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Abstract 

The cornea is the outermost layer of human eye and is an important part of the ocular light path. 

The cornea is medically significant as corneal diseases account for 25% of blindness in the world 

population [4]. Dense neuronal innervation provides vital functions and a protective role for the 

cornea including initiation of eye blinking. In addition to neuronal innervation, aligned ECM and 

stromal cell distribution maintain the transparency of cornea, while the multilayer epithelium 

forms an important barrier to protect ocular tissue. Despite the essential functions of these 

different structures, the interactions between nerve and corneal tissue are not clear. Current 

research methods are limited to in vivo rabbits, mice and pigs models which do not represent the 

human corneal anatomy and physiology. The goal of this research was to establish an in vitro 

tissue model to mimic the biological and mechanical environment of the cornea, using human 

cells. This in vitro tissue model can be used to study the physiology and pathology of the human 

cornea. In this work, a corneal tissue model containing epithelium and stroma with neuronal 

innervation was established, using silk protein as the scaffolding material to mimic the 

architecture of the cornea. This tissue model provided aligned growth of stromal cells, multiple 

layers of epithelial cells and innervation. Interactions between neurons and corneal cells were 

investigated in static culture first. Next, a dynamic culture system, that provides intraocular 

pressure and tear flow, was developed to study the impact of the physical environment on in 

vitro corneal tissue and nerves. Last, capsaicin nociceptive stimulation was introduced in the 

culture to study the impact on the corneal tissue and to establish functionality of the tissue model. 

This tissue model and dynamic culture system would benefit drug screening, testing of implant 

materials, cornea disease diagnose and related fields. Further, this tissue system can be used to 

replace animal models in pre-clinical test for drugs.  
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Chapter I. Introduction and Background 

I. Introduction 

The ophthalmic pharmaceutical market has been continuously growing at a strong pace 

worldwide, from approximately $12 billion in 2010 to an estimated $52.4 billion in 2017 [12]. 

This growth has attracted investment from large drug companies including Pfizer, Merck and 

Danube Pharma [13]. Though research and development (R&D) expenditures have doubled in 

the past 10 years, the number of new drugs approved by the US Food and Drug Administration 

(FDA) has decreased [14]. For example, the FDA website notes that only 20 ocular drugs were 

approved in the past 10 years, and only 2 were approved in 2016 [15]. There are many reasons 

contributing to this situation, including the lack of understanding of fundamental cornea biology 

and repeatable and cost effective pre-clinical testing methods [16], among others. 

 

The efficacy and safety of a drug are important evaluations in preclinical testing [17]. The 

current gold standard for evaluating drug toxicity and irritation for the eye is the in vivo Draize 

test on rabbit cornea [18]. Test substances are applied onto one eye of the rabbit to evaluate the 

level of irritation, while the other eye serves as a control. Other animals like pig, mouse, rat and 

monkey have also been used in pre-clinical trials of ocular drugs [18-20]. However, issues 

including lack of repeatability [21], reproducibility [22] and inconsistency with human responses 

have occurred, mainly due to the interspecies differences between animals and humans [23]. Ex 

vivo corneal models to identify substances that cause tissue damage have used isolated rabbit and 

porcine cornea [24, 25]. However, these ex vivo corneal models share the drawback of 

anatomical and physiological differences from human cornea as in vivo test methods [26]. Also, 

the ex vivo corneal models cannot be used to evaluate the irritation and pain response to the 
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substances due to the nerve damage during the excision of native tissue [27]. Means for 

preserving or reconstructing functional innervation in corneal model are needed to improve 

current models. 

 

The limitations associated with in vivo and ex vivo corneal models have encouraged the 

development of new in vitro models that include the human cells which are more relevant for 

many diseases than animal corneas [28-30]. Meanwhile, these systems reduce ethical concerns, 

are more cost effective, and can provide high throughput analysis [26]. 

The current designs of corneal in vitro models are mainly focused on mimicking the corneal 

epithelium, as this layer is one of the major barriers for drug permeation into the cornea [31, 32] 

(Table 1). These models have provided physiologically relevant pharmacodynamical data for 

drug testing [31-34]. However, it is difficult to perform toxicity and irritation testing on these 

corneal models due to the over-simplified cellular components, culture environment and lack of a 

neuronal component. To address these issues, an in vitro corneal model that includes functional 

innervation that can generate nociceptive reactions, scaffolds that mimic corneal anatomy and 

Table 1.  Limitation of current corneal models. 
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Figure 1. Research outline figure leading to development of 3D tissue model of cornea. A. 

(Chapter II): Two-dimensional tissue model of innervated corneal stroma; B. (Chapter III): 

NGF bio-printing on silk films for neuronal extension guidance; C. (Chapter IV): Three 

dimensional tissue model of neuronal innervated cornea; D. (Chapter V and VI): 3D corneal 

tissue model responds to IOP, TW and capsaicin simulation. 
 

mechanical properties, and dynamic cultivation condition that captures the native ocular surface 

environment is needed and  

is the subject of the present thesis. 

II. Purpose and Organization 

The purpose of this research is to construct an innervated corneal model with epithelial and 

stromal layers. We hypothesized that by co-culturing corneal cells and neurons in scaffolds 

mimicking corneal anatomy with a bioreactor representing the ocular environment, a functional 

innervated corneal model could be achieved.  Our research strategy is composed of three steps. 

First, develop a three-dimensional (3D) corneal model containing neurons, corneal epithelial and 

stromal cells. Second introduce intraocular pressure (IOP) and tear flow (TF) dynamic 
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mechanical cues to mimic the native ocular environment and observe cellular responses. Third, 

determine how the tissue model responds to nociceptive stimulation. As a result, this innervated 

corneal epithelium and stroma model affords the cornea-neuron crosstalk to respond to 

physiological and pathological stimuli (Figure 1). 

  

Chapters 2,3 and 4 describe the construction of the 3D innervated corneal tissue model. The 

content of Chapter 2 has been published in Journal of Biomedical Material Research Part A [35]. 

The focus of this chapter is on developing a co-culture system for differentiated human corneal 

stromal stem cells (hCSSCs) and dorsal root ganglion neurons (DRG) to mimic human cornea 

tissue interactions (Figure 1A). Axon extension, connectivity, and neuron cell viability were 

studied. DRG neurons developed longer axons when co-cultured with hCSSCs in comparison to 

neuron cultures alone. To assess the mechanism involved in the co-culture response, nerve 

growth factors secreted by hCSSCs including NGF, brain-derived neurotrophic factor (BDNF), 

glial cell-derived neurotrophic factor (GDNF), and neurotrophin-3 (NT-3) were characterized 

with greater focus on BDNF secretion. HCSSCs also secreted collagen type I, an extracellular 

matrix molecule favorable for neuronal outgrowth. This co-culture system provides a slowly 

degrading silk matrix to study neuronal responses in concert with hCSSCs related to innervation 

of corneal tissue with utility toward human corneal nerve regeneration and associated diseases. 

 

In Chapter 3, methods to guide axonal extensions in the 3D corneal model were developed.  

Collagen type I and nerve growth factor (NGF) were printed on silk protein films by inkjet 

printing to generate patterned axonal tracts and regions of controllable stiffness (Figure 1B). 

These bio-printed silk films supported neuronal extension and guidance along the printed 
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patterns. This approach could be useful towards needs for improved nerve guides for implants 

and in the construction of in vitro innervated tissue models. 

 

The data in Chapter 4 has been published in Biomaterials [36]. In this chapter a corneal tissue 

model was constructed to include the stroma, epithelium, and innervation. Thin silk protein film 

stacks served as the scaffolding to support the corneal epithelial and stromal layers, while a 

surrounding silk porous sponge supported neuronal growth. The neurons innervated the stromal 

and epithelial layers and improved function and viability of the tissues. An air-liquid interface 

environment of the corneal tissue was also mimicked in vitro, resulting in a positive impact on 

epithelial maturity. The inclusion of three cell types in co-culture at an air-liquid interface 

provides an important advance for the field of in vitro corneal tissue engineering, to permit 

improvements in the study of innervation and corneal tissue development, corneal disease, and 

tissue responses to environmental factors (Figure 1C). 

 

In Chapter 5, intraocular pressure (IOP) and tear flow (TF) were introduced to the 3D model 

using a custom designed bioreactor system. We adopted a clinically used artificial anterior 

chamber to anchor our 3D corneal tissue model and generate pressure underneath the scaffold 

mimicking IOP (Figure 1D). A specially designed lid was fitted with a medium outlet that added 

tear solution dropwise to the surface of scaffold. In addition, human sourced sensory neurons 

were used in the scaffold instead of chicken DRG neurons. After the dynamic cultivation, the 

stromal ECM and neuronal functional markers were upregulated in both RNA and protein 

measurements, confirming such dynamic environment can be mimicked in vitro (Figure 1D). 
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In Chapter 6, we investigated the effect of capsaicin nociceptive stimulation on corneal cells and 

neuronal innervation in the cornea model (Figure 1 D). Decreased hCECs, hCSSCs and neuronal 

innervation density were observed after capsaicin stimulation. Pain mediators, substance P (SP) 

and calcitonin gene-related peptide (CGRP), were measured from capsaicin stimulated 

innervated samples. This pain-like response indicated the tissue model was innervated with 

functional human sensory neurons. To test the ability of recovery after trauma, serum treatment, 

which is used in clinic to treat epithelium defects, was applied on the injured corneal model. 

Corneal cell confluency and neuronal innervation were improved after treatment, revealing the 

feasibility of applying this tissue model in drug development. 

 

Finally, Chapter 7 includes several ideas for future research using the corneal tissue model. 

Strategies for further optimization for epithelium and neuronal innervation in the model, 

proposed methods for investigating acute pain response and introducing inflammation are 

presented. 
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III. Background 

Tissue engineering of in vitro corneal tissue models can provide understanding of corneal 

physiology, pathology and pharmacology. An ideal in vitro corneal tissue model should mimic 

the corneal anatomic structure, innervation and dynamic ocular environment. Here we discuss 

background of corneal anatomy, function, significance of corneal innervation in healthy and 

diseased state, and the state of art for corneal in vitro models. 

 

3.1 Corneal Anatomy 

The cornea is the transparent outermost part of human eye and accounts for approximately 2/3 of 

the eye’s optical power [37]. The human, cornea has 0.5-0.6mm thickness in the center and 0.6-

0.8mm in the periphery with a diameter of 11-12mm [37]. The cornea has three distinct layers, 

the epithelium, stroma and endothelium (Figure 2A). The corneal epithelium contributes 10% of 

corneal thickness. It is composed of a superficial layer formed with flattened apical cells, 4-5 

layers of stratified non-keratinized epithelial cells, and a basal layer [38]. These cell layers are 

held together by tight junctions and serve as a barrier against fluid loss and pathogen penetration. 

The corneal epithelial cell surface contains microvilli that secrete a polysaccharide-protein 

mixture, adhering and stabilizing the tear film, while the basal cells secrete basal lamina 

attaching epithelium to stroma [39, 40]. 

 

In between the corneal epithelium and stroma is an acellular layer composed with collagen, 

laminin, nidogen and perlecan, named the Bowman’s layer [41] (Figure 2A). This layer mainly 

serves to protect the stroma.  
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The corneal stroma accounts for 85-90% of the corneal thickness and consists of regularly 

arranged collagen fibers along with sparsely distributed interconnected keratocytes [42]. These 

cells produce collagen and proteoglycans that comprise the corneal extracellular matrix [43]. 

Corneal ECM is especially rich in collagens. Collagen types I, V and VI compose the majority of 

corneal stroma [44]. The cornea also contains proteoglycans including decorin, lumican, 

mimecan, keratocan, and keratin sulfate. These proteoglycans participate in the control of inter-

fibrillar spacing and in lamellar adhesion [45-47].The stromal collagen fibrils are organized into 

lamellae which form approximately 300 layers in central cornea and 500 close to limbus [48]. 

The anterior stromal lamellae interweave through layers ,directly insert into Bowman’s layer and 

contribute to corneal curvature [49]. Posterior stroma lamellae are wider, thicker, more ordered 

and more hydrated than in the anterior stroma [50-52]. In the posterior lamellae, keratocytes are 

arranged parallel to the plane of corneal curvature [53]. Proteoglycan [54] and keratoepithelin 

[55] are expressed between the collagen fibrils to bind collagen lamellae together. 

 

The endothelial layer consists of a monolayer of cells that lines the posterior corneal surface 

which contain 3500 cells/mm2 [56]. In the adult, endothelial cells do not proliferate under normal 

circumstances [57] and mainly serve as an active pump that moves ions and draws water 

osmotically from stroma into aqueous humour. This pumping mechanism maintains the 

transparency of cornea and allows nutrients to permeate from the aqueous humour into the 

stroma [58]. 
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The cornea is the most peripherally innervated surface in the human body [59, 60] (Figure 2 B). 

Corneal innervation is distributed throughout the epithelial and stromal layers but is not found in 

the endothelial layer [61] (Figure 2B). Stromal nerve trunks (33-71/mm2) [62] arise from the 

limbal plexus and enter the peripheral corneal stroma radially. In the stroma, nerves are 

organized parallel to the collagen lamellae and branch into smaller fascicles as they proceed 

toward the superficial stroma [63]. The nerve fibers then penetrate the epithelium layer with an 

approximate density of 600 termini/mm2 [61, 63]. During corneal development, nerve growth is 

modulated by many growth factors. Brain-derived neurotrophic factor (BDNF), nerve growth 

factor (NGF), glial cell line-derived neurotrophic factor (GDNF), and neurotrophin-3(NT-3) are 

expressed in the corneal epithelium and stroma [64-67]. Among these growth factors, NGF was 

found to be critical for corneal nerve survival, axonal branching, elongation, sprouting and 

regeneration [65]. 

 

 

 

Figure 2. Corneal anatomy structure (A), corneal innervation in epithelium and stroma (B) [5, 6], and 

different types of nociceptive receptor on the corneal surface[9]. 
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3.2 Corneal Dynamic Environment 

Dynamics of nutrient transfer, intraocular pressure, and tear flow all contribute to healthy cornea 

development and function. The cornea is a transparent, avascularized tissue located at air-liquid 

interface. Oxygen and nutrients diffuse into cornea via the aqueous humour and tear fluids. 

Corneal nerves secretes neurotrophic factors that contribute to the cytokine dynamics crucial to 

healthy cornea [64].  

 

Corneal tissue is under constant tension generated by IOP, created by the aqueous humour in 

anterior chamber. In healthy human being, the IOP is maintained at around 15-20mmHg [68]. 

Variations of IOP within the normal range can be caused by heart rate [69], blood pressure [70], 

and respiration [71]. IOP determines the curvature of the cornea and influences corneal thickness 

[72-74] during corneal development [75]. An IOP value greater than 20mmHg is considered 

corneal hypertension, as observed in glaucoma, corneal trauma or overproduction of aqueous 

humour [76]. Multiple studies have shown that corneal cells react to mechanical stress in vitro 

and in vivo. Endothelial cell numbers decreased in glaucoma patients. Corneal stromal fibroblasts 

change morphology following the direction of tension [77, 78]. 

 

Aside from the constant application of tension, the surface of the cornea is immersed in the tear 

film, which serves as both a protective layer and a source of nutrients to the corneal epithelium. 

The tear film is composed of lipid, aqueous, and mucin layers [14]. Lipids in tear solution 

prevent drying [79]. An aqueous layer is secreted by the lacrimal gland, containing water and 

proteins [80]. The mucins secreted by conjunctival goblet cells and epithelial cells [81, 82] 
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provide lubrication as well as prevention of contaminantion [79]. The tear fluid is spread across 

the ocular surface by eye blinking with an average rate of once every 4.5 to 5.5 seconds [83].   

3.3 Function of Corneal Innervation 

Corneal innervation function provides a sensing platform for eye protection [84]. The corneal 

pain pathway originates in the dense, unmyelinated nerve endings in the tissue [85].These 

terminal nociceptors are woven in the epithelial layer of the cornea. The density and unique 

exposure of the nerve endings make the corneal nerve more sensitive and vulnerable to noxious 

stimuli [85, 86]. 

 

Different types of nociceptive fibers are found in the cornea, including mechanoreceptors, which 

make up about 20% of the nociceptors, cold receptors which make up about 10%, and polymodal 

receptors which make up 70% [87] (Figure 2C). When noxious stimuli reach above the pain 

threshold, the nociceptors fire an “all or nothing” action potential, signalling pain [85]. This 

signal travels to the trigeminal brainstem nuclear complex (TBNC) where the peripheral 

nociceptors originate, and are then transmitted to the central nervous system (CNS) [85]. 

 

Beside sensing the stimuli and providing protection for the eye, neurons generate neuropeptides 

and neurotransmitters that are important to maintain a healthy cornea (Figure 3) [88, 89]. SP is 

secreted by corneal nerves in healthy conditions and its production increases during pain. This 

neuropeptide is sensed by corneal epithelial cells through the abundantly expressed SP receptors 

[90]. SP concentration regulates corneal epithelial proliferation [91] migration [92] and adhesion 

[93]. CGRP is often found co-localized with SP in most corneal nerve fibers. CGRP stimulates 

migration of epithelial cells [94] and induces intracellular cAMP  synthesis and interleukin-8 
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(IL-8) gene expression [95]. The majority of corneal nerves secrete SP and CGRP into tears. 

Norepinephrine [96], vasoactive intestinal polypeptide [97] and neurotensin [98] have also been 

detected in corneal nerves. These neuropeptides induce corneal epithelium proliferation and 

contribute to maintenance of epithelium. 

 

Despite the importance of corneal innervation, the role of neurons in healthy and diseased human 

cornea, as well as their role in cellular mechanisms are not fully understood [59]. This is partially 

due to the limitations of rabbits, mice and pigs in vivo corneal models. These limitations include 

the complexity of in vivo environments, differences between human and animal corneal nerves, 

and challenges with studying human embryo cornea. These drawbacks underscore the need for a 

new research platform. 

 

 

 

 

Figure 3. The interaction between cornea and nerve. HCSSCs and hCECs secrete BDNF GDNF and NT-3 

supporting neuronal innervation. Corneal nerve secretes SP and CGRP improve hCECs proliferation. Scale 

bar=3mm 
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3.4 Corneal Nerve in Diseases 

Among patients who suffer from corneal opacity worldwide, 2.85 million people have 

diminished or absence of sensation due to corneal nerve dysfunction or degeneration [84]. In 

pathological environments, corneal nerve growth and function can be negatively affected [63]. 

 

During corneal infections,  a 2-3 fold reduction of nerve fibers, bundles, and terminal branching 

was observed, while axon tortuosity increased [99]. Decrease of corneal nerve density is seen 

during keratoconus, a condition characterized by thinning of the cornea. Localized stromal nerve 

thickening, twisting, and looping were also observed [100-102]. Corneal nerve dysfunction was 

also found in autoimmune diseases as well as corneal ulceration and diabetic neuropathy [103-

105]. In addition, corneal nerve injuries are side effects to surgery including corneal 

transplantation and UV treatment [63, 64]. However, the complex anatomical and biochemical 

disease pathways make it difficult to study corneal diseases in vivo [106-108]. An in vitro 

neuronal innervated model for clinical, biomedical, and pharmacological advances is needed. 

