  
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Figure 13: The structure of the mimicked corneal epithelial multilayer tissue model 
shown with a Z-stack image series. 

The barrier properties of each layer of epithelium are essential for the in-vivo 

physiological activities of the corneal layer. Figure S4 shows a typical longitudinal 

TEER value of epithelium, consisting of one to five layers of cells. We noted that TEER 

values increased with the increase of corneal epithelial cell layers. In this model, TEER 

values remained consistent over each layer, indicating that the functional barrier 

properties are maintained in throughout experiment period. This suggests that this 

barrier properties of on-chip human corneal epithelium construct is similar to that of 
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human corneal epithelium in-vivo. 142, 143 Therefore, this platform is appropriate for 

ocular PK studies and can act as a reliable comparison with human subjects in 

permeation studies.  

In-vitro ocular pharmacokinetic profile  
 The cornea chip was used in the ocular pharmacokinetic evaluation of topically 

applied drugs with the schematic shown in Figure 9A. As illustrated in Figure 9B~E, 

three different precorneal models, static, continuous flow, and pulsatile flow with 17 

blinks per minute were utilized, and the kinetic profiles of two ocular drugs was 

determined. A lipophilic suspension, Pred Forte, that has a large particle size (1~3 µm) 

to increase residence time, and a hydrophilic formulation, Zaditor that contains a 

permeation enhancer, glycerol, which can increase permeability, 144 and we tried to 

elucidate the differences in formulation with respect to permeability efficiency.  

 Figure 14 shows the results of transmembrane and transepithelial drug 

permeation studies. The permeability of both formulations was evaluated for both the 

biomimetic Bowman’s and cultured corneal epithelium for 300 min after starting the 

experiment. The results were fit using equation 6145  

                                          y  a× (1 b×e(t /t*))                          (Eq. 6) 

, where a and b are the fitting constants and t* is the permeation time shown in Table 

2. Drug mass transport is linear for all cases in the first 50 min (Figure S5) and in this 

interval, data was fit to a straight line to calculate the apparent permeability of both 

fibronectin-treated membrane and biomimetic corneal epithelium from equation (2): 

Papp = ((dQ/dt)/AC0), where dQ/dt is the cumulative permeability rate (μg s-1) in the 

basal side, calculated as the slope of the linear curve-fitting.146 A and C0 are the area 

exposed to the drugs and the initial concentration in the apical side, respectively. 
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Figure 14: In-vitro ocular mass transport experiment under different conditions. 

The kinetic characteristics of drug mass transport in the basal side are listed in 

Table 2 along with the apparent permeability coefficient (Papp) of the multiple layers. 

The biomimetic corneal epithelium in both formulations were found to be linear, r2 > 

0.99, in all cases, but the fibronectin treated membrane shows slightly lower r2 for all 

cases. Figure 14A shows that the permeability of both drugs in the fibronectin-treated 

membrane without epithelium is higher than that of 1-layered, 3-layered, and 5-layered 
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epithelium as we expected. The static model reaches the highest equilibrium 

concentration due to the lack of drug clearance, while the pulsatile model reaches an 

equilibrium concentration higher than the continuous flow model due to less flow to 

flush out the initial drug application. From this investigation, we conclude that the 

fibronectin-treated membrane alone only provides structural support for cell culture 

with minimal effects permeation, similar to the in-vivo Bowmen’s layer.144 

In-vitro ocular drug permeability under static condition 
Figure 14B shows drug permeation results for transepithelial studies under static 

conditions with the two drug formulations. Both drugs show similar permeation patterns 

within the multilayered corneal epithelium and the permeation amount of each drug 

decreased linearly as the number of layers increase. When compared, the liquid 

formulation (Zaditor) is found to have higher permeability than the suspension 

formulation (Pred Forte) in all cases and the higher permeability depends on various 

physicochemical properties of the drugs/formulation such as lipophilicity, 

hydrophilicity, molecular weight, charge, size, and degree of ionization.12 Zaditor 

mostly permeated paracellularly while lipophilic drugs, like Pred Forte, diffuse 

passively and slowly via the epithelial lipid membranes.144 The higher permeation of 

Zaditor is also partially due to the inclusion of a permeation enhancer in the 

formulation.144 The delayed release rate of the drug in Pred Forte formulation is due to 

increase in particle size that results in a decrease in surface area to mass ratio and 

saturation solubility and minimizes concentration in the target region.147 The Pred Forte 

suspension’s particle size, 1~3µm, was formulated to prolong the contact time with the 

cornea and increase the efficacy of drug permeation because of the increase in effective 

exposure of the drug to the ocular surface. However, due to lack of tear flow in this 

model, drug elimination via lacrimation and drug clearance from epithelium is not 

elucidated (Figures S6A) to demonstrate this benefit of the Pred Forte formulation. 

Because the static model has limitations when evaluating drug concentration under 

precorneal constraints, we additionally evaluated the PK experiments with tear flow 

models as follows. 
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Table 2: Initial kinetic parameters for in-vitro drug permeation of the drugs 

 
Eye 

drops 
T* 
 

Static model Continuous Flow Pulsatile flow 

r2 
Flux 

(μgcm-2min−1) 
Papp 

(cm s-1) 
r2 

Flux 
(μgcm-2min−1) 

Papp 
(cm s-1) 

r2 
Flux 

(μgcm-2min−1) 
Papp 

(cm s-1) 

F
N

- 
m

em
 Pred 

Forte 
50 0.947 37.4±0.06×10-6 18.7±0.09×10-6 0.994 21.2±0.06×10-6 10.6±0.06×10-6 0.978 26.4±0.08×10-6 13.2±0.09×10-6 

Zaditor 50 0.887 18.1±0.02×10-5 12.9±0.01×10-4 0.909 12.0±0.09×10-5 8.62±0.03×10-4 0.928 14.4±0.09×10-5 10.3±0.06×10-4 

1s la
ye

r 

Pred 
Forte 

50 0.997 3.44±0.01×10-6 1.72±0.07×10-6 0.999 2.62±0.02×10-6 1.70±0.01×10-6 0.997 3.45±0.08×10-6 1.78±0.06×10-6 

Zaditor 50 0.991 2.44±0.01×10-5 1.74±0.01×10-4 0.999 2.98±0.03×10-5 2.12±0.07×10-4 0.998 3.2±0.02×10-5 2.28±0.04×10-4 

3 
la

ye
r Pred 

Forte 
50 0.998 2.54±0.07×10-6 1.27±0.01×10-6 0.999 3.38±0.06×10-6 1.54±0.04×10-6 0.999 2.57±0.01×10-6 1.58±0.07×10-6 

Zaditor 50 0.995 2.01±0.08×10-5 1.42±0.07×10-4 0.998 2.38±0.08×10-5 1.7±0.03×10-4 0.993 3.50±0.02×10-5 2.5±0.08×10-4 

5 
la

ye
r 

Pred 
Forte 

50 0.999 1.63±0.06×10-6 8.18±0.08×10-7 0.993 2.17±0.01×10-6 1.08±0.01×10-6 0.998 2.10±0.01×10-6 1.05±0.08×10-6 

Zaditor 50 0.996 1.62±0.07×10-6 1.15±0.02×10-4 0.999 2.06±0.07×10-5 1.4±0.037×10-4 0.996 2.44±0.07×10-5 1.74±0.06×10-4 

r2 correlation coefficient of linear regression, t* characteristic permeation time point, and Papp apparent permeability. 
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In-vitro ocular drug permeability under flow conditions 
 Tear flow and blinking mechanisms are the primary parameters that impact drug 

residence time and drainage after topical application. The appearance of drugs in the 

basal compartment during the transepithelial permeation experiment under continuous 

tear flow is shown in Figure 14C and under blinking associated pulsatile flow is shown 

in Figure 14D. During the initial phase, after installation of both formulations, high 

concentrations of drugs were permeated. At 100 minutes in both the continuous tear 

flow and blinking associated pulsatile flow, the permeation concentration reached a 

steady state for both drugs, due to drug elimination by the flow. The change in 

permeation of Pred Forte in both flow models when increasing the number of layers 

decreases, implying that after 3 layers of corneal epithelium, a minimum of permeation 

is approached. By contrast, Zaditor still shows a linear relationship between the number 

of layers and permeation for the continuous flow experiments, but a steep drop in 

permeation between the 3 and 5 layered cases. It is apparent that the formulation and 

properties of the drug being tested as well as the flow conditions impact the layer 

dependence of drug permeation.  

During the initial experiment, the Zaditor formulation reaches steady state faster 

than Pred Forte and is eliminated faster than Pred Forte, so, as expected, the Pred Forte 

formulation residing time is longer. This is also shown in Table 3 where Tmax is higher 

for Pred Forte in all flow cases. A comparison of the time to reach steady state for the 

two flow cases is depicted in Figure S7. The amount of Pred Forte that permeated 

through the epithelial cell membrane is minimal due to the delayed 

dissociation/solubility of the microparticle suspension. The blinking associated pulsatile 

flow results are similar to the continuous flow experiment results, however, the blinking 

associated pulsatile flow pattern increases the permeation of both drugs compared to the 

continuous flow case despite that the drug is cleared from the apical channel after about 

one minute in both cases. This implies that the flow pattern is influential on the 

permeation of topical drugs beyond just clearance. 
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Table 3: Pharmacokinetic parameters of drugs after installation of Pred Forte and 
Zaditor. 

 
Eye 

drops 

Static 
model 

Continuous Flow Pulsatile flow 

Tmax, 
Cmax, t1/2

AUC(0-300min) 

(μg µL-1) 
Tmax 

(min) 
Cmax 

(μg µL-1) 
t1/2 

(min) 
AUC(0-300min) 

(μg µL-1) 
Tmax 

(min) 
Cmax 

(μg µL-1) 
t1/2 

(min) 

1 
la

ye
r Pred Forte nd 0.0114±0.0025 45 0.0041±0.0003 125±3.7 0.0130±0.0024 48 0.0072±0.0008 150±5.5 

Zaditor nd 0.1026±0.0062 37 0.0462±0.0051 100±5.5 0.1613±0.0038 40 0.0481±0.0050 115±2.5 

3 
la

ye
r Pred Forte nd 0.0086±0.0025 45 0.0035±0.0016 130±5.7 0.0101±0.0024 50 0.0053±0.0006 155±3.7 

Zaditor nd 0.0887±0.0029 39 0.0373±0.0024 105±6.5 0.1540±0.0095 40 0.0401±0.0003 125±6.3 

5 
la

ye
r 

Pred Forte nd 0.0081±0.0025 47 0.0029±0.0009 140±3.7 0.0089±0.0006 51 0.0037±0.0004 162±6.1 

Zaditor nd 0.0795±0.0016 40 0.0291±0.0041 115±5.5 0.1262±0.0046 44 0.0331±0.0020 175±8.9 

nd: not determined, Tmax: Time to maximum corneal interstitial compartment concentration; Cmax: 
Maximum concentration; AUC(0-300min): Area under the curve up to the 300 min. and t1/2: elimination 
half-life. 

In order to examine the absorption phase, post absorption phase, and elimination 

phase behavior of these drugs, we calculated the corneal interstitial fluid drug 

concentration VS time profiles under continuous flow and blinking associated pulsatile 

flow, shown in Figures S6B and S6C, and the pharmacokinetic parameters Cmax, Tmax, 

AUC, and t1/2 shown in Table 3. After installation of both drugs, the concentration 

increased with time in each epithelial layer for up to 60 min. At this point of time, the 

concentrations of drugs in the epithelial layers gradually increased with epithelial layer 

thickness dependent behavior. The epithelial drug clearance was absorbed after 100 min 

and almost 98 % of drugs clearance has been observed at 300 min. This implies that tear 

flow washes some of the drug away from the cells before it can be fully absorbed. In 

fact, the cellular protein binding ratio of Pred Forte was higher than that of Zaditor, and 

Pred Forte showed a longer residing time possibly due to the suspension itself as well 

as the microparticle suspension residence time compared to the nanoparticle suspension 

residence time.147 However, due to the delayed dissociation/solubility of the 

microparticle suspension, Pred Forte shows a lower concentration.  

When compared to the static profile, the cumulative mass transport under 

continuous and blinking associated pulsatile flow conditions is reduced by a large 

amount and is dependent on the physiological volumetric flow rate. After 300 minutes, 
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Zaditor concentrations of 10% and 15% of the formulation concentration are present in 

the basal chamber for the continuous flow and blinking flow, respectively while a 

concentration of approximately 25 % of the formulation concentration is obtained in the 

static model study. After 300 minutes, Pred Forte concentrations of 1 % and 1.3 % of 

the formulation concentration are present in the basal chamber for the continuous flow 

and blinking flow, respectively, compared to 2.7 % of the formulation concentration 

obtained in the static condition study. From these results, we can conclude that the static 

condition is not valid for recapitulating in-vivo precorneal conditions-based on tear flow 

and blinking. These results show that static condition experiments greatly overestimate 

drug permeation, do not account for tear drug elimination, residence time, and disregard 

the steady state conditions that are reached in-vivo and in our experiments. 

Normally, the average residence time of eye drops on the precorneal surface is only 

2~5 minutes30 and the estimated amount of drugs that are absorbed by the cornea during 

that time is only 1~7% of the applied dose. In order to determine therapeutic drug 

concentrations in the target tissues, the drop volume, frequency of doses, and drug 

concentration has to be considered.148  For example, commercial Zaditor is 0.035 % 

ketotifen fumarate (0.35mg mL-1); assuming a typical eye drop volume of 20 μL per 

drop at the recommended frequency of administration of drops 2~3 two times per day 

yields an expected dose of 1.2~1.4 μg day-1 at maximum 5~7% ocular availability. 

During the mass transport study, 20 μL of 0.035 % Zaditor drops was administered in 

the donor compartment and 1~7% drugs appeared in the receiver compartment. 

