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A B S T R A C T

As the outermost layer of the eye, the cornea is vulnerable to physical and chemical trauma, which can result in
loss of transparency and lead to corneal blindness. Given the global corneal donor shortage, there is an unmet
need for biocompatible corneal substitutes that have high transparency, mechanical integrity and regenerative
potentials. Herein we engineered a dual-layered collagen vitrigel containing biomimetic synthetic Bowman's
membrane (sBM) and stromal layer (sSL). The sBM supported rapid epithelial cell migration, maturation and
multilayer formation, and the sSL containing tissue-derived extracellular matrix (ECM) microparticles presented
a biomimetic lamellar ultrastructure mimicking the native corneal stroma. The incorporation of tissue-derived
microparticles in sSL layer significantly enhanced the mechanical properties and suturability of the implant
without compromising the transparency after vitrification. In vivo performance of the vitrigel in a rabbit anterior
lamellar keratoplasty model showed full re-epithelialization within 14 days and integration of the vitrigel with
the host tissue stroma by day 30. The migrated epithelial cells formed functional multilayer with limbal stem cell
marker p63 K14 expressed in the lower layer, epithelial marker K3 and K12 expressed through the layers and
tight junction protein ZO-1 expressed by the multilayers. Corneal fibroblasts migrated into the implants to
facilitate host/implant integration and corneal stromal regeneration. In summary, these results suggest that the
multi-functional layers of this novel collagen vitrigel exhibited significantly improved biological performance as
corneal substitute by harnessing a fast re-epithelialization and stromal regeneration potential.

1. Introduction

Vision loss due to corneal disease or trauma is a leading cause of
blindness worldwide and the burden varies by region [1]. Keratoplasty
is considered the best option to restore vision in patients who suffer
from corneal blindness. Several barriers hinder the effectiveness of
keratoplasty, such as limited availability of transplant tissue and
transplant rejections. Globally, around 10 million individuals are blind
due to corneal damage or disease and only less than 1% of the global
need for donor cornea tissue is being met [2]. Therefore, alternative
solutions to substitute donor tissues are in high demand.

Several strategies have been employed to replace donor corneal
tissues. Purely synthetic materials, such as poly(methyl methacrylate),
are utilized as corneal substitutes for patients with multiple donor
cornea rejections [3]. However, these synthetic materials do not allow

host-implant integration, leading to a high failure rate with in-
flammation and implant extrusion [4]. According to clinical reports,
only half of the eyes retained their initial keratoprosthesis during the
follow up [5]. Biological and biosynthetic materials, such as silk and
crosslinked collagen, are also used for corneal substitutes [6,7]. These
crosslinked hydrogels presented high optical transparency and early
clinical trials demonstrated biocompatibility in patients [8]. Un-
fortunately, overlay sutures are routinely used on such implants instead
of standard interrupted sutures due to limited mechanical integrity
caused by crosslinking [9]. These materials do not have the unique fi-
bril arrangement of collagen lamellae that is in the corneal stroma that
provides robust mechanical strength.

Material scientists are working to recreate the complex lamellar
structure of the cornea in biomaterial substitutes. For example, struc-
tured implants were engineered using corneal fibroblasts in a layer-by-
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layer manner with different substrates such as gelatin [10], collagen
film [11], silk fibrins [12], and peptide amphiphile [13]. The corneal
fibroblasts secrete stromal extracellular matrix within the biomaterial
scaffold to engineer a corneal stromal equivalent [14]. These en-
gineered corneal equivalents with corneal fibroblasts achieve structural
similarity to the native cornea; however, they are not clinically prac-
tical due to limited thickness and relatively complicated process of such
corneal equivalents. Another solution is to use pure material-based
approaches to recreate the lamellar structure that utilize the self-as-
sembly nature of fibrillar collagen such as molecular crowding [15] and
long-term dialysis [16]. Although various in vitro studies showed that
corneal epithelial cells were able to grow on collagen membrane using
molecular crowding technique [17], they lacked follow up studies to
investigate how those cells performed in vivo. In our previous studies,
we developed corneal stroma-mimetic biomaterials via vitrification, a
controlled dehydration process which facilitated a gradually increase in
the concentration of collagen and assembly. This product, named “vi-
trigels”, could be used for variety of ocular applications [18]. Cyclo-
dextrins (CD) added to the collagen and vitrification process further
modulated to resemble the structure of native corneal stroma [19]. The
resulting collagen vitrigel exhibits similar lamellae structures to native
corneal stroma, and this unique ultrastructure allows the collagen vi-
trigel for high optical transparency and robust mechanical integrity that
are essential for in vivo implantation with simple interrupted sutures.

Besides the requirements for key physical properties such as high
optical transparency and mechanical integrity, re-epithelialization ef-
ficiency and biocompatible integration with the host are also critical for
all synthetic corneal substitutes. In the native human cornea, a non-
lamellar, Bowman's layer lies in between the corneal stroma and epi-
thelium. Quick re-epithelialization is critical to prevent infection and to
encourage implant/host integration [20]. Previously described in vitro
studies have demonstrated that biomaterial mechanics and surface
roughness influence epithelial cell migration and maturation [21,22].
To address the challenge of re-epithelialization, we incorporated a thin,
ultrastructurally homogenous Bowman's layer-like biosynthetic mem-
brane on top of the synthetic corneal stromal layer, to create a dual-
layered corneal substitute.