 

3.5 Corneal Acute and Chronic Pain 

Corneal pain often takes place along with ocular diseases including corneal trauma, infection and 

dry eye syndrome [109]. The understanding of pain in cornea and other organs, however, is 

limited by the complicated nociceptive pathways and associated physiological and psychological 

elements. As the most innervated organ on the human surface, the cornea is an ideal platform to 

study pain processes. Based on duration, pain can be categorized into acute and chronic pain. 

Acute pain is neuronal response that gradually resolves with healing and lasts less than 3 months 
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[110] whereas chronic pain persists for more than 3 months even after the original injury is no 

longer present [111, 112]. It is estimated that 20% of the population in developed countries 

suffer from chronic pain [111]. In the cornea, there are many causes of chronic pain, including 

diseases, infections, and injuries [113]. Corneal chronic pain is closely linked to dry eye disease 

(DED) which affects about 20% of adults over 45 years old in the US [112]. 

 

Confocal microscopy of patients with corneal neuropathic chronic pain showed reduced density 

and length of neuronal innervation. The most common symptoms in patients with chronic 

neuropathic pain, is allodynia (pain response to non-painful stimuli) and/or hyperalgesia 

(heightened pain response to normal stimuli) [114].These decreases in pain tolerance are directly 

correlated to a decrease in the activation threshold of the sensory neurons [114, 115]. 

Nociceptive neurons experiencing chronic neuropathic pain have alterations in the expression of 

sodium, potassium, and calcium ion channels [116]. Voltage-gated Ca2+ channels (VGCCs), 

which mediate the release of pain neurotransmitters and neuropeptides, are responsible for 

heightened sensitivity. In particular, VGCCs mediate the release of SP and CGRP, neuropeptides 

which are actively involved in chronic pain through tissue healing, pain, and inflammation [117]. 

 

In patients with chronic pain caused by injury or disease related DED-like symptoms, the corneal 

epithelial and stromal thickness was often reduced. The increase of dendritic cell count also 

provided evidence of an increased immune response during chronic pain response [87, 118]. 

These results show that chronic pain affects not only the nerves but the surrounding tissues as 

well [86, 119]. 
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In response to these needs, current clinical solutions for corneal neuropathic pain are limited to 

eye drops containing nerve growth factors  [65, 120, 121].  An in vitro corneal tissue model and 

improved understanding of corneal pain pathways would offer new options to study appropriate 

treatments. 

 

3.6 Current corneal models 

As a critical barrier for topical ophthalmic drugs, many corneal epithelial tissue models have 

been reported. The simplest model included cultured human primary epithelial cells (hCECs) on 

tissue culture plastic and served as platform for toxicology testing [122, 123] (Figure 4 A). 

HCECs in a fibrin gel formed tissue sheets were used for ocular surface reconstruction [33, 34]. 

Immortalized human corneal epidermal keratinocytes cells cultured at the air-liquid interface on 

a polycarbonate membrane have been commercialized as an EpiOcular TM system [124]. Other 

commercially available corneal epithelium models are HCE (skinEthic) and Clonetics (Lonza) 

[26, 125]. However, these epithelium models do not represent the complex eye structure and lack 

interactions between different cell types. 

 

To address these limitations several multicellular models were investigated. A whole corneal in 

vitro model was developed and combined isolated primary bovine or rabbit endothelial stromal 

and endothelial cells [126, 127]. With the realization of importance that neuronal innervation 

plays in the cornea, tissue models that included neurons were developed. Chicken DRG neurons 

were used to innervate corneal epithelium and stroma cultured in a collagen hydrogel. The 

neurons were seeded in a collagen hydrogel ring surrounding layers of collagen hydrogel 

mimicking the lamellar structure of cornea. In this model, innervation increased epithelial 
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proliferation and SP secretion after capsaicin stimulation [128].  However, this model failed to 

recapitulate the alignment of the stromal cells and the multi-layer features of the epithelial cells. 

To date, the native density of nerve endings and branches have not been achieved using in vitro 

cultures. Furthermore, the use of collagen as the substrate poses significant limitations due to low 

mechanical stiffness, leading to mismatched mechanical properties and contraction in near and 

long-term culture [129, 130]. Thus far, all the current multi-cellular in vitro models do not 

represent the dynamic environment around cornea including composition of aqueous humor, tear 

fluid and tear flow [131]. 
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3.7 Application of Silk Fibroin in Corneal Tissue Engineering 

Silk fibroin has many properties that make it advantageous for corneal tissue engineering. Silk is 

a biodegradable material with highly tunable mechanical properties [130, 132]. Optical clear 

films made with silk [130, 132] can provide elastic moduli of 67.7 kPa [133] that matched the 

stiffness of the cornea, which is 40-60 kPa [134, 135]. By casting on a surface with pattern, silk 

films can have topography with grooves ~1.67µm wide that provided aligned substrate for 

stromal cells [136]. Arginylglycylaspartic acid peptide (RGD) functionalization and polyethylene 

oxide (PEO)-induced creation of pores further improved cell attachment and growth to the films. 

Stromal cells seeded on these films were found to be differentiated into keratocytes and secrete 

Figure 4. Tissue-engineered approaches for corneal reconstruction. (A) Human epithelial cell sheet 

obtained from oral epithelial cells after removal of the cell sheet from poly(N-isopropylacrylamide)-

pNIPAAM surface [6, 8]; (B) Assembly diagram of three-dimensional (3D) silk film corneal 

constructs seeded with human corneal fibroblasts. After 2 days, cell-seeded silk films were stacked 

one by one and three-dimensionally cultured[10]. (C) Synthetically cross-linked collagen molded 

into an implantable, full-thickness corneal substitute. Transparent samples were trimmed to prepare 

buttons for corneal implantation and held in place by sutures in the recipient eye[11].  
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keratin sulfate, lumincan and keratocan [136]. These films also did not contract and slowly 

degraded in vitro, providing support for sustained in vitro tissue models (Figure 4B). 

 

Silk material has also been applied in neural tissue engineering. Silk sponge seeded with primary 

cortical neurons showed innervation into the scaffold and responded in vitro with biochemical 

and electrophysiological outcomes, mimicking observations of brain homeostasis and 

mechanical injury responses [137-139]. Silk hydrogels have also been used as scaffolding 

material for DRG neuron cultivation and gave longer neuronal extension compared to collagen 

hydrogels. Nerve growth factors, collagen, and fibronectin can be used to decorate silk hydrogel 

and tune the nerve extension [140]. 

 

A key aspect of innervation of tissues is the guidance of the nerves towards the target location in 

the tissue. Axons can be guided by mechanical [141] and topographical inputs [142-144], 

response to growth factor gradients [145-147], and electrical stimulation [141, 142, 148, 149].  

NGF loaded in silk matrix continuously released for 4 weeks with ~85% total weight of NFG 

retained in silk material [150]. Collagen hydrogels only released NGF for 4 days [151]. This 

result indicated that silk can serve as useful carrier of growth factors for axonal guidance. In all, 

the tunable topography, stiffness, degradation rate, and the ability to provide long lasting release 

of NGF make silk fibroin an ideal material for innervated in vitro tissue models. 

 

3.8 Bioreactors for Corneal Tissue Model 

In addition to substrate stiffness and chemical cues, the native dynamics around cornea including 

air-liquid interface, IOP and TF have not been fully mimicked. Multiple studies have illustrated 
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the importance of air-liquid interface in epithelium formation and differentiation [152-154]. Up 

to now, transwell cell culture is the main method for ALIC. However, cultivation of a thick 

tissue model is difficult in transwells due to the limited nutrient diffusion through pores on the 

transwell membrane. An alternative way of culturing thick tissues is to support sustained cell 

growth in a 3D scaffold. 

 

As an important mechanical cue for corneal thickness and curvature, IOP (10-20 mmHg) needs 

to be mimicked through a pressure generating device. The Flexcell system is an air-driven device 

that has been used in many studies to apply tension on cells [155-157]. In the Flexcell system 

(Figure 5A), cells are seeded on a polydimethylsiloxane (PDMS) membrane which is connected 

to a sealed air chamber. By changing the air volume in the chamber with a pump, the cells can be 

stimulated with tension. Cultivated corneal stromal fibroblasts seeded in Flexcell plates 

expressed upregulated α-smooth muscle actin under tension [158]. Nonetheless, native IOP is 

generated by aqueous humour in anterior chamber, thus, air-driven pressure is not ideal for 

mimicking IOP. 
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Meanwhile, TF which provides nutrients for the cornea should be included in bioreactor designs 

for corneal tissue models. There has not yet been a bioreactor that can mimic the air-liquid 

interface, TF and IOP in one system. To do this, a liquid sealed chamber, a robust corneal tissue 

model, and tear flow mimicking accessories are needed. Much inspiration for this can be taken 

from the clinic. An artificial anterior chamber is used to inflate donor cornea with medium 

during the preparation for transplantation [159]. Though this chamber cannot provide persistent 

pressure, with optimization of sealing, this device can serve as in vitro bioreactor for generating 

IOP. 

 

Taken together, silk protein can provide a robust scaffold supporting long-term dynamic culture 

and be decorated with growth factors to guide cell growth. Such scaffolds can be designed to 

Figure 5. Bioreactors used to mimic IOP. A: Flexcell system to apply tension to cells cultured on the rubber 

membrane[2]. B: A custom designed air driven bioreactor that created a curved surface mimicking IOP[7]. 
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mimic corneal anatomy and seeded with corneal cells and neurons. A clinically used artificial 

anterior chamber can mimic IOP, but has not been utilized for in vitro bioreactor designs until 

now. Combining physiologically relevant cells, scaffolds, and a cultivation system, a functional 

corneal in vitro model can be achieved. 
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Chapter II. Two-Dimensional Tissue Model of Innervated Corneal Stroma 

I.  Introduction  

In order to establish the silk-based corneal tissue model, a 2 D co-culture needs to be established 

first to optimize the medium components, material, seeding density and timing for co-culture. In 

this chapter, an in vitro silk protein-based co-culture system was developed to assess hCSSCs 

and DRG neuron interplay, with the goal of gaining a further understanding of the interactions 

between corneal stromal tissue and neuronal regeneration. The co-culture system was designed 

to closely mimic the anatomy of human corneal tissue, with thin silk films acting as the corneal 

stromal layer, and silk-collagen hydrogels containing DRG neurons resembling the surrounding 

corneal limbus tissue. BDNF and collagen I secretion from hCSSCs was observed and provided 

evidence that corneal stroma can improve neuronal innervation.  Also, we explored silk-collagen 

mixture hydrogel as the scaffolding material for neuron culture. Collagen is rich in cell adhesion 

sites that supports neurons attachment and outgrowth[160], while silk provides a more 

mechanically robust matrix[140]. Together these proteins provide a tunable system to stimulate 

neuron outgrowth.  

 

II. Materials and Methods 

2.1 Preparation of Silk Solution 

Silk solution was prepared from cocoons of Bombyx mori silkworm based on the procedures 

developed in our previous studies[133, 161, 162].Silk cocoons were supplied by Tajima Shoji Co. 

Yokohama, Japan) and boiled for 30 or 45 min in 0.02M Na2CO3 solution (Sigma-Aldrich. St 

Louis, MO). The boiled silk fibroin was rinsed with deionized water three 
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times and dried overnight. The extracted silk was then dissolved in a 9.3M LiBr solution and 

dialyzed against distilledwater for 2 days to obtain a silk fibroin aqueous solution (5–7% w/v). 

 

2.2 Preparation of Silk Films 

Patterned porous silk films were prepared using the procedure developed in our previous 

studies[163]. Silicone elastomer (PDMS; Corning, Midland, MI) was cast on optical dispersion 

angle grating (Edmund Optics, Great Barrington, NJ). The PDMS was cured at 60 C for 1 h, and 

then peeled off from the grating, and rinsed in 70% EtOH followed by Milli-Q water. A 1% w/v 

silk solution with 0.035% w/v of polyethylene oxide (PEO) was prepared and cast on the 

patterned PDMS mold and dried overnight. The film was annealed in a water filled desiccators at 

220 mmHg for 2.5 h and then peeled off from the mold using our established methods[133]. The 

silk films were immersed in water for 2 days to extract the PEO and generate the pores. 

 

2.3 RGD Surface Modification 

RGD functionalized silk films were made using methods from our previous works[163, 164]. 

The silk films were presoaked in MES buffer (Thermofisher ) for 30 min. A 1-ethyl-3-

(dimethylaminopropyl) carbodiimide hydrochloride (EDC)/Nhydroxysuccinimide (NHS) 

solution (0.5 mg/mL of EDC and 0.7 mg/mL of NHS in MES buffer, pH 6.5) was reacted with 

the carboxyl groups from the aspartic and glutamic acid residues in the silk for 30 min at room 

temperature. These activated silk films were then washed with MES buffer two times and 

subsequently treated in 1 mg/mL Arg-Gly-Asp (RGD) solution (Bachem, Torrance, CA) for 2 

hours.  
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2.4 Preparation of Silk Collagen Hydrogels 

Collagen gels were prepared by adding 30 μL of 10X DMEM (GIBCO, Life Technology, Grand 

Island, NY) to 270 μL (4 mg/mL) acetic acid-type I collagen solution (rat-tail tendon, BD, 

Franklin Lake, NJ), followed by neutralization with 1M NaOH (Sigma). A 45 min boiled silk 

solution (2% w/v) was mixed with 10XDMEM (GIBCO) with ratio of 9 to 1, and then sonicated 

with a Digital Sonifier (Branson Ultrasonics, Danbury, CT) at 20% amplitude for 20 s to 

generate silk hydrogels using our establish protocols[140]. The sonicated silk was mixed with 

neutralized collagen solution at ratios (v/v) of 1 to 2 and 2 to 1, we refer as 1/2 hydrogel and 2/ 1 

hydrogel, respectively. 

2.5 Human Corneal Stromal Stem Cell Cultivation 

HCSSCs were isolated from collagenase digestion of limbal stromal tissue of human corneas 

unsuitable for transplant. The cornea tissue was obtained from the Center for Organ Recovery 

and Education (Pittsburgh, PA)[162]. HCSSCs were passaged six times before seeding. Cells 

were detached with 0.25% trypsin (GIBCO) solution and seeded on the surface of the sterilized 

patterned porous silk film with concentration of 15,000 cells/cm2. Cell seeding was 

accomplished by adding cell suspension dropwise on top of the film. The films were incubated 

for 30 min to allow time for cell attachment. Seeded silk films were cultured in proliferation 

medium containing DMEM/MCDB-201 in the ratio of 3 to 2(v/v) with 2% fetal bovine serum, 

10 ng/mL platelet-derived growth factor, 1 mg/mL lipid-rich bovine serum albumin (Albumax, 

Life Technologies, Grand Island, NY), 10 ng/mL epidermal growth factor,5 mg/mL transferrin, 5 

ng/mL selenous acid (ITS), 0.1 mM ascorbic acid-2-phosphate, 1028 M dexamethasone, 100 IU/ 

mL penicillin, 100 mg/mL streptomycin, 50 mg/mL gentamicin, and 100 ng/mL cholera toxin 

until confluent (~2 days).21 After hCSSCs confluence, silk films were cut into circular shapes 
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with a 12 mm diameter biopsy punch (McMaster-Carr, Robbinsville, NJ) and anchored in 24 

well tissue culture plates (TCPs) with 8 mm diameter Teflon rings (McMaster-Carr). HCSSCs 

were differentiated on the silk films into keratocytes with differentiation medium using advanced 

DMEM (Life Technologies), containing 1.0 mM L-ascorbic acid-2-phosphate (Sigma-Aldrich, 

StLouis, MO), 50 ng/mL gentamicin (Life Technologies), 2 mM L-alanyl-L-glutamine (Life 

Technologies), 100 ng/mL penicillin, 100 ng/mL streptomycin (Mediatech, Manassas, VA) 0.1 

ng/mL transforming growth factor-beta3 (TGF-B3,Sigma-Aldrich), and 10 ng/mL basic 

fibroblast growth factor  (FGF-2, Sigma-Aldrich)[136]. HCSSCs were also differentiated on 24 

well TCP for collagen staining and 6 well TCP for ELISA assays for neurotrophin secretion. 

HCSSCs were seeded with a concentration of 15,000 cell/cm2 and cultured for 14 and 22 days 

for collagen staining and ELISA experiments respectively.  

2.6 DRG Neuron Culture in Hydrogels 

DRG neurons were dissociated from DRG from chicken embryos (University of Connecticut, 

Poultry Farm, CT). The dissection and dissociation followed the protocol developed in our prior 

study[140]. Briefly, ganglia were trypsinized for 25 min and then centrifuged for 5 min at 1500 

rpm. The pellets were triturated for 3 rounds, 12 times for each round. The dissociated neurons 

were transferred to 100 X 200 mm2 TCPs and incubated for 4min, with neurons having less 

tendencies to attach to the bottom compared with other types of cells. The suspension was 

collected and centrifuged to isolate the neurons. All samples were seeded with 100,000 cells/mL. 

DRG neurons were cultivated in DRG growth medium prepared from DMEM/F12 medium 

supplemented with FBS (10%) and NGF (50 ng/mL, R&D Systems, Minneapolis, MN) for 7 

days. 
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2.7 Co-Culture of Differentiated HCSSCs with DRG 

Co-culture was processed on the film-hydrogel system, TCP, and transwell for cell morphology 

analysis and metabolism activity assays. Co-cultivation on film-hydrogel system was started by 

culturing hCSSCs on silk films for two weeks prior to initiating co-culture. The DRG neurons 

were incorporated into 300 μL of 1/2 hydrogel with 100,000 cells/mL. The hydrogels were then 

added gently around the silk film (Figure 6A). The samples were then incubated for 30 min to 

achieve gelation. A TCP co-culture group in which hCSSCs have direct contact with DRG 

neurons, and a transwell co-culture group where hCSSCs and DRG neurons were separated but 

cultivated in the same system were also prepared. We refer to the groups as the TCP co-culture 

and transwell co-culture, respectively. The TCP co-culture group was prepared by seeding 

hCSSCs at 15,000 cell/cm2 and DRG neurons at 30,000 cell/cm2 in 24 wells TCP (Corning, 

Figure 6. Preparation of 2D co-culture scaffold of hCSSCs and DRG neurons. A: Human corneal 

stromal stem cells (hCSSCs) were seeded on the patterned silk films with a density of 15,000/cm2 and 

cultivated in proliferation medium to reach confluence. Differentiation of corneal stromal stem cell was 

then initiated to achieve differentiated hCSSCs. Silk films were cut into 12 mm diameter disks before co-

culture. A silk-collagen mix hydrogel containing DRG neurons was applied around the silk film. The co-

culture system was cultivated in hCSSC differentiation medium. B: Picture of co-culture system in 24 well 

TCP after 7 days of co-cultivation. The silk-collagen hydrogel retained its integrity after co-culture, the 

silk film remains anchored by the hydrogel after 7 days of cultivation. Scale bar = 6 mm. 
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Corning, NY). The transwell co-culture group was prepared by seeding hCSSCs in the insert and 

DRG neurons in the well of 24 well polycarbonate membrane transwells (Corning, Corning, NY) 

with the same concentrations as in the TCP co-culture group. To analyze the uniqueness of 

hCSSCs co-culture impact on neurons, human corneal epithelial cells (hCECs) were also co-

cultured with DRG neurons with the same seeding method and cell density on silk film and 

hydrogel systems. All co-cultures were maintained for 7 days in hCSSC differentiation medium 

with 50 ng/mL of NGF. 

