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Abstract
Diabetes mellitus (DM) is a disease defined by either an innate or acquired insulin
deficiency, significantly effecting glucose metabolism and resulting in high blood
glucose. Due to total disease prevalence, related medical costs and acceleration in
diagnosed cases each year, a need has arisen to devise alternative systems for
diabetic studies. Therefore, research provided herein aims to develop a
sophisticated and accurate approach to modeling diabetic keratopathy, a
peripheral neuropathy in the cornea. The study employs the use of an innervated
3D corneal scaffold consisting of silk materials and collagen hydrogel to mimic in
vivo corneal structure. A range of high glucose treatments was used to assess
hyperglycemic damage in vitro, and determine the most appropriate
concentration. Cell morphology, length and density of axons, gene expression of
diabetic and extracellular matrix (ECM) markers and advanced glycation endproduct (AGE) protein concentrations were used to determine the accuracy of the
system in resembling the disease state. By comparing these metrics to in vivo
studies, preliminary investigation indicated promise when using 45 mM glucose
supplemented medium to model keratopathy within the corneal scaffold.
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1. Introduction
1.1 Significance
1.1.1 Prevalence
Diabetes mellitus (DM) is a group of significant metabolic diseases characterized
by the body’s inability to produce or react to insulin, precipitating prolonged high
blood glucose. Diabetes has become increasingly prevalent worldwide and in
2012, an estimated 29.1 million Americans had diabetes, with 1.4 million new
cases diagnosed every year [1]. The disease remains the 7th leading cause of death
in the United States, and studies have indicated the mortality rate is underreported
due to a discrepancy between individuals who died with diabetes and death
certificates listing diabetes as an underlying cause of death [1]. Total direct
medical costs exceed $322 billion dollars annually between diabetic and
prediabetic patients [1]. The disease has become a global health concern, and in
2015 alone there were 5 million deaths due to diabetes [2]. Total incidences also
reached 415 million worldwide in 2015, and is expected to rise to 642 million
globally by 2040 (Figure 1) [2].

1.1.2 Research importance
Unsurprisingly, diabetes contributes to a wide range of comorbidities including
cardiovascular disease, heart attack, stroke and kidney disease [1, 3, 4].
Unmanageable eye diseases also develop as a consequence of persistent diabetic
damage, which can eventually even lead to blindness. A study reported that in the
U.S. alone, 4.2 million adults 40 years and older had some stage of diabetic
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retinopathy [5]. In fact, diabetic eye disease is the leading cause of blindness in
working-age adults, often contributing to vision-threatening complications such as
glaucoma [5, 6]. Therefore, a growing need has risen to research and address such
disorders resulting from diabetic stress. Clinically, in vitro biomimetic models
have become an attractive approach to decrease animal sacrifice and increase
sample throughput. Simpler, cost effective systems can emulate more complex in
vivo environments and elucidate key ephemeral interactions would otherwise be
difficult to natively study. An in vitro method could then be applied to model
diabetic eye disease, and gain greater understanding of disease progression.

Figure 1: Total global prevalence of diabetes in 2015 and projected incidence worldwide by 2040.
Adapted from International Diabetes Federation (IDF) atlas [2].
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1.2 Specific aims
The goal of this study is to utilize an in vitro three-dimensional (3D) tissue
construct to investigate the pathophysiology and study interactions of diseased
tissue. The study outlines the clinical features of corneal changes in diabetic
patients, comparatively relating results to recent studies observing the progression
of corneal diseases. To achieve such aims, the preexisting corneal co-culture
tissue model described by Wang et al. will be used as a platform for disease study
of diabetic keratopathy [7].

Furthermore, the objective of this research was to observe glucose damage in
innervated corneal tissue. To study diabetic keratopathy in vitro, a co-culture
scaffold was devised from previous laboratory procedures. A sustained culture of
human stromal and epithelial corneal cell layered silk films surrounded by a silk
sponge containing human sensory neurons (hSNs) simulated the corneal anatomy.
Human neuronal induced pluripotent stem cells (iPSC) were differentiated into
sensory neurons, and then exposed to high levels of glucose for 14 days to mimic
diabetic morbidity. A range of high concentration glucose supplemented medium
was used to create appropriate diabetic culture conditions. Neurons were then
assessed using immunofluorescence, verifying that the model was accurately
innervated.

Once the corneal model was assembled, western blotting, qRT-PCR and
immunofluorescence were performed to visualize and quantify the expression of
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cell specific markers and cell-cell interactions at each of the layers. Specifically,
cell morphology was evaluated for epithelial thinning, related stromal edema and
potential irregularities in collagen lamina produced by these cells. Also, the effect
of a hyperglycemic environment on neuronal function and morphology was
studied. By varying the culture time and glucose concentration, nerve behavior
under a high glucose environment was observed as compared to euglycemic
conditions. Initial research was used to assess validity of the disease model by
contrasting previous in vivo outcomes.

2. Background
2.1 Diabetic eye disease and retinopathy
Diabetes mellitus (DM) is a group of significant metabolic diseases characterized
by the body’s inability to produce or react to insulin, precipitating prolonged high
blood glucose. Diabetes has become increasingly prevalent worldwide and in
2012, an estimated 29.1 million Americans had diabetes, with 1.4 million new
cases diagnosed every year [1]. Resulting comorbidities due to diabetes are
numerous, and major health related issues can cause chronic impairment. A
primary concern is blindness and eye complications, and diabetic eye disease
describes a group of conditions that affect patients with diabetes. A particularly
salient of which is diabetic retinopathy.

Diabetic retinopathy is a vascular disorder effecting the retina, and is a principal
cause of vision impairment and blindness in working-age adults [5, 6]. Studies
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from 2005 through 2008 reported 4.2 million, or 28.5%, of individuals diagnosed
with diabetes had some stage of retinopathy [1]. The condition is characterized by
retinal ischemia, causing blood vessel hemorrhaging, edema and microaneurysms
[5, 6]. During advanced disease stages neovascularization occurs, and blood
vessels proliferate into the vitreous humor further exacerbating hemorrhaging [5].
Proliferative diabetic retinopathy (PDR) is marked with abnormal blood vessel
growth, which leak into the vitreous causing vision distortion. If hyperglycemia is
left uncontrolled, eventually scar tissue formed from fragile blood vessels detach
the retina, and permanent blindness occurs [6]. Though diabetic eye disease has
been related to retinopathy, severe corneal diseases develop in diabetic patients as
well, and can even contribute to retinopathy disease progression [6, 8].

2.2 Diabetic neurotrophic keratopathy
Explicitly, diabetic neurotrophic keratopathy is a degenerative disease of the
cornea that damages innervation, effecting corneal epithelium [8]. It is a
component of diabetic polyneuropathy, and is recognized as the root cause of
cornea morbidity for diabetic patients [8, 9, 10]. Studies have demonstrated that
sensory neurons directly influence the integrity of the corneal epithelium, slowing
or halting mitosis if impaired [11]. Eventually, the presence of impaired neuronal
pathways can lead to epithelial degradation because the epithelial cells swell, lose
microvilli and produce abnormal basal lamina [8, 11, 12].
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From previous studies, keratopathy has been well defined as an ocular
complication arising from diabetes. Patients have demonstrated higher risk of
numerous corneal difficulties, including superficial punctate keratitis, recurrent
corneal erosions and persistent epithelial defects [10]. The severity of these
diseases also tends to increase in diabetic patients, and in some cases leads to tear
secretion abnormalities, decreased corneal sensitivity, and reduction in the
adhesion between the basement membrane and the epithelium [10]. However,
though diabetic keratopathy is difficult to manage clinically, there have been only
a limited number of studies that have focused on the importance of corneal
diseases in diabetic patients [8, 13]. Additionally, corneal abrasions in diabetic
patients have been reported to be exacerbated compared to individuals without
diabetes, with some even precipitating the detachment of the basement
membrane or resulting in recurrent corneal erosions [10]. Suppressed wound
healing and subsequent re-epithelialization delay is assumed to be due to the
presence of abnormal adhesions in diabetic patients’ corneal layers, from the
epithelium to the underlying basement membrane [10]. Also, abnormal corneal
basement membranes were found in diabetic patients, especially in those with
retinopathy [10].