The Pred Forte ophthalmic suspension concentration is 1% prednisolone acetate 

(10 mg mL-1) and repeating the same calculations yields 60~84 μg day-1 at maximum 

5~7% ocular availability. During the mass transport study using the cornea chip, 20 μL 

of 1 % Pred Forte drops was administered in the donor compartment, and the nearly 

1~5% drugs has appeared in the receiver compartment. Therefore, for both Zaditor and 

Pred Forte, there are strong correlations between the mass transports of therapeutically 

relevant concentrations of the drugs from a donor site in our blinking associated 

pulsatile flow platform when compared to in-vivo. 
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 The continuous and pulsatile flow strategies give a significant reality by 

reaching the therapeutic level, which is crucial for achieving therapeutically relevant 

mass transport profiles. 149 Additionally, the mechanism of increased and sustained 

transport is due to the pulsatile flow pattern which is associated with the lid blinking 

process. The drug mass moves through the drainage from tear by the lid blinking 

process. Additional assurances of the precorneal constraints with a suitable tear film 

layers (lipid, aqueous, and mucin), are needed for further examination to understand 

physicochemical interaction.  
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CHAPTER V 

CONCLUSIONS AND OUTLOOK 
[This chapter was previously published as a part of an article in Lab on a Chip on May 2nd, 2018.  Used 
with permission of the publisher Royal Society of Chemistry. Full reference entry with all authors listed.] 
 

A sophisticated, physiologically relevant engineering in-vitro model using a 

microfluidic technology is developed and validated with ocular drugs. This 

microengineered corneal epithelium model is capable of simulating tear volume, tear 

flow, shear, friction, air exposure and blinking associated tear movement. Overall, the 

cornea chip developed in this research gives an important proof of principle, since it 

integrates the topological, structural, chemical, and biological features of the living 

human corneal epithelium on the anterior basement membrane attached Bowmen’s 

layer. The mass transport efficiency of both formulations correlated well with their 

formulation compositions. The results confirmed that the suspension formulation (Pred 

Forte) shows sustained effects that may be due to the prolonged residing time in the 

corneal epithelium construct, and Zaditor shows higher permeability possibly due to the 

presence of a permeability enhancer or physiochemical properties of both active 

pharmaceutical ingredients/excipients. The findings from the corneal chip study can 

support the ocular drug testing approach as the biology of the corneal epithelium are 

close to those of the human subject which is highly appropriate for understanding ocular 

PK, physiology, and diseases. This corneal chip has the potential to replace animal 

models for drug testing, allowing for consistent quantitative measurements with high 

controllability, which will provide meaningful results, predictive and complimentary to 

in-vivo and ex-vivo observations. 

 The presented corneal epithelium chip platform can also be used as the basis for 

a more complete cornea chip platform. Using a similar design and methodology an 

organ on a chip device incorporating the stromal, Descemet’s, and endothelial layers 

can be created to provide a testing platform that models the entire corneal 

microenvironment. Similarly, the curvature of the cornea as well as the blinking force 

and flow can be accurately included in such a model. As these components are added to 

cornea chip platforms the usability, and applicability increases significantly. For 
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example, while the presented work includes the shear flow that would be expected due 

to blinking, it did not incorporate any flow towards the epithelial surface. In convection 

dominated permeation cases, this flow can increase the residence and permeation of the 

drug, changing the measured permeation. In the case of the Pred Forte used in this set 

of experiments, the diffusion coefficient of the suspension based on the Stokes-Einstein 

equation is 2.2 ∗ 10 . In this experiment the characteristic height was 170 µm and 

in the eye can be as low as 5 µm depending on tear film thickness, and a common 

vertical scaling velocity for tear film formation is 20.8 
µ

  54. Using these values, the 

Péclet number comes out to ~16,000 and ~500 respectively, showing the importance of 

including the vertical component of tear flow velocity in future devices.  
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APPENDICES 

Appendix I: Supplementary Information and figures 
[This chapter was previously published as a part of an article in Lab on a Chip on May 2nd, 2018.  Used 
with permission of the publisher Royal Society of Chemistry. Full reference entry with all authors 
listed.] 
 
Section S1. 

Chip Validation:  To ensure leakage-free operation, the membrane-embedded 

microchip was tested with two different food coloring dyes. Using a syringe pump 

(Chemyx Inc), two color dyes, red and blue, were flown in the apical and basal channels 

and the chip was monitored for any leakage around channels areas.  

Particle translocation tests: To ensure corneal epithelial chip functionality in terms of 

translocation of molecules through the membrane, preliminary tests were carried out on 

porous PC membrane. Tests were carried out using the set-up shown in Figure 1; the 

Rhodamine B (1 mg mL-1) and Rhodamine B loaded suspension (1 µm size, 1 mg mL-

1) were flown into the apical channel while distilled water was flown into the basal 

channel. The increase in the fluorescence intensity with time at the outlet of the lower 

channel was correlated to the diffusion into the channel. Diffusive variation in the basal 

channel at different time points were imaged by fluorescence microscope (Nikon 

Eclipse Ti, Nikon, Japan) using Nikon NIS-Element software and micrographs were 

analyzed by the ImageJ (http://rsbweb.nih.gov/ij/) software. Additionally, the samples 

at the outlet were analyzed by a microplate reader (Genesys, Tecan).  

 

Section S2. 

Cell culture: Immortalized human corneal epithelial cells (hTCEpi) were cultured in 

Epilife® medium (Invitrogen, Carlsbad, CA) supplemented with Epilife® defined 

growth supplement (EDGS, Invitrogen, Carlsbad, CA) and 1 % penicillin/streptomycin 

(Gibco, Carlsbad, CA) at 37 °C, 5 % CO2, and were subcultured at least once a week. 

Experiments were used between passages 10~20. The medium was changed every 2 

days and maintained for studies.  

Membrane surface treatment for optimization and mimicry of the Bowman’s Layer 

surface topography: Three different surface treatments were analyzed: fibronectin (50 
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µg mL-1 in PBS), gelatin (0.1 % in PBS) and rat tail collagen (0.05 mg mL-1 in 0.02 N 

acetic acid) as well as an untreated control. Prior to the surface treatment, the chip and 

all the fluidic connectors were sterilized by 70% ethanol followed by UV germicidal 

irradiation (8 W Lamp, G30T8, Sankyo Denki) in a biosafety cabinet for 1 hour. The 

chip was injected with a volume of 10 µL of each protein solution and incubated at 

37 °C for 2 - 3 hours. Excess protein was aspirated and the membranes allowed to air 

dry. Confluent hTCEpi cells in a flask were then washed with 1 × PBS and then were 

detached by incubation with Trypsin/EDTA for 4 minutes. This was neutralized with 

Trypsin neutralization solution and cells collected by centrifugation. Cells were then 

seeded on ECM treated membranes at a concentration of 1 × 105 cells mL-1. Cell 

viability was evaluated after 5 days by Calcein-AM (Life Technologies) cell viability 

assay, as well as a well plate assay. Using this method, the fibronectin was selected as 

the most suitable ECM protein for this study.  

 

Section S3. 

Immunofluorescence imaging of corneal epithelial tissue construct: The corneal 

epithelium was constructed as stated above section. Prior to culture, as a 1st layer, the 

hTCEpi cells were prelabeled with CellTracker™ Red CMTPX dye (25 µM) (Life 

Technologies) in the dark for 30 min and seeded into the chip. The 2nd layer of hTCEpi 

cells was prelabeled with CellTracker™ Green CMFDA dye (25 µM) (Life 

Technologies) in dark for 30 min and cast on top of the 1st layer of the hTCEpi 

monolayer. The following layers of cells were alternative prelabeled with CellTracker™ 

dyes and constructed up to a 5 layer epithelium. In order to evaluate the monolayer and 

tight junction formation, the cells were washed with 1 × PBS thrice before being fixed 

with 4 % paraformaldehyde in PBS for 30 min. They were washed with 1 × PBS and 

immersed in Triton X-100 solution (0.2 % in 1 × PBS) for 15 min to permeabilize the 

cell membrane. The permeabilized cells were then washed thrice with 1 × PBS and were 

incubated for 30 min with 1 % bovine serum albumin (BSA) in 1 × PBS to block 

unspecific bindings. After blocking, double staining was performed to show the tight 

junctions and the actin cytoskeleton. Briefly, the monolayer cultures were incubated for 
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2 hours with primary (Zo-1 rabbit polyclonal antibody (Abcam Inc), 2.5 µg mL-1) 

antibody, washed with PBS, then incubated 1 hour with secondary antibodies (Alexa 

Flour 488 conjugated Donkey Anti-Rabbit secondary antibody, 1 µg mL-1 rhodamine 

phalloidin (100 nM) (Abcam Inc) at room temperature. Finally, cells were 

counterstained with Hoechst 33342, trihydrochloride, trihydrate (Nucleus staining) for 

10 min, and then washed thrice with 1× PBS and imaged under a fluorescence 

microscope. 

In order to evaluate the multi cell layers constructions, each prelabeled cell 

construct (1 to 5 layer) were washed and fixed with 4% paraformaldehyde in PBS, that 

was washed with PBS and then Triton X-100 solution (0.1% in 1× PBS) was added for 

15 min to permeabilize the cell membrane and were washed thrice with 1× PBS. Finally, 

nuclei were counterstained with Hoechst 33342 and washed thrice with 1× PBS. Then, 

the membrane-cell layers were cut out from the chip and mounted on the cover glass for 

confocal imaging by using Nikon TE2000 confocal microscope (Nikon, Japan). Image 

processing and visualization were done using the NIS-Elements Advanced Research 

software (Nikon, Japan) and ImageJ. 

Barrier measurements: The barrier integrity of the corneal epithelial culture on chip was 

evaluated by measuring the transepithelial electrical resistance (TEER) measurements 

were also conducted using an EVOM2 system (World Precision Instruments, United 

States). The TEER was monitored longitudinally in inserts to determine media 

suitability. TEER values were calculated by subtracting the control resistance measured 

in the absence of cells and multiplying by the cell culture area.  
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Figure S1. Calibration curve of drugs validated by UV-visible spectroscopic methods. 
This was found by plotting various concentrations of drugs versus absorbance with 
linear correlation coefficient. (A) The calibration curve was linear over the Pred Forte 
concentration range tested (0.1562, 0.0781, 0.0390, 0.0195, 0.0097 µg mL-1), (B) The 
calibration curve was linear over the Zaditor concentration range tested (0.175, 
0.0875, 0.0437, 0.0218, 0.0109 µg mL-1). Results are explicit as (mean ± SD) of 3 
independent experiments. 
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Figure S2. PC membrane functionalization and characterization. (A) 2D surface 
roughness profile of untreated PC (left) and Fibronectin modification/coating (right) 
obtained by an optical profilometer. (B) Force spectra (FS) of the untreated PC 
membrane (left side) and fibronectin treated PC membrane (right side). The obtained 
Roughness and Young’s modulus of untreated and fibronectin modified PC membrane 
values are given in the main text. 
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Figure S3. Corneal epithelial cells layer characterization in the corneal epithelial chip. 
Immunohistochemical analysis of tight-junction protein expression. The cells were 
cultured in the corneal epithelial chip and allowed to form a monolayer. After incubation 
for 5 days, cells were fixed and immunofluorescence staining was performed with 
antibodies against ZO-1 and counterstained with Hoechst. (A) 10 × magnification 
image. (B) 20× magnification image of a confluent monolayer of cells morphology 
show the typical tight junction between cells. (C) 40 × magnification image of epithelial 
culture shows the tight junction between cells. (D) The immunofluorescence staining 
with antibodies against ZO-1and F-actin show the integrity of epithelium and from the 
B/W thresholded image (D-1) clearly show the lattice-like structure of the epithelial 
tight junctions. (E) Confluent living cells on the chip stained with Hoechst dye blue 
fluorescent staining specific for DNA to show the cell distribution. 
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Figure S4. Barrier function was determined by measurement of trans-epithelial 
electrical resistance in different layer thickness of epithelium (n = 3). 
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Figure S5. Results of drug mass transport experiments for membrane and cell layers 
under different condition. Graphs on the left (Pred Forte) report show details of short-
term permeation (up to 50 min), graphs on the right (Zaditor) show details of short-term 
permeation (up to 50 min). This flushing causes the measured concentration to reach a 
steady state after that time. Each point represents the mean ± SD of three cultures of the 
corneal epithelial chip in a representative experiment. 
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Figure S6. The fraction of drug concentrations in the corneal interstitial compartment 
with different experimental models. The appearance of Pred Forte and Zaditor in the 
receiver (corneal interstitial concentration) compartment during the predetermined time 
of experiment with cultured corneal epithelial cell layers on the corneal epithelial chip 
under different models. (A) Drug appearance under static condition. (B) Drug 
appearance under continuous flow condition. (C) Drug appearance under blinking 
associated pulsatile flow condition. The flow plot shows that the initial tear fluid drug 
application concentration is almost completely flushed after 100 minutes and the profile 
depicted the absorption phase (1) post absorption phase (2) and elimination phase (3). 
This flushing causes the measured concentration to reach a steady state after that time. 
Each point represents the mean ± SD of three cultures of the corneal epithelial chip in a 
representative experiment. 
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Figure S7. The continuous flow model is significantly faster than pulsatile flow model 
for reaching the steady state concentration of drugs in the cell layers permeability. 
Results are explicit as (mean ± SD) of 3 independent experiments. 
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Microengineered biomimetic ocular models for
ophthalmological drug development
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Current ophthalmological drug discovery and testing methods have limitations and concerns regarding re-

liability, ethicality, and applicability. These drawbacks can be mitigated by developing biomimetic eye

models through mathematical and experimental methods which are often referred to as “eye-on-a-chip”

or “eye chip”. These eye chip technologies emulate ocular physiology, anatomy, and microenvironmental

conditions. Such models enable understanding of the fundamental biology, pharmacology, and toxicology

mechanisms by investigating the pharmacokinetics and pharmacodynamics of various candidate drugs

under ocular anatomical and physiological conditions without animal models. This review provides a com-

prehensive overview of the latest advances in theoretical and in vitro experimental models of the anterior

segment of the eye and its microenvironment, including eye motions and tear film dynamics. The current

state of ocular modeling and simulation from predictive models to experimental models is discussed in

detail with their advantages and limitations. The potential for future eye chip models to expedite new

ophthalmic drug discoveries is also discussed.