2.8 Cell Metabolic Activity 

Cell metabolic activity was characterized using Alamar Blue (Invitrogen, Grand Island, NY) 

assay. Before the assay, the inserts from the transwell co-culture group were removed to 

separately analyze the two types of cells. Alamar blue dye was added to the medium at a ratio of 

1–10 in both the TCP and transwell co-culture groups and incubated for 2 h. Fluorescence was 

measured with excitation and emission wavelengths of 530 and 590 nm, respectively. 

2.9 Immunohistochemical Staining 

Anti β-tubulin III staining was processed to observe neuronal extensions. Neurons cultivated in 

hydrogels were fixed on day7, while the co-cultured samples were fixed on day 1, 3, 5, and 7 in 

4% paraformaldehyde in PBS (Affymetrix, Cleveland, OH) for 45 min. Samples were then 

treated with 0.03% Triton (Sigma) X-100 in PBS for 30 min. Anti β-tubulin III rabbit antibody 

(Sigma) was diluted 1:500 in 10% FBS/PBS solution, and applied on the samples. For 

quantifying collagen types I, V, VI secretion, hCSSCs cultured on TCP were fixed on days 3, 7, 

and 14. Anti-collagen types I, V, and VI antibodies (Abcam, Cambridge, MA) were diluted 

1:200 in 10% FBS/ PBS solution and applied on samples. All samples were maintained at 4 °C 
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for 12 h and then washed 3 times, with soaking in PBS for 10 min each time. Anti-rabbit IgG-

FITC antibody produced in goat (Sigma) was diluted 1:200 in 2% FBS/PBS solution and added 

to samples and incubated at 37 °C for 1 h. To observe hCSSCs in co-culture conditions, F-actin 

filaments were stained with Alexa Fluor VR 568 Phalloidin (Life Technologies). Phalloidin was 

diluted 1:20 in 10% FBS/PBS solution and incubated at the same time as anti-rabbit IgG-FITC 

antibody. Scaffolds without cells were also stained as negative controls. Immunostained samples 

were imaged using a fluorescence microscope (Leica DMIL, Buffalo Grove, IL) with FITC filter 

(513–556 nm) and Texas Red filter (604–644 nm). 

2.10 Neural Axon Length Measurements 

Positive staining of β-tubulin III was determined at 10X magnification for four regions on each 

sample of DRG neurons cultivated in hydrogels and co-cultured with hCSSCs or hCECs from 

n=6 samples from three independent experiments. All the images were then converted into 8-bit 

tiff files using Image J (NIH). The neuron J routine was applied to measure the axon length[165]. 

2.11 ECM Synthesis of hCSSCs 

Images were collected at 10X magnification for four regions from each sample with anti-

collagen type I, V, VI staining. using n=4 from three independent experiments. The integral pixel 

density was measured by Image J (NIH) for each image and normalized by dividing the cell 

number in the region. 

2.12 HCSSCs Neurotrophin Secretion 

To test hCSSCs ability to secrete neurotrophin and analyze their respective effects on neurons, 

ELISA experiments were performed against the medium in hCSSCs cultures. Briefly, hCSSCs 

were cultivated in 6 well TCP plate for 22 days and1 mL medium aliquots were collected every 3 
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days from each well. Media samples were then concentrated with Amicon Ultra 10K Filter 

Devices (Millipore, Merck KGaA, Darmstadt, Germany). ELISA assays for BDNF, GDNF, NT-

3, NGF were processed with human BDNF, GDNF, NT-3, NGF Duo set (R&D system, 

Minneapolis, MN) with n53 from two independent experiments. 

 

2.13 Statistical Analysis 

All data analysis was performed with One-way ANOVA with Dunnett post hoc test. Significance 

level was set at p<0.05. All experiments were run in at least triplicates for two independent 

experiments. 

 

III. Results and Discussion 

3.1 Design of co-culture Scaffolds for DRGs and hCSSCs 

The design of the co-culture system allowed for spatial confinement of the hCSSCs and DRGs 

while maintaining both cell types (Figure 6A). Silk-collagen hydrogels seeded with neurons were 

cast at the periphery of a silk film containing cultured hCSSCs. A silk-collagen hydrogel 

maintained DRG neuron viability while providing a suitable elastic modulus of 15 kPa for 

neuronal extension (Figure 6B) Porous patterned silk films functionalized with RGD supported 

the aligned growth of the hCSSCs as well as provided a transparent scaffold to mimic corneal 

tissue. The co-cultures were maintained for 1 week. During cultivation the silk films remained 

transparent and the hydrogels and scaffolds remained structurally stable (Figure 6B) 
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3.2 Optimization of Hydrogel Composition for DRG Neuronal Outgrowth 

A silk-collagen hydrogel was chosen to support neuronal outgrowth. Collagen type I is a 

favorable substrate for many types of neurons[160, 166] while silk provided robust material to 

adjust the mechanical property of the hydrogel[140]. The optimal silk to collagen ratio for 

neuronal outgrowth was assessed. Silk alone, collagen alone, 1 to 2 silk-collagen hydrogel (1/2 

hydrogel), and 2 to 1 silk-collagen hydrogel (2/1 hydrogel) were prepared. The concentration of 

silk and collagen in the 1/2 hydrogel was 6.67 and 2.67 mg/mL, respectively, and in the 2/1 

hydrogel these values were 13.33 and 1.3 mg/mL, respectively. Within the silk hydrogel system 

(Figure 7A), there was limited neuronal extension with an average axon length of 30±14.8 µm 

after 7 days. 

Figure 7. DRG neuronal outgrowth in silk-collagen composite gels. A: Fluorescence images of DRG 

neuronal outgrowth in (immunostained with anti β-Tubulin III in green): (a) silk hydrogels, (b) 

silk/collagen = 2/1 (2/1) hydrogel, (c) silk/collagen = 1/2 (1/2) hydrogel, (d) collagen hydrogel. 

Images were taken on day 7 (Scale bar 100 μm). B: Quantification of neuronal extension length. 1/2 

hydrogel gave statistically longer neuronal outgrowth than other hydrogels. N = 6 from three 

independent c cultures, respectively. ***p < 0.0001, one-way ANOVA with Dunnett post hoc test. 
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In comparison, within the collagen hydrogels, an increase in axon extensions was observed 

(210±78.6 µm), although axon morphology was thinner on the collagen hydrogels when 

Figure 8. DRG neuronal outgrowth in co-culture with hCSSCs and monocultures in 1/2 hydrogels. A: 

Representative fluorescence images of DRG neurons monoculture and co-cultured with hCSSCs. 

DRG neurons were immunostained with anti-β-Tubulin III in green on days 1, 3, 5, and 7 (Scale bars: 

100 μm). (a) Quantification result indicated neuronal outgrowth during co-cultures with hCSSCs are 

statistically longer than monocultures on day 7. N = 3 from three independent cultures, respectively. 

**p < 0.001, *** p < 0.0001, one way ANOVA with Dunnett post hoc test. (b) Fraction of DRG 

neurons with extension in co-culture was statistical significantly more than DRG monocultures. N = 3 

from three independent cultures, respectively. *** p < 0.0001 from one way ANOVA with Dunnett 

post hoc test. 
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compared to the silk hydrogels. In the case of the composite hydrogels, the 1/2 hydrogel 

supported significantly longer axon extension compared with the other hydrogels with average 

axon length of 534±167.87 µm after 7 days, while 2/1 hydrogels supported an average 

312±144.972 µm axon extensions. This study corroborated our previous work where silk 

hydrogels provided three times longer neuronal extension than collagen hydrogels[140]. 

Collagen concentration was reported previously to have an impact on neuronal extension with 1 

mg/mL as the optimal concentration for axon extension[167]. However, the 1/2 hydrogel which 

contained 0.33 mg/mL of collagen provided longer axon length compare to the 2/1 hydrogel 

which contained 2.67 mg/mL of collagen. This result indicated that the silk fibroin provided 

some enhancement toward axon development. This may be due to primary (e.g., signaling) or 

secondary (mechanical, physical guidance) inputs. The results demonstrate that by varying the 

amount of silk relative to the collagen content in the hydrogels axon length could be tuned. 

3.3 Effect of Co-culture on DRG Neuro Axon Extensions 

The co-culture was maintained for 1 week and the results were compared with the DRG neuron 

cultured in 1/2 hydrogels alone. Staining for β-tubulin III showed that neurons co-cultured with 

hCSSCs have denser and longer axons, as well as increased cell aggregation, compared with 

neuron culture alone (Figure 8A). Quantification of neuronal extension showed comparable axon 

length in both co-culture and monoculture systems for the first 3 days (Figure 8B). However, 

from days 5 to 7 the DRG neurons co-cultured with hCSSCs reached an average length of 714 

µm (±102 µm), 35 times longer than DRGs culture alone. The fraction of neurons with 

extensions (Figure 8B,b) was significantly higher in the co-culture group compared to the 

monoculture throughout the entire cultivation time. Long and dense neuronal extensions 

appeared on day 7 in the co-culture system (Figure 8A).  The direct contact between hCSSCs and 
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DRG neurons were observed after 7 days of cultivation (Figure 8 A and B, Figure 10) indicating 

the system can be used to investigate the interactions between DRG and hCSSCs.  To study the 

ability of hCSSCs to promote neuronal extension during co-culture, in comparison with another 

cell type, hCECs were also co-cultivated with DRG neurons using the same methods. In these 

co-cultures, there was no significant improvement in axon length or fraction of neurons with 

extensions compared with the DRGs when cultured alone (Figure 9). Even though the 2D co-

culture of neurons with corneal epithelial cells was reported to provide longer neuronal 

extensions12 our results indicate that the neurons react differently in co-culture in scaffolds 

designed to mimic corneal anatomy. By co-culturing DRG neurons with hCSSCs, neuronal 

extension was significantly increased, illustrating co-cultivation of DRGs with other types of cell 

may provide a method for improving neuronal extension other than modifying scaffolding 

materials. To summarize, co-cultures of DRGs with hCSSCs grown on patterned porous silk 

films supported the growth of both types of cell and increased axon extension. The combined 

gel-film scaffold design allowed directed neuronal outgrowth from a peripheral seeding location 

toward hCSSCs cells, with neuron-cornea cell contacts observed. 
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3.4 Synthesis of Collagen I, V, VI of hCSSCs  

To further study the impact of ECM on neuronal outgrowth, hCSSCs without permeabilization 

were stained to detect collagen I, V, VI secretion. These collagens have been detected from 

hCSSCs cultures[10, 164] but the effect of collagen secretion on neuronal outgrowth has not 

Figure 9.  DRG neuronal outgrowth in co-culture with hCECs and monocultures in ½ 

hydrogels. A: Representative fluorescence image of DRG neurons monoculture and co-

cultured with hCECs. DRG neurons were immunostained with anti-β-Tubulin III in green on 

days 1, 3, 5, and 7 (Scale bars: 100 μm). (a) Quantification result indicated neuronal 

outgrowth during co-cultures with hCECs are statistically longer than monocultures on day 7. 

N = 3 from three independent cultures, respectively. **p < 0.001, *** p < 0.0001, one way 

ANOVA with Dunnett post hoc test. (b) Fraction of DRG neurons with extension in co-culture 

was not statistical significantly different from DRG monocultures. N = 3 from three 

independent cultures, respectively. 
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Figure 10. DRG neuronal axons formed direct contact (indicated with arrows) with hCSSCs after 7 days 

of cultivation scale bars= 100µm. 

 

been studied. The results indicated secretion of collagen types I, V, VI increased as time from 

days 3 to 14 (Figure 11A). Quantification of the relative increase showed that collagen type I, V, 

and VI production increased 100, 6, and 8-times from days 3 to 14, respectively. All 3 types of 

collagens were mainly located on the hCSSCs cell bodies on day 3, and were secreted into 

intercellular spaces on day 7 and 14. Collagen type I secretion was ~5-times that of collagen 

types V and VI on day14. Rat collagen type I was previously shown to promote neuronal 

outgrowth in culture[160], and may contribute to the increased neuronal outgrowth observed in 

the co-culture experiments. Conversely, collagen type V was found to inhibit axonal outgrowth 

by reducing cell adhesion[167, 168]. Collagen type VI was reported to affected Schwann cell 

differentiation, while its relationship with neuronal extension has not been reported[160]. Based 

on the known impact of collagen types I, V, VI to neurons[168, 169], the secretion of collagen 

type I from hCSSCs is one of the reasons that neurons achieved longer extension during co-

cultivation with HCSSCs. 

3.5 Neurotrophin Secretion from hCSSCs 

Beside insoluble ECM molecules, BDNF, GDNF,NGF secreted from hCSSCs were quantified 

using ELISA. In order to improve accuracy, the medium collected from hCSSCs culture was 
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concentrated with a 10 K protein filter (Millipore, Billerica, MA). Among the four types of 

neurotrophins tested, only BDNF was found to be secreted from hCSSCs (Figure 12). The 

signals of GDNF, NT-3, and NGF from medium samples were not significantly higher than 

blank control, and lower than the detection range. RT-PCR study for corneal stromal tissue had 

previously detected mRNA expression of GDNF, NT-3, NGF, BDNF[121]. However, there was 

no protein assay for neurotrophin secretion of hCSSCs tested during in vitro culture. From 

ELISA result (Figure 12A), BDNF secreted from hCSSCs during the first week was ~0.3 and 

~2.5 times higher than the second and third week. The concentration of neurotrophin for DRG 

viability and neuronal outgrowth improvement during in vitro cultivation is usually >1 
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Figure 11. Collagen types I, V, and VI secretion from hCSSCs. A: Fluorescence images of collagen types I, 

V, and VI immunostained in red, purple, and blue, respectively. Scale bars 50 μm. B: Quantification of 

fluorescence signals of collagen types I, V, VI on days 3, 7, 14, normalized against samples with no cells, 

showed secretion of collagen I was statistically significant higher than collagen type V and VI. n = 4 from 

three independent cultures, respectively. ** p < 0.001 from one-way ANOVA with Dunnett post hoc test. 

 

 

ng/mL[170-172]. In this study, the accumulated secretion of BDNF over 22 days is only 80 

pg/mL (Figure 11B). Thus, the BDNF secreted from hCSSCs during co-culture may have limited 

effect on the promotion of neuronal extension. 

 

3.6 Cell Metabolism in TCP and Transwell Co-Cultures of hCSSCs and DRG Neurons 

In this study, hCSSCs were found to promote neuronal outgrowth through ECM production and 

BDNF secretion. However, the separate contributions of soluble and insoluble factors remained 

unclear. To study this, cell metabolic activity was measured for co-cultures on TCP where cells 
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Figure 12. ELISA assay for BDNF secretion from hCSSCs cultured on TCP. A: The concentration of BDNF in 

medium of hCSSCs culture from day 1 to day 22. Day 4 and 7 have the highest concentration, decreased on day 

10, 13, 16, and remain on low level on day 19 and 22. B: The cumulative release of BDNF from day 1 to day 

22. The cumulative release of BDNF reached 90 pg/mL after 22 days of culture. N = 3 from two independent 

culture, respectively. *** p < 0.0001 from one way ANOVA with Dunnett post hoc test. 

are exposed to both soluble and insoluble factors and compared to transwell co-culture groups 

where only soluble factors were available. Alamar blue results indicated that both types of co-

cultures provided higher neuronal metabolism activity compared with the neuron monocultures 

(Figure 13A, B). In the transwell co-culture group (Figure 13A), however, the cell activity of 

neurons in co-culture was not statistically different to the monoculture, suggesting that soluble 

factor alone is not sufficient to promote neuronal viability. The activity of neurons in the TCP 

co-culture group was ~2times higher than TCP monoculture and ~2 times higher than the 

transwell co-culture group, after correction for the hCSSCs contribution (Figure 13B). This 

demonstrates that direct contact is necessary for hCSSCs to promote DRG neuronal extension 

with collagen secretion of hCSSCs playing an important role in promoting DRG neuronal 

extension. This is the first in vitro study to show the promotion of corneal  
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 stromal cells effect on neuronal extension. Beside corneal stromal cells, co-cultivation of 

neuronal cells with other cell types has been previously reported to improve neuronal extension. 

Mesenchymal stem cells (MSCs) increased axon elongation by secreting BDNF and b-NGF, 

which contribute to neuron survival and regeneration[173]. Neural stem and precursor cells were 

also found to improve neuronal regeneration and survival through the secretion of fibronectin, 

laminin, and neurotrophins [174]. Furthermore, astrocytes and microglia were found to protect 

metabolically impaired neurons[175, 176]. The 2D co-culture of neurons with Schwann cells and 

corneal epithelial cell also provided longer neuronal extension[177, 178]. Although media 
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Figure 13. Cell metabolism activity of DRG neurons co-cultured with hCSSCs and monocultures in 1/2 

hydrogel. Fluorescence intensity from Alamar blue assay was normalized against day 0. A: Transwell TCP 

co-cultures showed higher activity compared with DRG neuron monocultures on TCP. N = 6 from three 

independent cultures, respectively. B: TCP co-cultures revealed cell activity in DRG neurons co-cultured 

with hCSSCs and hCSSCs monocultures were statistically significantly higher than DRG neuron 

monocultures, n = 6 from three independent cultures, respectively. ***p < 0.0001 from one-way ANOVA 

with Dunnett post hoc test. 

 

supplementation with neurotrophins such as NGF, GDNF, BDNF, and NT-3, can lead to longer 

neuronal extension[176, 179] data shown from this study indicate that ECM components also 

play an important role in promoting neuron development. Similarly, co-cultivation of neurons 

with other types of cells might provide an improved understanding of mechanisms of nerve 

development and regeneration in different tissues.  
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IV. Conclusion 

A co-culture system was established to enable both hCSSCs and DRG neurons to grow, organize, 

and interact in culture. Using a two-component gel/film system based on silk and collagen, the 

structure of the cornea could be mimicked in vitro allowing to study the interactions between 

hCSSCs and DRG neurons. The impact of hCSSCs on neuronal outgrowth was observed and co-

cultures significantly increased neuronal extensions likely due to collagen type I expression by 

the hCSSCs. The medium and scaffold optimized in this chapter provided knowledge for 3D 

corneal model establishment. 
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Chapter  III. NGF Bio-printing On Silk Films 

I. Introduction 

In chapter 2 the growth of neuronal innervation was improved by co-culturing with hCSSCs. 

However, the axons were mainly located in the collagen-silk hydrogel and did not innervate the 

films seeded with hCSSCs.  Tools for patterning neurons to control their extension and directions 

on biomaterial substrates is needed.  These tools are important for both fundamental insights into 

phenotypic behavior as well as towards potential clinical treatments for peripheral nerves and 

innervated tissues in general. Neuronal extension can be guided by topographic cues, 

neurotrophic factors and extracellular matrix (ECM) decorations, with variables of mechanical 

properties, concentration gradients and interfaces as key in the process[180-182]. 

 

In this chapter we reasoned that printing axonal growth promoting tracks onto silk protein 

scaffolds would provide initial insight into biomaterial design strategies for studying innervated 

tissue models.  Silk has been used extensively in tissue models [183-187] due to its 

biodegradability, tunable mechanical properties, slow degradation profile to maintain good mass 

transfer, biocompatibility with cells and the absence of cell-specific epitopes that would 

incorrectly signal cells [183]. Compared with conventional biomaterial deposition methods, 

inkjet printing can handle various types of materials including cells [188, 189] and proteins [190] 

with consistency in terms of control of the deposition process [191].  Our goal was to study bio-

printed growth-promoting regions directly onto silk films and evaluate neuronal guidance.  Silk 

physical crosslinking provided a suitable strategy with acidified collagen printing solutions to 

cross-link NGF and type I collagen to silk and support neuronal guidance. The conditions 
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described provide a relatively simple and rapid method to print complex patterns. This method 

could be utilized toward the design of nerve guides for peripheral nerve trauma treatment and in 

the construction of innervated tissue models.  