As described above, dry eye prevalence increases with reduced corneal
sensitivity, implying sensitivity predisposes patients to corneal trauma, adversely
affecting corneal wound healing and creating a greater risk of developing
neurotrophic corneal ulcers [10]. Also, in keeping with the notion that reduced
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corneal sensitivity is related to the severity of diabetes, research has demonstrated
patients exhibit more severe diabetic retinopathy and have a longer disease
duration [10, 11].

Clinically, morphological changes in diabetes have been reported previously [14].
Patients with significant corneal neuropathy demonstrated epithelial thinning and
an increase in stromal thickness caused by edema [14]. Also, basal epithelial cell
density (BECD) has been shown to decrease significantly in the corneal
epithelium of diabetic mice [15]. A study of forty-four patients with type 1
diabetes demonstrated normal surface epithelial cells with visible cell nuclei for
36 of 40 corneas [16]. Shown in Figure 2 are in vivo confocal images of patient
corneas. Highly reflecting cells are likely to detach from the epithelium, with one
cornea showing an area of focal epithelial damage. For most eyes, basal epithelial
cells assumed normal morphology, but in three corneas basal layer deposits were
detected [16]. The number of nerve fiber bundles per confocal microscopic image
was reduced in diabetic corneas, with less parallel nerve fiber bundles and
branches [16].

7

Figure 2: Corneal
morphology of diabetic
patients using in vivo
confocal microscopy
(IVCM). (A) Normal surface
epithelial cells with visible
nuclei (B) One cornea
showing an area of focal
epithelial damage (C) A
contact lens wearer in the
study who had deformed
epithelium (D) Basal
epithelial cells, which
appeared mostly normal
with some deposits (E)
Nerve fiber bundles in the
diabetic cornea (F) Healthy
nerve fiber bundles in the
subbasal plexus for
comparison [16].

Corneal stroma was normal in most cases, with Langerhans’ cells interspersed
among the subbasal nerve fiber bundles. The matrix was less transparent than
healthy controls, and intermittently anterior keratocytes showed signs of
activation (bright nuclei and visible cell processes) [16]. Collagen differences
include a reduction in the total mass of collagen and abnormal organization due to
glycation end products forming cross-linked protein adducts in a process called
“browning” [16]. In a separate study, the effects of type 1 diabetes on the subbasal
nerve plexus (SBNP) in mouse corneas was evaluated using β III tubulin
immunostaining [15]. Representative images are shown in Figure 3. Of note,
views of the SBNP showed visible nerve fiber degradation and sparse regions of
nerve fiber loss compared with controls, including focal loss at the vortex
(specified by the arrow) [15].
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Figure 3: Distribution of
SNBP loss through β III
tubulin–stained images. (A)
SBNP control cornea (B)
18-week diabetic induced
cornea through
streptozotocin (STZ)
treatment, arrow indicates
damage at the nerve vortex
(C and D) Threedimensional rendering of the
SBNP and terminal
epithelial nerves (TEN) in
normal and diabetic corneas,
respectively [15].

Dorsal root ganglia (DRG) neurons in culture die through programmed cell death
when exposed to elevated glucose, and is the primary mechanism leading to
diabetic neuropathy [17]. Research has demonstrated that 2 hours of
hyperglycemic conditions are sufficient to induce oxidative stress and
programmed cell death [17]. Hyperglycemia causes inhibition of aconitase and
lipid peroxidation, followed by caspase-3 activation and DNA fragmentation [17].
A proponent of oxidative stress are reactive oxygen species (ROS), which are
increased in diabetes. Specifically, hyperglycemia in animal and in vitro models
of diabetes activates a number of enzymatic and nonenzymatic pathways of
glucose metabolism. These include increased sorbitol and fructose accumulation,
NAD(P)-redox imbalances, changes in signal transduction, and hyperglycemiamediated superoxide overproduction by the mitochondrial electron transfer chain
[17]. Each of these mechanisms result in ROS, indicative of an overall increase in
cellular oxidative stress [17]. Additionally, research has defined the role of
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neurotransmitters in the cornea [18]. Mitosis of epithelial cells is increased by
intranuclear cyclic guanosine monophosphate (cGMP) expression and is
decreased by intracellular cyclic adenosine monophosphate (cAMP) expression
[18]. Also, acetylcholine increases cGMP and therefore promotes epithelial
growth. Epithelial breakdown will occur due to a lack of neurotransmitter
secretion in the cornea [18].

2.3 Important features of diabetic neuropathy
Neuropathy is a complex and involved network of physiological interactions that
alter vascular and neural function in patients with diabetes (Figure 4) [19]. For the
purposes of this study, key pathways and biomarkers were chosen as
representative metabolic changes due to hyperglycemia in vivo. Notably, polyol
pathway flux, activation of protein kinase C isoforms and accumulation of
advanced glycation end-products (AGEs) were evaluated by quantifying the
upstream and downstream effects through qRT-PCR and western blotting.

The polyol pathway is a two-step metabolic process by which excess glucose is
converted into sorbitol by the aldose reductase enzyme, and subsequently sorbitol
is oxidized into fructose by sorbitol dehydrogenase [20, 21]. Both steps use
nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor. Polyol
pathway flux has long been linked to diabetic complications, and is thought to
lead to osmotic damage through the production of ROS [20, 22, 23]. Since aldose
reductase is the rate-limiting enzyme, controlling aldose reductase activity

10

through inhibitors is an attractive drug target to slow or even halt the stages of
diabetic neuropathy in the eye [19, 20, 22]. There are several theorized
biochemical mechanisms by which the polyol pathway contributes to oxidative
stress. In the presence of high glucose concentrations, extracellular glucose is first
converted into sorbitol consuming the cofactor NADPH. NADPH is also a
cofactor in maintaining an essential intracelluar antioxidant, reduced glutathione
(GSH), and decreasing the capability for GSH synthesis leaves the cell susceptible
to oxidative stress [20, 21, 22]. Another damaging factor is glucose can readily
diffuse through cell membranes, but sorbitol is a hydrophilic alcohol, and
therefore cannot penetrate the phospholipid bilayer [20, 22]. Sorbitol then
accumulates intracellularly, and is associated with multiple osmotic consequences
[20, 22]. A primary concern is sorbitol buildup can produce fructose through the
next step in the polyol pathway. Accumulated fructose can then be
phosphorylated to fructose-3-phosphate which in turn can degrade into 3deoxyglucosone. Both fructose-3-phosphate and 3-deoxyglucosone compounds
are glycosylating agents resulting in the formation of AGEs [20, 22].
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Figure 4: Pathophysiology of
diabetic neuropathy (above)
and the polyol pathway (left)
[19, 20]. Principal pathways
involved in diabetic
neuropathy are highlighted
in red, and potential
treatments outlined in blue.

AGEs are post translationally modified proteins or lipids that, due to contact with
aldose sugars, become nonenzymatically glycated [20, 24]. A major feature of
AGE precursors is their capacity to crosslink covalently between proteins, altering
structure and function (Figure 5) [20]. Specifically, cellular matrices, basement
membranes and vessel-wall components can be changed as a consequence of
AGE-related reactions [20]. Also, interactions with cell-surface binding receptors
for AGEs, or receptor for advanced glycation end-products (RAGEs) leads to an
intracellular cascade of oxidizing and proinflammatory events [25, 26].
Intracellular formation of AGE precursors and subsequent accumulation of AGEs
is accelerated under diabetic conditions because of glucose accessibility [20].
12

AGEs are then an important indicator of peripheral diabetic disorders including
retinopathy, as their levels have shown to be proportional to severity of diabetes
[25]. Markedly, evidence of three carbohydrate-derived oxidation compounds, Nε(carboxymethyl)lysine (CML), Nε-(carboxymethyl)hydroxylysine (CMhL), and
pentosidine, are increased during diabetes [20]. Therefore, increases in CML,
CMhL and pentosidine concentrations provides an indirect approach to measure
relative diabetes-related oxidative damage [20].

Figure 5: Diagram of the pathways and processes involved in the generation of AGE precursors
and protein glycation intracellularly, as well as extracellular accumulation. Subsequent
interactions with RAGEs can lead to a cascade of intracellular proinflammatory factors [27].