1. Introduction

Recently, ocular drug research and development has seen
many improvements in in vitro based methodology. However,
clinical validation can be challenging and presents ethical
concerns due to the need for animal testing to determine the
pharmacokinetics/pharmacodynamics (PK/PD), safety, and
therapeutic efficacy of ocular drugs. For example, several
approaches have been proposed for advancing ocular drug
delivery including mucoadhesives,1 nano and micro formula-
tions,2 viscosity3 and penetration enhancers,4 iontophoresis
transporter-targeted and receptor-targeted design5 to improve
drug penetration across ocular tissues, improve pre-corneal
residence time, and prolong the therapeutic efficacy. The
inclusion of these enhancers will need to be reliably tested to
ensure that they have the desired PK/PD effects. One of the
advanced approaches for studying drug properties in other or-
gans is to use bioequivalence adapted by an organ-on-a-chip
(organ chip) concept. Organ chips are devices that recapitu-
late environments and tissues of interest to study in a micro-
fluidic platform. The microfluidic platform is well-suited to
manipulating small amounts of fluids in microchannels and
generates spatiotemporal gradients, as well as delivers nutri-

ents and other chemical cues to cell layers. Advancements in
microfluidic manufacturing and handling processes have en-
abled the creation of organ chips6,7 with low-cost and high
controllability for biomimicry. Various organ chips have been
developed to mimic in vivo micro-physiological conditions by
controlling the flow and phases of circulation in fabricated
artificial microsystems. These organ chip platforms allow for
estimation of the PK/PD of candidate drugs by mimicking
the mechanical and physicochemical properties of organs
such as the lungs,8 the heart,13 muscles,9 the blood–brain
barrier,10–12 and many more. Most organ chips are commonly
fabricated with a soft-lithography technique which uses poly-
dimethylsiloxane (PDMS) to create integrated microfluidic sys-
tems, including support layers to allow for culturing target
cells. Since the organ chips mimic the anatomical structures
and physiology of organs in a reproducible and controllable
way, these chips enable a better understanding of the patho-
physiological mechanisms, toxicity screening, and mass trans-
port of drugs on a tissue level, while reducing ethical and cost
concerns regarding such research.

The human eye is an important sensory organ with several
specialized complex structures and highly heterogeneous ana-
tomical and physiological parameters. The eyes are protected
from external environments by biological barriers and dy-
namic motions, including epithelial tight junctions, blinking,
tear flow, and the chemistry of the tear film. Ocular barriers
play an important role in governing the transport of solutes
and these dynamic motions reduce the drug residence time.
The common method of drug application is through eye
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drops and the average drug residence time on the ocular sur-
face using this method is only 2–5 minutes, and the esti-
mated amount of drugs absorbed by the cornea during that
time is only 5% of the total dose, while the rest flows through
the canaliculi into the lacrimal sac.14 For several years,
in vivo and ex vivo models have been used for evaluating
ocular studies and drug behavior. However, due to verifica-
tion and repeatability concerns, researchers have been
encouraged to develop alternative techniques for various ocu-
lar studies including mathematical and in vitro engineering
models. Various mathematical models of the eye exist but
they do not focus on drug PK/PD and are lacking relevant
parameters for drug studies. The mathematical models that
currently exist focus on tear flow profiles and breakup times,
which is only part of the information needed for useful study
of drug permeation and effectiveness. In vitro engineering
models can be divided into two broad categories, theoretical
models and in vitro experimental models. Experimental engi-
neering models include two-dimensional (2D) and three-
dimensional (3D) functional eye chip models. Some eye chip
models using microfabrication techniques substitute for live
animal models by emulating ocular events like reflex tearing
or blinking patterns. However, most eye drug testing plat-
forms fail to provide the required ocular surface constraints
and are unsuitable for recapitulating the ocular surface envi-
ronment. Furthermore, in these eye chip models, tear influx/
outflux, eyelid motion, and eyeball movement have not been
well investigated. To create a realistic eye chip model, a new
microengineering model must be developed to eliminate the
drawbacks of current models by considering eye microenvi-
ronments. Fig. 1 is a conceptual design that considers all
physiological and anatomical microenvironments for a suc-

cessful eye chip device. The device would consider the cell
environment on the ocular surface, accurate tear flow rate
profiles generated by a microfluidic pump, and a blinking
eyelid analog. This combination of factors has not been con-
sidered by any current eye chip devices and these factors are
all important for drug PK/PD studies. Furthermore, this
possible design can easily be scaled up to enable high-
throughput drug screenings by coupling with parallel micro-
fluidic platforms.15–17 In this review, we focus on the current
state of theoretical and experimental models and provide an
overview of the microfabricated eye chip models and their
advantages and limitations. In addition, we discuss various
physiological parameters and constraints that need to be
addressed to achieve the ideal eye chip shown in Fig. 1 for
on-chip ophthalmic drug tests.

2. The eye: anatomy and physiology

A brief description of the anatomy and physiology of the eye
is shown in Fig. 2. The eye has two principal segments, ante-
rior and posterior. The anterior segment is composed of the
cornea, iris, ciliary body, lens, the anterior portion of the
sclera, and the front of the vitreous humor. The posterior seg-
ment is composed of the vitreous body, retina, choroid,
sclera and optic nerve.

2.1. Corneal layer

The corneal layer is the outermost, transparent, clear, avascu-
lar component of the anterior segment of the eye and is in
nonstop contact with the external environment.18 It is pro-
vided with oxygen and nutrients through the lacrimal fluid.
Shown in Fig. 2A, the human cornea is composed of five
layers: (1) epithelium, (2) Bowman's layer, (3) stroma, (4)
Descemet's membrane, and (5) endothelium with a thickness
of (1) 55.8 ± 3.3 μm,19 (2) 18.7 ± 2.5 μm,19 (3) 465 to 500
μm,20 (4) 10.1 μm,21 and (5) 4.0 μm.21 The epithelium is five-
to-seven layers thick, and the epithelial layer has tight junc-
tions between the cells, which protect it from contaminants.
Moreover, the cornea is the major route of absorption for top-
ically applied drugs, so it is useful in studying drug perme-
ation, absorption, and ocular toxicity. The tight junctions of
the corneal epithelium act as a rate-limiting barrier for the
permeation of hydrophilic drugs, in contrast to the stroma
and endothelium which allow for little resistance to trans-
corneal permeation. The permeability of a drug across the
cornea is affected by the physiochemical properties of the
drug22 including lipophilicity, molecular weight, charge, size,
degree of ionization and hydrophilic–lipophilic balance of
the adjuvants or surfactant.

2.2. Conjunctival layers

As shown in Fig. 2, the conjunctiva is an upper mucous mem-
brane that is thin and highly vascularized and covers the
anterior globe and inner surface of the eyelids which lines
the white part of the eye. It is influential in drug delivery as it

Fig. 1 Schematic design for an ideal eye chip device. A possible ideal
eye chip is presented in this design, which considers the physiological
and anatomical functions, including lacrimal flow, the eyelid, and a
pressure actuating curved movable cell culture platform.
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acts as a permeation barrier.23 The conjunctiva consists of
three layers shown in Fig. 2B. The conjunctival layers are rich
in epithelial and goblet cells that produce mucin that spreads
as the basal layer of the tear film. The mucin influences
many of the tear film's rheological properties. Fig. 3B shows
the accessory lacrimal glands that secrete minor quantities of
tears, which help to protect and lubricate the eye.24,25 The
superficial layer of the conjunctiva is made up of epithelial
cells, which are responsible for the transport of ions and
water.26 The conjunctival epithelium is the first non-corneal
route barrier for the permeation of topically applied drugs.
The pore size of the conjunctival epithelium is two times
bigger and the pore density is 16 times higher than those of
the corneal epithelium. This structural property provides a

high degree of permeability in comparison to the cornea.27

In addition, significant amounts of any applied drug reach
systematic circulation while crossing the conjunctiva because
the conjunctival layer contains micro-blood vessels.28

2.3. Choroid and sclera

As shown in Fig. 2C and D, the choroid and sclera play an
important role in drug delivery and treatment. The sclera is
the outer coat of the eyeball and consists of collagen and pro-
teoglycans surrounded by an extracellular matrix (ECM).29

Fig. 2D represents the sclera as three zones: the episclera, the
sclera stroma proper, and the lamina fusca. The choroid and
scleral layers are also highly responsible for drug mass

Fig. 2 Structure and anatomical components of the eye: (A) structure of the corneal membrane, (B) conjunctiva, (C) choroid, (D) sclera and their
cellular layer organization of mass transport barriers. Not drawn to scale.

Fig. 3 Anatomy and physiology of the ocular surface and modeling considerations for various studies. (A) Tear dynamics: production and removal
of tears driven by the blinking action. Green arrows indicate the tears secreted from the gland and drain to the nasolacrimal duct. Blue arrows
indicate tear evaporation. (B) Layers and chemistry of the tear film. (C) This representational image indicates the different positional characteristics
of eye movements.
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transport because the sclera is about 10 times more perme-
able than the cornea and 5 times more permeable than the
conjunctiva.27 Drugs entering the eye via the conjunctival/
scleral pathway can enter the posterior segment of the eye.
Like the conjunctiva, the choroid and sclera consist of micro-
blood vessels and blood flow can act as a clearance mecha-
nism for ocular medications.28

2.4. Tear film and fluid

The tear film acts as a lubricant, maintains surface smooth-
ness, is a barrier for light, and supplies nutrition to the ocu-
lar surface. As shown in Fig. 3A, tear fluid is secreted from
the lacrimal glands, meibomian glands, and goblet cells,
then spreads over the surface of the cornea and conjunctiva
where it is then distributed over the eye before being drained
through the lacrimal sac.30,31 The tear film thickness is 5.1 ±
0.5 μm19 and is commonly described as a 3-layered structure
(Fig. 3B): an outer lipid layer produced by the meibomian
glands in the eyelids, an aqueous layer produced by the lacri-
mal glands containing lysozymes32 and various proteins,33

and an inner mucous layer produced by goblet cells in the
epithelium of the conjunctiva that contain glycoproteins. At
the air–liquid interface, lipids are believed to help the tear
film protect the ocular surface and delay evaporation. Fig. 3A
describes the section of the pre-corneal tear fluid with the
concave outer surface at the upper and lower lid margins,
containing most of the tear volume. There are two types of
tear secretion mechanisms: basal tear secretion occurs with-
out any stimulation and reflex tear secretion occurs in re-
sponse to conjunctival irritation and physiological factors as
well as outside stimuli like eye drop applications. The normal
tear flow rate is in the range of 0.5–2.2 μL min−1 with a high
age-dependency such as 2 μL min−1 for age 16 and 1 μL
min−1 for age 60.34

2.5. Eyeball movements

Eye movements, including voluntary and involuntary move-
ment, occur through ocular motor systems that control the
position and movement of the eyes. Fig. 3C illustrates possi-
ble positions of the eyes obtained from both slow and fast
types of movement by extra- and intraocular muscles. These
movements are separated into four types: saccades, smooth
pursuit movements, vergence movements, and vestibulo-
ocular movements. The intraocular muscle movements are
simply pupillary constriction/dilation and accommodation of
the eye. The extra-ocular muscle movements are controlled
through the oculomotor nerve systems using the three pairs
of rectus muscles. This set of muscles controls the horizon-
tal, vertical, and torsional position of each eye.35 All of these
muscles coordinate in order to produce movements of the
eye. All classes of eye movements may be affected by thera-
peutic doses of various drugs.36 Thus, the effects of drugs on
eye movements need to be a research priority, and the per-
spectives are given below.

2.6. Anatomical and physiological aspects of an ideal eye
chip design

For the anterior segments of the eye, current in vitro plat-
forms are not able to reconstruct in vivo environments prop-
erly due to pre-corneal constraints such as tear inflow and
outflow, lacrimation, dilution, conjunctival absorption and
interaction with tear fluid, as well as corneal constraints such
as rate limiting barriers, active ion transport, and the anat-
omy of the cornea. Existing platforms disregard the tear dy-
namics and effect of eye blinking movement on drug perme-
ation. The eye chip models should be designed, developed
and characterized by considering various ocular surface pa-
rameters like the tight junctions of the corneal epithelium,
blinking, tear secretion, tear drainage and even tear film
chemistry, which effectively reduce drug residence time after
administration. Additionally, the ideal eye chip should be
able to recapitulate the anterior compartment which is the
most important factor for studying the ocular PK/PD as this
is the common anatomical site for ocular drug application.
By considering the ocular constraints, the advancement of
microfabrication technology could allow replicating the anat-
omy and physiology of the cornea, the curved surface of the
eye, the lacrimal inflow and outflow system, blinking actions,
the movement of the eyeball, and disease.