 

II. Material and Methods 

2.1 NGF Printing on Silk Films  

The protein ink was composed of 4 mg/ml collagen type I in 0.02N acetic acid (Corning, 

Corning, NY) containing 400 ng/ml recombinant rat β-NGF (R&D System, Minneapolis, MN). 

The width of each NGF printed line was ~60 μm. Five layers of this ink was deposited by a 

commercial piezoelectric based inkjet printer (Dimatix DMP 2800, Fujifilm, equipped with 

cartridges DMC-11610) with a custom waveform, which had an average firing voltage at 25V 

(Figure 14).    

2.2 Hand-drawn Films 

The NGF collagen ink formulation was also used to make hand-drawn patterned silk films. The 

purpose was to study the effect of printing precision on neuronal response. A 50 μm diameter 

needle was dipped in the ink and used to draw the radial pattern used for the bio-printed films. 

2.3 Cultivation of DRG Neurons On Printed Silk Films 

DRG neurons were dissected and dissociated with same method as previous chapter. The 

samples for live cell imaging were seeded with DRG neurons labeled by DiI stain (Thermo 

Fisher). The neurons seeded on silk films were incubated at 37°C to allow cell attachment. DRG 

growth medium containing DMEM F-12 medium (Thermo Fisher, Grand Island, NY) containing 

10% FBS (Thermo Fisher), 25 ng/ml recombinant rat β-NGF (R &D system) , 100 μg/mL 



 
 

58  
 

penicillin, and 100 μg/mL streptomycin (Mediatech, Manassas, VA) was used to culture the 

DRGs for 7 days. 

2.4 Co-culture of Human Corneal Epithelial Cell (hCECs) and DRGs  

In order to test the effectiveness of nerve guidance in a co-culture environment, primary hCECs 

(Thermo Fisher) were seeded on the silk films at a density of 15,000/cm 2 together with the 

15,000/cm2 DRG neurons. The co-cultures were maintained for 7 days. 

2.5 Atomic Force Microscopy (AFM) and Profilometry   

Nano-indentation was performed in contact mode on a VEECO Dimension 3100 Atomic Force 

Microscope (Veeco Instruments Inc, Plainview, NY) to obtain mechanical profiles. The Young's 

 
Figure 14. Process of printing NGF and collagen on silk films: 1% silk solution was cast on 12mm 

diameter glass coverslips and dried overnight at room temperature on the bench top. Ink composed of 

4 mg/ml collagen in 0.02N acetic acid containing 400 ng/ml NGF was printed on the surface of the 

silk films. The printed silk film was then water annealed for 2.5h and sterilized by exposure to UV for 

30 min on both sides. The DRG neurons were seeded on the surface of the silk films and cultivated for 

7 days to allow neuronal extension development. Scale bar = 3 mm. 
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modulus (elastic modulus) for each sample was calculated by fitting the force-distance curves 

from the indentations with the Hertz model [192-194]. The protein networks obey rubber 

elasticity, and a Poisson ratio of 0.5 was used [193]. The spring constant of the AFM tips was in 

the range from 1 to 6 N m-1, which was also confirmed by the thermal tune method. The half-

opening angle of the cone was 25° according to the manufacturer's specifications. For each 

sample, at least 3 indentation points in different regions were measured and the average Young's 

modulus and standard deviation were determined. Topographic features were assessed using a 

stylus profilometer (Stylus XT) and pocket thickness gauge (Mitutoyo 7308, Aurora, IL, USA). 

The thickness was measured at 3 different spots on collagen-NGF printed region and on silk 

films. 

2.6 Immunohistochemistry  

Anti β-tubulin III staining was performed to observe neuronal extensions on the films. The 

neurons cultivated on the silk films were fixed at day 7 in 4% paraformaldehyde in PBS 

(Affymetrix, Cleveland, OH) for 20 min. Samples were then treated with 0.2% Triton (Sigma) 

X-100 in PBS for 30 min. Anti β-tubulin III rabbit antibody (Sigma) was diluted 1:500 in 5% 

BSA/PBS solution and applied on samples followed by incubation at 4°C overnight. The excess 

antibodies were removed by washing 3 times with PBS. Anti-rabbit IgG-FITC antibody 

produced in goat (Sigma) was diluted 1:200 in 5% BSA/PBS and added to samples before 

incubation at room temperature for 1 h. The samples were then washed 3 times with PBS before 

microscopy. Live cell images were collected on day 1, 3,5 and 7. All the images were collected 

using a fluorescence microscope (Leica DMIL, Buffalo Grove, IL) with FITC filter (513-556nm) 

and Texas Red filter (604-644nm). Angles between axons and printing direction were analyzed 

using ImageJ software (National Institute of Health, Bethesda, MD). 
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2.7 Axon Length and Angle Measurement 

 Positive staining of β tubulin III was determined at 4x magnification. The images were collected 

from n=3 samples from 3 independent experiments. All the images were then converted into 8- 

bit tiff files using Image J (NIH). The neuron J routine [165] was then applied to measure axon 

length and angle.  

2.8 NGF Release from Printed Silk Film  

To quantify the release of NGF from the printed silk films, samples were incubated in DMEM at 

37°C for 28 days with medium samples (1 mL) collected every 3 days. Enzyme linked immuno-

sorbent assay (ELISA) using NGF Duo set (R&D system) was used to quantify the NGF. 

2.9 Statistical analysis  

All data analysis was performed with one way ANOVA with Dunnett post hoc test. Significance 

level was set at p<0.05.  Data were collected from n>3 from 2 independent experiments. 

 

III. Results  

3.1 Topographic Assessment of NGF-collagen Printed Silk Films 

Topographic assessments showed that printing NGF-collagen inks onto the pre-cast silk films 

resulted in grooves 60 µm wide and 0.5 µm deep (Figure 15A). AFM measurements of the film 

surfaces indicated that hydration with DMEM did not significantly vary the mechanical 

properties (Figure 15B) dry silk film: 0.2 GPa, hydrated silk film: 0.18 GPa).  However, for the 

printed sites containing collagen depositions, the stiffness of collagen-ink after drying was 

0.65GPa, which was significantly higher than the native silk films (0.2 GPa). After hydration 
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with DMEM, the stiffness of printed sites was 0.1± 0.04GPa, significantly decreased and softer 

than non-printed regions of the silk films.   

 

3.2 DRG Neuronal Extensions Follow the Growth Factor Printed Pattern 

After 7 days of cultivation, DRG neurons developed extensions on the surface of printed silk 

films and the majority of the axons were located on the printed regions. In the center of films, the 

axons had the highest density on printed regions compared to the other regions of the films 

(Figure 16). Less axons were observed on the hand-drawn silk films. The average axon length on 

Figure 15. Topography (A) and stiffness (B) of printed silk films.  Profilometry indicated the 

printed site formed 60µm wide, 0.5µm depth grooves. When acidic solution hit the silk film 

surface the hydration and crosslinking process created a depression in the film at the printed site. 

The printed site was 3 times stiffer than silk films in the dry state and 1 time softer after hydration. 

The data was collected from n>3 from 2 independent experiments. 
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the printed silk film was 280 ±61 μm which is 4 times of hand drawn silk films (69 ±16 μm). The 

angle between the direction of axon growth and the direction that the nozzle of printer moved 

was 5.97 ±3.4 degrees. Whereas on the hand-drawn silk films the average angle was 97±36 

degrees.  

3.3 DiI Live Cell Labled Neuron Migrated Towards Printed Path 

 In order to study the attraction of neurons on the silk surfaces printed with NGF-collagen inks 

live cell imaging was processed (Figure 17). On the bioprinted silk films neurons were randomly 

located on day 1, with no extensions observed. On day 3 aggregation of neurons at the printed 

sites was observed, with short axons formed. On day 5, cell aggregation at the printed sites was 

more visible with the majority of neurons located on printed lines. By day 7, the majority of 

neuron clusters were located on printed lines, indicating that the neurons continued to migrate or 

Figure 16. Immunohistochemistry of DRG neurons cultivated on bio-printed and hand-drawn silk films 

for 7 days. The dash rectangles indicate the location of images on the silk films. The dash lines indicate 

the region being printed with ink. The white arrow represents the direction that the nozzle of printer 

moved. Rabbit anti-β III tubulin and FITC anti-rabbit produced in goat (Sigma) were used to visualize 

axons (green). Images were collected from n>3 from 2 independent experiments. Scale bars = 50µm. 
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grow towards the printed lines over time. On the hand- drawn samples, the similar aggregation 

was observed with fewer axon extensions.   

 

After 7 days of co-cultivation with hCECs the neurons developed extensions with the majority of 

these following the printed patterns on the silk films (Figure 18 A, B). The hCECs were 

randomly distributed on the silk films and did not appear to migrate or aggregate on the printed 

paths, unlike the neurons.  

 

NGF release was quantified over a period of 28 d.  For all measurements, the level of NGF 

detected was not significantly higher than the detection limit of the assay.  These results 

indicated that the NGF was not released from the cross-linked bio-inks at a detectable level (15.6 

pg/ml) and thus remained located with the inks during the cultivation period of study. 

 

 

Figure 17. Live cell imaging of DRG neurons cultivated on bio-printed and hand drawn silk films for 7 

days. The neurons were labeled with DiI staining (red). The images were taken at the same location of 

the silk films on days 1,3,5,7. Aggregation of neuron towards the printed lines was observed on both 

types of films. Axons were visualized on the bio-printed silk film. Scale bars = 50µm 
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IV. Discussion  

Bio-printing has become a popular method to generate guidance cues for cells. The design of 

inks in this paper was focused on combining a favorable ECM protein (type I collagen) with a 

growth factor (NGF) to increase the efficiency of guidance for neuronal extensions. During the 

design optimization, acidic compositions were found to be able to achieve crosslinking of silk by 

trapping collagen and NGF during printing. Among the commonly used methods for surface 

decoration promoting neuronal extension, collagen was more stable in acid solution than laminin 

and poly-lysine [195, 196]. During the printing, the acidic collagen ink was physically entrapped 

in the crosslinked silk protein along with the NGF at the printed site. The procedure avoided the 

use of harsh NaOH often used in collagen crosslinking, while creating a non-soluble reservoir of 

growth factor and collagen where printed on the silk films.  

According to the topography measurements, the printing procedure generated groove dimensions 

that were favorable for neuron guidance. The grooves were created by the hydration and 

Figure 18. Immunohistochemistry of DRGs (A) and hCECs (B) co-cultured on printed silk 

films for 7 days. βIII tubulin was stained (green) to show neuronal extensions while actin was 

stained (red) to reveal  hCECs. A and B were imaged on the same location on the same film. 

White dash lines indicate the printed patterns on the silk films. The neuronal extensions (green) 

were guided by the printed patterns in co-culture conditions. HCECs (red) were randomly 

distributed on the surface of silk films and were not guided by the printed patterns.  Scale bar 

= 200µm. 
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crosslinking process when acidic solution contacted the silk film. The stiffness indicated that the 

printed region was softer than elsewhere on the silk films upon hydration, perhaps supporting 

improved neuron response as well [140].The higher stiffness observed in the dry state on the 

printed sites is mainly due to the crosslinked silk protein. In the printing methods established in 

this study, the level of chemical guidance can be tuned through the concentration of collagen and 

NGF utilized in the process, while the mechanical guidance can be adjusted through the 

concentration of acetic acid and the amount of ink at the printed site. The width and depth of the 

grooves can also be modulated through the printing process based on the amount of ink 

deposited on the surface of film.  

 

In order to provide continuous guidance for neuronal extension and innervation in vitro and in 

vivo, growth factors are required to be localized and at suitable concentrations.  Here NGF was 

retained in the printed patterns through 28 days of incubation in DMEM at 37°C, suggesting 

utility for the approach for long term neuronal extension guidance.  This is also supported by 

previous studies showing that NGF was able to be retained in silk protein based hydrogel and 

scaffolds [150, 197, 198].  

 

With the live cell imaging and immunohistochemistry, neuronal extensions were observed to be 

mainly located on the printed sites.  The neurons located originally on silk films and aggregated 

towards the printed paths through 7 days of cultivation, which indicated that the printed regions 

provided the required cutes and attraction for the neurons.  The neurons mainly located on the 

printed pattern with axons extended following the direction of nozzle movement, suggesting that 
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in addition to the attraction effect created with the printed regions the direction that ink was 

sprayed on the silk film can also impact on the direction of axon growth.  

 

In comparing the bio-printed and hand-drawn functionalized films, the bio-printed films 

provided longer neuronal extensions and stronger guidance of the axons. Also, the bio-printed 

silk films provided more precise width of the pattern. These features are crucial to the application 

of bio-printed silk film such as nerve guides. 

 

In the human body the neuronal extensions are under the influence of the surrounding tissue 

environment, including other cell types that can influence fate and function. In this study, corneal 

epithelial cells were used as an example, as the corneal epithelium is the most innervated region 

in the human body with 600 nerve terminals/mm2 [61, 64]. During co-cultivation with the hCECs, 

the neuronal extensions were mainly located on the printed paths while the hCECs remained 

randomly distributed on the silk films, confirming that the growth factor pattern had no effect on 

hCECs and vice versa. This result showed the potential of the silk film printing method for nerve 

guidance even under co-culture conditions or potentially in more complex in vivo environments.  

 

V. Conclusions 

A strategy for printing inks with growth factors and matrix molecules was developed to provide 

nerve growth promoting tracks on a biodegradable protein material for neuronal extension 

guidance.    Growth factor printed silk films were advantageous in combining chemical and 

mechanical guidance for neurons.  DRG neurons cultured on these films were attracted to the 

printed patterns with axons directed by the printing direction.  The patterned axon outgrowth was 
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achieved in the presence of other cell types, enabling complex co-culture systems to be 

considered with this method. These collagen, growth factor printed silk films can be beneficial 

for generating nerve guides and innervated tissue models. 
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Chapter IV. Three Dimensional Tissue Model of Neuronal Innervated Cornea 

I. Introduction 

To further mimic the thickness, cellular components, and morphology of neuronal innervation in 

the native cornea, a 3D silk protein based co-culture system including the corneal stromal layer, 

epithelial layer, and DRG neurons, to further understand the interactions between corneal 

innervation and corneal tissues. The scaffold design was to closely mimic corneal anatomy, with 

silk film stacks for corneal epithelial and stromal cell growth surrounded by a silk sponge seeded 

with the DRG simulating the limbus tissue. The guidance for neuronal extensions was generated 

by the addition of NGF in the epithelial layer scaffold.  An air-liquid interface was also designed 

for a bioreactor support system to house the corneal tissues and to better mimic the native 

corneal environment.  This new corneal tissue construct supported dense innervation in the 

epithelial and stromal regions as well as sustained cultivation in vitro, critical outcomes for the 

system utility toward the further study of corneal development, function and dysfunction. 

 

II. Material and Methods 

2.1 Preparation of NGF, HGF, KGF, Collagen Stamped Silk Film  

Flat, optically clear, porous silk films were prepared by casting 120 μL of 1% w/v silk solution 

with 0.05% w/v of polyethylene oxide (PEO, MW = 900,000, Sigma–Aldrich) on a 12 mm 

diameter glass coverslip (Electron Microscopy Science, Hatfield, PA) [186]. The films were then 

dried overnight. High and low concentration NGF inks were used for stamping the silk films. 

The inks were composed of 50 µl (4 mg/mL) acetic acid-type I collagen solution (rat-tail tendon, 

BD, Franklin Lake, NJ) containing 100 ng/ml keratinocyte growth factor (KGF) (Sigma), 100 

ng/ml hepatic growth factor (HGF) (Sigma), 200 ng /ml epithelium growth factor (EGF) 
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(Thermo Fisher, Waltham MA), and either a high concentration of NGF (400 ng/ml) or a low 

concentration of NGF (200 ng/ml) (R&D Systems, Minneapolis, MN). Multi-circular, radial and 

uniform stamp patterns were employed (Figure 20). The multi-circular stamps were formed by 

dipping a 12 mm outside diameter and a 6 mm inside diameter donut shape polydimethylsiloxane 

(PDMS) (Fisher Scientific Co. Fair Lawn, NJ) stamp in the low NGF ink and pressing onto the 

dried silk film.  The center was stamped with a 6 mm PDMS cylinder carrying the high 

concentration NGF ink. The radial pattern was stamped with the high NGF ink with its shape 

indicated in Figure 20. The whole surface of the uniformly stamped silk film was covered with 

high NGF ink.  The silk films were annealed in water filled desiccators at -25 mmHg for 2.5 h 

for physical cross-linking.  Before use, the silk films were exposed to UV light for 30 min on 

each side and the soaked in DI water for 48 h to extract any residual PEO to form the pores. 

2.2 Preparation of Silk Sponges 

Salt leached silk scaffolds with 500-600 μm pores were prepared using our previously reported 

procedure [199].  The scaffolds were mounted in a custom designed well fabricated to be 1 mm 

depth depressed into a Delrin sheet (McMaster-Carr, Robbinsville, NJ).  The scaffold was sliced 

into 1 mm thick layers using microtome blade and cut into donut shapes (15 mm outer diameter, 

12 mm inner diameter) with a biopsy punch (McMaster-Carr, Robbinsville, NJ). The silk sponge 

donuts were sterilized by autoclave before cell seeding. 

 

2.3 Human Corneal Epithelial Cell Culture 

Primary hCECs (C0185C, Thermo Fisher) were passaged 5 times before seeding. Cells 

were detached with 0.25% trypsin (GIBCO) and seeded on top of sterilized stamped silk 
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films at a density of 150,000 cells/cm2. The films were then incubated for 4 hours to 

allow time for cell attachment and then cultured in keratinocyte SFM medium (Thermo 

Fisher) for 2 days to reach confluency. 

 

2.4 Co-culture of hCSSCs hCECs and Neurons 

The scaffolds for co-culture were designed to mimic corneal anatomy (Figure 19). For 

convenience, E, S, D and N will be used to represent hCECs, hCSSCs, DRG neurons and human 

neuron respectively.  To prepare the co-culture scaffolds, 3 layers of patterned silk films seeded 

Figure 19. Schematic and pictures of 3D corneal tissue model. A) Side view schematics of human 

cornea and in vitro 3D corneal tissue model. Scale bars=3 mm. B) Pictures of porcine cornea, day 

28 co-culture of hCECs, hCSSCs and DRG explants in liquid (ESD-LC) and day 28 co-culture at air-

liquid interface (ESD-ALIC) soaked in glycerol. Scale bars= 3 mm. 
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with S were stacked with their patterns in a crisscross pattern. Then, the silk film stacks were cut 

to 12 mm diameter with a biopsy punch (McMaster-Carr) and transferred to the center of the silk 

sponge donuts. The flat silk films seeded with E were then transferred with forceps and gently 

placed on top of the film stacks. To achieve integrity of the scaffold, 500 µl type I rat tail 

collagen was casted on top and absorbed into the scaffold. In order to guide axons toward the top 

of the scaffolds, 50 µl of collagen hydrogel containing 400 ng/ml of NGF was cast on top of the 

film stack. The scaffolds were then incubated at 37⁰C for 30 min to complete the crosslinking. 