Another mechanism related to the development of diabetic neuropathy is
activation of protein kinase C (PKC) by means of the diacylglycerol (DAG)-PKC
pathway (Figure 6). PKC is a family of 10 serine/threonine kinases involved in
signal transduction of neuronal and growth factor stimuli [28]. In hyperglycemic
conditions, an increase in glycolysis flux leads to increases in de novo DAG
13

synthesis, enhancing PKC activation. Elevated PKC levels influence several
important physiological processes, including release of transcription factors
involved in fibroblast cell migration, growth, proliferation and apoptosis, as well
as extracellular matrix (ECM) and cell surface area remodeling [21, 28, 29].
Upregulation in the expression of PKC isoforms then contributes to the
pathogenesis and progression of diabetic neuropathy, as well as other pathways
involved in inflammation, fibrosis and hypertrophy, which in turn exacerbates the
disease [21, 29].

Figure 6: Diagram of the DAG-PKC pathway, and various cellular responses due to PKC
activation. Notably, the pathway is involved in cell growth, proliferation and survival, as well as
collagen deposition. ECM remodeling and stromal cell edema are characteristic indications of
diabetic keratopathy, demonstrating the pathway’s relevance [29].

2.4 Past in vitro corneal approaches
While in vivo studies can provide the most accurate physiological details of
diabetic neuropathy, the system complexity may be detrimental to studying
transitory molecular events involved in cell death or survival under glucose stress
14

[20]. The use of more controlled in vitro systems, then, is an approach to
circumvent these problems, though very few models have been explored [20].
Furthermore, in vitro models can be designed for high throughput analysis, and,
when compared to clinical and animal studies, are cost effective while utilizing
human cell lines. Some such approaches employing tissue engineered (TE) in
vitro corneal models include a corneal equivalent for drug permeation studies
[30], and an innervated model to examine nerve-target cell interactions [31]. The
corneal equivalent was composed of a multilayer tissue construct created stepwise
within Transwell cell culture inserts and an embedded collagen matrix gel [30].
Immortalized human epithelial and endothelial cells were chosen as relevant cell
types, along with fibroblasts to produce the native stroma [30]. Alternatively, the
innervated model used a blended stromal layer of collagen and chondroitin-6sulfate (CS) matrix [31]. The multilayer collagen construct was surrounded by a
sclera-like collagen and CS matrix ring seeded with DRG neurons [31]. Also, the
most extensively used methodology for in vitro models of general neuropathy is a
primary culture of DRGs and the neuroblastoma cell line [17, 20, 32, 33, 34].

A thorough search has yielded limited literature examples of in vitro models
utilized to mimic the corneal anatomy for diabetic disease states, though past
research has used a co-culture system with tissue cultured dishes [35]. The study
concluded trigeminal ganglion neurons influence the expression of collagen type
VII by corneal epithelial cells, suggesting the neurons are linked to phenotype
changes critical to epithelial maintenance in vivo [35]. Also, past in vitro diabetic
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studies using primary cultures of DRG neurons require 25mM glucose in medium
for optimal survival, and require at least 45 mM glucose to induce apoptosis [15,
35, 36]. Thus, high glucose treatment medium consists of an additional 20 mM
glucose supplemented to standard medium concentrations. The 45 mM glucose
treatment is a similar fold change to the blood glucose concentration difference in
a person diagnosed as diabetic (an increase of 1.8 versus ≥1.4 above controls
respectively) [36]. An equivalent glucose concentration was evaluated for human
sensory neurons (hSNs) in this study to be consistent with other models of
hyperglycemia and human diabetes. Therefore, given disease pervasiveness and a
dearth of appropriate systems, a clinical need has arisen to establish accurate
tissue models for diabetic research.

2.5 The in vitro co-culture corneal model and research objectives
To address issues with multilayer collagen hydrogels, namely lacking in vivo
stromal alignment, low stiffness leading to poor mechanical properties and failure
in long term culture, silk was chosen as a substrate for this particular model. Silk
is a biodegradable material with highly tunable mechanical properties [37, 38].
Silk films provide an elastic modulus of 67.7 kPa after crosslinking through water
annealing, which is analogous to the approximate 40-60 kPa corneal stiffness in
vivo [39]. Silk films can also produce aligned human corneal stromal cell (hCSC)
growth by fabricating surface patterns functionalized with RGD [40]. Another use
for silk fibroin is sponge matrices, which have been shown to support neuron
growth and the formation of neuronal connections [40, 41].
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For the purposes of this study, a 3D innervated co-culture corneal scaffold
developed for experimentation by Wang et al. was used (Figure 7) [7]. This new
corneal tissue construct can support sustained co-culture of epithelial and stromal
sections in vitro, with dense innervation into the upper epithelium [7]. Briefly, the
TE corneal model is a scaffold comprised of human corneal stromal stem cells
(hCSSCs) and human corneal epithelial cells (hCECs) seeded on RGD
functionalized silk films. A total of three silk film layers seeded with hCSSCs
contain aligned surface microgrooves, with each film stacked perpendicularly to
mimic substrate surface features in vivo [7, 42]. Nerve in-growth is directed
toward the topmost epithelial layer by a human nerve growth factor (hNGF)
concentration gradient in order to generate nerve bundles oriented towards the
stroma and epithelium [7, 43]. NGF is crucial for not only axonal growth of
nerves in the cornea, but survival and regeneration [43]. Films were co-cultured
within a hSN seeded salt leached silk sponge for appropriate innervation [7, 42].
The scaffold seeded with hSNs act, in this case, within sponge-like outer ring to
achieve innervation of the corneal model’s inner layers [42]. Considering the in
vivo relevance, human neurons were used as a pertinent cell type and obtained
through differentiating induced pluripotent stem cells (iPSCs) from past methods
[44]. Nerve growth and differentiation was modulated by several growth factors
emblematic of nerve growth during corneal development in vivo, namely NGF,
brain derived nerve growth factor (BDNF) and glial cell derived neurotrophic
factor (GDNF) [43, 45].
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The objective of this research is to improve upon past methods for visualizing
diabetic keratopathy in vitro by using a more accurate tissue model. The study
intends to create a benchtop approach to describe pathophysiological roles of
different factors that have been found to be linked to diabetic corneal keratopathy
and cell dysfunction in diabetic patients. Such investigation demonstrates the
ability of an in vitro tissue model to support the studies of chronic corneal nerve
functions.
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Figure 7: Structure of the human cornea (top left) compared to the 3D in vitro corneal equivalent
used in this study (bottom left). Silk scaffold images demonstrating appropriate shape and
transparency compared to a porcine cornea (right). ESD = epithelial, stromal and DRG sections,
LC = liquid culture, ALIC = air-liquid interface culture [7].
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3. Materials and methods
3.1 Silk fibroin solution extraction from Bombyx Mori cocoons:
Silk solution was obtained from Bombyx Mori silk worm cocoons using the
protocol outlined in previous studies [46, 47]. Silk cocoons were supplied by
Tajima Shoji Co. (Yokohama, Japan). To remove sericin from silk fibrion,
cocoons were boiled for 30 minutes in 0.02 M Na2CO3 solution (Sigma-Aldrich.
St Louis, MO). Boiled silk was washed with deionized water and dried overnight.
The next day, extracted fibrion was solubilized using a 9.3 M LiBr solution for 4
to 6 hours in a 600C dry oven, and dialyzed with 4 L deionized water for 2 days,
changing water frequently. The final solution obtained was an aqueous silk
solution (5–8% w/v).

3.2 Stamped and patterned silk film preparation
As determined in previous studies, porous silk films were prepared using 1% w/v
silk solution and .05% polyethylene oxide (PEO, MW = 900,000, Sigma-Aldrich)
in deionized water [7]. Films were left to dry overnight before stamping or water
annealing. Small, flat films were cast on 12 mm glass coverslips (Electron
Microscopy Science, Hatfield, PA) using 120 μL of the aforementioned solution.
Films were stamped with an acetic acid-type I collagen solution (rat-tail tendon,
BD, Franklin Lake, NJ) and various growth factors to direct innervation.
Specifically, in 50 μL (4 mg/mL) type I collagen concentrations of 100 ng/mL
keratinocyte growth factor (KGF) (Sigma), 100 ng/mL hepatic growth factor
(HGF) (Sigma), 200 ng/mL epithelial growth factor (EGF) (Thermo Fisher,
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Waltham MA) and NGF (200 ng/mL) (R&D Systems, Minneapolis, MN) were
used to create the stamping solution. Circular shaped polydimethylsiloxane
(PDMS) (Fisher Scientific Co. Fair Lawn, NJ) molds were dipped in stamping
solution and pressed against the films. Once dry, films were placed in a desiccator
to water anneal at -25 mmHg for 2 hr, ensuring uniform crystallinity and
microstructure by cross-linking [48].