3. Engineered ocular models

Many mathematical and physical models have been devel-
oped to study different ocular phenomena. Currently, mathe-
matical models focus on the development and breakup of the
tear film, but some have attempted to quantify drug dynam-
ics in a way that may be useful for pharmacological studies
with further development. Additionally, ex vivo and in vitro
models have been developed with the specific purpose of test-
ing ocular irritation using cultured epithelial cells and will be
influential in the creation of a full eye chip platform.37

3.1. Theoretical models

Theoretical models of the resting tear film and the tear film
during blinking action have been formulated. Because of the
low aspect ratio of the tear film, lubrication theory38 is
used as the basis for creating most numerical tear film
models. These models are generally expressed as partial dif-
ferential equations, which include the influence of surface
tension, gravity, and evaporation as non-dimensional param-
eters. So far, these models have been used to investigate the
influence of initial film height, evaporation, blinking, and
gravity on the stability of the tear film. For example, it has
been shown that gravity and evaporation influence the tear
film during the inter-blink period,38 but not during the for-
mation of the tear film during blinking.39

Ht + E + Qx = 0 (1)

Eqn (1) is the non-dimensional governing equation for the
tear film with H as the tear film height, E as an evaporation
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parameter, and Q as the volume flux term that varies with
each model. The subscripts on each term represent a partial
derivative with respect to the subscript term. This equation is
numerically solved to quantitatively estimate the shape of the
tear film while being able to vary the size of the domain, the
amount of evaporation, or the initial film height and bound-
ary conditions. Common boundary conditions are fixing the
boundary flux and pinning the film height at the edge of the
domain. The same governing equations are used when
accounting for eyelid blinking motion, except a change in co-

ordinates, i.e. where LĲt) is the length of the open-

ing of the eye at time t and η is the equivalent x coordinate
in a fixed domain, is used to simplify the change from a
static domain to a moving domain.39–41 The primary differ-
ences between models are the definition of Q, the volume
flux, and the flux boundary conditions for the model. The
definition of the volume flux will change as different physics,
e.g. gravity and van der Waals forces, and conditions for the
surface of the cornea and sclera are considered, e.g. no-slip
vs. slip or the permeability of the cornea/contact.

(2)

Eqn (2) is an example of the volume flux term assuming
gravitational and evaporation effects with no slip at the eye-
ball surface.38 Models assume no volume flux, constant vol-
ume flux,39,42 a fixed contact angle of the tear film,38,43,44 or
varying boundary flux41,45 at the tear film edge. These models
can be verified through comparison of simulated tear
breakup times to observed tear breakup times. Winter et al.
included the effects of both evaporation and van der Waals
forces on an inter-blink domain and found that the model
they formulated showed similar dry spot formation to that
seen in vivo.43 The partial differential equation used in the
study is shown in eqn (3).

(3)

H is again the tear film height, E, δ, and K are evaporation
parameters, G is the gravitational parameter, and Π is the di-
mensionless conjoining pressure term given by

, with A and B as terms to ac-

count for van der Waals forces. Because lubrication theory
evolves from the Navier–Stokes equation, it is possible to find
the velocity field for the tear film. For example, Braun and
Fitt derived the velocity field equations:38

(4)

(5)

These equations are solved using the previous results
for the tear film height, H, on the domain defined when for-
mulating the model. This field can be used along with the
convection–diffusion equation to model the diffusion of a
particular drug into the tear film and through the corneal
epithelial cells.

More recent tear film models have attempted to move
from 1D models of the tear film to solving the differential
equations over a 2D eye-shaped domain.46,47 Adding in the
second spatial dimension allows for further investigation into
the tear flow in the meniscus, and the flow of tear film from
the lacrimal gland to the nasal canthus. These new investiga-
tions match the hydraulic connectivity seen in vivo. Re-
searchers compared a video of reflex tearing during the inter-
blink period to the 2D model and showed that the model was
able to mimic the hydraulic connectivity of the film develop-
ment correctly.46 There have also been attempts to create the-
oretical models that involve contact lenses.44,48 Including a
contact lens layer complicates the normal model by introduc-
ing a permeable layer into the domain that is considered
during problem formulation. By solving more complex equa-
tions, Anderson et al. demonstrate that the contact lens nega-
tively influences tear break-up times, but this influence is
relatively small for realistic situations.48 However, it is still
important to consider under tear flow cases with contacts for
a couple of reasons. First, this flow condition allows us to
study the changes in drug permeability that contacts cause as
the governing equations under flow have been derived. Sec-
ond, imprinted hydrogel contacts are a novel idea for ocular
drug delivery and this work would be a basis for a theoretical
study of their effectiveness.49

Other models take a control volume approach for the eye
to get a general idea of the state of the tear film and solutes
introduced to the film.50,51 This approach does not calculate
the exact height of the film but instead tries to calculate an
expected break up time-based on the different sources and
sinks of the tear fluid. Because the control volume equations
are easier to solve than those that fully model the state of the
tear film, these models have been able to include the influ-
ence of miscible and immiscible substances in the tear film.

(6)

Eqn (6) is the mass balance equation using the tear film
as a control volume. Here Q is the flux from each respective
location, A is the surface area, and E is evaporation.51

These mathematical models of the tear film are important
to the understanding of the challenges facing ocular drug de-
livery as well as predicting the usability of a candidate drug.
However, experimental data are necessary for the develop-
ment of any pharmacokinetic model.52 With relevant
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modifications, additional considerations, and experimental
data new mathematical models can be produced to aid medi-
cal doctors by giving guidelines for selecting appropriate
ocular drugs as well as verifying the tear conditions to
achieve effective treatment for their patients.

3.2. In vivo/ex vivo ocular model

Ocular animal models were first used in the 1940s using a
live rabbit and dog models for investigating eye irritation and
have been accepted by regulatory boards since 1964. Cur-
rently, rabbit eye models are commonly used to quantify the
treatment efficacy and effectiveness of ocular drugs.53–58

However, it is difficult to use animal models to test ocular
drugs due to a lack of control for various anatomical and
physiological parameters. In the case of ex vivo models, cor-
neal penetration studies mostly rely on either excised porcine
or bovine cornea and are considered as one of the ethical
alternatives to in vivo studies.59 However, porcine and bovine
corneas have significant inter-species variations, which can-
not be controlled. Furthermore, human corneas differ from
bovine or porcine cornea in size, structure, and thickness. In
addition to these anatomical differences, the human blink
interval and tear flow dynamics also differ from those of the
porcine cornea.60 The clinical relevance of animal models is
sometimes questionable since the pharmacological and phys-

iological responses of animal eyes greatly differ from those of
humans.61 For example, zebrafish are used for studying reti-
nal diseases. However, the visual acuity of zebrafish is much
less than that of humans.62,63 There are few human eye
models for studying tear production and evaporation.64 How-
ever, these models show inconsistent results due to low
sensitivity and specificity due to tear production responses in
the eye.65,66

3.3. In vitro ocular models

Due to the challenges and restrictions of in vivo models,
alternative in vitro models have been developed and vali-
dated. In vitro cell culture models have been developed by
several research groups using animal and human primary67,68

and immortalized69,70 cells to generate various ocular tissue
equivalents. This range of cell types has been used for vari-
ous studies including toxicity, drug release, drug permeabil-
ity, ocular bioavailability and biological interaction of various
materials. Fig. 4 illustrates a corneal model constructed by
in vitro 2D and 3D cell culture to create tissue-engineered
human corneal equivalents using cell lines.71–73 The first
complete cornea was developed by Minami et al. by using
bovine endothelial, stromal, and endothelial cells in a colla-
gen matrix.74 Corneal equivalents are also commonly
constructed from primary rabbit corneal epithelial, keratocyte,

Fig. 4 2D and 3D in vitro cell culture models of corneal cell equivalents for various studies. (A) In vitro models based on cell culture techniques.
(B) Diagrammatic representation of the step-by-step construction of corneal equivalents; cells are cultured layer by layer on the cell culture inserts
and differentiated into a stratified layer with an air–cell interface. (C) Schematic diagram of perfusion chamber which can be used for the construc-
tion of a 3D curved culture model for the corneal anterior chamber. (D) Curved, stratified in vitro model reconstruction using cellulose substrate
to mimic the curvature of the cornea.
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and mouse endothelial cell lines,75 as well as bovine and por-
cine epithelium, fibroblasts, and endothelium.76 Fig. 4A
shows the common culture method used to build a 2D
in vitro study and how to expand to a full corneal equivalent.
Many corneal epithelial monolayer equivalents are still used
for toxicity and barrier integrity studies; however, many 2D
in vitro studies cannot be correlated with in vivo models due
to a lack of relevant physiological barriers and ocular con-
straints. To compensate for these drawbacks of the 2D cell
culture model, the 3D bioengineered human corneal con-
struct has been developed to mimic entire cornea structures
on the cell culture inserts shown in Fig. 4B. The corneal layer
in this insert model is constructed using immortalized endo-
thelium and epithelium with a collagen scaffold embedded
with native stromal cells. These corneal constructs were uti-
lized to test the barrier properties of various model drugs
and verified against porcine models.60 The results from this
cornea equivalent had a slightly higher permeability, by a fac-
tor of about 1.6 to 1.8, compared to the porcine cornea. This
result is difficult to use for human corneal constructs since
human cornea has 5–6 cell layers whereas porcine cornea
consists of 6–9 layers.61

Similarly, a multilayered stratified epithelium formed by
co-culturing with conjunctival and retinal cells is developed
for investigating drug uptake, transport, and cytotoxicity.
This multilayered 3D culture model involves various extracel-
lular factors for differentiating the corneal epithelium. In
particular, cell stratification and differentiation of the air–
liquid interface culture systems77 have been used. The air–
liquid interface culture system shows the advantage of
exhibiting closer morphological and growth characteristics to
that of in vivo conditions. Using air–liquid interface systems,
the EpiOcular model and the SkinEthic model have been
developed for recapitulating the human corneal epithelium.
However, these models are not relevant to replace the current
validation and evaluation methods for ocular medicines in
the United States (U.S.) and the European Union (E.U.).78 The
3D organ culture model shown in Fig. 4C was developed for
studying corneal wound healing, corneal transplantation,79

transfections, and perfusion.80 In this study, the perfusion
chamber was made of polycarbonate and secured with the
clamping sleeve, and bovine corneoscleral buttons were fixed
between the main body and a clamping sleeve. The upper
layer of the epithelium was exposed to air and the surface
was irrigated with a 20 μL min−1 flow rate at 35 °C. The
bottom layer of the endothelium is perfused with a flow
rate of 2.5 μL min−1 under 18 mm Hg. This corneal perfu-
sion model closely replicates the in vivo processes of ocular
precorneal constraints including drainage. Fig. 4C shows an
extension of the curved design, which can provide ideas for
fabricating 3D curved corneal culture platforms for basic
investigations into the cornea, such as the study of topical
ocular drug pharmacokinetics, wound healing, toxins, and
therapeutic agents. The design is composed of an apical and
basal compartment system, which enables basic investiga-
tions into the cornea.

Postnikoff et al. created a 3D, stratified, curved epithelium
for the study of material interactions at the front of the eye
shown in Fig. 4D.81 This study shows 3D cultured cells on a
curved mixed cellulose ester membrane to mimic the ana-
tomical structure of the cornea.81 When compared to the 2D
models, this 3D model allows for creating a more physiologi-
cally relevant microenvironment that more closely mimics
the native corneal tissues. However, the disadvantage of this
system is its opacity which makes it challenging for acquiring
analytical images. Many in vitro models have been developed
at the same period of time; all of these models are not suffi-
cient for considering in vivo conditions, including composi-
tions of aqueous humor, tears, and drainage.82

In addition to the spatial condition of ocular cell cultures,
another important consideration in all corneal studies is the
permeability of the corneal layers presenting high cell inte-
grity. In order to achieve high integrity by forming proper
tight junctions,83 long-term cell growth, and enhanced cell
barrier integrity, research suggests that serum-free conditions
should be used.84,85 Past attempts at culturing ocular cells in
serum-free media resulted in conjunctival cells that were not
able to produce mucin.85 This mucin production has an im-
portant physiological function in eye lubrication and aids in
the adherence of tear films to the eyeball. Moreover, mucin
plays an important role in the ocular and systemic absorption
of topically administered ophthalmic medications. Extensive
research has successfully used serum-free media by more
closely mimicking the configurations of cells that are seen
in vivo. None of these studies can emulate the anatomy and
physiology perfectly. However, some of the studies have been
shown to be considerably promising as screens for drugs/
chemicals.86–88 These models are utilized for basic science,
biopharmaceutical research and development, toxicology,
ocular barriers and permeability studies.

These cell culture models of ocular tissue have been devel-
oped as useful tools for investigating cell biology and trans-
port functions. These models can be implemented in a
microfluidic integrated system for high-throughput analysis
since these microfluidic systems possess many advantages to
overcome all drawbacks of in vivo, ex vivo, and traditional cell
culture models. For example, most of the cornea permeability
studies rely on static Transwell culture models. These
models, however, do not fully recapitulate the anatomy and
physiology of the human cornea due to differences in size,
structure, thickness, blink interval, small volume tear flow
dynamics, arrangement of corneal layers, proteins, and
enzymes. The advantages include flexibility of device design,
compatibility with high throughput analysis,89,90 increased
experimental flexibility and control over cellular microenvi-
ronments,91 low number of cells, possible single cell analysis,
real-time analysis, high possibility to perform perfusion cul-
ture, controlled co-culture, minimum reagent consumption
and more direct integration with analytical components and
on-chip analysis.92,93

Lastly, in vitro models have been formulated to study the
flow patterns of tear fluid on the eye surface. Ali et al. studied
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the drug release from an imprinted hydrogel contact lens
during physiological tear flow using an in vitro model.49 This
research proposed a contact lens as a drug delivery device
which consists of microfluidic channels to mimic lacrimal
tear flow for drug release studies. Using this contact lens,
which has infinite sink conditions in the microfluidic model,
it was shown that the permeation of ketotifen is independent
of the initial concentration under in vitro flow rates. However,
this flow condition does not reflect the tear volume and flow
conditions of the eye. Tear volume and precise flow condi-
tions are important to mimic because they are necessary con-
ditions for accurate ocular modeling to determine the mass
transport of ocular drugs. Furthermore, increased volume
can dampen diffusion and inaccurate flow conditions will
lead to washing conditions not seen in vivo. Another recent
flow model by Awwad et al.94 was developed by using two
compartments for estimation of drug clearance by the aque-
ous outflow pathway. These two compartments were fixed to-
gether with four screws to mimic the anterior and posterior
cavities of the eye. A single inlet port and a single outlet port
were put in the two compartments for overall flow control.
After validating this model with fluorescent labeled drugs, PK
data for various drug molecules were obtained to determine
the range of vitreous clearing times. This study suggests that
this device can be used in early drug development to speed
optimization of therapeutic proteins without the use of ani-
mal models.95 However, this device does not have epithelial
cell layers as part of the permeation study and does not
account for any blinking or other external effects of flow
pattern or generation rate.