After this, the whole scaffold was immersed in hCSSCs differentiation medium and cultivated 

for 2 days. A customized designed waffle-shaped PDMS floating shelf (5 mm thick, 5 cm 

diameter, with 16 X 1 mm2 holes) was prepared by casting PDMS on top of Delrin ® molds 

(McMaster-Carr). This PDMS shelf allowed the top of the scaffold to remain at the air-liquid 

interface (ALIC) while the bottom was immersed in hCSSCs differentiation medium. The 

cultivation in liquid (LC) and air-liquid interface (ALIC) lasted 28 days. The co-cultures of E 

and D (ED-LC and ED-ALIC), S and D (SD-LC and SD-ALIC), and single cultures (E-LC, E-

ALIC, S-LC, S-ALIC, D-LC, D-ALIC), were also processed as comparisons for the three cell 

types in tri-cultures (ESD-LC, ESD-ALIC). The scaffolds for two types of cell co-cultures and 

single cultures were prepared with the same methods as the ESD tri-cultures but only contained 

the respective cellular components. 
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2.5 Immunohistochemistry 

The single cultured and co-cultured samples were fixed at days 14 and 28. Samples were fixed in 

4% paraformaldehyde in PBS (Affymetrix, Cleveland, OH) for 45 min and then treated with 5% 

BSA for 30 min. Cellular morphology was revealed with anti β tubulin III staining. Keratocan 

was stained to reveal hCSSCs ECM secretion while involucrin was stained to reflect the maturity 

of hCECs. The dilution of antibodies is indicated in Table 2. The samples were treated with 

primary antibodies for 12 h at 4°C and then washed with PBS 3 times, 15 min each. The samples 

were stained with secondary antibodies for 8 h at 4°C and washed with PBS 3 times, 15 min each. 

DAPI was diluted 1:1000 in 5% BSA solution at the same time as the primary antibodies. Images 

were taken on a BZX-700 microscope (Keyence Corporation, Itasca, IL) at 10X and 4X. 

Maximum intensity projection images were generated using Advanced 3D Analysis software 

(Keyence Corporation, Itasca, IL). In order to compare transparency, the fixed samples for ESD-

LC, ESD-ALIC and the porcine cornea were immersed in glycerol for 1h and placed over a 

paper with the word “SILK” printed. Photos were taken to indicate transparency. 

Table 2. Primary and secondary antibodies for immunostaining 
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2.6 Q-PCR 

Gene expression levels for keratocan (KERA), lumican (LUM), smooth muscle actin (ACTA2) 

aldehyde dehydrogenase 3A1 (ALDH3A1), involucrin (IVL), connexin 37 (GJA4), and 

cytokeratin 3 (KRT3) were quantified by RT-PCR (qPCR) [10, 136, 200]. In brief, total RNA 

was extracted using Trizol with single step acid-phenol guanidinium method [201], adsorbed 

onto a silica-gel membrane using the Qiagen RNeasy Kit protocol (Qiagen, Valencia, CA), 

eluted, and quantified [202]. The RNA extracted from the scaffolds was reverse transcribed to 

cDNA in a 20 µl reaction using high-capacity cDNA reverse transcription kit (Thermo Fisher). 

Quantitative RT-PCR of cDNA (~30 ng/µl) was performed using assays containing fluorescent 

hybridization probes (Taq Man: Thermo Fisher). Reactions were incubated at 95°C for 10 min 

and amplification was carried out on samples with 2 min incubation at 50°C, followed by 50 

cycles of 15 seconds at 95°C and 1 min at 60°C. The reaction for RT-PCR was processed in a 15 

µl solution containing 1X Universal PCR Master Mix (Thermo Fisher) with 6 µl cDNA samples. 

RNA expression at day 28 was compared to day0 samples using 18s as a reference gene. 

 

2.7 Neuronal Extension Measurement 

Positive staining of β tubulin III was determined at 4x magnification. The images were collected 

from n=3 samples from 3 independent experiments. All the stitched images were then converted 

into 8- bit tiff files using Image J (NIH). The neuron J routine [165] was then applied to measure 

axon length. The density of axons on 4X images was counted using Image J cell counter. 
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2.8 Statistical Analysis 

Data analysis was performed using Student’s T test. The significance level was set at p<0.05. All 

experiments were run in at least triplicates for two independent experiments. 

 

III. Results 

3.1 Guidance of Neuronal Innervation  

After 14 days of cultivation, the uniformly stamped silk films provided higher axon density (112 

± 34 termini/mm2) than multi-circular (26 ± 5 termini/mm2) and radial stamped films (33 ± 8 

termini/mm2) (Figure 21). Thus, this strategy was selected to guide neuronal innervation towards 

the center of the scaffolds in the remaining studies. After 28 days of cultivation the axons were 

mostly located on the top surface of the scaffolds (Figure 21 A, B) indicating successful 

guidance of innervation. This guidance was also studied at the ALIC (Figure 21 C, D) where the 

top surface of scaffolds had twice the density of axons than in the LC. The length and density of 

axons reached an average of 3 ± 0.7 mm and 55 ±10.61 termini/mm2 in the LC versus 4 ± 0.5 

mm and 99 ± 13.5 termini/mm2 in the ALIC. Thus, the combination of stamped silk films and 

NGF loaded collagen supported the effective guidance of neuronal innervation towards the top 

center of the scaffolds. 
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Figure 20. IHC for axonal guidance on different stamped films. Immunohistochemistry staining of 

axonal guidance generated by multi-circular (left), radial (middle) and uniform (right) stamped patterns. 

β III tubulin was stained green. The uniform stamped patterns provided the strongest guidance and led 

to denser and longer innervation compared to the other two patterns. Images collected from n>3 from 

three independent experiments.  Scale bar =3mm 

 

Figure 21. IHC for neuronal extension guided towards the top of scaffold. Immunohistochemistry 

staining of β III tubulin (green) showed axons being guided towards the top center of the scaffolds in 

the LCs and ALICs. A) The top surface of day 28 D-LC sample. B) The bottom surface of day 28 D-

LC sample. C) The top surface of day 28 D-ALIC sample. D) The bottom surface of day 28 D-ALIC 

sample. Scale bars = 6 mm. 

3.2 Co-culture, Tri-culture and Single Cultures In Liquid Phase 

 The scaffolds for tri-culture in liquid remained intact and transparent through 28 days (Figure 22 

B). When hCECs were innervated in the ESD-LC and ED-LC groups, the morphology of the 

hCECs adopted a healthy polygonal epithelial cell morphology whereas in the E-LC group the 

cells were elongated (Figure 22). HCECs aggregation was observed in the liquid phase single 

cultures and co-cultures (Figure 22). The hCSSCs retained alignment at both cultivation time 
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Figure 22. IHC for cultures in liquid. Immunohistochemistry staining of DRGs, hCECs, and hCSSCs 

cultured alone (D-LC, E-LC, S-LC); hCECs, DRG co-culture (ED-LC); hCSSCs, DRG co-culture 

(SD-LC); hCECs, hCSSCs, DRG tri-culture (ESD-LC) in liquind. β III tubulin was stained green in 

all the samples. Involucrin was stained red in E-LC, ED-LC groups and the top layer of ESD-LC 

sample. Keratocan was stained red in S-LC, SD-LC groups, middle and bottom layers of ESD-LC 

sample. The dashed boxes indicate the location of images. Scale bars=100µm. 

 
 

Figure 22. IHC for LC cultures.Immunohistochemistry staining of DRGs, hCECs, and points (Figure 22). Innervation was developed in all the co-culture groups, with the SD-LC group 

resulting in axons that were ~2 times longer than in the ED-LC group (Figure 25 A). The 

innervation was located on the top surface of scaffolds and between each layer of silk films 

(Figure 22). There was no significant difference in length and density of axons between the SD-

LC and ESD-LC (Figure 25).  
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3.3 Co-culture, Tri-culture and Single Cultures in Air-Liquid Interface 

The integrity of the scaffolds and the transparency of the stacked films was maintained through 

28 days of cultivation (Figure 19B). Immunostaining showed that the hCECs formed polygonal 

epithelial cell morphology (Figure 23) and developed into multicellular layers in the ESD-ALIC 

group (Figure 23). The involucrin, a marker for mature corneal epithelium, in the day 28 ESD-

ALIC group was highest among the different conditions in ALIC and higher than the day 28 

ESD-LC samples (Figure 27). The alignment of hCSSCs remained through the cultures in the S-

ALIC, SD-ALIC and ESD-ALIC systems (Figure 23). The secretion of keratocan was also 

observed in the hCSSCs single cultures and co-cultures. The DRGs cultured alone at the ALIC 

had an axon density that was approximately two-fold higher than in the LC (Figures 25). 

Innervation was observed at the top surface and between the silk film layers in the scaffolds 

(Figure 23).  The dense innervation appeared in the ESD-ALIC group (80 terminal/mm2), which 

was 3 and 2 times higher than the ESD-LC and D-LC groups respectively (Figure 25 B). 

Calcium imaging was collected with menthal added to the medium to stimulate neuronal firing 

(Figure 26) showes increased neuronal firing whith menthol addition, supporting neuron function 

in the tissue constructs. 
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3.4 Q-PCR Analysis 

In order to investigate the impact of innervation on the hCECs, expression of mRNA for 

involucrin (IVL), connexin 37 (GJA4), and cytokeratin-3 (KRT3) was quantified by qPCR. IVL 

Figure 23. IHC for air-liquid interface cultures. Immunohistochemistry staining of DRGs, hCECs, 

and hCSSCs cultured alone (D-ALIC, E-ALIC, S-ALIC); hCECs, DRG co-culture (ED-ALIC); 

hCSSCs, DRG co-culture (SD-ALIC); hCECs, hCSSCs, DRG tri-culture (ESD-ALIC) in liquind. β III 

tubulin was stained green in all the samples. Involucrin was stained red in E-ALIC, ED-ALIC groups 

and the top layer of ESD-ALIC sample. Keratocan was stained red in S-ALIC, SD-ALIC groups, 

middle and bottom layers of ESD-ALIC sample. The dashed boxes indicate the location of images. 

Scale bars=100µm. 
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is a marker for maturity whereas GJA4 documents accumulation of cell-cell junctions in the 

epithelial layer. IVL and GJA4 were expressed in all groups, whereas KRT3 was only expressed 

in ED-ALIC, ESD-LC and ESD-ALIC samples (Figure 27 A). ED-ALIC had significantly higher 

expression of IVL and GJA4 compared to ED-LC. Also, the ESD-LC and ESD-ALIC groups had 

significantly higher IVL and GJA4 expression compared to ED-LC and ED-ALIC groups. The 

expression of mRNA for keratocan (KERA), lumican (LUM), aldehyde dehydrogenase 

(ALDH3A1) and smooth muscle actin (ACTA2) was quantified to analyze the functional state of 

the hCSSCs (Figure 27 B). KERA and LUM are corneal stroma ECM proteins that were 

previously shown to be expressed by keratocytes differentiated from hCSSCs [10].  ALDH3A1 

is highly expressed in both epithelium and stromal cells of differentiated cornea and important 

for cornel transparency[203].  Smooth muscle actin (ACTA2) is a marker of myofibroblasts, 

cells involved in secretion of fibrotic non-transparent corneal tissue [204]. The expression of 

ACTA2 was down regulated in all the culture groups (Figure 27 B). The S-LC group had the 

highest KERA and LUM expression compared to all the other groups. When hCSSCs were 

innervated (SD-ALIC), the expression of KERA and LUM were not different from the SD-LC 

and were significantly higher than the S-ALIC. The expression of ALDH3A1 was significantly 

greater in groups with innervation compared to non-innervated samples 
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IV. Discussion 

Compared to collagen-based corneal tissue models with innervation [128, 205], the silk protein 

provided tunable materials to match the mechanical properties of human cornea [129, 139, 206]. 

Films and sponges prepared from silk supported aligned hCSSCs growth and improved neuronal 

extensions [136, 137].  In collagen-based tissue models, NGF was loaded into hydrogels to 

create a concentration gradient to guide neuronal growth [12, 32]. However, the density and 

length of innervation were not quantified, and collagen undergoes consistent contraction over 

time that impacts cell functions. In our present study of corneal tissue models, NGF loaded 

collagen gels were combined with NGF stamped silk films to guide the axons towards the top 

center of the scaffolds, while concurrently avoiding the problem of material contraction.  

 
Figure 24. Immunohistochemistry staining of day 28 E-ALIC and ESD-ALIC samples. βIII tubulin stained 

green. More cellular layers (white arrows) were observed in ESD-ALIC than in E-ALIC sample. Images 

were collected from n>3 from three independent experiments. Scale bars =100μm  
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Interactions between cells sourced from chickens in contact with human cells has been 

previously reported [207]. Dorsal root ganglion neurons were used to mimic corneal innervation, 

due to its roles as a critical component as sensory neurons [208].  The average terminal density 

and axon length reached 100 termini/mm2 and 4 mm in the ALICs. The guided, dense, and long 

axons establish an essential foundation to for innervated corneal tissue models.  Further, these 

systems remained functional for at least one month in culture, supporting sustained cultivation to 

allow both acute and chronic studies with these new corneal tissues. 

 

Figure 25. Quantification of density and length of axons in day28 LC and ALIC. DRG single 

cultures in liquid phase(D-LC) and at air-liquid interface (D-ALI); DRG and hCSSCs co-culture in 

liquid phase(SD-LC) and at air-liquid interface (SD-ALIC); DRG co-culture with hCECs in liquid 

phase (ED-LC) and at air-liquid interfaces (ED-ALIC); DRG neuron , hCSSCs and hCECstri-

culture in liquid phase (ESD-LC) and at air-liquid interfaces (ESD-ALIC). The air-liquid interface 

culture supported significantly longer axons compared to the liquid cultures. D-ALIC and ESD-

ALIC groups provided the densest axons among the groups reaching an average of ~100 

termini/cm2. Data was collected from n>3 from three independent experiments. ***P<0.0001; 

**P<0.001. 
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Previously, an air-liquid interface was achieved by culturing tissue constructs in trans-wells [153, 

209, 210]. HCSSC survival in trans-wells was not robust in some of our preliminary experiments. 

Thus, PDMS shelves were designed to maintain a fluid environment for the stroma while the 

epithelium was positioned at the ALIC.  As a result, the hCSSCs survived well in these systems.   

 

After the scaffold design for neuronal innervation guidance and air-liquid cultivation was 

completed, the hCSSCs and hCECs were included in the cultures. In our previous studies, we 

developed patterned corneal stoma construct using RGD functionalized silk film stacks [26], 

which supported the secretion of aligned ECM from hCSSCs. In a more recent study, 2D co-

culture systems with silk films and silk collagen hydrogels improved DRG axonal development 

when co-cultured with hCSSCs. In order to include the epithelium, an important barrier layer for 

the cornea [3], HGF, KGF and EGF were stamped on the top silk film layer. HCECs survived 

Figure 26. Calcium imaging of DRG neuronal innervation before (A) and after (B) menthol 

stimulation. Scale bar=100µm 
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through 28 days of cultivation in the LC and ALIC. Multilayer growth of hCECs (Figure 24 ) 

was achieved in the ALIC systems, reflecting the importance of the air-liquid environment to 

generate suitable outcomes for these cornea tissues.  

 

The expression of IVL, GJA4 and the number of epithelial cellular layers in the innervated and 

air-liquid interface cultured samples were significantly higher than in the non-innervated samples 

cultivated in liquid phase, suggesting innervation and the air liquid interface contributes towards 

achieving cell and tissue maturity of the corneal epithelium.  

 

Figure 27. Gene expression of hCSSCs (A) and hCECs (B) in LC and ALIC. The expression levels 

of mRNA for involucrin (IVL), connexin 37 (GJA4) and cytokeratin 3 (KRT3) were quantified 

through Q-PCR and normalized with day 0 samples of hCECs.  The expression levels of mRNAs 

for keratocan (KERA), lumican (LUM), aldehyde dehydrogenase 3A1 (ALDH3A1) and smooth 

muscle actin  (ACTA2) were quantified through Q-PCR and normalized with day 0 samples of 

hCSSCs. The expression level of IVL, GJA4 were significantly higher in ED and ESD co-cultures 

compared to hCECs single cultures. hCSSCs expressed the most keratocan when cultured in the 

liquid phase. SD-ALIC groups had significantly higher keratocan expression compared to the S-

ALIC groups. The data were collected from n>3 from three independent experiments. 

***P<0.0001; **P<0.001. 
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 During the sustained cultivation in LC, the survival of hCSSCs appeared to decrease when 

hCECs were included in the system. This outcome was likely due to the hCECs remaining 

proliferative throughout the cultivation which created competition for nutrients. This issue did 

not appear in the ALICs, which again supported the key role of this environment maintaining a 

healthy epithelium and stroma. However, when hCSSCs were cultured alone, the LC provided 

better KERA expression compared to the ALIC, indicating the liquid environment enhanced the 

secretion of ECM in the stroma. 

 

The highly expressed ALDH3A1 and KERA in the innervated stroma showed the essential role 

of innervation on corneal stromal transparency and function [211].  In humans, it was observed 

that the impairment of corneal innervation can cause corneal ulcers (neurotrophic keratitis) [212]. 

Patients with neurotrophic keratitis present decreased corneal sensitivity with alterations in 

corneal epithelium, nerve, keratocyte, and endothelium.  Our findings corroborate that corneal 

sensory nerves play a critical role in maintaining the vitality, metabolism, and replenishment of 

corneal cells [213].  While preliminary in outcome in the present study, the data suggest that this 

new corneal 3D tissue model has potential to help to explore and address these types of corneal 

diseases. 

 

The interaction between corneal cells and innervation was also observed through the morphology. 

The axons developed from the bottom of silk sponge and grew towards the top of the scaffold in 

single culture and co-culture groups. In the tri-cultures, the axons branched at the edge of 

scaffold and sprouted thin and long axons that grew in between stromal layers and on the 

epithelial layer. Epithelial innervation developed through cultivation formed close connections 
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with hCECs in the ALIC. In stromal layer, the axons were guided by the pattern on the silk film 

and grew parallel with hCSSCs. Through the longer and denser axons in the ESD-ALIC 

compared to the ED-ALIC, a synergistic effect by the hCSSCs was revealed. This finding is in 

agreement with our previous study which illustrated the importance of collagen type I and BDNF 

secreted by hCSSCs in improving neuronal extensions [35]. Interestingly, we observed longer 

axons in all the ALIC groups. A similar effect was shown in other DRG neuron single cultures 

and co-cultures with skin tissue at the air-liquid interface [214, 215]. The results indicate the 

importance of the ALIC in supporting long and dense neuronal innervation at in vitro 

environment. 

 

The cultivation time for current cornea tissues models was limited to 1-2 weeks [128, 205]. 

Cornea development takes 2 months in the human embryo [61]. Interactions between innervation 

and corneal tissue in longer-term cultivation are critical in this study, the robust silk protein 

based scaffold retained integrity and transparency through 28 days of cultivation.  These results 

support the utility of these scaffold designs and bioreactor support for sustainable cultivation of 

3D cornea tissues for a range of studies in the future.  