Larger, patterned silk films were prepared based on methods reported previously
[49]. Briefly, films were cast by using 1.6 cm2 PDMS molds with aligned
microgrooves at a density of 600 lines/mm. Per 1 cm2 PDMS, 1 mL of the same
silk solution as the small films was used, or 1.6 mL per mold. With similar
techniques as the stamped films, the larger films were left to dry overnight at
room temperature and water annealed. Large films were then peeled off PDMS
molds using an established process [49].

Both small and large films were sterilized under UV light for a minimum of 30
minutes per side. Before cell seeding, large films were placed in deionized water
overnight to leach out the PEO, forming pores in preparation for RGD
functionalization [50]. Alternatively, before seeding small films were left to soak
in 1 mL of 10 μg/mL poly-D-lysine (PDL) overnight at 40C to neutralize the
natively negative surface charge of silk substrates.
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3.3 Salt leached silk sponge preparation
Silk sponges were fabricated with a salt leaching method, creating 500-600 nm
sized pores as described in a prior study [51]. In small, cylindrical tubes, 2 mL
6% w/v silk solution and 4 g NaCl were used to form the sponges. As previously
defined, NaCl particles were sieved to obtain 500-600 nm grains, and sponges
were left to dry in a chemical hood for 48 hr [51, 52]. Sponges were then placed
in a 600C dry oven for 1-2 hr inducing crosslinking, and dialyzed against 4 L
deionized water for 2 days to leach the NaCl. Scaffolds were cut to appropriate
size using a designed Delrin block (McMaster-Carr, Robbinsville, NJ) with a 1
mm inset well. Sponges were sectioned to 1 mm thickness using a microtome
blade a 12 mm and 15 mm biopsy punch (McMaster-Carr, Robbinsville, NJ) to
achieve the annulus inner and outer diameter, respectively. Completed silk
sponges were then sterilized by autoclaving and soaked in PDL at 40C overnight
to neutralize surface charges before seeding.

3.4 RGD surface functionalization of large silk films
From past research, PEO leached patterned films were functionalized with
Arginine-Glycine-Aspartic acid-Serine (RGD) peptides (Bachem, Torrance,
CA) to increase cell attachment to silk substrates [49]. Briefly, films were soaked
with 2-(N-morpholino)ethanesulfonic acid (MES) buffer, and then incubated in a
crosslinking solution of N-Hydroxysuccinimide (NHS) and 1-ethyl-3-(-3dimethylaminopropyl) carbodiimide hydrochloride (EDC) in MES to bind RGD
to silk films. The films were then placed in a RGD solution for 2 hr and stored at
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40C in PBS. All RGD coated films were seeded within one week of
functionalization.

3.5 Collagen hydrogel preparation
Collagen hydrogel was employed to cross-link scaffold layers by adding 900 μL
(4 mg/mL) acetic acid-type I collagen solution (rat-tail tendon, Corning, Corning
NY), 100 μL 10x DMEM (Sigma) and 20 μL 1 M NaOH (Sigma) for
neutralization [7].

3.6 Human corneal stromal stem cell (hCSSC) Culture
As reported in past studies, hCSSCs were isolated from the stromal tissue of
human corneas obtained from the Center for Organ Recovery and Education,
(CORE; Pittsburgh, PA) using collagenase digests [53]. Before seeding, hCSSCs
were passaged 4 times and patterned films were immersed in 70% ethanol for
8 min and washed with PBS (5X). Now sterilized and porous, patterned films
were individually plated and incubated in DMEM/F12 and glutamax media with
1% penicillin-streptomycin in preparation for seeding. To seed silk films, 0.25%
trypLE select (GIBCO) was used to detach cells, and 1 mL cell suspension per
film was added dropwise onto the patterned surface at a density of
15,000 cells/cm2. Films were incubated for 4 hr to allow for cell attachment.
Seeded films were then lifted and cultured in proliferation media composed of a 3
to 2 ratio of DMEM to MCDB-201 (v/v) with 2% fetal bovine serum (FBS),
10 ng/mL platelet-derived growth factor, 1 mg/mL lipid-rich bovine serum
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albumin (Albumax, Life Technologies, Grand Island, NY), 10 ng/mL epidermal
growth factor, 5 mg/mL transferrin, 5 ng/mL selenous acid, 0.1 mM ascorbic
acid-2-phosphate, 10−8 M dexamethasone, 100 IU/mL penicillin, 100 μg/mL
streptomycin, 50 μg/mL gentamicin, and 100 ng/mL cholera toxin overnight
before moving to co-culture.

3.7 Human corneal epithelial cell (hCEC) culture
To seed epithelial films, primary hCECs (C0185C, Thermo Fisher) were passaged
either 4 or 5 times. Stamped films were seeded with hCECs by detaching cells
with 0.25% trypLE select (GIBCO) and directly pipetting 120 μL of suspension
onto the films at a density of 150,000 cells/cm2. The films were then incubated for
8 h to allow cell attachment before culturing in keratinocyte SFM media (Thermo
Fisher) 2 days prior to co-culture to reach necessary confluency.

3.8 Neuronal human induced pluripotent stem cells (hiPSC) culture
Silk sponges were seeded with neuronal hiPSCs by first culturing stem cells based
on previous studies [44]. Once confluent, cells were trypsinized using 0.25%
trypLE select (GIBCO) from gelatin coated 35 mm dishes. Cells were
resuspended then to obtain a density of 1-5 million cells per scaffold, and added
to an acetic acid-type I collagen hydrogel. Following protocols developed in prior
approaches, per one scaffold, 100 μL of collagen hydrogel and 30 μL of cell
suspension was used to seed sponges [7]. To induce cross-linking, scaffolds were
incubated for 30 minutes and then cultured in neurobasal media with 1%
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glutamax, 2% B-27 and 1% Anti-Anti (Thermo Fisher). Once seeded, cells were
differentiated into relevant cornea peripheral sensory neurons for 10 days with 3
growth factors (NGF, brain-derived neurotrophic factor (BDNF) and glial cellderived neurotrophic factor (GDNF)), and in addition the final 5 days 3 inhibitors
(SU5402, DAPT and CHIR99021) using a well-defined method [54, 55, 56].
After 10 days of growth, silk seeded sponges were flipped before co-culture so
that innervation is driven from the bottom of the scaffold. Before co-culture,
hiPSCs were moved to differentiation media containing advanced DMEM (Life
Technologies), containing .067 μL/mL NGF (R&D Systems) 1.0 mM L-ascorbic
acid-2-phosphate (Sigma), 50 μg/mL gentamicin (Life Technologies), 2 mM Lalanyl-L-glutamine (Life Technologies), 100 μg/mL penicillin, 100 μg/mL
streptomycin (Mediatech, Manassas, VA), 0.1 ng/mL transforming growth factorbeta3 (TGFβ-3, Sigma), 10 ng/mL basic fibroblast growth factor (FGF-2, Sigma)
and 1% Anti-Anti (Thermo Fisher).

3.9 Co-culturing hCSSCs, hCECs and neuronal iPSCs in silk scaffolds
To study the degenerative effects of glucose stress on corneal innervation and
epithelium in an in vitro model, methodology from Wang et al. will be used [7,
42]. Co-culture scaffolds were constructed in accordance to the protocol outlined
previously [42]. Briefly, after the 10 day culture period, silk sponges were flipped
and transferred to differentiation media with NGF. Three patterned silk films
seeded with hCSSCs were stacked on top of one another, which constitute the
cornea’s stroma. The stromal films received a layer of collagen hydrogel, .5 mL
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per film and 2 mL total per scaffold. Alignment of each film layer was such that
the patterns were perpendicular to one another, and stacked stromal layers were
cut to size using a 12 mm biopsy punch (McMaster-Carr). Stromal film stacks
were placed within each of the sponges so that the films were centered within the
sponge ring. Stamped epithelial films were then transferred and arranged carefully
atop the stroma. Scaffold integrity was achieved by adding 300 μL collagen gel
around the circumference, crosslinking the films to the sponge and connecting the
model. Finally, to drive neuron innervation upward toward the epithelium, 100 μL
collagen hydrogel with 4 μL NGF was pipetted onto the top-most layer. Scaffolds
were then incubated for 30 minutes to induce cross-linking before moving the
completed model into culture. Whole scaffolds were maintained at the liquid-air
interface (ALIC) in differentiation media, culturing seeded hCSSCs into
keratocytes. Custom designed waffle-shaped PDMS inserts (5 mm thick, 5 cm
diameter, with 16 × 1 mm2holes) were cast with Delrin molds (McMasterCarr). Designed for media irrigation and ALIC, a total of three scaffolds were
cultured per PDMS insert.