Integration of corneal implants of any type remains a significant
barrier to clinical success. Acellular extracellular matrix (ECM) derived
from biological tissues holds a great biological and regenerative po-
tential. The ECM of amniotic membrane had been used for ocular sur-
face reconstruction in the clinic for decades [23,24]. While highly
compatible, physical properties are limited and degradation is fast.
ECM biomaterials have been applied clinically in many forms, such as
loose particles [25], sheet [26], or 3D supporting scaffolds [26] to
promote wound healing and regeneration. Although the use of ECM in
ocular tissue engineering is not as common as other organs, ECM par-
ticles had been implicated in corneal stromal wound and significantly
reduced corneal scarring [27]. Here, we combined porcine small in-
testinal submucosa (SIS)-derived ECM into the synthetic stromal layer,
in order to promote the biological performance of the corneal implant.

Here, we present a dual-layered corneal substitute consisting of a
synthetic Bowman's membrane (sBM) and a synthetic stromal layer
(sSL). While the sBM supports a rapid re-epithelialization, the sSL im-
proves the mechanical and biological compatibility of the implant. The
sBM layer was engineered as a thin, homogenous, non-lamellar collagen
layer to mimic the basement membrane. The sSL was made from beta
cyclodextrin (βCD)-mediated collagen vitrigel as previously described
[19], and comprised the majority thickness of the bioengineered cor-
neal subsitiute. In addition, SIS ECM microparticles were added to the
sSL to further enhance the mechanical properties and biocompatibility.
The dual-layered corneal substitute was engineered to support rapid re-
epithelialization as well as maintain transparency, mechanical strength
and allow host/implant integration in vivo.

2. Materials and methods

2.1. Preparation of dual-layered corneal substitute materials

Corneal substitutes were engineered as follows. The sBM gel was
created by using 1.5 mL of 5 mg/ml type I collagen solution (Cosmo Bio
KOU-IPC-50, Atelocollagen from Bovine dermis) each in 6-well tissue
culture plates and placed in an ammonium vapor environment for
5 min. The sSL layer was prepared immediately following sBM gelation
and 5 mL of sSL mixture was poured over the sBM gel. The sSL layer
was prepared at 4 °C by mixing equal volumes of 5 mg/ml type I col-
lagen solution and a neutralization mixture consisting 2.5 mg/ml beta
cyclodextric (βCD) (Sigma Aldrich, St. Louis, MO) solution, 20 mM
HEPES (Life Technologies) and 5 mg/ml of porcine small intestine
submucosa (SIS) matrix microparticles passed through a 40 μm filter, at
pH 11. The SIS matrix was prepared as described in a previous pub-
lication [28]. The solution contained SIS microparticles were filtered
through 40 μm cell strainer three times before mixing with the collagen.
The resulting combination gel was then placed in a sterile controlled
humidity chamber (vitrifier) at 5 °C and 40% relative humidity (RH) for
1 day, and then further dehydrated in a second vitrifier at 40 °C and
40% RH for 1 week to form transparent, rigid vitrigel materials. Vitrigel
materials were rehydrated in 20 mM HEPES buffer for 1 h before use.

2.2. Second harmonic generation (SHG) microscopy

Hydrated materials were used for SHG microscopy imaging.
Samples were placed on a glass slide with cover slip and examined
using a Zeiss LSM 710 microscope (Zeiss, Oberkochen, Germany) with a
790 nm excitation wavelength, 20× objective and scanning speed of 7.
The image sections were captured at 5 μm increments across a scanning
depth of 400 μm. The 3D reconstruction of the SHG image for each
sample was performed using the software ZEN (Zeiss, Oberkochen,
Germany).

2.3. Electron microscopy

Samples were first fixed using 0.1 M sodium cacodylate buffer with
3% paraformaldehyde (PFA), 1.5% glutaraldehyde, 2.5% sucrose, and
0.1% tannic acid, followed by post-fixation in osmium tetroxide.
Aqueous uranyl acetate was used to accentuate collagen fibril staining
in all samples. Following dehydration using a graded series of ethanol,
samples were ready for electron microscopy. For Transmission electron
microscopy, samples were embedded in Eponate 12 resin (Ted Pella,
Redding, CA). Thin sections, 60–90 nm were placed on naked copper
grids. Transmission electron microscope (TEM) images were taken by
CM120 TEM (Philips, Amsterdam, Netherlands) at 80 kV. Scanning
electron microscopy (SEM) samples were fixed as described above and
affixed to SEM stubs, coated with 20 nm AuPd, and observed using a
Leo FESEM (Zeiss, Oberkochen, Germany). Lamellar thickness was de-
termined using ImageJ software (NIH, Bethesda, MD).

2.4. Light transmittance

Fully hydrated materials were placed flat on 24-well plates. Light
absorbance was measured using the area scanning modality on a Biotek
Synergy 2 microplate reader in the visible light wavelength range of
300–700 nm with 50 nm intervals. Absorbance values were converted
to light transmittance values using the Beer-Lambert law.