3.4. Microengineered eye chip

To design a microengineered eye chip, various anatomical
and physiological parameters should be included and con-
trolled in the eye chip design, including tear in-flow, blinking
dynamics, the corneal epithelium, and the microstructures of
ocular tissues. First, the lacrimal system should be included
since the amount of tear fluid flowing over the eye surface
has a significant impact on the diffusion of drugs. This tear
inflow can be monitored and controlled by a pumping system
along with an eyelid mimicking the blinking action using
common blinking patterns.96 Second, anatomical parameters
of the eye such as shape and size will need to be varied
across different devices in order to account for variations
present in the global population. The impact of the ethnic
and genetic differences in eye shape and size has not been
investigated in theoretical work thus far. The substrate of an
eye chip can be fabricated to match a 3D eye shape to ensure
the correct spatial configuration of epithelial cells. However,
this change of shape should not create a major change in the
overall design of the eye chip device. Another anatomical
characteristic that will need to be considered is the multiple
layered structures of the eye. The layers of the cornea include
the thickness and compositions of the epithelium, stroma,
and endothelium, and rate limiting barriers that must be

traversed before a drug is absorbed into the interior of the
eye. Mimicking this cell structure as closely as possible will
improve the performance of any eye chip device. Next, the
movement of the eyeball can be considered to develop a dy-
namic platform. This movement can have a minor influence
on tear flow and might impact drug diffusion as well. How-
ever, it is not easy to replicate the full layered structure for
the anterior segment of the eye, and it is difficult to create
a device that is representative of the entire population. Once
these parameters are considered for the eye chip, we will be
able to create a relevant eye chip for testing drugs/chemicals,
utilizing it as an alternative method of in vivo evaluation.

3.4.1. Current eye-on-a-chip models. In this section, we
discuss an in vitro eye chip model incorporated with micro-
fluidic techniques as listed in Table 1. Microfluidics allows
for testing in parallel and using small volumes. Most impor-
tantly, microfluidic devices allow for specialized designs that
can be manufactured for testing various tissues and their
micro-physiological environments on a micro scale. Fig. 5
shows a fully integrated multilayered microfluidic platform
for corneal micro-tissue using vitrified collagen.97 The pri-
mary innovation of this work was that a corneal cell bilayer
was cultured with vitrified collagen for inexpensive micro-
tissue patches on PDMS devices. The device also showed the
ability to control the structure of the model cornea, including
pore size and permeability. The cornea-on-a-chip successfully
cultured cells using collagen vitrigel as a scaffold and devel-
oped a method for seeding support stromal cells. The culture
and seeding techniques developed for this device can be used
for future eye chip devices to create corneal layers that closely
mimic conditions within the human body. The impact of
ocular geometry on eye chip models must also be recapitu-
lated by mimicking the curvature of the ocular surface. For
example, a retina-on-a-chip was developed for studying the
controlled application of drugs and signaling molecules
directly to the cornea. This retina chip was designed and
fabricated to hold mice retina and allow for fluidic chemical
delivery.98 During device testing, fluid flows in a channel be-
low the retinal cell structure to introduce a negative pressure
and introduce curvature into the model. For demonstration,
cholera toxin beta and toluidine blue were applied to the reti-
nal cells to investigate the real-time behavior of the tissue on
this retina chip. However, the testing done with this device
so far is limited to localized retinal examination and further
research is needed in order to optimize its methods and
apply them to other tissues.

Similar work has been done to create a curved cornea
structure that can be used to expand on the testing methods
applied in the previous work. A 3D structure of the eye was
created using a curved porous scaffold. This 3D scaffold was
fabricated to seed keratocytes to reconstruct the cornea and
conjunctiva under blinking motions. To mimic the eyelid
and its influence on the eye, a 3D printed eyelid was pro-
duced and driven by a program that mimics common
blinking patterns. These components were integrated into a
simple PDMS device in order to create the chip described in

Lab on a ChipCritical review

Pu
bl

is
he

d 
on

 0
3 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 R
ep

ri
nt

s 
D

es
k 

on
 6

/1
4/

20
19

 2
:0

9:
14

 P
M

. 
View Article Online

https://doi.org/10.1039/c7lc00112f


Lab Chip, 2017, 17, 1539–1551 | 1547This journal is © The Royal Society of Chemistry 2017

Fig. 6.99 This human blinking eye chip model successfully
mimics the blinking motion of the eye as in the basic struc-
ture of the cornea. This integrated blinking eye chip can
potentially be used to understand eye dryness, wound
healing, and the mechanobiological effect of corneal epithe-
lial cells. However, tear flow was not included in the inte-
grated system, which is a critical factor for drug permeability
tests. Currently, no model explores the effects of blinking
and the tear turnover rate. Due to the small volume and flow
of tears along with tear influx in vivo, infinite sink conditions
do not adequately describe drug transport kinetics on the
eye. Usually, the blink motion spreads the tear film over the
ocular surface and can affect the PK/PD of drugs. However,
the effects of the blink motion have not been fully explored
and are lacking in current eye chip devices.

Lastly, to include the influence of eyeball movement on an
eye chip device the work of Thuenauer et al. is considered. In
this research, a device is developed for position control for
microscopy of the apical cell membrane, which enables the
microfluidic-based movable cell culture platform.100 In this
work, cells were successfully cultured on the movable plat-
form and a relation between chamber pressure and move-
ment of the platform was obtained. The researchers conclude
that the integrated pressure controlled positioning system
allowed for precise movements of their samples when used

Fig. 6 Human blinking eye-on-a-chip micro-device for biomedical,
pharmaceutical, and environmental applications. Tear fluid is stored on
the mimetic eyelid to support the blinking action.T

ab
le

1
M
ic
ro
fl
u
id
ic

m
o
d
el
s
to
w
ar
d
s
th
e
ey

e-
o
n
-a
-c
h
ip

D
ev
ic
e

Sp
ec
ie
s/
co
re

m
at
er
ia
ls

Fe
at
u
re
s

C
u
lt
u
re
/c
on

d
it
io
n
s

St
u
d
ie
d

A
pp

li
ca
ti
on

R
ef

B
li
n
ki
n
g

ey
e-
on

-a
-c
h
ip

H
u
m
an

,p
ri
m
ar
y,

ep
it
h
el
iu
m
,

st
ro
m
a
(k
er
at
oc
yt
e)
,

en
do

th
el
iu
m

3D
-p
ri
n
te
d
bi
om

im
et
ic

ey
el
id

C
ol
la
ge
n
I
co
at
ed

po
re
s

po
ly
st
yr
en

e
ce
ll
cu

lt
u
re

sc
af
fo
ld
s

w
it
h
3D

cu
rv
at
u
re

B
li
n
ki
n
g
d
u
ra
ti
on

s,
ve
lo
ci
ty
,

an
d
fr
eq

u
en

ci
es

In
n
ov
at
iv
e
pl
at
fo
rm

fo
r

va
ri
ou

s
ey
e
st
ud

ie
s

99

C
or
n
ea
l
m
u
lt
i-l
ay
er
ed

m
ic
ro
-f
lu
id
ic

d
ev
ic
es

R
ab

bi
t,
pr
im

ar
y,

ep
it
h
el
iu
m
,

st
ro
m
a
(k
er
at
oc
yt
e)

PD
M
S,

C
-s
h
ap

ed
sh

ea
r
ba

rr
ie
r,

C
-s
h
ap

ed
cu

lt
u
re

w
el
l,
fl
u
id
ic

n
et
w
or
k

C
ol
la
ge
n
1
vi
tr
ig
el

m
em

br
an

e,
co
n
ti
n
u
ou

s
pe

rf
us

io
n

V
it
ri
fi
ed

co
ll
ag

en
,c

or
n
ea
l

bi
la
ye
r,
pe

rm
ea
ti
on

st
ud

y
C
or
n
ea
l
m
ic
ro
ti
ss
u
e

cu
lt
u
re
,m

ic
ro
-p
at
ch

es
,

sc
re
en

in
g

97

M
ic
ro
-e
n
gi
n
ee
re
d

ey
e-
ca
vi
ty
-o
n
-a
-c
h
ip

R
et
in
al

ga
n
gl
io
n
ce
ll
s,

si
li
co
n
e
oi
l
w
it
h
d
if
fe
re
n
t

vi
sc
os
it
ie
s

PM
M
A
,p

er
fu
si
on

ch
an

n
el
,

st
ep

pe
r-
m
ot
or
-d
ri
ve
n
pl
at
fo
rm

M
ed

iu
m

in
fu
si
on

by
sy
ri
n
ge

pu
m
p,

m
im

ic
ki
n
g
vi
tr
eo

u
s

Sa
cc
ad

ic
m
ov
em

en
t,

em
u
ls
if
ic
at
io
n
,

oi
l–
aq

u
eo

u
s–
re
ti
n
a
in
te
ra
ct
io
n
s

V
it
re
ou

s
em

u
ls
if
ic
at
io
n
,

vi
tr
eo

u
s
su

bs
ti
tu
te
s

10
1

M
ov
ab

le
bi
oc
h
ip

M
D
C
K
II
ce
ll
s,

pr
es
su

re
co
n
tr
ol
le
d
sy
st
em

PD
M
S,

ac
tu
at
or

ch
an

n
el
s

A
pi
ca
l
ce
ll
cu

lt
u
re

pl
at
fo
rm

,
fi
br
on

ec
ti
n
co
at

B
io
ch

ip
m
ov
ab

le
fu
n
ct
io
n

In
n
ov
at
iv
e
pl
at
fo
rm

fo
r

ey
e
m
ov
em

en
t
st
ud

ie
s

10
0

Fig. 5 A microfluidic device used for cornea-on-a-chip development.
This device was used to create corneal mimicking tissue that can be
used for corneal micro-tissue patches.

Lab on a Chip Critical review

Pu
bl

is
he

d 
on

 0
3 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 R
ep

ri
nt

s 
D

es
k 

on
 6

/1
4/

20
19

 2
:0

9:
14

 P
M

. 
View Article Online

https://doi.org/10.1039/c7lc00112f


1548 | Lab Chip, 2017, 17, 1539–1551 This journal is © The Royal Society of Chemistry 2017

for total internal reflection fluorescence microscopy analysis.
Fig. 7 shows an extension of this design, which can provide
ideas to fabricate a movable eye chip platform. The design is
composed of a pneumatically actuated microvalve system,
enabling the deflection of a PDMS membrane to simulate eye
movement on cell chambers.

4. Outlook

In this review, we discussed the anatomy and physiology of
the eye and the current models for recapitulating ocular
systems. Biomimetic ocular models are still in an early devel-
opmental stage due to the complex structures and environ-
ments of the eye and surrounding systems. Much work has

been done with both mathematical and experimental models
for different ocular phenomena. Mathematical models exist
to understand tear film dynamics and eye movements. How-
ever, these mathematical models still need improvement by
including important physicochemical properties, which are
required for studying drug mass transport and multilayered
corneal permeability. If a complete model studying ocular
drug delivery is formulated, it can be used in conjunction
with an eye-chip device. For example, a theoretical model can
be used as a starting point for evaluating possible new drugs
and drug delivery methods before they are tested on an eye
chip device. This will further limit time and monetary costs
to researchers beyond the lower costs of using an eye-chip
device. For in vitro experimental models, there are some pre-
liminary works partially mimicking the anatomy and physiol-
ogy of the eye. Due to pre-corneal and corneal constraints,
these previous models are extremely limited to reconstruct
in vivo eye environments. Particularly, eye chip models such
as the blinking eye-on-a-chip,99 multi-layered eye chip,97 and
eye-cavity-on-a-chip101 have been developed to mimic particu-
lar ocular events. Even though these models have partially
mimicked the ocular environment, they are unable to be uti-
lized for drug screenings due to the lack of consideration of
anatomical and physiological parameters such as the com-
bined effects of blinking and/or tear production. Moreover,
none of the microengineering models meet the Organization
for Economic Cooperation and Development (OECD) guide-
lines for the ocular in vitro testing of chemicals and perme-
ability assays102,103 that is well accepted by the United
Nations.104 To emulate the in vivo microenvironment of the
eye, the effective and reliable step-by-step construction of
corneal equivalents on a microfluidic platform needs to be
explored. These eye chip platforms are still relatively new and
further research is required to establish an ideal eye chip
platform. With the ideal design of the eye chip model similar
to that shown in Fig. 1, researchers will be able to perform
quantification of drug diffusion through an engineered cor-
nea tissue. The geometry of the eye chip platform, especially
the curvature of the substrate, will influence drug mass trans-
port and permeation studies. By using the membrane deflec-
tion theory, the desired curvature can be achieved precisely
to fabricate a curved substrate to culture cells. Similar work
has been done previously to analyze the deflection of PDMS
membranes under a specified pressure load.105 An applied
pressure can be used to create the desired curvature in a thin
PDMS channel to support the microstructure of the cultured
tissue. In addition, an accurate flow profile can be generated
by integrating with various PDMS membrane-based micro-
pumps.106,107 The physiological tear volume varies from 7 to
30 μL with an about 0.283 Hz frequency pulsatile flow pro-
file.49,108 A standard membrane-assisted micropump can be
controlled to generate a wide range of flow profiles with high
precision. Furthermore, these micropumps are robust
enough to support long-term cell cultures and intermittent
drug injection into the eye chip platform. These consider-
ations will allow for the study of drug permeation with

Fig. 7 Schematic view of a 3D in vitro movable eye chip design.
Bottom panels represent the cross-sectional view of a pneumatically
actuated movement system for eye chip devices. By actuating the
pressure in four different alternative direction channels the center cell
culture platform can move in four different directions. For example,
when pressure is applied to the left channel, the left side covering
membrane will protrude and therefore allow tilting of the culture area
towards the medial, right, position. Due to the cross-sectional view,
the protrusion of the front and back chambers in the upgaze and
downgaze movements are not shown. These directions of movements
can recapitulate the in vivo eye movements such as medial, lateral,
upgaze and downgaze.
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respect to both accurate flow profiles and realistic ocular cur-
vature. With this optimized eye chip model, a mathematical
model can be verified by using the eye chip model to pre-
cisely control various anatomical and physiological parame-
ters. Furthermore, the creation of this verified mathematical
model of ocular drug diffusion will lead to a decrease in drug
development costs and an increase in the overall quality of
ocular drugs.
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A microengineered human corneal epithelium-on-
a-chip for eye drops mass transport evaluation†

Devasier Bennet, a Zachary Estlack,a Ted Reid b and Jungkyu Kim *a

Animals are commonly used for pharmacokinetic studies which are the most frequent events tested during

ocular drug development and preclinical evaluation. Inaccuracy, cost, and ethical criticism in these tests have

created a need to construct an in vitro model for studying corneal constraints. In this work, a porous mem-

brane embedded microfluidic platform is fabricated that separates a chip into an apical and basal side. After

functionalizing the membrane surface with fibronectin, the membrane's mechanical and surface properties

are measured to ensure correct modeling of in vivo characteristics. Immortalized human corneal epithelial

cells are cultured on themembrane to create a microengineered corneal epithelium-on-a-chip (cornea chip)

that is validated with experiments designed to test the barrier properties of the human corneal epithelium

construct using model drugs. A pulsatile flow model is used that closely mimics the ocular precorneal con-

straints and is reasonable for permeability analysis that models in vivo conditions. This model can be used for

preclinical evaluations of potential therapeutic drugs and to mimic the environment of the human cornea.