3.10 Culture timelines and stimulating the co-culture scaffold with high
concentration glucose media
Scaffolds were exposed to hyperglycemic medium based on past in vitro
approaches by choosing a range and varying the concentration of glucose to
induce physiologically relevant hyperglycemic damage [40, 41]. With the target
concentration for diabetic conditions reported as 45mM, a range of 35mM, 45mM
and 55mM glucose supplemented differentiation media was used for the study
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compared to a low glucose control group cultured in standard 25mM media [15,
40, 41]. To produce high glucose concentration media, D-(+)-glucose (≥ 99.5%
GC, Sigma-aldrich) was added to differentiation media to achieve final working
concentrations, and filtered through a sterile syringe filtration unit before use.
Scaffolds were maintained for 4 weeks prior to a 2 week co-culture with
hyperglycemic medium. Samples were then collected for analysis to measure
markers related to diabetic neuropathy. A shorter 2 week culture timeline before
glucose stimulation was also utilized for qualitative measurements through
immunofluorescence.

3.11 Immunohistochemistry and fluorescent labeling
Morphological changes emblematic of diabetic keratopathy were evaluated by
visualizing samples with anti β III tubulin immunostaining to observe axon
lengths compared to control. Briefly, scaffolds were fixed in 4%
paraformaldehyde (PFA) in PBS (Affymetrix, Cleveland, OH) for 45 min and
blocked using 5% BSA and 0.2% Tween-80 in PBS overnight before staining.
With the same solution, rabbit produced primary and goat anti-rabbit secondary
antibodies (Abcam) were diluted 1:500 and 1:200, respectively. Staining with
primary and secondary was performed at 4°C overnight, washing samples with
0.1% Tween-80 in PBS after each step for 3 hours and changing solution every 30
minutes. In addition, samples were fluorescently counterstained for DAPI to
visualize cell nuclei. After immunostaining washes were completed, DAPI was
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diluted to a concentration of 300 nM in PBS and 0.1% Tween-80. Samples were
treated for 15 minutes before quickly washing several times and imaging.

Epithelial and stromal cells were also fluorescently labeled using Vybrant® diI
cell-labeling solution before cell seeding for live imaging. Stock diI solution was
added at a concentration of 5 μL/mL to cell suspension and incubated for 30
minutes. Excess dye was removed by re-pelleting cells and aspirating supernatant.
Seeding and co-culture protocols were then carried out according to methods
previously described under low light conditions.

Imaging scaffolds was accomplished thereafter using fluorescence using a BZX700 microscope (Keyence Corporation, Itasca, IL) at 10X and 4X magnification.
Advanced 3D Analysis software (Keyence Corporation, Itasca, IL) was used to
generate maximum intensity projection images. Confocal microscopy was also
employed to take images with a Leica SP8 microscope and software suite (Leica
Microsystems) at 10X and 20X magnification. Image stacks were merged into
single 8- bit tiff files using Image J (NIH). For both cases, 5 regions per scaffold
were imaged and each sample set was repeated in triplicate. Axon length
measurements and densities were determined for 10X images using the algorithm
in NeuronJ, an ImageJ software plugin. The density of keratocytes 4X images was
counted using ImageJ cell counter.
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3.12 RNA extraction and quantitative reverse transcription PCR (qRT-PCR)
Gene expression levels for keratocan (KERA), lumican (LUM), types I, V and VI
collagen (COL1A1, COL5A1 and COL6A1), sorbitol dehydrogenase (SORD),
aldose reductase (AKR1B1) and protein kinase C (PKD2) were quantified by RTPCR (qPCR) using a protocol from past literature [37, 57]. Samples were
collected by separating epithelial, stromal and neuronal scaffold sections and
stored at -800C awaiting RNA extraction. Within one week sample RNA was
purified using an acid-phenol guanidinium method with chloroform and Trizol
[58]. RNA was adsorbed onto a column membrane using the Qiagen RNeasy Kit
protocol (Qiagen, Valencia, CA), and eluted with buffers. Sample nucleic acid
purity was quantified using a NanoDrop (Thermo Fisher) to measure 260/280
absorbance ratio, with a ratio between 1.7 and 2 deemed acceptable for RNA.
Extracted RNA was reverse transcribed to cDNA using a high-capacity cDNA
reverse transcription kit (Thermo Fisher). Quantitative RT-PCR of cDNA
(∼30 ng/μL) was accomplished with TaqMan fluorescent hybridization probes
(Thermo Fisher) for target genes. The qRT-PCR reaction was achieved with
15 μL 1X Universal PCR Master Mix (Thermo Fisher) and 6 μl cDNA samples.
The amplification thermal profile was programmed, wherein samples were
incubated at 95 °C for 10 min, followed by a 2 min incubation at 50 °C, then 50
cycles of 15 sec at 95 °C for amplification and 1 min at 60 °C. Relative fold
change in gene expression was compared amongst groups using the double delta
cycle threshold method and 18s as a reference gene.
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3.13 Western blot for AGEs
Using a protocol adapted from Sigma-Aldrich, a western blot was carried out to
determine AGE sample concentrations. Protein was extracted and isolated from
samples using Fisher BioReagents™ SurePrep™ RNA/DNA/Protein Purification
Kit (Fisher Scientific) following the protocol for tissue extract. To ensure protein
concentrations are sufficient to run a blot, 3 scaffolds per condition were
sectioned so that each sample contained one-third a total construct (as opposed to
separating epithelial, stromal and neuronal regions). Samples were homogenized
using a hand-held tissue homogenizer (Thermo fisher). Unknown protein
concentration was then determined with a bicinchoninic acid assay (BCA) kit
(Thermo Fisher) by measuring absorbances at 562 nm and a curve of known
protein standards. As a reference, a silk and collagen only control group was
added to confirm BCA results were not skewed due to innate glycated proteins in
the scaffolds. Protein concentrations were then normalized to a value of 15
μg/lane by diluting with deionized water before loading in SDS PAGE gel wells.
Using TruPage® buffers and gels, wells were loaded with sample buffer, 10X
DTT sample reducer and protein along with two protein ladders per gel equaling a
total volume of 15 uL per well. Bio-Rad electrophoresis chambers were used to
run all gels for 45 minutes to an hour at a constant 120V depending on band travel
distance. Before transfer onto membranes, protein bands were visualized on gels
using a Coomassie Blue stain. The stain was applied by incubating the gels for 15
minutes in Coomassie blue solution until gel bands were observed. Stripping
buffer was used on the gels to remove the stain before transfer onto nitrocellulose
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membranes. Gels were equilibrated in TruPage 1X transfer buffer for 15 minutes
before transfer. In a Bio-Rad cassette inserted between fiber pads and filter paper,
protein bands were transferred onto nitrocellulose membranes by running the
blots at a constant 100V for 3 hr. To maintain low temperatures, the apparatus
was placed on ice for the run duration. Blots were then blocked overnight in 5%
BSA in TBST and immunostained for carboxymethyllysine and pentosidine as
well as β-actin for reference. Primary and secondary antibodies were applied
overnight at a 1:2000 dilution as per manufacturer recommendation in the
blocking solution, and poured over the blot at a volume of 5 mL/blot. A solution
of ECL 1 and 2 (50 μL luminal, 44 μL p-coumaric acid, 1 mL 1M tris pH 8.5 and
6.4 μL 30% H2O2, 1 mL 1M tris pH 8.5, both Qs to 10 mL with deionized water)
was pipetted onto the blot before imaging. Images were analyzed using ImageJ
software to quantify pixel density, inferring relative protein concentration.