2.5. Tensile testing and suturability

Hydrated materials were cut into 5 mm width test strips, secured
with superglue and sandpaper grips. Control native corneal strips were
obtained from fresh rabbit eyes purchased from PelFreez (PelFreez
Biologicals, Rogers, AR). Sample thickness was measured using digital
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Vernier calipers (Mitutoyo, Japan). Samples were loaded onto a
Criterion 43 Tensile Tester (MTS, Eden Prairie, MN) with a 100 N load
cell and stretched uniaxially at a speed of 0.02 mm/s until failure, with
an initial test sample length of 1 cm. Load vs displacement values were
recorded and analyzed.

The suturability set up was shown in our previous publication [29]
and Supplemental Fig. 1A. A 10-0 nylon suture ran through the material
and was loaded onto Criterion 43 Tensile Tester (MTS, Eden Prairie,
MN) with a 250 g load cell and stretched at a speed of 0.02 mm/s until
failure. Load values were recorded and analyzed.

2.6. Degradability

The degradability was tested by digesting native corneas, sBM and
sSL materials in collagenase type II. In brief, all samples were stored in
PBS for 24 h prior to the test, and degradation was carried out by
soaking samples in 100 U collagenase type II (Sigma Aldrich). At each
time point, the excess water was removed by kimwipes and the weight
was recorded.

2.7. Ex vivo corneal epithelial cell migration

Fresh rabbit eyes were purchased from PelFreez (PelFreez
Biologicals, Rogers, AR). Implants of 6 mm diameter were surgically
inserted into ex vivo corneas after creation of a partial pocket model
with a 4 mm anterior wound (Fig. 4a). The corneas with the implants
were placed on convex molds matched to corneal curvature. The ex vivo
corneas were then air-lift cultured in full media (DMEM + 10% fetal
bovine serum) for up to 72 h. Re-epithelialization was tracked using
Fluoresoft (Alden Optical, Lancaster, NY) solution, with a blue light
source. Briefly, one drop of Fluoresoft solution was applied to the ex
vivo corneal surface, following by extensive rinsing with PBS. Blue LED
light source was used to observe the fluorescein staining. Following the
72 h time point, samples from the same test group were chosen at
random for either paraffin embedding or for immunofluorescent
staining. Samples for paraffin embedding were fixed in 10% formalin,
dehydrated, embedded in paraffin, sectioned using a microtome and
stained using hematoxylin and eosin according to standard protocol.
Samples for immunofluorescent staining were carefully removed from
the corneal pockets and fixed in 4% PFA followed by immuno-
fluorescent staining for ZO-1 and K14.

2.8. Isolation and culture of corneal fibroblasts

Corneal fibroblasts were isolated from fresh rabbit eyes (PelFreez
Biologicals, Rogers, AR). Excised corneas were incubated overnight at
4 °C in 1 mg/ml of Dispase II (Roche) in PBS (Thermo Fisher). The
loosened epithelial sheets were gently scraped off and discarded. Each
corneal stroma was further cut into smaller pieces and further digested
using 2 mg/ml collagenase type II for 2 h at 37 °C with mechanical
agitation. The digested cells were filtered through a 70 μm cell strainer
to remove extracellular debris. The primary corneal fibroblast cell
suspension was appropriately diluted and seeded on sBM and sSL sub-
strates at 5000 cells/cm2 seeding density in full medium (DMEM+10%
fetal bovine serum). Cells on various substrates were confluent by day
5. Certain wells of keratocytes growing on various substrates were
chosen at random and stimulated using 20 ng/ml pro-inflammatory
cytokine IL-1β (Thermo Fisher Scientific) in complete medium, fol-
lowing confluence. Cells were cultured in IL-1β containing media for
24 h before harvest for gene expression studies.

2.9. Quantitative real tme polymerase chain reaction (qRT-PCR)

Corneal fibroblasts were harvested for qRT-PCR at confluence. In
brief, corneal fibroblast layers were washed with PBS 3 times, lysed
with 500 μl Trizol (Thermo Fisher, Waltham Scientific, MA), and

processed for standard RNA isolation. The mRNA was purified using
RNeasy mini kit (Qiagen, Hilden, Germany), quantified by Nanodrop
2000 (Thermo Fisher Scientific, Waltham, MA), and reverse transcribed
using a High Capacity cDNA reverse transcription kit (Thermo Fisher,
Waltham, MA). Gene expression was characterized by qPCR with SYBR
green master mix (Thermo Fisher Scientific, Waltham, MA). GAPDH
was used as internal control, and the relative expression of genes was
quantified using 2−ΔΔCt. The primer sequences (Table 1) were designed
using Primer-BLAST (NCBI, https://www.ncbi.nlm.nih.gov/tools/
primer-blast/).

2.10. Animal anterior lamellar keratoplasty

All the experimental procedures on animals in this study were
performed in accordance to the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic and
Visual Research, and were performed following approval from the
Institutional Animal Care and Use Committee at Johns Hopkins
University. Only one eye in each animal received surgery. Six male New
Zealand albino rabbits (weight 2.5–3.5 kg) (5 received implant and 1 as
negative control that did not receive implant) were anesthetized using
intramuscular administration of ketamine (35 mg/kg) and xylazine
(5 mg/kg). Proparacaine (Akorn, Lake Forest, IL) was administered on
the corneal surface prior to the anterior lamellar keratectomy surgical
procedure. A Hessburg-Barron vacuum trephine with 6 mm diameter
(Barron Precision Instruments LLC, Grand Blanc, MI) and crescent knife
(LaserEdge, Bausch & Lomb, Rochester, NY) were used to surgically
remove approximately 250 μm of corneal tissue. The dual-layered col-
lagen vitrigel implants, approximately 250 μm in thickness and 6.5 mm
in diameter were implanted into the wound bed. The material was fixed
using 8 to 12 interrupted 10-0 nylon sutures. The animals were allowed
to recover and PRED-G ointment (Allergan, Irvine, CA) was applied to
the eyes twice daily for 14 days post-surgery. Gross observations, in-
cluding ophthalmomicroscopy and fluorescein staining were performed
at day 3, 7, 14, 21, and 30 days following surgery. Corneas were har-
vested at 30 days post-surgery, fixed in 10% formalin and processed for
histology and immunostaining.