 

V. Conclusion 

Innervated silk-based corneal tissue models were developed which supported long and dense 

neuronal innervation with multi-layer hCECs for the epithelium and aligned hCSSCs for the 

stromal layers.   The impact of innervation on the corneal stroma and epithelium in sustained 

culture was demonstrated. With these advances in relevance, innervation, and time in culture, 
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these corneal tissue models can be considered as supplements to animal models in areas such as 

drug development, disease intervention and in general corneal physiology research.    

 

 

Chapter V. In vitro Corneal Tissue Model in a Dynamic in vitro Environment 

I. Introduction 

Following the development of the 3D corneal tissue model, we investigated the effects of 

intraocular pressure (IOP) and tear flow (TF) on the system. In addition, we inserted human 

sensory neurons into the scaffold to more accurately mimic the cellular components of the 

human cornea. Analysis of cellular reactions to mechanical stimulation provides an important 

metric for evaluation of the functionality of the tissue model. In this chapter, we optimized the 

clinically-used Barron® artificial anterior chamber to serve as a bioreactor system and provide 

sustained IOP. The chamber was equipped with a customized lid with an auxiliary medium outlet 

to provide tear flow with a rate of 10 drops/min mimic human tear flow rate. The tears increased 

the viability of epithelium and stroma compared to the IOP group. Furthermore, IOP improved 

ECM protein expression and secretion in corneal stromal cells. Development of this novel 

dynamic cultivation system provides a new opportunity to study tears and IOP in a highly 

controlled in vitro environment. 

II. Materials and Methods 

2.1 Human Sensory Neuron Cell Culture 

Human sensory neurons (hNs) were differentiated from human neuronal stem cells reprogramed 

from human fibroblasts [216]. Subsequently, neuronal stem cells were differentiated for 10 days 

on a gelatin-coated plate into sensory neurons, using 3 inhibitors and 3 growth factors 
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supplemented in neurobasal medium (Thermofisher) containing 2% B-27 (Sigma), 10% 

antibiotic-antimycotic (Thermofisher) , 10% glutamax (Thermofisher), 3 growth factors 

(25ng/ml NGF, 25ng/ml BDNF, 25ng/ml GDNF), and 3 inhibitors (3μM CHIR99021, 10μM 

SU5402, and 10μM DAPT) (Thermofisher) [217]. Silk sponges were immersed in 0.1mg/ml 

(poly-D-lysine) PDL solution at 4°C overnight before use. The PDL solution was aspirated prior 

to cell seeding. Then 5ml TrypL-select solution (Thermo Fisher Scientific) was added per dish of 

neurons and incubated at 37⁰C for 1min. The solution was subsequently neutralized with 

neurobasal medium to inactive the enzyme and detach neurons from the dishes. The cell solution 

was then collected and centrifuged at 1200 RPM for 5 min and suspended with the neurobasal 

medium at a concentration of 100,000,000 cells /ml. A 100µl of cell solution was then added to 

300µl of neutralized collagen hydrogel and applied onto the silk sponge using133µl per scaffold. 

The sponges were then incubated for 1h to allow time for crosslinking before beginning culture 

in 3I+3G neurobasal medium.  

 

2.2 Tri-cultivation of hCSSCs, hCECs and hNs 

The methods for tri-culturing hCSSCs, hCECs and hNs was the same as with the ESD tri-culture 

in section 2.4 in Chapter IV. 

2.3 Preparation of Artificial Anterior Chamber 

The artificial anterior chambers were purchased from Barron®[1]. As can be seen in Figure 28 

and 29, the chamber is composed of a base, a tissue retainer, and a locking ring. A porous silk 

film was made and applied on top of the base to serve as a bottom membrane. Following 

application, a 15mm inner diameter and 17mm outer diameter rubber o-ring (McMaster) was 
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placed on top of the film to improve sealing and decrease stress on the scaffold. The corneal 

tissue model, described in Chapter IV, was cultured for 14 days was then placed gently on top of 

the silk film and was anchored down by the tissue retainer. Sealing of the antieror chamber was 

achieved by fastening the locking ring. The co-culture medium was then pushed into the system 

through a luer lock connector. The pinch clamps were clipped once the pressure reached the 

range of 15-20mmHg. This pressure was maintained and measured by a tonometer (Medical 

Device Depot, Ellicott City, Maryland) [218] every 3 days throughout the duration of culture. 

Culture medium was changed every 2 days by complete aspiration and refilling the chamber.  

 

Figure 28. The structure of artificial anterior chamber. The base of chamber is connected to luer lock 

which can be closed by tightening the pinch clamp. The tissue retainer and locking ring are used to seal 

the system[1].  Scale bar=6mm 
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2.4 Preparation of Tear Dropping Device 

A custom designed lid was made of polycarbonate with a 3mm medium inlet (Figure 29 A and B) 

and was fitted with a silicone pipe to provide tear flow (TF) on the surface of the scaffold (Figure 

29 A). The pipe was anchored to have 1 mm of distance from the top surface of the scaffold. The 

bioreactor was then placed on top of an absorbing gauze pad to collect tear flow run off from the 

top surface of the scaffold. The tear pipe was connected to a 50ml syringe containing TF fluid 

(hCSSCs differentiation medium supplemented with 25ng/ml EGF) (Sigma). To provide tear 

flow, 50ml syringes were then loaded in a syringe pump (Harvard Apparatus, Holliston, MA) 

programed for a 50ul /min flow rate. 

 

 

 

Figure 29. Representative picture and schematic for bioreactor. A:  The tissue model was pressurized 

and formed a dome shape under artificial IOP. A tear wash device was added with dropwise tear, to 

bathe the surface of tissue model. B: Schematic of the inner structure of bioreactor. The cellular 

component in the tissue model in bioreactor with dash line indicating the intraocular pressure.  Scale 

bars=6mm 
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2.5 Immunohistochemistry 

Dynamic and static cultivated tissue models were fixed on day 28 and day 40 by soaking samples 

in 10% formalin PBS solution overnight. The samples were then rinsed with PBS to remove 

residual formalin before dehydration with ethanol, xylene and paraffin (Table 2). The samples 

were cut into 3 pieces, embedded and hardened in fresh paraffin (VWR). The samples were then 

sectioned into 8µm thick slices and rehydrated following the steps in Table 3 Antigen retrival 

was completed using unmasking solution (Vector Laboratory, Burlingame, CA) and heated for 

20 min with a vegetable steamer. The primary antibodies were then added onto the slides, 

incubated at 4°C overnight and washed with PBS 3 times before application of the secondary 

antibody. Following 1h incubation at room temperature, the unbound secondary antibody was 

rinsed off the slides by washing with PBS 3 times prior imaging. The dilution ratio used for 

primary and secondary antibody preparation is included in Table 2. 

 

 

 

Table 3. Steps of tissue processing 
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III. Results 

3.1 Neuronal Stem Cell Differentiation 

The expression level of CRCP, BDNF, TAC1, TRPV1 and NTRK1 at  day 14 by the hNs was 

quantified by q-PCR to assess the effectiveness of differentiation of human iPS neurons. For 

neurons cultivated with 3I+3G neurobasal medium, the expression of pain mediators (CRCP, 

BDNF, TAC1), temperature and capsaicin nociceptor (TRPV1), and neurotrophic factor receptor 

(NTRK1) were upregulated compared to the group cultured with neurobasal medium alone 

(Figure 30). These data provide baseline information on relevance of these cells for the study of 

sensory/pain-related outcomes. 

3.2 Neurons Responded to Dynamic Cultivation 

Based on the preliminary data, no neuronal extensions were observed in the IOP alone group. 

However, with TF, neuronal extensions were observed on day 28 samples undergoing dynamic 

culture. Q-PCR data indicated (Figure 32) that combined IOP+TF cultivation increased the 

expression of CRCP and SCN compared to static cultivation. Through IHC, higher β III tubulin 

Figure 30. Q-PCR result of day 14 differentiated neuronal stem cell reprogramed from human 

fibroblasts. Compared to control groups cultivated without inhibitors and growth factors, the 3I+3G 

differentiated group had higher expression of pain mediators (CRCP, BDNF, TAC1), temperature 

and capsaicin sensor (TRPV1), and neurotrophic factor receptor (NTRK1). The data were collected 

from n>3 from three independent experiments. ***P<0.0001; **P<0.001. 
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expression was observed in the static culture samples than the IOP+TF culture, while NaV 1.8 -

expression was improved by IOP+TF cultivation (Figure 31).  

3.3 hCECs Responded to Dynamic Cultivation 

In the IOP group, the mature corneal epithelium markers (IVL and connexin43) were not 

expressed. However, in the IOP+TF group, IVL and connexin immunostain signals were 

observed and were statistically upregulated when compared to the IOP group and static 

cultivated samples (Figure 31). In q-PCR result (Figure 32), greater expression of  IVL, and 

GJA4 was detected in IOP+TF group compared to static cultivation, suggesting tears improved 

the maturity of the epithelium. 
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Figure 31.  Immunohistochemistry of corneal tissue models cultivated in static, IOP alone, 

and IOP+ tear wash bioreactors. Involucrin (IVL), connexin 43 (con 43), NaV1.8 and β III 

tubulin were stained green while keratocan was stained red. IOP+ tear wash group had most 

IVL, connexin 43, NaV 1.8. Whereas IOP and IOP+ tear wash groups both had higher 

keratocan expression than static cultivation. Scale bar=3mm 
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3.4 hCSSCs Responded to Dynamic Cultivation 

Higher KERA, LUM, and ALDH expression in the IOP+TF cultivation group was detected 

relative to the static cultured group in terms of both IHC (Figure 31) and q-PCR (Figure 32). 

These results indicated that IOP and TF improved the secretion of ECM components by hCSSCs. 

 

IV. Discussion 

To date, the impact of mechanical forces on corneal cells have been mainly studied in single cell 

type cultures [7, 219]. In order to further mimic the cellular component of human cornea we 

innervated the multicellular corneal tissue model with hNs differentiated from neuronal stem 

cells (hNSCs) derived from reprogrammed human dermal fibroblasts [216]. Previously, 3I+3G 

neurobasal medium was shown to be effective for iPS cells differentiating towards sensory 

neurons [217, 220, 221]. Here we adopteded this method to differentiate the hNSCs. To evaluate 

Figure 32.  HCSSCs, hCECs and neuron marker expression after IOP+TW dynamic cultivation. Q-

PCR result for expression of CRCP, BDNF, SCN from neuron; KERA,LUM, ALDH from hCSSCs and 

IVL,GJA from hCECs in day 28 static and IOP + Tear wash samples. The dynamic cultivation 

appeared to improve the expression of CRCP, SCN, KERA, LUM, and ALDH. No significant 

difference was observed between static and dynamic cultivation in IVL and GJA4 expression level. 

The data were collected from n>3 from three independent experiments. ***P<0.0001; **P<0.001. 
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the differentiation efficacy, the expression level of sensory neuron markers Tac1, BDNF, CRCP, 

TRPV1 and NTRK1 were evaluated. Tac1[222], BDNF and CRCP [223] genes encode important 

peripheral pain mediators [220]. TRPV1 is linked to nociceptive nerve firing following 

temperature and capsaicin stimulation [224]. NTRK encodes neurotrophic factor receptors 

necessary for nerve cornea cross talk [64]. Here, all human sensory neuronal markers were 

significantly upregulated in the differentiation experimental conditions using the 3I+3G 

neurobasal medium, indicating the effectiveness of the differentiation protocol.   

 

To mimic the IOP, we applied the artificial anterior chamber used in corneal transplantation to 

inflate the scaffold with culture medium. The IOP was maintained in the range of 15-20 mmHg 

mimicking human cornea pressure [218]. Maintaining pressure also served as an indicator that 

the bioreactor system remained sealed during the cultivation. In the human eye, the tear fluid is 

spread on the ocular surface by eye blink movement, with average rate of 10 times/min [225, 

226]. To mimic these features, we designed the lid with a medium outlet to drip artificial tears on 

the scaffold surface with rate of 10 drops (5µl/drop) /min. In our preliminary experiments, the 

tear fluid was dropped from a 2-3 cm height onto the tissue model. In these samples, no hCECs 

or hCSSCs were observed due to the forces imposed by the tear dropping. To solve this problem, 

we lowered the medium outlet to a 1 mm height from the scaffold surface and gained improved 

cell growth. On the native ocular surface, the tear fluid is drained through the tear duct and into 

the lacrimal sac by the nose [226]. In our bioreactor, the tear fluid flowed off the surface due to 

the curvature of the pressurized tissue model. Thus, we placed a sterilized gauze pad underneath 

the anterior chamber to collect the tears.  
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The tissue model gained curvature and significantly increased secretion of stromal ECM (KERA, 

LUM) under stimulation of IOP, demonstrating the contribution of mechanical tension to corneal 

integrity. This result aggreed with the contribution of IOP in corneal curvature and thickness 

during mice corneal development [227], demonstrating the promise of this bioreactor as an 

effective tissue model for future studies.  

 

A custom designed lid was used to protect the artificial anterior chamber, however, 

contamination still occurred in some of the IOP alone samples. In the IOP + TF group, however, 

no contamination was observed during the culture period, suggesting medium flushing on the 

scaffold surface was effective washing out potential contaminents or pathogens in a similar 

manner to a human tear flow [228]. In addition to preventing contamination, TF also improved 

the functionality of the corneal epithelium and innervation in the tissue model. As shown in IHC 

and Q-PCR results, TF enhanced the expression of IVL and connexin which indicated 

improvement of epithelial maturity. The higher expression of nociceptor NaV 1.8 in the IOP+TF 

group compared to the IOP alone group revealed the importance of TF to functional corneal 

innervation.  

 

In vivo, aqueous humour generated IOP and air-liquid interface environment contribute to a 

healthy cornea [58, 218]. The aforementioned air-driven flex cell cannot fully replicate these 

physiological features. Currently, there is no bioreactor that combines the air-liquid interface 

environment, IOP and TF. Making use of our design, fluid generated IOP and ALIC provided a 

representative, physiologically relevant model. Additional tear flow elements provide the chance 

of studying tear function within an in vitro environment. By tunning the IOP, tear and aqueous 
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humour components , diseases like glaucoma, dry eye syndrome, and ocular surface infection 

can be mimicked in vitro using this new system.  

 

V. Conclusions 

A bioreactor was developed to mimic the mechanical and biochemical properties of IOP and TF. 

IOP improved stromal ECM secretion while TF promoted the maturity of the epithelium and 

neuronal extensions, as well as reducing contamination. Such responses match the functioning of 

native cornea, demonstrating the utility of this corneal tissue model and bioreactor system in 

studying corneal reactions to mechnical stimulation. The bioreactor allows adjustment of IOP 

pressure, tear fomulation and aqueous humour components, and can serve as a platform of 

mimicking the dynamic environment of healthy and diseased cornea. 
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Chapter VI. Corneal Tissue Model Response to Nociceptive Stimulation 

I. Introduction 

To evaluate functionality, the corneal tissue model with functional neuronal innervation was 

evaluated for the ability to respond to pain stimuli. The ability to react to and recover from 

trauma is also crucial for future applications in drug screening and toxicity testing. In this chapter, 

culture medium containing capsaicin, which triggers pain and cause epithelial ulcers [229] in 

human cornea [230], was used to stimulate the corneal tissue model. Following pain stimulation, 

serum supplemented medium, a clinically used treatment for corneal trauma, was applied. 

Decreased confluency and morphological changes in hCECs, hCSSCs, and neurons were 

observed following nociceptive stimulation. Pain mediator release was also observed following 

capsaicin stimulation, as detected by SP and CGRP directed ELISA. Recovery of hCECs and 

hCSSCs confluency and nerve density were observed after exposure to medium containing 

serum. Such reactions indicated that the tissue damage and pain mediator release during corneal 

trauma can be replicated by this in vitro tissue model.  

 

II. Material and Methods 

2.1 Q-PCR of hCSSCs and hCECs cultured in medium containing EGF and FBS 

In order to encourage epithelial and stromal recovery following capsaicin stimulation, 4 types of 

medium (5% or 10% FBS, 25 or 50ng/ml EGF supplemented hCSSCs differentiation medium) 

were added to hCSSCs and hCECs monocultures. RNA was processed (extraction, reverse 

transcribed) on D14 samples following the method described in Chapter IV. Expression of 

lumical (LUM), keratocan (KERA), aldehyde dehydrogenase 3 family member A1(ALDH3A1), 

actin alpha 2 (ACTA2), involucrin (IVL), gap junction protein alpha 4 (GJA4) and keratin 3 
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(KRT3) was evaluated through q-PCR to evaluate cellular response also using the same methods 

with Chapter IV.  

2.2 Capsaicin stimulation and Serum Treatment on Corneal Model 

Following 28 days of culture of the tissue model at the air-liquid interface, 10µl DMEM 

containing 0.5%, 0.05%. 0.005%, 0.0005% capsaicin was pipetted on top of the scaffolds. 

Capsaicin supplemented DMEM was rinsed off with PBS following a 10 min incubation period. 

The scaffolds were then placed back on the floating shelf to continue cultivation. For 

convenience, day 28 co-culture is defined as day 0 after capsaicin stimulation in this Chapter (D0 

cap).  Three days after initial capsaicin stimulation, hCSSCs differentiation medium containing 

10% FBS was added for 24h to improve the healing of corneal cells and neurons. Following the 

serum treatment, the samples were cultured in hCSSCs differentiation medium with 50ng/ml 

NGF until day 9. The serum treated (STSR), non-serum treated (ST), and non-stimulated (no ST) 

samples were collected on day 9 after capsaicin stimulation, for q-PCR and IHC analysis.  

2.3 DiI and DiO Labeling of Cells 

To observe cellular response to different concentrations of capsaicin, neurons were labelled with 

DiO and corneal cells with DiI (ThermoFisher) by diluting the dye at a ratio of 1:500 (v/v) in a 

1,000,000cells /ml solution prior to seeding on the scaffolds.  Images were collected every two 

days from 1 day before capsaicin stimulation (day-1) to day 9.  

2.4 ELISA of SP and CGRP 

SP and CGRP are mediators used to assess the pain reactions. Supernatant culture media samples 

were collected every 2 days after capsaicin stimulation and stored at -80°C. The frozen medium 

samples were lyophilized overnight and dissolved in 1 ml of deionized water. ELISAs for SP and 
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CGRP were processed using an SP parameter assay kit (R&D system) and human CGRP EIA kit 

(Cayman Chemistry, Ann Arbor, Michigan).   

2.5 Immunohistochemistry and q-PCR 

The IHC and q-PCR were processed following the same procedures outlined in previous chapters. 

SP8 CARS confocal microscopy (Leica) was used for 3D image acquisition.  

 

III. Results 

3.1 hCECs and hCSSCs Reaction to FBS and EGF 

To optimize the concentration of FBS and EGF in the regrowth improving medium, 10 and 5% 

FBS, 25 and 50 ng/ml EGF supplemented hCSSCs differentiation medium were tested with D14 

hCSSCs and hCECs mono-cultures grown on TCP. The q-PCR results showed hCECs maturity 

marker (IVL, GJA4 and KRT-3) expression improved in the 10% FBS and 25ng/ml EGF groups. 