3.14 Statistical Analysis
Statistical analysis between sample and control groups was applied to obtain data
comparable to samples representative of significant diabetic damage in vivo. A
one-way analysis of variance (ANOVA) was applied for all experimental versus
control group comparisons, and a post hoc Tukey test was utilized for statistical
significance between individual groups. The significance level was set
at α < 0.05. Each of the experiments were completed in at least triplicate (n > 3).
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4. Results
4.1 Immunohistochemistry for β III tubulin
Samples were immunostained for β III tubulin and counterstained with DAPI to
examine morphological changes due to high glucose concentrations (Figure 8). As
a preliminary study, scaffolds were co-cultured under a shorter experimental
timeline to observe if the range of hyperglycemic concentrations was a sufficient
illustration of diabetic related damage. After 14 days of cultivation under normal
conditions, scaffolds were subjected to 35 mM, 45 mM and 55 mM glucose
supplemented media for an additional 7 days (n > 3). As shown, control and 35
mM axon lengths were long and tortuous within sponges, and in some regions
guided toward innervating the inner epithelial layers. In the 45 mM group,
though, axon lengths were markedly absent, with neurons remaining in the sponge
instead of innervating inner epithelium. In the 55 mM group no extensions were
observed, and more notably there was diminutive signs of neuron growth at all, as
most sponges were acellular. Thus, due to decreased neuronal outgrowth amongst
the 55 mM group, the sample concentration was deemed too severe for a
representative range, and removed from all future experiments.
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Figure 8: Immunohistochemistry staining of β III tubulin (green) and DAPI (blue) demonstrating
the differences in axon lengths and cell density between the various glucose treatment and control
groups. Scaffolds were maintained for 14 days before stimulating with high concentration glucose
media for an additional 7 days. Note the lack of neurons present within the sponge for the 55 mM
group, suggesting the treatment concentration was too high and caused cell death. All images
shown are under 4X magnification and scale bars = 200 μm.
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4.2 Confocal imaging to quantify density and length of axons
To determine the extent to which innervation is effected by diabetic conditions,
scaffolds were imaged using confocal microscopy to measure axon length and
density in each group (Figure 9). Samples were cultured on two timelines for
comparison, a 28 day group and a 42 day group, and the final 14 days both groups
were subjected to high glucose conditions before imaging. Innervation was
developed in most co-culture samples, though visible nerve fiber degradation
occurred in the 45 mM group. Nerves were visually less circuitous and contracted,
having fewer extensions than control groups for both timelines. Scaffolds under
high glucose concentrations also had nerve loss, leaving sparse regions within the
sponge. The axon density and lengths were calculated for both experiment
timelines to compare the impact of high glucose on nerve fiber damage (Figure
10). Particularly, at day 42, 45 mM samples reached on average .616 ± .124 mm
and 37.2 ± 9.1 termini/mm2 versus .95 ± .182 mm and 86.8 ± 9.7 termini/mm2 for
the control group as measured by 10X confocal images. To quantify the variance
amongst the groups, a one-way ANOVA was conducted on the difference
between control and high glucose groups. Consequently, there was a statistically
significant difference in axon lengths between groups as calculated by the
ANOVA (F(2,42) = 5.81, p = .017) for the day 42 group. An additional post hoc
Tukey test was selected to find which specific groups vary with statistical
significance from one another. Post hoc comparisons indicate that the mean for
the 45 mM treatment (M = .616 mm, S.D. = .124 mm) differs significantly from
the mean for the control group (M = .95 mm, S.D. = .182 mm). There was no
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statistically significant difference between the day 28 axon lengths, though. A
similar analysis was also applied for nerve density, demonstrating a statistically
significant difference between groups for both day 28 (F(2,42) = 10.53, p =.002)
and day 42 (F(2,42) = 39.23, p = 5.45E-6). A Tukey test revealed in both cases,
45 mM groups (M = 71.2, S.D. = 9 and M = 37.2, S.D. = 9.1 for d28 and d42,
respectively) significantly differed from controls (M = 106, S.D. = 14 and M =
86.8, S.D. = 9.7 for d28 and d42, respectively).
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Figure 9: Confocal images of 35 mM, 45 mM and control groups immunostained for β III tubulin
(green) and DAPI (blue). The first and second column are 10X representative images of samples
from 28 day and 42 day culture, respectively. The third column illustrates selected 20X images
from either timeline. Though each column has images of equal magnification, some scale bars are
dissimilar. All smaller, less visible scale bars = 85 μm.
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Figure 10: Quantification of length (A) and density (B) of axons in day 28 and day 42 co-culture
under high glucose concentrations for 14 days using 10X confocal images. Data was collected
from n = 3 samples per condition and 5 regions per scaffold. Measurements and densities were
determined by using the ImageJ software plugin NeuronJ. Standard deviation is indicated as error
bars for each group. *p < .05, **p < .005 and ***p < 5E-6, one-way ANOVA with a post hoc
Tukey test.
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4.3 Live imaging hCECS and hCSSCs using diI fluorescent labeling
4.3.1 hCEC diI fluorescent imaging
To evaluate the epithelial and stromal morphological changes in vitro, cells were
labeled using diI fluorescent dye and seeded on silk substrates. After stimulating
scaffolds for 14 days with hyperglycemic media and a 28 day total co-culture
period, samples were live imaged for hCECs and hCSSCs (Figure 11). As
illustrated, hCECs assumed healthy cell morphology for control and 35 mM
groups (5 representative regions, n > 3). Observed cells appeared dense and
attached on silk films, having typical shape exemplified by extended, polygonal
hCECs. Similar to studies reporting in vivo diabetic changes, epithelium in 45
mM samples resembled mostly normal morphology with some deposits [16].
Sample epithelium was sparse and interspersed throughout the films, with some
cell aggregation arising. Morphology suggests epithelial thinning due to
impairment of neuronal pathways in diabetic keratopathy.

4.3.2 hCSSC diI fluorescent imaging
Stroma cells were visualized as well, and hCSSCs maintained alignment of the
patterned silk films for all groups (Figure 11). Normal keratocyte morphology
was observed in the control group and some of the 35 mM scaffold regions after
28 days, though for other areas high glucose conditions resulted in abnormal cell
appearance. Similar cell structure was consistent throughout many of the 45 mM
samples. Specifically, hCSSCs were less elongated and assumed a large, balledup morphology. Images were compared for cell density between groups,
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demonstrating there was a statistically significant difference between groups as
determined by a one-way ANOVA (F(2,42) = 40.523, p = 1.57E-10). A post hoc
Tukey test concluded that the mean for the 45 mM treatment (M = 448, S.D. =
35.5) differs significantly from the mean for the control group (M = 870, S.D. =
54.3). There was no significant difference between 35 mM and control means,
though.
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Figure 11: Fluorescent labeling using diI stain (shown in red) for hCECs and hCSSCs after 28
days of co-culture to observe stromal and epithelial cell morphology. For each group, the first two
columns are representative 4X images and the last column are 10X images, respectively. 4X
images were counted to compare cell densities between groups (5 representative regions, n > 3).
Scale bars = 200 μm as shown.
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4.4 QRT-PCR analysis
In order to investigate the upstream impact on co-culturing with hyperglycemic
conditions, specific gene expression was quantified by qRT-PCR. Scaffolds were
separated into epithelial, stromal, and neuronal sections prior to RNA extraction
to understand variation in oxidative stress related molecules and extracellular
matrix (ECM) components for the different cell types (Figure 12). For all groups,
samples were collected at day 42 after 14 days of high glucose treatment.
Expression of mRNA for sorbitol dehydrogenase (SORD) and aldose reductase
(AKR1B1) was measured to study total polyol pathway flux and, along with
protein kinase C (PKD2), selected as a key characteristic marker for diabetic
neuropathy. For all groups, the fold change in expression of SORD and PKD2
was unchanged, and AKR1B1 was similarly expressed for epithelial and stromal
layers compared to control. Alternatively, neuronal sections were upregulated in
45 mM samples with a statistically significant 1.75 ± .31 fold change, though
SORD and PKD2 were normally expressed. To study the functional state of the
hCSSCs, expression of mRNA for keratocan (KERA) and lumican (LUM)
proteoglycans was quantified. As corneal stroma ECM proteins, KERA and LUM
are indicators of hCSSC differentiation and have been previously reported to be
secreted by keratocytes differentiated from hCSSCs [59]. In the hyperglycemic
conditions, KERA expression was significantly upregulated for both epithelial
and stromal cells. LUM was also highly expressed in the epithelium, but remained
unaffected in the stroma for the 45 mM group and was downregulated in the 35
mM group. To evaluate possible “browning” and the production of abnormal
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basal lamina, the prevailing collagen types in the cornea [60] were analyzed for
mRNA expression. Types I, V and VI collagen (COL1A1, COL5A1 and
COL6A1) were measured in each scaffold section, revealing COL5A1 and
COL6A1 were highly upregulated for all cases under glucose stress. COL1A1
remained largely unchanged in the stroma, but significantly was highly expressed
in the epithelial layer. COL1A1 was also downregulated with statistical
significance in neuronal sections for the 45 mM group.
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Figure 12: Relative fold change in gene expression of day 42 co-culture under hyperglycemic
conditions for neuronal, stromal and epithelial scaffold sections. Data was collected from n = 3
samples and calculated using the delta delta ct method using 18S as a reference gene. The
expression of mRNA was assessed for COL1A1, COL5A1, COL6A1, AKR1B1, SORD, PKD2,
LUM and KERA. Standard deviation is indicated as error bars for each group.
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4.5 Western blot demonstrating AGE accumulation
AGEs are an important peripheral diabetic marker, and as mentioned are directly
proportional to diabetes severity [26]. Therefore, AGE amount provides an
indirect approach to studying diabetes-related oxidative damage. To determine
AGE concentrations, a western blot was employed to quantify the fold change in
45 mM glucose samples relative to control (Figure 13). Scaffolds were maintained
for 42 days, and treated for the final 14 days with high glucose media. The 35 mM
group was excluded due to a lack of statistical difference from control groups
observed in previous experiments. Accumulation was measured using an anticarboxymethyllysine and anti-pentosidine antibody, and normalized to β-actin. In
the hyperglycemic group, analysis of intracellular AGE formation showed a
significant 1.95 ± .76 fold increase in concentration as quantified by ImageJ band
intensity.
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(AGEs) comparing the day 42
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expression, with n = 3 samples
per group.