2.11. Histology and immunofluorescent staining

Following fixation in 10% Formalin, samples from in vivo and ex vivo
experiments underwent standard graded dehydration procedure in
ethanol, followed by xylene treatment. Following an overnight paraffin
infiltration, each sample was oriented, embedded in paraffin wax and
sectioned using a microtome (5 μm thickness). Slides were stained with
Hematoxylin and Eosin and observed under bright field microscope
(Zeiss). The corneal thickness at the center and peripherals was mea-
sured by ImageJ.

Table 1
Primer sequences for qPCR.

Gene Sequence

GAPDH Forward: CTCTGGAGTGGATGTT
Reverse: CCATGGGTGGAATCATACTG

Keratocan (KERA) Forward: AGTACCAACAAGCTTCAGCC
Reverse: ACCCAGATGACGAAACATATT

ALDH Forward: GACGATAACTGCAGAGCACG
Reverse: ACTCATTCGACAAGCAGACAG

Biglycan Forward: GCATCCCCAAAGATCTGCC
Reverse: CAACTTGGAGTATCGGAGCAG

IL6 Forward: GAATAATGAGACCTGCCTGCT
Reverse: TTCTTCGTCACTCCTGAACTTG

IL8 Forward: TGGACCTCACTGTGCAAA T
Reverse: GCTCAGCCCTCTTCAAGAAT

MMP9 Forward: AGTACCGAGAGAAAGCCTACTT
Reverse: TGCAGGATGTCAAAGCTCAC
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For immunofluorescent staining, slides were deparaffinized and the
antigen retrieval was performed in citrate buffer (pH 6.0) for 20 min.
Samples were treated with blocking buffer of PBS containing 1% BSA
(bovine serum albumin) and 0.05% Triton-X for 30 min. For ex vivo
samples, cytokeratin 14 (K-14) and zonula occludens 1 (ZO-1)
(Chemicon, Temecula, CA)primary antibodies were stained at 1:100
concentration overnight at 4 °C, and for in vivo samples, K14, ZO-1, p63,
K3, K12 (Chemicon), alpha smooth muscle actin (α-SMA) (Thermo
Fisher Scientific), CD45 (Biolegend), Thy1 (Abcam) and integrin β4
(Abcam) were stained at concentration overnight at 4 °C, followed by
secondary antibody staining (1:100 goat anti-rat Alexa Fluor 594, 647,
Life Technologies) and counter stained with DAPI (Life Technologies).

2.12. Optical coherent tomography

The eyes of animals which underwent surgery were imaged with
Envisu R4110 SDOCT system (Bioptigen, Durham, NC) with 10 mW
output power light source, and an effective bandwidth of 105 nm
centered at 845 nm. The transversal resolution is approximately 12 μm.
The scanning area of each cornea had a width of 12 × 12 mm and
depth of 1.2 mm.

2.13. Brillouin microscopy

Brillouin Microscopy was used to evaluate the spatially-resolved
mechanical properties of the vitrigel samples. A confocal Brillouin mi-
croscope was utilized with similar configuration of previous studies
(Scarcelli et al. Nat Methods 2015). Briefly, a 532 nm laser with an
optical power of 10 mW was focused onto the sample by a 20X, 0.4 NA
objective lens (Olympus America, Inc.) for a typical transverse resolu-
tion of 1 μm and depth resolution of 4 μm. The scattered light, collected
through the same objective, was coupled into a single mode fiber and
delivered to a two-stage VIPA spectrometer featuring an EMCCD
camera (Andor, IXon Du-897) (Scarcelli and Yun, Opt. Express 2011).
Each Brillouin spectrum was acquired in 0.2 s and fit using a Lorentzian
function to quantify the Brillouin frequency shift at each point within
the sample. The shift was calibrated using the known frequency shifts of
water and glass.

The Brillouin frequency shift was related to the local mechanical

properties by the following equation: ′ =M
ρv λ

n4
β i
2 2

2 in which M′ is the

longitudinal elastic modulus, vβ is the measured Brillouin frequency
shift, n is the refractive index of the material, λi is the wavelength of the
incident photons, and ρ is the density of the material. The spatially
varying ratio of ρ

n2 was approximated to the constant value of 0.57 g/
cm3 based on literature values; we estimate this to introduce a 0.3%
uncertainty throughout the cornea [30]. Previously, we have validated
the strong relationship (R > 0.9) between Brillouin-derived modulus
and the Young's Modulus found via gold-standard stress-strain com-
pression tests on porcine corneas [31].