1. Introduction

The human cornea is a primary site of exposure to environ-
mental agents, which are highly associated with major visual
impairment, eye disease, and ocular disorders.1 Much effort
is devoted to develop various ocular medicines with high pre-
cision and efficacy to treat these defects. Furthermore, ocular
mass transport is also highly relevant for drugs which enter
the aqueous humor to reach their sites of action (e.g. anti-
glaucoma medication). However, drug development efforts
currently require multistep animal and clinical studies with
high failure rates. Most drug testing studies for ophthalmic
applications are carried out with a static trans-well culture in
in vitro, ex vivo, and animal model conditions2–4 and are con-
sidered for regulatory acceptance for chemicals and drugs
testing.5 Studies have shown the limited ability of these tests
to recapitulate the complex structure of the cornea due to dif-
ferences between humans and animal models in geometrical
and dynamic characteristics of corneal and precorneal con-
straints (i.e. tight junctions of the corneal epithelium,
blinking interval, tear flow shear, tear secretion, flow, size,
structure, and thickness). Thus, a sophisticated, physiologi-
cally relevant model is required for ocular drug testing to
minimize overall time and monetary costs.

Recently, organ-on-a-chip platforms have created attention
for the possibility to establish standardized in vitro testing
platforms for ocular biological studies. During the past de-
cade, various ocular-based organ-on-a-chip devices have been
developed and proved to be helpful for pharmacokinetic (PK)
evaluation of drugs.6 Particularly, microfluidic-based ocular
models such as the blinking eye-on-a-chip,7 collagen-vitrigel
integrated multi-layered microfluidic devices,8 and the
contact-lens-on-a-chip9 have been developed to partially
mimic ocular events.10 Recently, a dynamic cell culture plat-
form has been developed for in vitro drug testing with con-
trolled dynamic micro flow conditions, that enables the study
of ocular drug absorption and permeation.11 However, these
models do not provide the required tear flow associated with
blinking patterns or cellular environment that is critical for
recapitulating the micro-ocular physiological environment in
mass transport studies of ocular drugs.

The normal human cornea consists of five layers which
are epithelium, Bowman's, stroma, Descemet's, and endo-
thelium. In the cornea, the epithelium provides a rate-
limiting barrier, especially for hydrophilic drugs while the
stroma provides a barrier for lipophilic drugs. Moreover,
the permeation also depends on the physicochemical prop-
erties of the drugs/formulation such as lipophilicity, hydro-
philicity, molecular weight, charge, size, and degree of
ionization.12

The epithelium is five-to-seven layers of cells thick, and
the epithelial cells are connected to each other via inter-
cellular junctions that play a critical barrier function. The
Bowman's layer acts as a supporting layer for the epithelium

Lab Chip, 2018, 18, 1539–1551 | 1539This journal is © The Royal Society of Chemistry 2018
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with 17.7 ± 1.6 μm thick collagen fibrils13 and a pore size of
∼10 μm.14 The epithelium and Bowman's layer are inter-
connected through the basement membrane. This basement
membrane consists of a felt-like arrangement of fibers (46
nm), bumps and pores (92 nm)15 with feature sizes in the
nanoscale and submicron range which play a major role in
modulating cell behaviors such as proliferation, differentia-
tion, and migration.16 Therefore, reconstruction of these two
layers is extremely critical to study drug transport behavior in
three-dimensional ocular structure.

In this study, we aimed to establish a fully integrated cor-
nea chip with native morphological, topographical and
precorneal characteristics (Fig. 1A) that exist in the human
corneal epithelium, anterior basement membrane, and the
surface of Bowmen's layer. The cornea chip was then used to
study drug mass transport behavior using two different ocular

model drugs under three different conditions: static, continu-
ous flow and pulsatile flow. The cornea chip was constructed
using immortalized human corneal epithelial cells (hTCEpi)
cultivated on a fibronectin functionalized porous polycarbon-
ate (PC) permeable membrane integrated microfluidic device.
The surface of the functionalized membrane was examined to
mimic the anterior basement membrane and Bowman's layer
and to study the permeability across these rate-limiting bar-
riers, we chose two topical eye drops in the forms of suspen-
sion (Pred Forte) and liquid (Zaditor) formulations to investi-
gate mass transport efficiency. These formulation types are
the most widely used forms for delivering ocular therapeutics
for eye allergy and inflammatory diseases. We believe the
present study demonstrates a novel in vitro microengineering
model that provides meaningful results that are predictive
and complimentary to in vivo observations.

Fig. 1
Schematic diagram of topical application to the human eye and design for the cornea chip. (A) Schematic of the anterior segment of the human
eye with the representative structure of mimicked ocular surface for in vitro model studies. The chip consists of an apical channel separated from
a basal channel by an ECM-coated porous membrane. (B) A cross-sectional view of cornea chip fabrication, both the PDMS microfluidic layer and
the PC membrane were activated with oxygen plasma and APTES for bonding. (C) Exploded view and schematic (D) Experimental setup for the
cornea chip with two fluidic inlet and outlet channels and one drug application area. (E) Photograph of the corneal epithelial chip during verifica-
tion with dyes in the two fluidic channels.
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2. Experimental section
2.1. Cornea chip design, fabrication, and characterization

For microfluidic structures, the xurography technique was
adapted to create a microfluidic pattern on vinyl sticker tape.
The microfluidic structures were designed to maintain 10 μL
of media in the apical cell culture area. To fabricate the
microfluidic channels, the designed patterns were cut on 3 M
Scotchcal™ vinyl tape (Gerber; Tolland, CT) using a vinyl cut-
ter (Roland CAMM-1 Servo GX-24).17,18 The tape patterns were
transferred onto Petri dishes and uncured PDMS elastomer
(Sylgard 184 Silicone Elastomer Kit from Dow Corning, Mid-
land, MI) mixture with a 10 : 1 (base material : curing agent)
ratio was poured on top of the dishes and was cured on a 75
°C hot plate for one hour. PDMS was chosen based on its use
in past organ-on-a-chip devices. The cured PDMS layers were
then detached from the mold and inlets and outlets were
punched using a coring tool (Harris Uni-Core-1, Redding,
CA). Next, a Whatman® Nuclepore™ Track-Etched polycar-
bonate (PC) thin clear membrane (pore size 5 μm) was em-
bedded between these two microfluidic channels using an ir-
reversible direct bonding method.19 Lastly, this membrane-
embedded microchip inlet and outlet ports are connected to
the PTFE #24 AWG thin wall tubing (Cole-Parmer, Vernon
Hills, Illinois) for preliminary tests such as chip validation
and particle translocation tests, and were presented briefly in
the ESI,† section S1.

2.2. Surface treatment for cell culture optimization

2.2.1. Membrane surface treatment for hTCEpi cell culture
optimization. Immortalized human corneal epithelial cells
(hTCEpi) were cultured in Epilife® medium (Invitrogen,
Carlsbad, CA) supplemented with Epilife® defined growth
supplement (EDGS, Invitrogen, Carlsbad, CA) and 1% penicil-
lin/streptomycin (Gibco, Carlsbad, CA) at 37 °C, 5% CO2.

20

Before epithelium construct, the extensive tests were
performed to optimize the surface treatments of the PC mem-
brane using different extracellular matrix (ECM) proteins and
culture conditions for hTCEpi cells in order to choose the
most suitable environments for cell culture. The detailed ex-
perimental procedure is given in the ESI,† section S2.

2.2.2. Surface treatment for mimicking Bowman's layer
surface characteristics. N-Hydroxysuccinimide (NHS)/1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
(1 : 1) was mixed with fibronectin (50 μg mL−1 in PBS) and ex-
posed to the membrane twice to achieve corneal basal matrix
topography. Each time the membrane was allowed to air-dry
and then further exposed to conventional UVA light (100 W,
360–370 nm) (Upland, CA) for 1 hour at a working distance
of 6 cm for cross-linking21 to achieve the in vivo corneal basal
matrix stiffness as well as limit the adsorption properties of
the PDMS channel as this UV treatment is commonly used to
reduce hydrophobicity, making it more appropriate for cell
culture.22,23 The topography and mechanics of surface modi-
fied porous membrane was characterized by a noncontact op-
tical profilometer and contact mode bio-atomic force micros-

copy (Bio-AFM, NanoWizard® II; JPK Instruments, Berlin,
Germany). Using the optical profilometer, the surface texture,
uniformity, and roughness of coated and uncoated porous
membrane was evaluated. To obtain the average roughness
of each sample, 5 different locations were analyzed. The stiff-
ness of the samples was studied by Bio-AFM. The stiffness
changes were measured using nanoindentation technique
with a soft cantilever (Novascan, Technologies, Inc., nominal
stiffness = 0.01 N m−1) with a 5 μm SiO2 particle attached to
it for force spectroscopic analysis. Force curves were collected
for 20 different locations from each sample, and a minimum
of three samples was analyzed to obtain the average stiffness
(Young's modulus). Young's modulus values were extracted
using Hertz's contact mechanics model from the JPK data
processing software.

2.3. Human corneal epithelium tissue model construction
and characterization

The cornea equivalent was constructed step by step in the
chip as described before.4,24 Prior to the cell culture, the
membrane was rinsed with complete culture medium. Cells
were then seeded on the chip at an optimized concentration
of 1.5 × 106 cells per mL. After 24 hours, detached or dead
cells were washed with fresh medium and medium was re-
placed every 8 to 10 hours for nutrient replenishment for the
entire duration of the culture. The cells were grown to conflu-
ence on a chip over 3 days after seeding in a 95% humidified
5% CO2 incubator at 37 °C. Well-differentiated hTCEpi
monolayer cultures were obtained on the 5th day. After
monolayer formation, the tissue construct was exposed to the
air–liquid interface for 3 hours by removing the apical chan-
nel medium. Next, medium with mitomycin C (3 hours, 4μg
mL−1) is applied through the channel for 3 hours to inhibit
DNA synthesis and nuclear division, and then washed thor-
oughly with fresh medium for thrice. Next, 1.5 × 106 mL−1 of
hTCEpi cells were cast on top of the 1st confluent cell layer.
After the 5th layer epithelial construct is confluent, the tissue
was exposed to the air–liquid interface for an additional 3
days. Within 3 days the cell stacked epithelium was formed
as a native corneal epithelium. Each cell layer was fixed and
characterized by a confocal microscope using immunofluo-
rescence staining, and the transepithelial electrical resistance
(TEER) was measured for barrier integrity evaluation, and the
details given in the ESI,† section S3. Fig. 2 illustrates three
different precorneal models (static, continuous flow, and pul-
satile flow) that were used to investigate the kinetic profiles
under various tear flow conditions. This cornea chip was
used for the ocular pharmacokinetic evaluation of topically
applied drugs as shown in Fig. 2A. Detailed experimental pro-
cedures for each model are described below.

2.3.1. In vitro permeation with static model. Fig. 2B shows
the experimental setup for the static model. The experiments
for the evaluation of transepithelial drug permeability from
two eye drops containing Pred Forte (Allergan, Inc. Califor-
nia, U.S) 10 μg μL−1 (lipophilic model drugs) and Zaditor
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(Alcon Laboratories, Inc. TX, USA) 0.035 μg μL−1 (hydrophilic
model drugs) were performed for 300 minutes using our chip
composed of a donor compartment (an effective diffusion
area of 8 mm2, acted as an anterior segment of the cornea)
and a receiver compartment (acted as a posterior segment of
the cornea). This study used HBSS as a diffusion medium. A
measured volume (20 μL) of drug sample was added to the
donor compartment and same amount HBSS containing
0.1% Tween-20 (which can increase the solubility of drugs in
static conditions) was added to the receiver compartment.
Drug samples were collected from the receiver compartment.
Then, the samples were mixed with 20 μL of acetonitrile/wa-
ter (9 : 1) and were extracted by high-speed centrifugation (10
000 rpm). The supernatant was collected and was analyzed by
NanoDrop™ Spectrophotometers at a maximum wavelength
(λmax) of 247 nm and 302 nm for Pred Forte and Zaditor, re-
spectively. The area under the curve for the resulting plots is
calculated using a MATLAB script and the calculated area is
compared against a standard curve to determine the concen-

tration for that sample. This method was validated by a lin-
ear calibration curve (r2 = 0.999 for Zaditor and r2 = 0.995 for
Pred Forte) which was obtained over different concentration
versus absorbance (Fig. S1†). The mass transport profile of
model drugs was calculated by plotting the amounts (μg
mm−2) of drug permeated through the epithelium construct
versus the time (minutes). The permeation coefficient Kp was
calculated as flux/drug concentration from the linear ascent
of a permeation curve.