5. Discussion
5.1 Model relevance
5.1.1 Accuracy compared to past in vitro methods
When comparing approaches to construct an in vitro innervated corneal tissue
model using silk substrates and past collagen-based methods, silk provided
mechanically tunable material, matching the properties of the human cornea [31,
61]. To examine degenerative nerve disorders that arise in the cornea such as
diabetic keratopathy, films and sponges prepared from silk allowed for the growth
of aligned hCSSCs and supported neuronal extensions [37]. Collagen hydrogels
loaded with NGF acted as a guidance layer atop the epithelium, and in
combination with growth factor stamped films, drove innervation toward the top
of the scaffolds. A critical component of the model was the sole use of human cell
types to more closely resemble human corneas in vivo. Specifically, the role of
utilizing hiPSCs differentiated into sensory neurons enabled the in vitro corneal
equivalent to mimic innervation for disease study. Average axon density and axon
length reached 106 termini/mm2 and 1.08 mm after 28 days of co-culture at the
air-liquid interface. Neuron growth established a fundamental foundation for
corneal tissue models, being both long and numerous, as well as appropriately
directed into the upper central epithelium. Importantly, longer term 42 day
culturing timelines were supported in these systems, implying the novel corneal
tissues remained functional to sustain cultivation and permit chronic studies [7].
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5.1.2 Simulating the disease state
Thus, corneal cell morphology was evaluated under hyperglycemic conditions to
assess diabetic keratopathy in vitro. Silk films seeded with hCSSCs constituted
the stromal layers of the cornea in vivo, and maintained alignment throughout
culture timelines. Normal keratocyte shape and structure was observed after 28
days of cultivation, but was significantly altered when subjected to high glucose
medium. Some 35 mM scaffold regions after 28 days resulted in abnormal cell
appearance, and similar cells were perceived throughout many of the 45 mM
samples. Cells appeared larger under 10X images, suggesting edema similar to
associated in vivo increases in stromal thickness. Specifically, hCSSCs adopted a
non-fibroblastic, spherical morphology which lacked normal elongated cellular
organization. Epithelial cell morphology and density was affected as well, and
cell density for live images denoted a significant decrease, 448, for the 45 mM
treatment versus 870 for the control group. As previously reported in both in vivo
human and animal models for corneal neuropathy, diabetic patients saw epithelial
thinning and, due to edema, increased in stromal thickness [30, 31]. QPCR
analysis further supported differentiation of hCSSCs into keratocytes due to
KERA and LUM genes being highly expressed. Past literature has demonstrated
that these proteoglycans are an accurate indicator of keratocyte differentiation
[59]. Collagen differences were evaluated as well, and a reduction in the
expression of COL1A1, relating to the previously reported reduction in the total
mass of collagen in vivo [32]. Therefore, preliminary imaging and statistical
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evidence supports the silk corneal tissue model in creating an environment for
studies of chronic corneal nerve functions.

As determined by fluorescence microscopy staining for β III tubulin, iPSC
neurons sufficiently grew into the inner layers of the scaffolds, confirming
innervation within the model. After 28 days, control groups demonstrated axonal
branching, elongation, and sprouting, and were on average 1.08 mm in length,
having 106 termini/mm2. Amongst the 45 mM treatment group, neurons were
significantly smaller at day 42 and less dense under both timelines, implying
nerve fiber impairment. Morphologically, nerve tortuosity was visibly reduced,
and neuron degradation was consistent with the damage and sparse regions of
nerve fiber loss in 18-week STZ injected mice [31]. Increased polyol pathway
flux was also shown by a 1.75 fold change in gene expression for AKR1B1 in day
42 neurons, which is analogous to fold changes from previous long term animal
and human studies [62, 63]. SORD expression remained unchanged, though this is
potentially a consequence that aldose reductase is the rate limiting enzyme and
that instead of being converted, sorbitol can accumulate along with fructose [20,
22]. Therefore, the early stages of hyperglycemia do not necessitate an increase in
sorbitol dehydrogenase levels. AGE accumulation was also quantified for 45 mM
samples at day 42, and western blot analysis revealed a 1.95 fold increase in
protein amount. This result was consistent with past approaches using STZ treated
mice [64].
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Previous studies have utilized in vitro models to mimic the corneal anatomy for
disease modeling, and most relevantly investigated the mechanisms leading to
diabetic neuropathy using DRGs cultured in collagen-coated plates [36]. As
exemplified by genotypic and phenotypic changes, the additional complexity of
the current co-culture system more accurately mimicked in vivo models (Table 1).
Though, in comparison to former in vitro approaches, past research has identified
many biochemical markers emblematic of diabetic neuropathy that have yet to be
quantified within the silk-based corneal scaffold. Namely, fluorimetric analysis of
ROS production, assays of antioxidant enzymes and immunocytochemistry to
evaluate cell death demonstrating appropriate hyperglycemic conditions [36].
Within 1 hour of high glucose medium treatments, superoxides increased and was
further supported by the inhibition of aconitase, a TCA cycle enzyme sensitive to
superoxide formation [36]. Lipid peroxidation, a widely used biomarker of
oxidative stress, was also observed, and followed by caspase-3 enzyme activity
leading to DNA fragmentation and apoptosis [36]. For all in vitro diabetic studies
described herein, primary cultures of neurons required a minimum of 45 mM
glucose to prompt apoptosis [15, 35, 36]. Though immunohistochemistry suggests
apoptosis within the silk co-culture model, further analysis, such as cleaved
caspase-3 quantitation, is required to explicitly evaluate the disease state. When
assessing the 45 mM glucose medium to diabetes in vivo, the fold change in blood
glucose is of similar concentration, indicating all hyperglycemic environments are
comparable [36]. Alternatively, unlike past literature using in vitro models,
confocal microscopy was utilized within this study to determine the
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morphological effects of diabetic keratopathy. This method was in keeping with
how in vivo morphological changes have been reported clinically. Also,
genotypically diabetic pathways have not been explored in previous in vitro
platforms. Therefore, former in vitro approaches enumerated cellular biomarkers
that remain unmeasured in the co-culture corneal model and necessitates further
study. Otherwise, this in vitro scaffold elucidated both morphological and
genotypic changes characteristic of diabetic disease states in vivo.