2.14. Statistical analysis

The light transmittance, tensile testing, and PCR analyses were
performed with samples of n = 5, representative of two or more in-
dependent studies. Data are expressed as mean ± standard deviation.
Statistical significance (p value) between conditions was determined by
one-way analysis of variance (ANOVA) with Bonferroni post hoc test
using GraphPad Prism 5. P < 0.05 is considered statistically sig-
nificant.

3. Results

3.1. Dual-layered collagen vitrigel substitutes mimic physical properties of
native corneas

To create a biosynthetic implant that resembles the cornea in both
physical properties as well as re-epithelialization potential, we en-
gineered the visually transparent, dual-layered corneal substitute
(Fig. 1A) through a multi-step process. This combination product con-
sisted of a sSL layer incorporated with tissue-derived microparticles,
which provided the ultrastructural, optical and mechanical properties,
and a sBM layer that improved the re-epithelialization. The vitrification
procedure is a slow and controlled dehydration process that creates
inter- and intra-molecular binding between collagen and ECM proteins
[18,32], allowing the high-water content pre-vitrified hydrogel to form
a transparent, strong, and high-collagen content vitrigel (Fig. 1B and C).
The re-assembly of ECM-based materials using vitrification enables
their application in the ocular environment.

The histological cross section of the dual-layered corneal substitute
revealed a bilayered structure that included a homogenous sBM col-
lagen layer transitioning smoothly into a lamellar sSL layer (Fig. 1C).

Fig. 1. Engineering the dual-layered collagen vitrigel corneal substitutes with synthetic basement membrane (sBM) and stromal layer (sSL). A) Schematic showing
the manufacturing procedures of the dual-layered collagen vitrigel corneal substitutes. B) Gross photos demonstrating the high transparency of the dual-layered
collagen vitrigel. Images of C) H&E staining and D) SHG of the cross-section of the collagen vitrigel presenting different ultrastructures of the sBM and sSL layers.
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SHG microscopy showed the collagen fibrillar organization, which
confirmed an amorphous sBM layer and a fibrillar sSL (Fig. 1D). SHG
scanning of independent sBM and sSL layers revealed collagen fibrils in
sBM samples were visible only at the surface interfaces (air/gel and gel/
plastic interface), while sSL membranes consisted of a fibrillar structure
throughout (Fig. 2A and B). SEM imaging of sBM and sSL surfaces de-
monstrated scattered thick collagen fibrils and small porous collagen
structures presented on the surface of sBM layers, while the surface of
sSL layer presented densely packed aligned fibril structures (Fig. 2C). In
addition, TEM images showed the ultrastructures of cross sections in
sBM and sSL layers. The sBM cross section presented a homogenous
collagen structures, while the sSL layer demonstrated a lamellar for-
mation (Fig. 2D). In sSL layer, each lamella ranged between 500 nm and
2 μm in thickness. ECM microparticles in between the lamellae are vi-
sualized as the small dark spots. Notably, TEM images showed that ECM
particles maintained small collagen bundles which indicated by the red
arrow.

A high light transmission percentage in the visible light spectrum
was essential for a corneal substitution material (Fig. 2E). Single layer
of sBM or sSL, or the dual-layered corneal substitute were all tested for
light transmission. The sBM layer, at 50 μm thickness, demonstrated
nearly 100% transparent across all tested wavelengths. The sSL layer, at
300 μm thickness, presented over 80% light transmittance at the
550 nm (mid-range) visible light wavelength. The optical transparency
of the 400 μm thick dual-layered collagen vitrigel showed over 75%
light transmittance at 550 nm wavelength, indicating that the synthe-
tized material was suitable in terms of transparency as a corneal sub-
stitute. Furthermore, the addition of ECM particles did not affect the
transparency of the vitrigel, as the light transmittance values at 550 nm
showed no significant difference between vitrigels with or without ECM

particles (Supplemental Fig. 1B).
The mechanical properties of the dual-layered corneal substitute

were characterized by tensile testing and suturability testing (Fig. 2F
and G). The Young's modulus of the dual-layered collagen vitrigels was
significantly higher than the native cornea. This high modulus was due
to the nature of the sSL layer, which consisted of collagen, cyclodex-
trins, and ECM microparticles. The Young's modulus of the individual
sBM layer was comparable to the native cornea (Fig. 2F). Since the
Young's modulus values alone were not sufficient to provide informa-
tion about suturability of the material, we performed more tests to in-
vestigate the suturability of the materials at 400 μm in thickness
(Fig. 2G). The dual-layered collagen vitrigels were able to bear sig-
nificantly higher load compared to sBM alone, demonstrating the im-
portance of the sSL layer in enhancing mechanical strength. The in-
corporation of ECM microparticles within the sSL layer contributed to a
significantly higher suture strength compared to ones without ECM
microparticles (Supplemental Fig. 1C). Although incorporating ECM
increased the suturability, the native cornea still had more robust in-
tegrity as compared to the biosynthetic corneal substitute (Fig. 2G).
Degradation of the materials was assessed using the collagenase test
(Supplemental Fig. 1D). The remaining ratio was calculated by ratio of
the remaining weight divided by the original weight across multiple
time points. No statistical difference was found between sSL and cornea
group. The remaining ratio of sBM at 4 h and 18 h was significantly
lower than cornea (*p < 0.05 Vs. Cornea).