2.3.2. In vitro permeation under continuous tear flow
model. Fig. 2C shows the experimental setup for the continu-
ous flow model. In this study, the same amount of drug was
injected in the donor side (through drug application port)
followed by the infusion pump injected the fluid continu-
ously over the surface of the epithelium for 300 minutes with
a flow rate of 1.5 μL min−1 for 1st layer, 1.36 μL min−1 for 3rd
layer, 1.21 μL min−1 for 5th layer, while an outlet line re-
moved fluid from the chamber at the same rate for collec-
tion. The flow rate was calculated to get the same velocity

Fig. 2 Schematic of in vitro mass transport models using cornea chip. (A) The corneal epithelium model for ocular pharmacokinetic studies.
Abbreviation: CTF, concentration in the tear; VTF, volume of tear fluid; CLTF,CO, the clearance by corneal absorption; CLTF,CJ, the clearance by
conjunctival absorption; CLTT, the tear turnover; CLdrain, the clearance via drainage; Ccc, concentration in the corneal epithelium; Vcc, the apparent
distribution volume in the corneal epithelium; kD, the corneal desorption rate constant. (B–D) Schematic of transepithelial drug permeability under
the (B) static model, (C) continuous flow model, and (D) blinking associated pulsatile flow model. (E) Blink sequence (red dots) over time in
seconds (blue timeline): 17 blinks over 60 seconds for a normal human subject.
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(0.0198 cm s−1) in order to maintain a constant Péclet num-
ber and was chosen to match previously measured ocular
flow rates25 and the acceptor compartment was left static.
The low flow rate also suggests the impact of pressure differ-
ential, less than 1 Pascal, between the apical and basal cham-
bers is negligible.

2.3.3. In vitro permeation under blinking associated pulsa-
tile flow model. The physiological blinking associated pulsa-
tile flow model was used to study the effect of repetitive flow
pattern and friction/shear cycles associated with the eyelid
movement, present in in vivo conditions, on the drug mass
transport from the ophthalmic application, which, to our
knowledge, have never been investigated before. Fig. 2D
shows the experimental setup for blinking associated pulsa-
tile flow model. The pulsatile flow control equipment was
used to simulate eyelid movement over the corneal layer. The
blinking-like pattern was generated according to the normal
human subject blinking sequence (17 blinks per minute
Fig. 2E). In this study, the same amount of drug was injected
in the donor side (through drug application port) followed by
the infusion pump injected the blinking associated pulsatile
flow over the surface of the epithelium for 300 minutes same
as the continuous flow case.

3. Results and discussion
3.1. Design and characterization of the cornea chip

We designed and fabricated a cornea chip with an integrated
membrane and PDMS microfluidic channels to create biomi-
metic anterior corneal layers including tear, epithelium, ante-
rior basal matrix and Bowmen's layer (Fig. 1A).26,27 The
PDMS microchannels are 0.6 mm wide, 220 μm tall, and
8 mm long with a well structure (radius of 1 mm) in the cen-
ter of the microchannel. PDMS combats a primary disadvan-
tage of existing standard in vitro transwell systems, i.e. lim-
ited scope for cell imaging, bigger size, and difficulties
environmental exposure, because this chip can be easily im-
aged and is thin and compact. As shown in Fig. 1B–D, the
fabrication procedure starts by functionalizing a PC mem-
brane with APTES for bonding19 and exposing all compo-
nents to oxygen plasma28 to provide irreversible direct bond-
ing of porous polymer membrane to the PDMS
microchannels.19 Fig. 1E shows a photographic image of the
cornea chip verification with two different color dyes that in-
dicate apical (red color) and basal (blue color) channels sepa-
rated by the porous PC permeable membrane. This PC mem-
brane is well-established for transwell systems that separate,
through the cell layer, an apical and a basolateral
compartment.

The chip functionality was then characterized by Rhoda-
mine B translocation tests over 16 minutes.29–31 As shown in
Fig. 3A and B, the fluorescence intensity grew with time at
the outlet of the basal channel, corresponding to an increase
of Rhodamine B concentration. The diffusion of Rhodamine
B saturates in 6 minutes, while diffusion of Rhodamine B
loaded suspension is delayed and saturates in 12–16 minutes.

Time dependent fluorescence intensity profile was found to
be the same as in a transmembrane system where two com-
partments were separated by the same type of the PC mem-
brane under static conditions of the liquids.32,33

To culture corneal epithelial cells on the chip, three ECM
proteins, fibronectin, gelatin, collagen, were tested along with
a control of untreated PC membranes and cell viability and
proliferation rate was compared. Fig. 3D shows the cell viabil-
ity by Calcein AM staining after 5 days of culture on mem-
branes functionalized with different proteins. Fig. 3E shows
the fluorescence intensity of the metabolically active cells on
these ECM matrices. The number of active cells on fibronec-
tin coated PC membranes was higher than membranes func-
tionalized with collagen and gelatin, and untreated PC mem-
branes showed active cells about 66.66%, 66.21%, and
19.35% lower than that obtained by membranes functional-
ized with collagen and gelatin, respectively. Thus, a fibronec-
tin coated membrane was selected because it shows the
highest fluorescence intensity of viable cells. In addition, we
found 1.5 × 106 cells per mL generated uniform cell coverage,
leading to cell confluence onto the membrane effectively
(Fig. S3E†).

3.2. Membrane functionalization and topographical
characterization

The Bowman's layer physical properties are influential in the
growth of the corneal epithelium. For example, the nanoscale
topography of the Bowman's layer has been shown to influ-
ence the proliferation of corneal cells.16,34 Thus, after treating
the PC membrane surface with fibronectin cross-linking tech-
niques were utilized to mimic the topographical and mechan-
ical properties of the in vivo corneal basal matrix and
Bowman's layer. Fig. 4A shows the schematic of the mem-
brane functionalization. At first, the fibronectin was cova-
lently immobilized on the membrane by forming peptide
bonds which create the nanofiber like scaffold structures that
closely correlates with the in vivo topography of the basal ma-
trix.15,35 Fig. 4B and S2A† present PC membrane surface pro-
files from 2D line surface profile and an optical profilometer
of before and after fibronectin treatment. The thickness of
the center of Bowman's layer is 21.5 ± 3 μm,13,36 which is
close to the thickness of the untreated PC substrate which is
25 ± 2 μm. After coating with fibronectin shown in Fig. 4B,
the thickness of the membrane increased to 27 ± 3 μm which
is still close to the total thickness of the Bowman's layer and
anterior basal matrix.13,37

Further investigation was performed using bio-AFM to
measure the surface topography and surface roughness, and
stiffness of the PC membrane. The fibronectin treated mem-
brane shows a mean fiber groove size of 50–60 nm, which
highly correlates to the anterior basal matrix of healthy sub-
jects.15 The overall physical topography of the fibronectin
treated and untreated membranes reveal that they are mostly
similar to the basement and Bowmen's layer characteristics
to enhance cell attachment and proliferation.34 Fig. 4D shows
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the surface roughness of untreated (acted as Bowmen's layer)
and treated PC membranes (acted as an anterior basal matrix
on the Bowmen's layer). The untreated PC membranes
exhibited a roughness of 0.86 ± 0.09 μm and the membrane
with fibronectin exhibited a roughness of 1.67 ± 0.19 μm.
This indicates an increase in surface roughness upon
functionalization with fibronectin. Before and after treat-
ment, the Bowman's layer and anterior basal matrix mimick-
ing layer retain their smoothness which is closely related to
the in vivo subject38 and ECM of the human subject.39,40

In addition to topography and surface roughness, mem-
brane stiffness is also equally important for various cellular
processes.41 We also determined the elastic modulus of the
untreated and treated membranes using a mean load of 1 nN
on the surfaces to create force curves. The mean elastic mod-
ulus and standard deviation was calculated for each mem-
brane. The representative force spectrum of untreated PC
membrane and fibronectin treated PC membrane are shown
in Fig. S2B,† left side and right side, respectively. Fig. 4D
shows the mean value of the untreated and treated mem-
brane stiffness which were 108 ± 11.4 kPa and 19.5 ± 4.3 kPa,
respectively. Both stiffness values closely correlates to the
in vivo Bowman's layer (109.8 ± 13.2 kPa) and anterior base-
ment membrane (7.5 ± 4.2 kPa), respectively.42,43 The me-
chanical properties also correlate with a previous experiment,
involving a fibronectin coated micropatterned scaffold that
enhanced cell proliferation and differentiation.44 Moreover,
the fibronectin treated PC membrane results reveal that the

elastic modulus is directly proportional to the number of
crosslinks. Compression of the treated membrane results in
a higher density of ECM fibers and crosslinks, which may, in
turn, cause an increase in the modulus.45 Overall, before and
after fibronectin treatment, the PC membrane retains
smoothness, but the stiffness decreased to close to the ante-
rior basal matrix properties.37 These kinds of biophysical
cues including structuring and mechanical characteristics of
the PC membrane enable recapitulation of corneal epithe-
lium without any phenotype alteration.

3.3. Corneal epithelium equivalent

A human corneal epithelium on an anterior basement mem-
brane lined Bowmen's layer was successfully reconstructed in
a multilayer microfluidic chip. Immunofluorescence analysis
indicated that the cultured monolayer of corneal epithelial
cells on the matrix formed a tight monolayer after 5 days of
culture (Fig. S3A–C†). The cells show a well-defined confluent
epithelial monolayer lined by a continuous linear distribution
of zona occludens (ZO-1).46 In addition, the cell layers were
able to form a tight monolayer of lattice-like structure of the
epithelial cells (Fig. S3D†) which closely resemble human cor-
neal epithelium in vivo.47

In addition, multiple corneal epithelial layers were formed
by seeding cells on top of the fully confluent lower layer. This
method allowed us to control the number of layers in each
device and to shorten the overall culture time when

Fig. 3 The bio-inspired ocular drug testing platform development and cornea chip optimization and formation of the corneal epithelial cell mono-
layer. (A and B) Cornea chip characterization by translocation test: a solution of Rhodamine B (A-1) and a rhodamine-loaded suspension (A-2) was
fed into the upper channel while distilled water was fed into the lower channel. The increase in the fluorescence intensity with time at the outlet
of the lower channel was evaluated. (C) Cell growth in the cornea chip with different cell densities (i: 1 × 105 cells per mL; ii: 1.5 × 105 cells per mL;
iii: 1 × 106 cells per mL; iv: 1.5 × 106 cells per mL per cells). (D) Live cell image by Calcein AM after 5 days of culture on the membranes functional-
ized with fibronectin (I), collagen (II), gelatin (III), and untreated membranes (IV). (E) The metabolically active cells on the membranes functionalized
with fibronectin, collagen, gelatin, and compared to untreated membranes. Results are explicit as (mean ± SD) of 3 independent experiments. Bars
show statistically significant differences (P < 0.05).
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compared to allowing the corneal cells to form the layered
structure alone. Fig. 5 shows the expression of a multilayered
epithelium construct in the microfluidic chip. Each layer
(one to five layers) of human corneal epithelium construct
consists of a stratified epithelium equivalent grown on matrix
embedded membrane. Each cell layer showed a tightly
packed epithelium, and the 5th layer (superficial cell layer)
appeared flattened as seen in vivo (Fig. 5E). Moreover, this
on-chip human epithelium closely resembles the in vivo hu-
man corneal epithelium (5–7 layers thickness),48 whereas the
commonly used porcine cornea consists of 6–9 layers.49,50 For
the ocular drug permeation study, multilayered epithelium is
considered as the rate-limiting barrier, especially for hydro-
philic drugs. Extra-layers of epithelium on animal models re-
duce the permeation kinetics of ocular drugs across the pos-
terior segments of the cornea, which is one of the reasons
animal models often fail to evaluate a drug for human
subjects.12

The barrier properties of each layer of epithelium are es-
sential for the in vivo physiological activities of the corneal
layer. Fig. S4† shows a typical longitudinal TEER value of epi-
thelium, consisting of one to five layers of cells. We noted
that TEER values increased with the increase of corneal epi-
thelial cell layers. In this model, TEER values remained con-
sistent over each layer, indicating that the functional barrier
properties are maintained in throughout experiment period.
This suggests that this barrier properties of on-chip human
corneal epithelium construct is similar to that of human cor-
neal epithelium in vivo.51,52 Therefore, this platform is appro-
priate for ocular PK studies and can act as a reliable compari-
son with human subjects in permeation studies.

3.4. In vitro ocular pharmacokinetic profile

The cornea chip was used in the ocular pharmacokinetic eval-
uation of topically applied drugs with the schematic shown

Fig. 4 PC membrane functionalization and characterization. (A) Schematic illustration of conjugating amine functionalized PC membrane and
fibronectin by NHS/EDC, followed by UV crosslinking to mimic the Bowmen's layer surface topography and stiffness. (B) Histogram profiles of (1)
untreated and (2) treated membrane thickness measured by a transition from PC membrane region to no membrane region, and (3) an optical
microscopic image, showing the PC membrane thickness. (C) A profilometer image showing the texture of the membrane. (D) Young's modulus
and surface roughness on the untreated and fibronectin treated PC membrane.
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in Fig. 2A. As illustrated in Fig. 2B–E, three different
precorneal models, static, continuous flow, and pulsatile flow
with 17 blinks per minute were utilized, and the kinetic pro-
files of two ocular drugs was determined. A lipophilic suspen-
sion, Pred Forte, that has a large particle size (1–3 μm) to in-
crease residence time, and a hydrophilic formulation, Zaditor
that contains a permeation enhancer, glycerol, which can in-
crease permeability,53 and we tried to elucidate the differ-
ences in formulation with respect to permeability efficiency.