Table 1 Comparison of previous in vitro systems, the co-culture model and in vivo
approaches to characterize diabetic keratopathy

Mechanism of
diabetic damage

Past in vitro
models
- 45 mM glucose
supplemented
medium

Phenotypic
changes under
diabetic
conditions

- Superoxide
formation,
inhibition of
aconitase, lipid
peroxidation and
caspase-3
activation

Genotypic
changes under
diabetic
conditions

- Not applicable

The in vitro silk
co-culture model
- 45 mM glucose
supplemented
medium

In vivo approaches

- Long term human
studies using patients
with diabetes
- Animal models
inducing diabetes with
STZ treatments
- Confocal
- Confocal microscopy
microscopy
for epithelial cell
illustrating
thinning, irregular
epithelial cell
stromal morphology,
thinning,
nerve fiber degradation
abnormal stromal and abnormal basal
morphology and
lamina production
nerve fiber
- Increase in AGE
degradation
accumulation, superoxide
- Increase in AGE formation, inhibition of
accumulation
aconitase, lipid
peroxidation, caspase-3
activation, and additional
metabolites (See Figure
4)
- Increase in
- Increase in aldose
Aldose reductase reductase, sorbitol
gene expression
dehydrogenase and
protein kinase C gene
expression
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While protein glycation and AGE precursors amass intracellularly, AGEs
accumulate extracellularly in diabetic environments as well. The propagation of
extracellular AGEs and interactions with RAGEs lead to a signaling cascade
causing oxidation and inflammation. Therefore, extracellular AGE quantification
is necessary to accurately determine diabetic damage in vitro. In future studies,
total AGE levels should instead be evaluated as a marker proportional to disease
severity.

Interestingly, COL5A1 and COL6A1 were highly expressed within the TE model
cornea under high glucose co-culture conditions. A possible justification may be
that higher type V collagen content leads to abnormal regulation of collagen
fibrillogenesis, causing changes in heterotypic type I/V collagen interactions. The
browning process due to irregular collagen organization forming cross-linkages
with AGEs could still then occur. Also, although gene expression for type V and
VI collagen increased, total collagen mass can still ostensibly decrease within
hyperglycemic scaffolds. Since type I collagen not only constitutes a majority of
total corneal collagen protein in vivo [65], but also was used as a hydrogel
mixture to fabricate the corneal model, total collagen mass can still be reduced as
evidenced by the collagen I downregulation in 45 mM samples.

Gene expression of PKD2 remained statistically unaffected at day 42 for all
scaffold regions, suggesting the DAG-PKC pathway was not changed upstream.
Under glucose stress in vivo, PKC is activated by DAG synthesis due to an
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increase in glycolysis flux. Activation of PKC is not only purported to influence
key processes involving fibroblast regulation and ECM deposition, but angiogenic
factors as well. These include the release of vascular endothelial growth factor
(VEGF), vascular permeability, endothelial cell growth, and leukocyte stimulation
and adhesion (leukostasis) [21, 28]. Upregulation of PKC isoforms is then
involved in other pathways not discussed, which involve neovascularization and
irregular blood flow [21, 29]. The progression of diabetic neuropathy under such
conditions is aggravated, suggesting a need in future approaches to studying
corneal endothelium. To this end, a major physiological component missing from
the in vitro model is the endothelial layer beneath the Descemet’s membrane and
stroma. Therefore, optimizing the model to include endothelium can potentially
ameliorate PKC measurements within the context of an in vitro corneal
equivalent.

5.1.3 Limitations and conclusions
A foreseeable limitation with using the current in vitro corneal model is the
interactions between corneal cells and innervation. In the TE cornea, axons
developed from the bottom of silk sponge and grew towards the top of the
scaffold. This cultivation time is limited to 2-4 weeks before high glucose
medium treatment, while embryonic corneal maturity in vivo lasts 2 months [66].
Obtaining innervation with hSNs is then essential, particularly in circumstances of
neuropathy because the deficiency in cellular growth may preclude interactions
with the epithelium.
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Similar to past in vitro diabetic studies, research herein concluded 45 mM glucose
treatment was most applicable to developing diabetic related damage. The
treatment was corroborated by past methods using primary DRG cultures
requiring 45 mM glucose to induce apoptosis, as well as blood glucose
concentration fold change in a person diagnosed as diabetic [15, 36]. The 1.8 fold
increase over standard glucose medium corresponds to the ≥1.4 fold increase in
diabetic patients’ blood glucose [36]. Corneal tissue innervation was paramount in
this research, and silk substrates remained robust throughout the long culture
timelines. Scaffolds retaining integrity and transparency after 42 days, validating
the efficacy of these scaffold designs for sustainable cultivation in forthcoming
studies.

Overall, this protocol was comparable to past in vitro cornea equivalents
developed for experimentation, though past research used less complex models to
demonstrate the phenotypic changes in epithelium affected by neuron damage.
High glucose treatments demonstrated discernable changes epithelial cell density
and atypical collagen production. Neurons were less dense and lacked many
fibrous extensions. Measurements of gene and protein expression levels
symptomatic of oxidative stress in diabetic keratopathy closely mimicked in vivo
quantities, as referenced by former literature using animal and human methods.
Though the in vitro corneal equivalent was innervated, the model lacked
vasculature. For future approaches, the addition of an endothelial layer could not
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only more accurately simulate disease states, but closely imitate the anatomy of a
human cornea.

5.2 Conclusion
The study established a novel, benchtop approach to describe diabetic keratopathy
and cell dysfunction in diabetic patients by utilizing a 3D co-culture scaffold
constructed from silk materials. The in vitro model achieved innervation and
demonstrated clinical relevance by using human cell types. Prior literature reveals
a paucity of in vitro corneal models simulating diabetic disease states, and no such
approach has utilized as sophisticated a TE platform. Ultimately, the techniques
used herein could be applied to develop therapies for the management of diabetic
keratopathy and other corneal diseases by examining prospective therapeutics
within an in vitro platform.

5.3 Future Directions
The pathway codifying neuropathy in the context of diabetes is complex, with
multiple potential targets to evaluate and further assess the corneal model
accuracy. These include enzymatic and nonenzymatic pathways involved in both
glucose metabolism and the development of neuropathy. Mainly, increased polyol
pathway flux causing sorbitol and fructose to accumulate, nonenzymatic protein
glycation resulting in AGEs, activation of PKC creating a stress response cascade,
NAD(P)-redox imbalances which alter signal transduction, increased hexosamine
pathway activity and superoxide overproduction by the mitochondrial electron
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transfer chain [27, 67]. Moreover, each of these mechanisms can be studied
within the co-culture in vitro model to verify validity. For example, future studies
could focus on the over activity of the hexosamine biosynthesis pathway, a minor
branch of glycolysis that contributes to insulin resistance and diabetic
complications [68]. As mentioned, extracellular AGE accumulation could be
measured to more accurately identify differences in hyperglycemic related protein
glycation. To confirm results with past in vitro approaches, the biochemical
markers of diabetic neuropathy quantified within simpler systems could be
evaluated in the silk-based corneal scaffold. Specifically, superoxide formation,
inhibition of aconitase, lipid peroxidation and caspase-3 activation using
equivalent methods of measurement. Those aforementioned methods would be
fluorimetric analysis of ROS production, assays of antioxidant enzymes and
immunocytochemistry to evaluate cell death. Since diabetic keratopathy gives rise
to apoptotic conditions, the extent to which hyperglycemic medium caused cell
death could be determined by measuring sample DNA content or an apoptotic
marker such as cleaved caspase-3. Additionally, research has defined the role of
neurotransmitters in the cornea, and relative levels could be studied with an in
vitro system [18]. Mitosis of epithelial cells is increased by intranuclear cyclic
guanosine monophosphate (cGMP) expression and is decreased by intracellular
cyclic adenosine monophosphate (cAMP) expression [18]. Also, acetylcholine
increases cGMP and therefore promotes epithelial growth. If the neurotransmitter
is not released in the cornea, epithelial breakdown will result [18]. A major
component of the TE model also missing is an underlying endothelial layer,
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which could potentially be incorporated for future studies. This would not only
address properly quantifying PKC isoforms, but more importantly contribute to
the model’s biomimetic properties. In researching the factors that result in an
increased state of cellular oxidative stress, an overall understanding could be
developed for the silk-based co-culture corneal scaffold in the context of diabetes.
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