Mechanical differences between two layers of the material were
measured using Brillouin Microscopy (Supplemental Fig. 1E). As shown
in the representative Brillouin map, the anterior section of the sample
displayed lower Brillouin frequency shifts than the posterior. Therefore,
based on the established relationship between Brillouin frequency shift

Fig. 2. Structural and physical properties of the dual-layered collagen vitrigel corneal substitutes. A) Horizontal view of the surface of sBM and sSL using SHG,
collagen fibrils were visible in both layers of collagen materials B) Cross section view of sBM and sSL, showing collagen fibril structures were only visible on the air/
gel and plate/gel interfaces of the sBM layer, while in the sSL layer, collagen fibril structures were visible throughout the entire material. C) SEM with low and high
magnification, and D) TEM images of the sBM and sSL layers, demonstrating different ultrastructures of the two layers. E) Light transmittance of sBM layer of 50 μm,
sSL layer of 300 μm, and the dual-layered collagen vitrigel of 400 μm transplantable thickness. F) Young's modulus and strain-at-break of the sBM material, sSL, the
dual-layered material, and cornea control, n = 6 of each group of materials. (n = 5, *P < 0.05) G) The peak load of suturability test of materials of 400 μm.
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and mechanical properties, the anterior sSL layer was stiffer than the
posterior sBM layer. Further, regions of increased tensile strength cor-
responding to the presence of dispersed ECM microparticles in the sSL
layer were also observed as local areas of high Brillouin frequency
shifts.

3.2. The synthetic basement membrane (sBM) promotes epithelial cell
migration and maturation

We evaluated epithelial cell migration and maturation on sBM and
sSL materials using an ex vivo whole corneal culture model (Fig. 3A).
We tracked the epithelial cell migration over the materials using
fluorescein staining. On sBM materials, epithelial cells migrated onto
the 4 mm open wound and completely covered the sBM material within
48 h. On sSL materials, full reepithelialization was observed at 72 h
(Fig. 3B) time point. Epithelial cell maturation rate also differed be-
tween the sBM and sSL substrates, as observed through immuno-
fluorescence staining of corneal cross-sections. The migrated epithelial
cells on the sBM substrate formed multilayers and expressed tight
junction protein ZO-1, and the limbal stem cell cytoskeleton marker K-
14 expressed by the lower layer of migrated epithelial cells within 72 h
(Fig. 3C). On the other hand, epithelial cells that migrated onto the sSL
substrate formed a single layer and without tight junction detected (no
expression of ZO-1). H&E staining further demonstrated multilayered
epithelium formation on sBM and single layer epithelium on sSL. The
results from the ex vivo cornea cultures indicate that sBM promotes
faster epithelial cell migration and maturation as compared to sSL.

We tracked the epithelial cell maturation progress on the sBM layer
over the 72 h time course via immunostaining of DAPI, K14 and ZO-1
(Fig. 4A). At 24 h the cells that migrated on to the sBM had larger
cellular area of spread and a lower cell density, as observed using K14,
ZO-1 and DAPI staining. These cells continued to proliferate, and by
48 h, sBM surface was covered with high cell density with smaller and
polygonal morphology. At 72 h, epithelial cells formed a mature mul-
tilayered epithelium over the sBM implant, with smaller polygonal tight
junctions in the lower layer (blue arrow indicated smaller polygonal
tight junction), and flatter tight junctions on the cells closer to the top

surface (white arrow indicated bigger tight junction), demonstrating a
multilayered epithelium formation (Fig. 4A).

3.3. The synthetic stromal layer (sSL) modulates inflammatory gene
expression and maintains corneal fibroblast phenotype following IL1-β
stimulation

Next, we studied gene expression of corneal fibroblasts on both sBM
and sSL substrates. The sSL layer contained biological ECM micro-
particles, which had been previously implicated to suppressed the in-
flammatory responses and reduced corneal scarring [33]. Gene ex-
pression of corneal fibroblasts (KERA, ALDH, and biglycan) as well as
pro-inflammatory genes (IL6, IL8, and MMP9) were evaluated from
rabbit corneal stromal fibroblasts that seeded on sBM, sSL, and tissue
culture plastic (TCP) control. The KERA, ALDH and biglycan expres-
sions of corneal fibroblasts seeded on both sBM and sSL were on a si-
milar level compared to the TCP control, indicating that both sBM and
sSL were able to maintain corneal fibroblast phenotype in vitro. Corneal
fibroblasts on sBM expressed raised levels of IL6 and IL8 as compared to
cells on TCP and sSL substrates (Fig 4Ba, 4Bb).

We further evaluated gene expression of corneal fibroblasts on the
substrates with addition of IL1-β, which mimicked the initial in-
flammatory stimulation following in vivo corneal injury. Overall, IL-1β
stimulation had no significant effects on keratocan and ALDH expres-
sions, while increased biglycan expression in corneal fibroblasts cul-
tured on TCP. Biglycan expression in cells on sBM and sSL substrates
maintained similar level comparing to unstimulated cells on TCP con-
trol (Fig 4Bc). Corneal fibroblasts on TCP expressed significantly higher
level of pro-inflammatory genes IL6, IL8 and MMP9 after IL-1β stimu-
lation (Fig 4Bd). The cells on sBM showed upregulated IL8 expression
while downregulated IL6 and MMP9 as compared to TCP control. The
sSL substrates suppressed IL6, IL8 and MMP9 genes in corneal fibro-
blasts comparing to the stimulated cells on TCP. The gene expression
results indicated that sSL containing ECM microparticles was able to
maintain corneal fibroblast phenotype and downregulated in-
flammatory responses following IL-1β stimulation in vitro.