Fig. 6 shows the results of transmembrane and trans-
epithelial drug permeation studies. The permeability of both
formulations was evaluated for both the biomimetic
Bowman's and cultured corneal epithelium for 300 minutes
after starting the experiment. The results were fit using eqn
(1)54

y = a ×(1 − b × e−(t/t*)) (1)

where a and b are the fitting constants and t* is the perme-
ation time shown in Table 1. Drug mass transport is linear

for all cases in the first 50 min (Fig. S5†) and in this interval,
data was fit to a straight line to calculate the apparent perme-
ability of both fibronectin-treated membrane and biomimetic
corneal epithelium from eqn (2): Papp = ((dQ/dt)/AC0), where
dQ/dt is the cumulative permeability rate (μg s−1) in the basal
side, calculated as the slope of the linear curve-fitting.55 A
and C0 are the area exposed to the drugs and the initial con-
centration in the apical side, respectively.

The kinetic characteristics of drug mass transport in the
basal side are listed in Table 1 along with the apparent per-
meability coefficient (Papp) of the multiple layers. The biomi-
metic corneal epithelium in both formulations were found to
be linear, r2 > 0.99, in all cases, but the fibronectin treated
membrane shows slightly lower r2 for all cases. Fig. 6A shows
that the permeability of both drugs in the fibronectin-treated
membrane without epithelium is higher than that of 1-lay-
ered, 3-layered, and 5-layered epithelium as we expected. The
static model reaches the highest equilibrium concentration
due to the lack of drug clearance, while the pulsatile model
reaches an equilibrium concentration higher than the

Fig. 5 The structure of the mimicked corneal epithelial multilayer tissue model shown with a Z-stack image series. A fluorescence study was
conducted on the formed corneal epithelial tissue model; each alternative cell layers cells were prelabeled with CellTracker green and red. (A) 1
layer; (B) 2 layers; (C) 3 layers; (D) 4 layers; (E) 5 layers of corneal epithelial tissue on chip was scanned by confocal microscopy to show the side
view (x–z plane) of the model, center panel showed the three y-planes (different Z-stack position) corresponding to the section in left panel, right
panel shows the merged image of representing layers (at different x–y plane) of tissue texture.
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continuous flow model due to less flow to flush out the ini-
tial drug application. From this investigation, we conclude
that the fibronectin-treated membrane alone only provides
structural support for cell culture with minimal effects per-
meation, similar to the in vivo Bowmen's layer.53

3.4.1. In vitro ocular drug permeability under static condi-
tion. Fig. 6B shows drug permeation results for trans-
epithelial studies under static conditions with the two drug

formulations. Both drugs show similar permeation patterns
within the multilayered corneal epithelium and the perme-
ation amount of each drug decreased linearly as the number
of layers increase. When compared, the liquid formulation
(Zaditor) is found to have higher permeability than the sus-
pension formulation (Pred Forte) in all cases and the higher
permeability depends on various physicochemical properties
of the drugs/formulation such as lipophilicity, hydrophilicity,

Fig. 6 In vitro ocular mass transport experiment under different condition. (A) Cumulative mass transport profile with no cell layers under the 3
flow conditions. (B) Cumulative mass transport profile under the static condition. (C) Cumulative mass transport profile under the continuous flow
condition. (D) Cumulative mass transport profile under blinking associated the pulsatile flow condition.
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molecular weight, charge, size, and degree of ionization.12

Zaditor mostly permeated paracellularly while lipophilic
drugs, like Pred Forte, diffuse passively and slowly via the
epithelial lipid membranes.53 The higher permeation of
Zaditor is also partially due to the inclusion of a permeation
enhancer in the formulation.53 The delayed release rate of
the drug in Pred Forte formulation is due to increase in par-
ticle size that results in a decrease in surface area to mass ra-
tio and saturation solubility and minimizes concentration in
the target region.56 The Pred Forte suspension's particle size,
1–3 μm, was formulated to prolong the contact time with the
cornea and increase the efficacy of drug permeation because
of the increase in effective exposure of the drug to the ocular
surface. However, due to lack of tear flow in this model, drug
elimination via lacrimation and drug clearance from epithe-
lium is not elucidated (Fig. S6A†) to demonstrate this benefit
of the Pred Forte formulation. Because the static model has
limitations when evaluating drug concentration under
precorneal constraints, we additionally evaluated the PK ex-
periments with tear flow models as follows.

3.4.2. In vitro ocular drug permeability under flow condi-
tions. Tear flow and blinking mechanisms are the primary
parameters that impact drug residence time and drainage af-
ter topical application. The appearance of drugs in the basal
compartment during the transepithelial permeation experi-
ment under continuous tear flow is shown in Fig. 6C and un-
der blinking associated pulsatile flow is shown in Fig. 6D.
During the initial phase, after installation of both formula-
tions, high concentrations of drugs were permeated. At 100
minutes in both the continuous tear flow and blinking asso-
ciated pulsatile flow, the permeation concentration reached
a steady state for both drugs, due to drug elimination by the
flow. The change in permeation of Pred Forte in both flow
models when increasing the number of layers decreases, im-
plying that after 3 layers of corneal epithelium, a minimum
of permeation is approached. By contrast, Zaditor still shows
a linear relationship between the number of layers and per-
meation for the continuous flow experiments, but a steep
drop in permeation between the 3 and 5 layered cases. It is
apparent that the formulation and properties of the drug be-
ing tested as well as the flow conditions impact the layer de-
pendence of drug permeation.

During the initial experiment, the Zaditor formulation
reaches steady state faster than Pred Forte and is eliminated
faster than Pred Forte, so, as expected, the Pred Forte formu-
lation residing time is longer. This is also shown in Table 2
where Tmax is higher for Pred Forte in all flow cases. A com-
parison of the time to reach steady state for the two flow
cases is depicted in Fig. S7.† The amount of Pred Forte that
permeated through the epithelial cell membrane is minimal
due to the delayed dissociation/solubility of the microparti-
cle suspension. The blinking associated pulsatile flow results
are similar to the continuous flow experiment results, how-
ever, the blinking associated pulsatile flow pattern increases
the permeation of both drugs compared to the continuous
flow case despite that the drug is cleared from the apicalT
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channel after about one minute in both cases. This implies
that the flow pattern is influential on the permeation of topi-
cal drugs beyond just clearance.

In order to examine the absorption phase, post absorption
phase, and elimination phase behavior of these drugs, we cal-
culated the corneal interstitial fluid drug concentration vs.
time profiles under continuous flow and blinking associated
pulsatile flow, shown in Fig. S6B and S6C,† and the pharma-
cokinetic parameters Cmax, Tmax, AUC, and t1/2 shown in
Table 2. After installation of both drugs, the concentration in-
creased with time in each epithelial layer for up to 60 mi-
nutes. At this point of time, the concentrations of drugs in
the epithelial layers gradually increased with epithelial layer
thickness dependent behavior. The epithelial drug clearance
was absorbed after 100 minutes and almost 98% of drugs
clearance has been observed at 300 minutes. This implies
that tear flow washes some of the drug away from the cells
before it can be fully absorbed. In fact, the cellular protein
binding ratio of Pred Forte was higher than that of Zaditor,
and Pred Forte showed a longer residing time possibly due to
the suspension itself as well as the microparticle suspension
residence time compared to the nanoparticle suspension resi-
dence time.56 However, due to the delayed dissociation/solu-
bility of the microparticle suspension, Pred Forte shows a
lower concentration.

When compared to the static profile, the cumulative mass
transport under continuous and blinking associated pulsatile
flow conditions is reduced by a large amount and is depen-
dent on the physiological volumetric flow rate. After 300 mi-
nutes, Zaditor concentrations of 10% and 15% of the formu-
lation concentration are present in the basal chamber for the
continuous flow and blinking flow, respectively while a con-
centration of approximately 25% of the formulation concen-
tration is obtained in the static model study. After 300 mi-
nutes, Pred Forte concentrations of 1% and 1.3% of the
formulation concentration are present in the basal chamber
for the continuous flow and blinking flow, respectively, com-
pared to 2.7% of the formulation concentration obtained in
the static condition study. From these results, we can con-
clude that the static condition is not valid for recapitulating
in vivo precorneal conditions-based on tear flow and
blinking. These results show that static condition experi-

ments greatly overestimate drug permeation, do not account
for tear drug elimination, residence time, and disregard the
steady state conditions that are reached in vivo and in our
experiments.

Normally, the average residence time of eye drops on the
precorneal surface is only 2–5 minutes57 and the estimated
amount of drugs that are absorbed by the cornea during that
time is only 1–7% of the applied dose. In order to determine
therapeutic drug concentrations in the target tissues, the
drop volume, frequency of doses, and drug concentration has
to be considered.58 For example, commercial Zaditor is
0.035% ketotifen fumarate (0.35 mg mL−1); assuming a typi-
cal eye drop volume of 20 μL per drop at the recommended
frequency of administration of drops 2–3 two times per day
yields an expected dose of 1.2–1.4 μg per day at maximum 5–
7% ocular availability. During the mass transport study, 20
μL of 0.035% Zaditor drops was administered in the donor
compartment and 1–7% drugs appeared in the receiver
compartment.

The Pred Forte ophthalmic suspension concentration is
1% prednisolone acetate (10 mg mL−1) and repeating the
same calculations yields 60–84 μg per day at maximum 5–
7% ocular availability. During the mass transport study
using the cornea chip, 20 μL of 1% Pred Forte drops was
administered in the donor compartment, and the nearly 1–
5% drugs has appeared in the receiver compartment. There-
fore, for both Zaditor and Pred Forte, there are strong corre-
lations between the mass transports of therapeutically rele-
vant concentrations of the drugs from a donor site in our
blinking associated pulsatile flow platform when compared
to in vivo.

The continuous and pulsatile flow strategies give a signifi-
cant reality by reaching the therapeutic level, which is crucial
for achieving therapeutically relevant mass transport pro-
files.59 Additionally, the mechanism of increased and
sustained transport is due to the pulsatile flow pattern which
is associated with the lid blinking process. The drug mass
moves through the drainage from tear by the lid blinking
process. Additional assurances of the precorneal constraints
with a suitable tear film layers (lipid, aqueous, and mucin),
are needed for further examination to understand physico-
chemical interaction.

Table 2 Pharmacokinetic parameters of drugs after installation of Pred Forte and Zaditor

Eye
drops

Static model Continuous flow Pulsatile flow

Tmax, Cmax,
t1/2

AUC(0–300min)

(μg μL−1)
Tmax

(min) Cmax (μg μL−1)
t1/2
(min)

AUC(0–300min)

(μg μL−1)
Tmax

(min) Cmax (μg μL−1)
t1/2
(min)

1 layer Pred Forte nd 0.0114 ± 0.0025 45 0.0041 ± 0.0003 125 ± 3.7 0.0130 ± 0.0024 48 0.0072 ± 0.0008 150 ± 5.5
Zaditor nd 0.1026 ± 0.0062 37 0.0462 ± 0.0051 100 ± 5.5 0.1613 ± 0.0038 40 0.0481 ± 0.0050 115 ± 2.5

3 layer Pred Forte nd 0.0086 ± 0.0025 45 0.0035 ± 0.0016 130 ± 5.7 0.0101 ± 0.0024 50 0.0053 ± 0.0006 155 ± 3.7
Zaditor nd 0.0887 ± 0.0029 39 0.0373 ± 0.0024 105 ± 6.5 0.1540 ± 0.0095 40 0.0401 ± 0.0003 125 ± 6.3

5 layer Pred Forte nd 0.0081 ± 0.0025 47 0.0029 ± 0.0009 140 ± 3.7 0.0089 ± 0.0006 51 0.0037 ± 0.0004 162 ± 6.1
Zaditor nd 0.0795 ± 0.0016 40 0.0291 ± 0.0041 115 ± 5.5 0.1262 ± 0.0046 44 0.0331 ± 0.0020 175 ± 8.9

nd: not determined, Tmax: time to maximum corneal interstitial compartment concentration; Cmax: maximum concentration; AUC(0–300min): area
under the curve up to the 300 min. and t1/2: elimination half-life.
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4. Conclusion

A sophisticated, physiologically relevant engineering in vitro
model using a microfluidic technology is developed and vali-
dated with ocular drugs. This microengineered corneal epi-
thelium model is capable of simulating tear volume, tear
flow, shear, friction, air exposure and blinking associated tear
movement. Overall, the cornea chip developed in this re-
search gives an important proof of principle, since it inte-
grates the topological, structural, chemical, and biological
features of the living human corneal epithelium on the ante-
rior basement membrane attached Bowmen's layer. The mass
transport efficiency of both formulations correlated well with
their formulation compositions. The results confirmed that
the suspension formulation (Pred Forte) shows sustained ef-
fects that may be due to the prolonged residing time in the
corneal epithelium construct, and Zaditor shows higher per-
meability possibly due to the presence of a permeability en-
hancer or physiochemical properties of both active pharma-
ceutical ingredients/excipients. The findings from the corneal
chip study can support the ocular drug testing approach as
the biology of the corneal epithelium are close to those of the
human subject which is highly appropriate for understanding
ocular PK, physiology, and diseases. This corneal chip has
the potential to replace animal models for drug testing,
allowing for consistent quantitative measurements with pre-
cise microfluidic flow control,60–62 which will provide mean-
ingful results, predictive and complimentary to in vivo and
ex vivo observations.
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