HCSSCs ECM marker expression (KERA, LUM, ALDH) was increased by all 4 types of media, 

with the lowest amount of non-stromal differentiation marker (ACT) expression observed in the 

10% FBS group. Thus, 10% FBS supplemented medium was chosen as the healing medium for 

the tissue model after capsaicin stimulation (Figure 33).  
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3.2 DiI labeled Corneal Cells Response to Capsaicin Stimulation  

To seek the optimal stimulation concentration, tissue models containing DiI labeled corneal cells 

and DiO labeled hNs were stimulated by 0.5,0.05,0.005% capsaicin in DMEM. Figure 34 shows 

the stitched images of corneal tissue model on D2 before stimulation, D0 (immediately after 

stimulation), and D3 and D5 after stimulation. As shown in Figure 34, 0.5 and 0.05% capsaicin 

decreased the cell density upon stimulation. Reduction of cell coverage was observed 5 days 

after 0.005% capsaicin stimulation. Recovery of cell confluency was observed after serum 

treatment in all groups with the 0.005% group demonstrating the best regrowth (Figure 35). Thus 

we chose 0.005% capsaicin for all remaining experiments.  

Figure 33. Gene expression of hCSSCs and hCECs cultured in medium containing EGF 

and FBS. Q-PCR of IVL, GJA, KRT-3 expression from hCECs and KERA, LUM, ALDH and 

ACT expression from hCSSCs under stimulation of 5% 10% FBS, 25, and 50ng/ml EGF. 

The hCECs appeared to have higher IVL, GJA and KRT-3 marker expression in 25ng/ml 

and 10% FBS group than other groups. Whereas hCSSCs expressed most KERA, LUM, and 

ALDH in 5% FBS group. The data were collected from n>3 from three independent 

experiments. ***P<0.0001; **P<0.001. 
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To study serum treatment, neurons were labeled green with DiO while corneal cells were labeled 

red with DiI. After the capsaicin exposure, a decrease of cellular confluency was found on day 3. 

The non-serum treated (ST) group showed continuous decrease of cellular confluency after the 

Figure 34. Live cell image of corneal cell response to different concentration of capsaicin. DiI (red) 

labeled hCSSCs and hCECs reacted to 10 min exposure to 10µL capsaicin (0.5,0.05, 0.005%), day 3 

after stimulation and after serum treatment. The 0.005% capsaicin appeared to provide decrease of 

cell coverage after exposure while recovered after the serum treatment. 

 

 

Figure 35. Confluency change observed through live cell imaging. Stitched fluorescence images 

captured from stimulated (ST), stimulated and serum treated (STSR), and non-stimulated (NO ST) 

samples. The corneal cells were labeled red with DiI while neurons were labeled green with DiO. 

Scale bar =6mm 
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capsaicin stimulation. For the serum treated group (STSR) we saw an increase of cell confluence 

on day 7 and 9 indicating the serum treatment improved regrowth of corneal cells. 

  

3.3 Confocal Microscopy of Tissue Model After Capsaicin Stimulation and Serum 

Treatment  

Confocal microscopy was utilized to assess cellular morphology in the scaffolds, with results 

shown in Figure 36. No neuronal extensions were observed in the ST group. HCECs and 

hCSSCs showed altered cell morphology and decreased cell number compared to the non-

Figure 36. Immunohistochemistry of corneal tissue model regions (E: epithelium, S: stroma, N: 

neuron) on day 14 after exposure to 0.005% capsaicin in ST(stimulated), NOST (non-stimulated) 

and STSR (serum treated) groups. β III tubulin was stained as green, red represent the auto 

fluorescence of silk scaffolds. Neuronal extension disappeared at samples at 3 days after capsaicin 

stimulation with change of cellular morphology in epithelium and stroma observed as well. The 

serum treatment improved the density axons and epithelial cells compared to the control group. 

While the D14 control has the elongated stromal cells. Scale bar=50µm.  

 



 
 

104  
 

stimulated group (NO ST). After serum treatment (STSR), longer and denser axons were 

observed in the capsaicin stimulated group than the No ST and STSR samples. The STSR 

samples also had multilayer epithelium. However, the recovery of morphology and density of 

hCSSCs were not achieved in serum treated samples.  

 

3.4 Substance P and CGRP Release 

SP and CGRP in the medium was evaluated by ELISA. The SP and CGRP concentration 

increased following capsaicin treatment, and decreased on the day of serum treatment (Figure 

37). Then SP was maintained at a lower level (~220pg/ml), whereas CGRP appeared to be 

increased 4 days after serum treatment. There was no significant secretion of SP and CGRP in 

Figure 37. ELISA of substance P and CGRP secretion from capsaicin stimulated samples. The 

concentration of substance P and CGRP both increased after stimulation and was higher than in 

the control group.  The data were collected from n>3 from three independent experiments. 

***P<0.0001. 
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the monoculture control group (Figure 37).  

 

3.5 HCECs, hCSSCs and hNs Marker Expression After Capsaicin Stimulation 

In Figure 38, both GJA and IVL had the highest expression in the capsaicin stimulated co-

cultures (D10 CO ST). In Figure 39, LUM, ALDH3A1 and KERA expression were decreased 

for D10 CO ST samples. The serum treated group (D10 CO STSR) had comparable LUM, 

KERA and ALDH3A1 expression with non-stimulated co-cultures (D10 CO NOST). In hCSSCs 

mono-cultures, the LUM, KERA and ALDH3A1 expression were only detected in the non-

stimulated group (D10 S NOST), while ACTA2 was down regulated in all the groups. The 

Figure 38. Q-PCR result for GJA and IVL expression from hCECs after capsaicin stimulation. 

Samples are collected on day 10 after stimulation from co-cultures (D10 CO ST, D10 CO STSR, D10 

CO NOST), and mono-cultures (D10 E ST, D10 E STSR, D10 E NOST). ST stand for stimulated but 

not treated with serum. The STSR group was treated with serum and NOST means non-stimulated 

group. GJA and IVL were upregulated in ST monoculture and co-culture groups. Serum treated 

samples had higher GJA expression than monoculture and non-stimulated groups. The data was 

collected from n>2 experiments. ***P<0.0001; **P<0.001. 
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expression of TAC1 and BDNF was highest D10 ST group, while CGRP expressed highest in 

serum treated group D10 STSR (Figure 40).  

 

IV. Discussion 

Being able to respond to damage and treatment in a physiological relevant manner indicates the 

functionality of in vitro model.  Here we used capsaicin, which causes pain upon application 

[231] and epithelium ulcer and nerve degeneration in long term [229, 232]. In clinic, serum eye 

drops which contain a cocktail of growth factors including EGF, TGF-β, fibronectin, IGF-1 and 

Figure 39. Q-PCR results for LUM, ALDH3A1 KERA and ACTA2 expression from hCSSCs after 

capsaicin stimulation. Samples are collected on day 10 after stimulation from co-cultures (D10 CO ST, 

D10 CO STSR, D10 CO NOST), and mono-cultures (D10 S ST, D10 S STSR, D10 S NOST). ST stand 

for stimulated but not treated with serum. STSR group was treated with serum and NOST means non-

stimulated group. LUM, ALDH3A1, KERA expression in ST groups were less than STSR group and 

NOST group. Expression of ACTA2 was down regulated in all the groups.  No significant LUM, 

ALDH3A1 and KERA expression was detected in S, ST and S STSR groups. The data was collected 

from n>2 experiments. ***P<0.0001; **P<0.001. 
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NGF is considered as one of the most effective treatments for corneal epithelium and nerve 

defect [233, 234]. Here we applied healing medium containing 10% FBS following capsaicin 

exposure, to mimic serum eye drop treatment and measure injury response using the innervated 

cornea model.  

 

Figure 40. Q-PCR result for TAC1, CGRP and BDNF from neuron after capsaicin stimulation. 

Samples are collected on day 10 after stimulation from co-cultures (D10 CO ST, D10 CO STSR, D10 

CO NOST). ST stand for stimulated but not treated with serum. STSR group was treated with serum and 

NOST means non-stimulated group. TAC1, CGRP and BDNF expression was upregulate in ST groups. 

Serum treated group have lower BDNF, TAC1 and higher CGRP expression than ST group. The data 

was collected from n>2 experiments. 
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Through confocal images, the decrease of axonal density, hCECs and hCSSCs confluency were 

observed in ST group indicating capsaicin caused in vitro tissue damage. Interestingly we 

observed increased GJA and IVL expression from hCECs in both co-cultured and monocultured 

ST groups, showing the capsaicin stimulation improved the maturity of the epithelium. In human 

cornea, epithelial cells respond to trauma by proliferating and migrating towards the injured site 

[235]. Thus, it is likely the hCECs increased the synthesis of its functional marker to perform its 

protective function. For hCSSCs, in confocal images, cell confluency was decreased in ST group 

compared to NOST group. This agreed with keratocytes apoptosis after epithelium injury 

observed in clinic[236]. In q-PCR results, the D10 S ST group showed no ECM marker 

expression. However, ECM markers were expressed in the D10 CO ST group. These results 

indicated the importance of neuronal innervation in maintaining the functionality of corneal 

stroma.  

 

The healing medium containing 10% FBS improved the cell confluency of hCECs, hCSSCs, and 

the density of innervation after capsaicin exposure. The comparable ECM marker expression 

from hCSSCs in D10 CO STSR and D10 CO NOST groups showed the serum treatment is 

effective in restoring corneal stromal cell functionality. This matches the healing effect observed 

through the recovery of corneal epithelium[237-239] and innervation[240] in human patients that 

used serum eye drops. 

 

SP and CGRP are found in tears during conreal pain cause by dry eye syndrome [241] and after 

capsaicin stimulation [223, 242]. These pain mediators are secreted by mature and functional 
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human sensory neurons[217, 243, 244]. Both SP and CGRP can regulate stratification of corneal 

epithelial cells, restoring epithelial barrier function, and improving wound healing in animal 

models [245, 246] [247]. Thus SP and CGRP are measured assessing the pain response on 

corneal tissue model. Here, we found the SP and CGRP concentration in culture medium 

increased after capsaicin stimulation and decreased after serum treatment. The SP and CGRP are 

secreted from hNs in the scaffold as no significant release was detected from the hCECs and 

hCSSCs monocultures. Q-PCR results demonstrated cellular expression of TAC1, CRCP which 

agreed with ELISA data. This study shows the first method able to to detect SP, CGRP release 

from capsaicin stimulated human sensory neurons in an in vitro environment. This demonstrated 

the maturity and functionality of innervaiton and further indicated the pain-like response in the 

innervated corneal tissue model may be achieved.  

Futher, the data established the utility of the model for future drug toxicity testing, due to its 

ability to withstand trauma and to recover under certain treatments.  

 

V. Conclusion 

The innervated corneal tissue model responded to capsaicin stimulation, and generated pain-like 

reaction in a similar fashion to the human cornea. Furthermore, clinically suitable serum eye 

drops treatments that appear to be effective in human eye traumatic injury showed comparable 

healing effects within the tissue model. These results indicate the tissue model can potentially 

replace animal models for future toxicity testing and drug development.  
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 Chapter VII Future Directions 

I. Summary 

The need for human corneal tissue models as research and drug screening tools continues to 

expand, with few available options currently on the market [248]. The tissue 3D in vitro corneal 

tissue model described in this thesis combined human corneal cells and sensory neurons. A 

custom bioreactor system was also designed to adjust aqueous humour and tear compositions.  

The reaction also allows user input for the TF rate and IOP.  Taken together, the bioreactor 

system provides a platform for capturing corneal features in both native and pathological 

 

Figure 41. Future directions. A: (a) Adding corneal limbus epithelial cells in the system, (b)optimizing 

stamped silk films to improve nerve and epithelium confluency. B: Electrode design on silk films and 

injectable electrodes for the detection of nerve firing [3]. C: Introducing bacteria to the surface as a 

corneal infectious disease model. 
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environments. This tissue model and dynamic cultivation system is a state of the art 

technological advancement in the field for corneal in vitro models.  

Our publications using this model have shown cornea-neuron crosstalk among multiple cell types 

that resulted from long-term culture [35, 36]. Further, we recorded pain-like reactions showing 

potential to replace animal models for studying corneal physiology, pathology, and drug 

development. A next step towards more fully replicating the anatomy and function of the cornea 

is the incorporation of limbus epithelial cells and endothelial cells into our multi-cellular and 

dynamic model system.   The hypothesis for future directions is that by including corneal limbus 

epithelial cells, endothelial cells and native tear components, improved functional corneal tissue 

equivalents can be achieved. This tissue model can be used to mimic acute pain responses and 

corneal infectious diseases. The results from these studies will contribute towards our knowledge 

of treating corneal diseases, which remains the second major cause of blindness, affecting 7 

million people around the world [4].  

II. Specific Aims 

Aim 1. Optimization of current tissue model 

The objective is to further mimic corneal tissue structure including the confluence of epithelium, 

the density of innervation, the involvement of endothelial cells, and the components of tear fluid. 

We plan to: (a) introduce corneal limbus epithelial cells and endothelial cells to the current tissue 

model to represent the human corneal cellular components, (b) optimize the concentration of 

NGF and include GDNF and BDNF to gain physiologically relevant innervation density and 

length, (c) include the proteins in native tears and compare the function of the tissue models (e.g., 

nerve density, length, epithelial thickness, stromal ECM secretion) to reported human data 

(Figure 41A). The outcome of this effort will be more physiological relevant human tissue 
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corneal equivalents to assess the interaction between endothelial, epithelial, stromal cells and 

innervation. 

 

Aim 2: Corneal pain model 

The objective is to track tissue functions in vitro under nociceptive stimulation using trans-

epithelial electrical resistance (TEER), and local field potential measurements (LFP).  We will 

also track ECM remodeling under nociceptive stimulation using transmission electron 

microscopy (TEM). We plan to first design an electrode pattern on silk substrates for the corneal 

tissue model to detect nerve firing (Figure 41 B). E-Phys readouts and ECM organization will be 

compared between normal and stimulated samples to assess changes over time. The results will 

contribute to drug screening, accelerating wound healing and related needs. 

 

Aim3: Corneal infectious disease model 

The objective is to study corneal inflammatory responses and barrier functions in vitro by 

infecting the corneal equivalent with Pseudomonas aeruginosa. The approach will be to 

introduce P. aeruginosa through a contact lens and compare outcomes (e.g., LFP, TEER, 

innervation density, inflammation and pain mediator release) to current clinical results from 

human patients (Figure 41 C). These results will establish a foundation for the system regarding 

mimicking disease.  
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III. Aim 1. Optimization of Current System  

1.1 Goal  

We aim to optimize the current tissue model to achieve denser innervation and more confluence 

of the epithelium. We will incorporate additional endothelial cells to the current in vitro corneal 

tissue model to enhance functional relevance. Toward this goal we will optimize silk film surface 

topography and protein decoration to support innervation, epithelial and endothelial cell growth. 

Table 4. Summarize of current result and needed improvements 

Task Current results Improvement needed 

Innervation Density : 100termini/cm2 

Length: 3mm 

Increased density and length  

Epithelium Regional multilayer growth Increase confluence 

Endothelial No endothelial layer  Optimize scaffold to support 

endothelial layer 

Tear component Using hCSSCs differentiation 

medium with NGF  

Involve different proteins in 

medium  

 

1.2 Background 

Human corneal limbus epithelial cells have been cultured on silk substrates.[249-252]. However 

the effect of these cells upon innervation and the corneal stroma remain unclear. Corneal limbus 

stem cells can differentiate into epithelial cells and migrate to cover the wound site during the 

corneal healing process[253] which will benefit future applications in corneal wound healing 

models.  

 

Meanwhile, the corneal endothelium layer serves important pumping functions and is crucial for 

corneal transparency. Engineering of corneal endothelium has been explored mainly using type I 
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collagen, gelatin, chitosan, decellularized tissue matrices [254-256] and decellularized amniotic 

membrane [257]. However all of these materials have their limitations due to lack of 

transparency, degradability and mismatched mechanical properties with native tissue. Silk 

substrates as discussed in this thesis can be an ideal material for corneal endothelial cell 

cultivation. By including an additional silk film layer that contains endothelial cells, the corneal 

tissue model will more completely mimic the cellular composition and total function of the tissue. 

Aside from additional cellular components, the density of innervation may also be improved. 

The native cornea has an innervation density of ~300 termini/mm2. The average density of axons 

in the chicken DRG innervated system reached 100 termini/mm2, and for human sensory neurons 

(hNs), the innervation was less dense and did not reach the center of the scaffold. BDNF and 

GDNF were reported to improve nerve branching [258], and  will be included in the silk film to 

improve hNs innervation. 

 

To further improve cellular growth, tear components can also be optimized. Native tear films 

consist of 3 layers: lipid, aqueous and mucin [259].The combination of all three layers enhances 

functionality and biological relevance. The current medium-based tear flow can serve as the 

aqueous layer. The addition of a lipid layer can prevent evaporation of tears, enhancing the 

functionality of the epithelial layer [260]. A mucin layer may be used to entrap drug components 

[82] in the human eye and can provide a more relevant tissue model for drug development. With 

these optimization plans, the model will gain more complete corneal functions. 
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1.2 Experimental Design 

1.2.1 Optimization of Epithelium  

Improved corneal epithelial cell confluency can be achieved through optimization of cell source 

and scaffolds. The hCECs purchased from ThermoFisher can only be passaged 4 times, with the 

proliferation rate decreasing as passage number increases. To improve the viability of epithelial 

cells, human limbus epithelial cells will be isolated from donor cornea and cultured on the top 

layer of silk film stacks following the previously reported method [251, 261, 262]. Growth 

factors (KGF, NGF, HGF, EGF) embedded in silk films will be prepared and used as the top 

layer of the silk film stacks to support epithelial cell growth and guidance of innervation [263]. 

The concentration of growth factors will be adjusted for optimal confluency of the hCECs.  

1.2.2 Optimization of Innervation 

To improve the density and the length of innervation, the concentration of NGF will be increased 

to 100 ng/mL in the co-culture medium from the currently used 50 ng/mL. GDNF, BDNF, and 

NT-3, which are growth factors reported to improved neuronal extension and branching [264], 

will also be added to the stamped films or the medium (Figure 41 A). The concentration of 

growth factors (50,100,200,400 ng/ml) will be optimized to have improved density and length of 

innervation. 
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1.2.3 Optimization of tear film 

Lipid and mucin layers will be mimicked in the tear films.  Phosphatidylcholine and 

phosphatidylethanolamine account for  88±6% of all identified tear lipids [265].  These 

compounds will be added to hCSSCs differentiation medium and used as the tear fluid in the 

bioreactor. The concentration of phosphatidylcholine and phosphatidylethanolamine (1, 2, 4, 8, 

16 %) will be adjusted to provide a multilayer homogenous epithelium. Goblet cells which 

secrete mucin on the ocular surface [266] in native cornea will be incorporated in the tissue 

model. Our collaborator (Darlene A. Dartt, Massachusetts Eye and Ear) has reported methods for 

cultivating goblet cells on RGD functionalized silk films [267]. The co-culture medium will be 

optimized to support goblet cell survival. Meanwhile, different proteins involved in the native 

aqueous layer (Table 4) can also be considered for inclusion in the tear medium to provide a 

more complete tear fluid.  