Fig. 3. Ex vivo re-epithelialization on sBM and sSL layer. A) Schematic showing the corneal organ culture model of ex vivo re-epithelialization. B) Fluorescein
staining tracking the corneal epithelial cell migration within 72 h. C) immunofluorescent staining of corneal epithelial cell marker K14 (green), and tight junction
formation ZO-1 (red) on sBM and sSL layers. D) H&E staining demonstrating epithelial cell multilayer formation on sBM layer and single layer formation on sSL layer.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.4. Dual-layered cornea substitute enhances re-epithelialization and
encourages corneal stromal regeneration

The dual-layered collagen vitrigel cornea substitute was implanted
in vivo in a rabbit anterior lamellar keratoplasty model. We tracked the
re-epithelialization process on day 7, 14, and 30 via fluorescein
staining. Corneal epithelial cells migrated from the edge to the center of
the implant as shown by the gross fluorescence staining picture at day
7. By day 14 post-surgery, over 95% of the dual-layered implant was
covered by re-epithelialized cells. At 30 days post-surgery, the im-
planted cornea was fully re-epithelialized and remained clear (Fig. 5A,
Supplemental Fig. 2A). OCT image revealed a distinctive boundary
between host cornea and implanted vitrigel at day 7 post-surgery. By
day 30, the boundary became indistinct, indicating host/implant in-
tegration (Fig. 5B). H&E staining of the full cornea receiving implanted
material (Supplemental Fig. 2B) demonstrated complete re-epitheliali-
zation and restoration of corneal thickness compared to the negative
control at day 30 post-surgery. Thickness of the central cornea
(275.11 ± 23.75 μm) was not significantly different from the per-
ipheral cornea (302.94 ± 24.59 μm). High magnified images showed
migration of corneal stromal cells onto the implanted material. As a
result, the implanted corneal substitute resembled nearly identical to
the lamellae structure of the host tissue (Fig. 5C). Epithelial cells
formed a multilayer structure on top of the implant, and positive im-
munofluorescent staining of K14 and p63 on the lower layers of the
epithelial cells confirmed limbal stem cell migration onto the implanted
material. ZO-1 staining showed that epithelial cells on the implant
formed tight junctions within 30 days (Fig. 5D). In the central area of
the implanted cornea, the epithelial cell expressed mature epithelial
marker K3 and the stromal stained negative of myofibroblast marker α-
SMA (Fig. 5D). Corneal epithelial cell marker K12, and integrin β4 also
stained positive on the re-epithelialized cell layer. Trace positive of α-
SMA marker was found at the edge of the implantation site, while in-
flammatory markers such as Thy1 and CD45 were undetected
(Supplemental Fig. 2C). Taken together, these data demonstrated that
the in vivo transplantation of the dual-layered collagen vitrigel corneal
substitute via anterior lamellar keratoplasty was highly translational

due to its ability to successfully restore structural, functional and bio-
logical properties of the damaged corneas.

4. Discussion

Due to the global donor tissue shortage and other factors such as
tissue specificity and compatibility, the demand of finding alternative
solutions is high. Current available corneal substitutes such as Boston
Kpro or crosslinked human recombinant collagen are either lacking the
abilities to achieve biointegration [5], or have limited mechanical in-
tegrity to bare interrupted suture techniques [34].

Previously, we created a collagen-based vitrigels incorporating β-
cyclodextrin into collagen hydrogels to modulate collagen fibril self-
assembly and alignment during vitrification [19]. Lamellar organiza-
tion and fibrillar alignment in the vitrigels contribute to high optical
transparency and mechanical robustness. However, migration of epi-
thelial cells on to the implant material remains a challenge. The com-
plete re-epithelialization on β-cyclodextrin/Collagen vitrigel takes as
long as 30 days, delaying the healing of the cornea and implant/host
tissue integration. Re-epithelialization is a critical first step in the cor-
neal wound healing process following injuries or corneal transplanta-
tion. The delay in re-epithelialization or any disruption of this process
would result in persistent corneal defects such as corneal haze or neo-
vascularization, which eventually lead to an eventual transplant failure
[35,36]. Re-epithelialization in vivo involves various confounding fac-
tors such as disruptions from eye lid movement, tear formation, im-
mune cell recruitment and signaling [37]. To address this problem,
Zhang et al. pre-seeded corneal epithelial cells on acellular porcine
corneal matrix [38] before transplantation to accelerate the re-epithe-
lialization process and to reduce neovascularization. However, pre-
culturing cells on corneal substitute limits the transplant feasibility and
significantly increased potential cost. Although the mechanical prop-
erties of decellularized cornea are more similar to native tissue, our
dual-layered collagen vitrigel avoided complex decellular processing of
whole tissue. Our solution demonstrated high optical transparency and
displayed no to minimal neovascularization or haze formation when
transplanted without preculturing epithelial cells.