Table 5. Proteins in human tear 

Besides optimizing components of the tears, the methods to apply the tears on the scaffold 

surface can be improved. In the current model, a custom designed lid applied tear fluid dropwise 

onto the top surface of the scaffold. However, tear fluid in human cornea is pushed and spread 

Name Reference Name Reference 

Von Ebner’s gland protein , serum albumin 
 [268] Extracellular glycoprotein lacritin precursor  [269] 

Transferrin: serotransferrin precursor  [79] Oxygen-regulated protein 1  [270] 

Lysozyme  [271] Clusterin precursor   [79] 

IgA, IgG, IgM  [272] Mesothelin precursor   [273] 

Lactoferrin  [274] Lipophilin A precursor   [79] 

Epidermal growth factor  [275] Antileukoproteinase 1 precursor  [79] 

Aquaporin 5   [276] Aspartyl aminopeptide  [79] 

a-Defensins   [277] 60S ribosomal protein L18a  [278] 

G-rich sequence factor-1 (GRSF-1)  [278] Phospholipid transfer protein precursor   [279] 

Mammaglobin B   [280] Chloride intracellular channel protein 2   [79] 

Phospholipase A  [281] KFLA590  [278]  
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across the whole surface through eye blinking movement. An engineered device that lightly 

removes the liquid from the surface of the scaffold would better mimic the eyelid and tear film 

renewal, but this can also cause damage to the tissue model. An alternative strategy is moving 

the tear drop opening to the side of the scaffold, prompting fluid to flow across the scaffold 

surface, similar to blinking.  

1.2.4 Inclusion of corneal endothelial cells 

Cell culture and differentiation of human corneal endothelial cells (CEnCs) was described 

recently by Zhao & Afshari [282].  We will use the same protocols here, but with the goal to 

achieve co-culture and improve the efficiency and the integration of the endothelial layer into the 

corneal model for long-term cell culture (> 2 mo).  An additional silk film layer embedded with 

ECM decoration including laminin, collagen type V and fibronectin will be applied on the 

bottom of the tissue model and contact the endothelium-seeded silk film. The concentration of 

ECM proteins and cultivation medium will be optimized to support endothelial cells co-culture 

with other cell types in the tissue model. 

1.3 Evaluation  

The optimization of the epithelium, innervation and tears are all aimed at improving the 

functionality of the tissue model. Trans-epithelial electrical resistance (TEER) measurements, 

and sodium fluorescein and rose bengal dye extrusion experiments will be used to reflect 

epithelium integrity[283]. Confocal imaging will be processed for the samples stained to reveal 

the tight junctions of the epithelium and β III tubulin of the neuronal innervation. The expression 

level of tight junction density and length of innervation will be quantified through Image J.  

Neuronal markers to be assessed by qPCR include calcitonin gene-related peptide (CRCP), 
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brain-derived neurotrophic factor (BDNF), tachykinin precursor 1(TAC1), transient receptor 

potential cation channel subfamily V member 1(TRPV1), Neurotrophic Receptor Tyrosine 

Kinase 1(NTRK1), melastatin-related receptor family 8 (TRPM8), Subtilisin-like serine protease 

3 (SLP3) and transient receptor potential ion channels A (TRPA) as indicators of neural function. 

Confluency of endothelium along with the expression level of collagen III, IV, V , TJP1, CDH2, 

and ATP1A1 will be applied to evaluate endothelium function. The ideal concentration of lipid 

and proteins will be evaluated through the confluency of hCSSCs, hCECs , hCEnCs, and density 

of innervation.  

Table 6.  Summary of variables, analysis and expected outcome for Aim 1 

Feature Variables Analysis Metric 

Cellular component 

Epithelium Delivery method of 

growth factors (stamp 

and embedded) 

Concentration of 

HGF,KGF,EGF, NGF 

TEER 

Confocal 

microscopy 

 

Confluency of hCECs 

Numbers of cellular layers of epithelium 

Innervation 

 

NGF, BDNF, GDNF 

concentration (50, 100, 

200ng/ml) 

 

Confocal 

microscopy 

q-PCR 

Nerve density and length 

Expression of sensory neuron markers (CRCP, BDNF, 

TAC1,TRPV1,NTRK1,TRPM8,TREK, SLP3,TRPA) 

 

 

Endothelium 

ECM decoration: 

laminin, collagen type 

V, fibronectin 

TEM 

Fluorescence 

microscopy 

Immuno-

histochemistry 

qPCR 

Proteomics  

Surface morphology 

ECM production: increase of collagen III, IV, V, and 

interfibrillar distance  

Endothelial functionality: upregulated TJP1, CDH2, and 

ATP1A1 expression in endothelial cells cultured on 

optimized silk substrates; increased scaffold transparency 

and decreased tissue model thickness. 

Physiological culture system 

Tear Concentration of  Fluorescence 

microscopy 

Immuno-

histochemistry 

qPCR 

Proteomics 

ELISA 

Cell morphology: hCSSCs, hCECs, hCEnCs, neurons 

Proliferation (DNA content) 

Expression of corneal cell markers: GJA4, IVL, ALDH3A1, 

KERA, LUM, ACT2A, CK3, CK12 
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1.4 Expected Outcomes 

We expect to observe improved TEER values and sodium fluorescein and rose bengal dye dot 

with defined edges when the optimum epithelium growth is achieved [284]. Human sensory 

nerve innervation with length ~4 mm and density ~100 termini /mm2 will be considered as the 

optimal nerve outgrowth. Survival of endothelial cells and increased expression of TJP1, CDH2 

and ATP1A1 as culture time is increased are expected when laminin, collagen type V and 

fibronectin are included in the scaffold. Epithelial confluency, corneal cell markers expression, 

innervation density and neuronal marker expression are foreseen to increase when lipid and tear 

proteins are involved in the tear fluid in dynamic cultivation. 

 

IV. Aim 2. Corneal Wound Healing and Pain Model 

2.1 Goal 

We aim at utilizing electrical physiology measurement of the corneal tissue model to assess the 

tissue in both normal and wounded states to compare changes over time during recovery/repair. 

The goal is to utilize pain response as a suitable measure of the benefits of this multiple cell type 

tissue system towards proper healing for comparisons against suitable control systems.  

 

2.2 Background 

Corneal pain is a symptom associated with corneal diseases, such as inflammation, trauma and 

dry eye syndrome [59]. Often, the level of pain correlates to the effectiveness of a drug treatment 

[285]. However, this critical perspective is not included in current commercially available 

corneal tissue models [26] due to the lack of functional innervation. In Chapter VI we described 

the secretion of pain mediators SP and CGRP after capsaicin stimulation, indicating that the 
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tissue model can generate a pain-like response. However, nerve firing behavior detected through 

electrical physiology measurements (E-Phys) is considered the gold standard of measuring 

neuropathic pain [286] and needs to be evaluated to show the full functionality of the model. In 

3D environment, local field potential (LFP) measurements, which capture the summed electric 

current flowing from nearby neurons, within a small volume of tissue [287] is an appropriate 

assessment of nerve firing upon stimulation. The occurrence of Allodynia (firing to non-painful 

stimuli) or hyperalgesia (heightened pain response to normal stimuli) is an indication of chronic 

pain which can also be characterized with LFP. 

2.3 Experimental design 

The tissue model will be cultured at the air-liquid interface for 28 days to achieve steady state, 

including cell confluency and innervation. The tissue model will then be injured in the epithelial 

layer or the epithelial and stromal layers. To generate acute pain response, both mechanical and 

chemical wound will be applied on the epithelial layer. To injure the epithelial layer, a rotating 

epithelial brush used in the clinic to remove epithelial cell and expose stroma will be applied. 

The brush will not penetrate the silk film while generating a controlled injury with the smooth 

edge of the brush head [288]. By gently placing the brush head (0.5, 1 and 3.5mm) on the top 

surface of the tissue model, a circular injury site will be generated. To injure the epithelial and 

stromal layers, a clinically used diamond blade will be applied to cut a 3mm long wound [289]. 

Different sizes of blades (0.1, 0.15, and 0.2 mm) will be tested to establish control of depth of 

injury and maintenance of tissue model integrity. The size of the brush, blade, and length of 

injury will be optimized to allow maintenance of tissue model integrity and complete cell 

regrowth within 2 weeks. The chemicals listed in Table 6 will be applied topically on the 

epithelium to generate chemical injury. The concentration of chemicals will be optimized to 
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avoid massive cell apoptosis. To accelerate wound healing, human serum which is used to 

improve corneal wound healing will be purchased from Thermofisher and added in the medium. 

The concentration of serum and duration of treatment will be optimized based on the rate of cell 

migration and growth, and marker expression from the hCECs and hCSSCs. The serum 

treatment effect will be compared with saline containing 5mg/ml albumin which mimic the 

protein concentration of tears [290]. Medium containing curcumin (EGF receptor inhibitor) and 

SU5402 (FGF receptor inhibitor) will be used to culture the negative control group. Different 

concentrations of curcumin (1, 2, 3X 10-4 M) and SU5402 (25, 50, 100 M) [291, 292] will be 

applied on the tissue model for optimal suppression of cell regrowth without causing apoptosis.   

2.4 Evaluation 

To detect nerve firing upon stimulation, calcium signaling during acute pain reactions should 

first be examined. Due to the change of firing threshold after each stimulation, a novel electrical 

signal recording device that captures the signal from the multiple locations on the scaffold 

simultaneously is needed to provide statistically significant results. A custom designed electrode 

(Figure 41 C) will be manufactured by sputter coating electrodes on silk films using 

photolithography [293]. The silk film works as a carrier for the electrodes which can be applied 

to the bottom of scaffold prior stimulation. The films will dissolve, leaving the electrodes in 

direct contact with neurons seeded on the bottom of the scaffold. Each electrode will have their 

own outlet. The electrodes located at the outer ring will collect neuronal response to stimuli, 

while the center electrodes will collect signals from the corneal cells. The electrode will be kept 

on the bottom surface of the scaffold for 28 days after the injury. The LFP measurements will be 

processed every 3 days to observe changes of firing threshold.  
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Table 7. Summary of variables, analysis and expected outcomes of Aim 2 

Injury Variable Analysis Metric 

Epithelium Brush head (0.5, 1, and 3.5mm)  

Diamond blade (0.1, 0.15, and 0.2 mm) 

Albumin, serum (5,10%) 

Macrophages/neutrophils (numbers and 

frequency) 

Cytokines (TNF-α, IL-1b, IL-12, IL-8, MIP-

1 α/β) 

Treatment time (24 to 48h) 

Curcumin (1,2,3X10-4M), SU5402 

(25,50,100M) [291, 292] 

TEER 

LFP  

TEM 

Histology 

Confocal 

microscopy 

Immuno-

histochm 

qPCR 

ELISA 

Epithelium barrier function – 400-500 Ω*cm2 

in non-injured samples, before injury [284], 

sodium fluorescein/rose Bengal dye (121) 

Nerve firing – peaks in LFP  

ECM organization – collagen misalignment 

injury site 

Cell morphology – regrowth of hCECs; 

elongated hCSSC, density and length of axons 

Post injury marker expression: 

hCECs:  -TJA, +GJA4,+ IVL 

hNs: +CRCP, + BDNF, +TAC1, -TRPV1, -

NTRK1,  -TRPM8, -TREK, -SLP3, -TRPA, 

hCSSCs: -ALDH3A1, -KERA, -LUM, 

+ACT2A  

Stroma 

 
 

 

2.5 Expected outcomes: 

A wound healing model that provides pain response relevant  outcomes to human systems, while 

also helping to assess the relative contributions of inflammatory components will be the main 

outcome.  We expect the TEER value to decrease to less than 300 Ω*cm2 [294] after injury 

followed by gradual increases as the epithelium heals and the cells form tight junctions. Further, 

we anticipate that this recovery phase will be accelerated in the cornea model with all cell types 

present; in contrast to the scaffolds where given cell types are missing.  An LFP peak is expected 

upon scratching or exposure to chemicals on the tissue model, with a larger impact in the deeper 

wounds (epithelium and stroma vs. epithelium alone).  Occurrence of allodynia (firing to non-

painful stimuli) or hyperalgesia (heightened pain response to normal stimuli) is expected in long 

term LFP measurement as indications of chronic pain. The release of pain mediators in the 

culture medium including SP, CGRP, and BDNF is anticipated to increase after stimulation and 

decrease after treatment with antibiotics.  

The injured sample is also expected to display an irregular ECM organization after healing in 

comparison to the uninjured control systems. The regrowth rate of hCECs and hCSSCs is 

anticipated to be faster in the serum treated group than in the non-treated group and inhibited 
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group. A change of hCSSCs cell shape could be observed at the healed injury site. A change of 

marker expression in hCECs, hCSSCs and sensory neurons (Table 2) is also anticipated. 

 

2.6 Alternative plan: 

We have observed DRG neuronal firing in response to menthol stimulation through calcium 

imaging. However, we have not captured hNs firing through calcium imaging. This is partially 

due to the hNs innervation occurred with much thinner axons than DRG neurons and are more 

difficult to locate in the scaffold. This can be solved by labeling neurons with DiI to visualize the 

nerves in the calcium imaging samples.  

 

Contact between neuron cell soma and electrode is needed for the proposed electrode design. 

Additionally, the silk sponges and collagen hydrogel in the scaffold may interfere with signal 

detection. As an alternative method, an injectable electrode may be applied (Figure 41 C) with a 

mesh structure, to improve the contact with the neurons. These methods can provide a sensitive 

and high throughput assessment of the acute pain response [295]. 

 

After the methodology of electrophysiological recording is optimized, other nociceptive stimuli 

may be tested on the model to further support functional innervation. Menthol (above 2 mN) 

which activates TRPM8 [296] and mechanical stimulation (stress above 55 mmHg) that triggers 

TRPA1[297] may be tried. Temperature stimuli (above 50°C) should also be included due to 

nerve firing at low and high temperatures may occur as a function for eye blinking [298-300]. In 

animal corneal experiments, local pH was tuned by blowing CO2 onto the corneal surface [301], 
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which created a pain response without damaging the tissue. A similar method can be used in our 

model to stimulate and observe acute pain reactions without causing injury.  

 

III. Aim 3. Corneal Infectious Disease Model 

3.1 Goal 

To evaluate the function and utility of the cornea model for diseased tissue, the full thickness 

corneal tissue model will be assessed as an in vitro screening tool to sense and respond to 

inflammation stimuli. The ability to react to pathogens is crucial for application in drug 

screening. 

3.2 Background 

Worldwide, corneal infectious diseases have compromised the vision of more than 250 million 

people and have blinded over 6 million individuals [302]. Reduction of nerve fibers, bundles, 

and branching occurs when a cornea is infected [59]. Pseudomonas aeruginosa is one of the 

most feared contact related infectious pathogens that often leads to severe tissue damage due to 

its ability to secrete collagenase [303]. One of the common sources of corneal P. aeruginosa 

infection is through contact lenses [304]. Current treatment uses antibiotic-containing eye drops 

but are often unsuccessful in stopping the progression of the disease. A corneal tissue model 

exposed to Pseudomonas aeruginosa can provide opportunities to study the infections and to 

identify new models for drug development. 

3.2 Experimental design 

The corneal tissue model will be cultivated at an air-liquid interface for 28 days prior and 

transferred to bioreactor for cultivation with P. aeruginosa. TF and IOP will be applied to the 
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tissue model. Then, a contact lens carrying GFP-labeled P. aeruginosa will be applied on the top 

surface of the scaffold. The number (10,50,100 bacteria/cm2) and viability of P. aeruginosa as 

well as contacting time (5,10,15 seconds) will be optimized to allow inflammation response 

without causing massive apoptosis of corneal cells. After the exposure to bacteria, the tissue 

models will be cultured in a bioreactor using antibiotics-free artificial tear fluid to allow bacterial 

spreading. Afterward, gentamicin and amikacin supplemented artificial tear fluid will be applied 

to improve tissue healing.  Antibiotics type and concentration (0.7,1.4,2.8 %) will be optimized 

to provide effective treatment. The treatment will last for 7 days with culture medium collected 

every 2 days.  

3.3 Characterization 

Real-time Z-axis confocal images will be taken every 30 min on the first day and every 4 hours 

from day 2 to 7. The maximum projected image on XZ-axis will be generated through image J. 

The distance from GFP-labeled bacteria to the surface of tissue model will be quantified in each 

image to evaluate the speed of bacteria penetration. Beside the real-time confocal imaging, 

samples will also be fixed on day 1,3,5,7 and stained with anti-β III tubulin antibody to observe 

the change of cell morphology. Western-blot against inflammation mediators (TNF-α, IL-1b, IL-12, 

IL-8, MIP-1 α/β) and pain mediators (SP, CGRP, BDNF) will be tested on the medium collected 

from the samples. TEER and LFP measurement will be applied to evaluate the change of 

epithelial barrier function and neuronal sensitivity during infection. The outcomes will be 

compared between infected, non-infected and antibiotic treated groups. 
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Table 8: Summary of variables, analysis and expected outcomes of Aim 3 

Task Variable Analysis Metric 

Infection 

 

 

Amount of bacteria (10,50,100/cm2) 

Viability of bacteria (culturable and 

non-culturable ) 

Contacting time (5,10,15 seconds) 

Timing of infection (1, 2, 3 months 

in dynamic  cultivation) 

 

TEER 

LFP  

Real- time 

Confocal 

microscopy 

Westernblot 

Epithelium barrier function – 400-

500 Ω*cm2 in non-infected samples, 

before infection [284] and after 

antibiotics treatment. 

Nerve firing – decrease of firing 

threshold in LFP  

Bacterial penetration-GFP labeled 

bacteria move deeper into the tissue 

model as time. 

Cell morphology – regrowth of 

hCECs; elongated hCSSC, decreased 

density and length of axons 

Post infection marker expression: 

hCECs:  -TJA, +GJA4,+ IVL 

hNs: +CRCP, + BDNF, +TAC1, -

TRPV1, -NTRK1,  -TRPM8, -TREK, 

-SLP3, -TRPA, hCSSCs: -

ALDH3A1, -KERA, -LUM, 

+ACT2A  

Treatment Choice of antibiotics ( gentamicin or 

amikacin) 

Concentration of antibiotics (0.7,1.4 

2.8%) 

Timing of treatment (day 1,3) 

 

3.4 Expected outcome: 

A corneal infection model can be utilized as a platform for drug development. We anticipate to 

observe less than 10% of  GFP-labeled P. aeruginosa penetrate the tissue model with the 

majority of the bacteria blocked by the epithelium. In the epithelium infected by more viable 

bacteria, the TEER value is expected to decrease after the infection. Inflammation reaction will 

be observed through elevated secretion of inflammation mediators (TNF-α, IL-1b, IL-12, IL-8, 

MIP-1 α/β) and pain mediators (SP, CGRP, BDNF). These mediators are anticipated to be 

secreted less from tissue model after antibiotics treatment. Inflammation status caused chronic 

pain will be observed by an increased firing threshold in LFP measurement. Cell confluency and 

innervation density are expected to decrease after infection and increase after antibiotics 

treatment in epithelium and stroma.  
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3.5 Alternative plan: 

Co-cultivation of mammalian cells and bacteria could be challenging. Alternatively, 

inflammation mediators can be used to mimick a diseased environment. Cytokine interleukin-6 

(Il-6) is associated with keratitis and corneal ulcers caused by Pseudomonas aeruginosa infection 

[305]. Il-6 can be directly added in the tear solution or the scaffold to mimic the inflammation 

environment. The concentration and loading time of IL-6 can be optimized to have an effect on 

the corneal and neuronal cells without triggering abundant cell apoptosis.  

IV. Conclusions 

The disease models for acute pain, chronic pain and corneal infectious diseases can be built using 

the current corneal tissue models described here. By evaluating the response to pathological cues, 

the functionality of the tissue model can be further investigated. The establishment of corneal in 

vitro disease models should open a new page in ocular disease research and drug development.   
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