Fig. 4. Ex vivo epithelial cell maturation and in vitro corneal stromal fibroblast gene expression on sBM and sSL. A) The horizontal view of the epithelial cell
migration and maturation on the sBM layer within 72 h. B) Gene expressions of corneal stromal fibroblasts on sBM and sSL material with and without IL-1β
stimulation. Corneal fibroblasts maker genes and inflammatory genes on sBM and sSL layers under normal cell culture condition a) and b), and after stimulation with
20 ng/ml IL-1β for 24 h c) and d) (n = 5, *P < 0.05 Vs. TCP; ^P < 0.05 Vs. TCP + IL-1β).
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We incorporated multiple improvements to the corneal substitute
design. First, we used a complex biophysical process to add a thin layer
of non-lamellar, amorphous, type I collagen sBM, which accelerated
recovery of re-epithelialization both in vitro and in vivo. Collagen ge-
lation by exposure to ammonia vapors in the thin layer limits the mo-
bility of free collagen molecules and triple helices. The limitation of
collagen molecule mobility generated non-lamellae structure after vi-
trification. This resulted in a homogenous network of sBM gel. Collagen
fibril formation was observed only at interfaces, creating a gradient
collagen matrix. Such gradient matrices have been previously reported
where confined compression was the driving force [39]. This homo-
genous substrate with interfacial collagen fibrils allowed considerably
faster epithelial cell migration ex vivo and in vivo. The epithelial cells
formed multilayer on top of the sBM, and expressed limbal stem cell
and epithelial cell key markers p63, K3, K12, and K14. Moreover, the
major function of corneal epithelium is to serve as a physical and
chemical barrier, and tight junction formation is one of the critical key
markers of barrier formation [40]. The regenerated epithelium multi-
layer on sBM expressed tight junction protein ZO-1, suggesting that the
migrated epithelial cells resemble the function of healthy cornea.

Second, we improved the mechanical strength and biological per-
formance of synthetic stromal layer (sSL) by incorporating SIS ECM
microparticles. Adding ECM particles into hydrogel system to form a
composite scaffold is a well-accepted method to improve biomechanics
of hydrogel materials [41]. Researchers in tissue engineering field in-
vestigated the use of ECM/hydrogel composite scaffolds, and showed
that such scaffolds had superior mechanical and biological performance
compared to traditional hydrogels [42–44]. In current study, the in-
corporation of ECM particles reinforced mechanical properties, and the
vitrification of the ECM/collagen composite hydrogel clarified the final
product during the controlled dehydration process. Vitrification process
is the solidification of a liquid or a high water-content hydrogel [45].
We previously reported vitrification caused loss of inter- and intra-
molecular water in collagen hydrogel, and formed inter-molecular

crosslinking [46]. This crosslinking contributed to the adhesive force
between sBM and sSL, as well as the clarification of the final collagen
vitrigels. Therefore, we are able to obtain an ECM-reinforced synthetic
corneal stromal layer without compromising optical properties.

Corneal fibroblast activation is a critical factor in corneal tissue
remodeling after injury or transplantation [47]. Following corneal in-
jury in vivo, corneal epithelial cells secrete TGF-β and IL-1 cytokines,
causing activation of quiescent corneal keratocytes and differentiation
into corneal fibroblasts or myofibroblasts [48]. To preempt the wound
healing issues arising from immune dysregulation, we used tissue-de-
rived biological materials, which have been used for their pro-re-
generative and immunoregulatory properties [27,49,50]. For example,
OASIS®, a extracellular matrix product derived from porcine small in-
testinal submucosa (SIS), is approved by FDA for wound healing ap-
plications such as chronic leg ulcers [51]. In current study, we in-
corporated SIS-ECM microparticles in the synthetic stromal layer (sSL),
achieving suppressed gene expressions of pro-inflammatory markers
such as IL6, IL8 and MMP9. In our previous study [52], we reported
collagen vitrigels with high density fibrillar structures and higher
Young's modulus were beneficial to corneal keratocytes and fibroblasts.
Synthetic BM substrate is a softer substrate with non-fibrillar collagen
fibers. Therefore, immune markers of corneal fibroblasts expressed
differently on the sBM from the sSL. The immunoregulatory potential
from the ECM containing sSL might be an important factor contributing
to the host/implant integration and the stromal regeneration. We va-
lidated this observation in vivo in rabbits, and found no sign of in-
flammation over the 30 days post-surgical time period.

In conclusion, we engineered a dual-layered biosynthetic corneal
substitute, which provided clinically translational cornea-mimetic in
physical properties including hight transparency and mechanical ro-
bustness, and biocompatibility with enhanced re-epithelialization and
stromal regeneration. The sBM allowed rapid re-epithelialization and
epithelial cell maturation , whereas the sSL modulated the in-
flammatory responses and provided mechanical support and suture

Fig. 5. In vivo surgical performance of the dual-layered collagen vitrigel corneal substitutes. A) Gross photos and fluorescein staining of rabbit eyes for in vivo
evaluation on 0, 3, 7, 14, and 30 days post-surgery. B) OCT images on 7 and 30 days post-surgery demonstrating implant integration with the host tissue. C) H&E
staining center corneal, and D) immunofluorescent staining of the central section showing epithelial cell multilayer formation and key marker expression on the
implanted material.
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retention strength required for in vivo implantation. The dual-layered
corneal substitute demonstrated minimal corneal scarring, and a pro-
mising host/implant integration within 30 days post-surgery, indicating
its great potential as biosynthetic corneal substitute. Future studies will
focus on improving the overall performance in translational applica-
tions. Longer time course animal experiment and more outcomes such
as vision test will also be included.
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