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Purpose:We sought to introduce the materials, design, and biocompatibility of a flexi-
ble and suturable artificial corneal device.

Methods: Single-piece, fully synthetic, optic-skirt design devices were made from
compact perfluoroalkoxy alkane. The skirt and the optic wall surfaces were lined with a
porous tissue ingrowthmaterial using expandedpolytetrafluoroethylene. Full-thickness
macroapertures around the skirt perimeter were placed to facilitate nutrition of the
recipient cornea. Material properties including the skirt’s modulus of elasticity and
bending stiffness, optic light transmission, wetting behavior, topical drug penetrance,
and degradation profile were evaluated.

Results: The final prototype suitable for human use has a transparent optic with a
diameter of 4.60 mm anteriorly, 4.28 mm posteriorly, and a skirt outer diameter of
6.8 mm. The biomechanical and optical properties of the device closely align with
the native human cornea with an average normalized device skirt-bending stiffness
of 4.7 kPa·mm4 and light transmission in the visible spectrum ranging between 92%
and 96%. No optical damage was seen in the 36 devices tested in fouling experiments.
No significant difference was observed in topical drug penetrance into the anterior
chamber of the device implanted eye compared with the naïve rabbit eye.

Conclusions: The flexibility and biocompatibility of our artificial cornea device may
offer enhanced tissue integration and decreased inflammation, leading to improved
retention compared with rigid keratoprosthesis designs.

Translational Relevance: We have developed a fully synthetic, flexible, suturable,
optic-skirt design prototype artificial cornea that is ready to be tested in early human
feasibility studies.

Introduction

Corneal disease represents the fourth leading cause
of preventable vision loss globally.1 An estimated
6.17 million individuals live with bilateral corneal
blindness (defined by the World Health Organization
as visual acuity of worse than 3/60).1–3 A particularly

unfortunate aspect is that, unlike other eye diseases that
predominantly affect older individuals, corneal blind-
ness disproportionately affects a younger population.
In India, 15.8% of all blindness andmoderate-to-severe
visual impairment is owing to corneal disease, with 44%
of corneal blindness occurring in patients younger than
50 years, with the most common etiology being child-
hood keratitis (36.7%).1,2 Fortunately, vision can be
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restored in the majority of the cases through donor
corneal transplantation.3 However, despite being the
most widely performed form of tissue or organ trans-
plantation globally, there is a significant scarcity of
donor corneas, with only 1 in 70 individuals who would
benefit from donor corneal transplantation having
access to the surgery.3,4 In addition, not all patients
who undergo donor corneal transplantation will have
vision improvement. Graft failure is not uncommon
in patients with other comorbidities such as aphakia
or corneal neovascularization, as well as in pediatric
patients or patients with glaucoma or after glaucoma
surgery.5 It is well-known that the outcome of corneal
transplantation is largely determined by the preopera-
tive indication for surgery.

The landscape of corneal transplantation has
changed dramatically in the last two decades with the
introduction of endothelial keratoplasty for Fuchs’
dystrophy and collagen cross-linking for keratoconus.
These developments led to a significant decrease in
the number of individuals with these two most favor-
able preoperative indications undergoing penetrating
keratoplasty (PK). From 2000 to 2021, the propor-
tion of PKs performed in the United States decreased
from 98.8% of all grafts to 33.1%.6,7 Previous graft
failure is now the leading indication for PK in North
America, as well as Europe.7–10 It is well-known that
both graft survival and visual outcomes worsen with
each successive surgery.11 Therefore, the outcomes of
today’s PK surgeries are likely not as favorable as those
that historically reported graft clarity rates of up to
93% at 25 years after surgery.12

Currently, keratoprosthesis, or artificial corneal
transplantation, is considered in eyes with a limited
expectation of success from donor corneal transplan-
tation, such as those with repeated previous failures.
The most commonly implanted prosthetic corneal
device globally is the Boston type I keratoprosthe-
sis (Massachusetts Eye and Ear Infirmary, Boston,
MA). Although the device yields superior outcomes
compared with repeat PK in many patients,13–15
the annual number of implantations has trended
downward, with the latest studies reporting on worsen-
ing outcomes with longer term follow-up.16–20 Owing
to the limitations of current artificial corneas, currently
there is no device that is suitable as a replacement for
donor corneal transplantation to address the global
donor shortage.21,22

We herein created a single-piece, fully synthetic
corneal device with optic and skirt configuration that
is flexible and suturable. The surgery is a single step,
minimally invasive, and does not require a fresh donor
cornea. The surgical technique and short-term clinical
and histopathological outcomes in a rabbit model have

been published.23,24 Here, we report the developmen-
tal considerations and biomechanical properties of the
newer version designed for human use to be tested in
early feasibility clinical studies.

Methods

Human Device Design

The human device design has been modified from
the rabbit prototype.23 The device dimensions as well
as refractive power have been adjusted for human
cornea. It is a single-piece, optic-skirt design made of
a proprietary (W. L. Gore & Associates, Inc., Newark,
DE) flexible, suturable, optically clear fluoropolymer,
perfluoroalkoxy alkane that comprises the device core.
The human device exhibits a 4.60-mm optic diameter
anteriorly and a 4.28-mm diameter posteriorly, with an
optic stem thickness of 1.20 mm and an outer skirt
diameter of 6.9 mm (Fig. 1). These dimensions were
established after several reiterations to ensure excel-
lent apposition between the recipient cornea and the
optic stem at the completion of the surgery which
is essential for biointegration. Multiple experiments
were performed testing post-mortem adult human
globes with varying degrees of corneal swelling using
the commercially available 4-mm disposable hand-held
metal trephines for surgery. The ratio between the
trephination diameter (3.0 mm) vs. the optical stem
diameter (3.35 mm) proven to work well for Boston
type I keratoprosthesis implantation was factored into
the mathematical equations. Optical coherence tomog-
raphy images after implantation were performed to
ensure optimal fit. The optical stem curvature and
thickness were adjusted according to average human
corneal curvatures to provide final refractive power
suitable for pseudophakic human eye. The anterior and
posterior surfaces of the skirt and the optic wall are
linedwith porous expanded polytetrafluoroethylene for

Figure 1. Diagramof the revised device being prepared for human
implantation (all original dimensions are in millimeters, drawn to
scale).
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Figure 2. Diagram demonstrating the device (gray) implanted
within the recipient corneal stroma (blue).

integration into the recipient cornea at the device tissue
joint. The optic surface does not support epithelial
growth.

The expanded polytetrafluoroethylene layer is
bonded in a manner to minimize the risk of separa-
tion and peeling, which have not been observed. The
ingrowth surfaces are rendered hydrophilic and become
translucent whenmoist. The device is implanted within
an intrastromal pocket in the recipient cornea with the
optic exposed to the ocular surface anteriorly and
anterior chamber posteriorly (Fig. 2). The device is
secured within the stromal pocket with 16 permanent
sutures placed through the skirt. Sixteen circumfer-
ential macroapertures placed along the skirt allow for
nutrient and hydration flow to the anterior lamella
from the aqueous humor to prevent desiccation and
necrosis of the cornea anterior to the skirt.

The optic diameter of the human device measures
4.60 mm with a central thickness of 1.2 mm, whereas
the anatomically shaped tapered skirt measures 6.8mm
in its outer diameter with an approximately average
thickness of 0.2 mm. The optic is shaped to yield the
desired refractive power of 43.5 diopters while approx-
imating the natural curvature of the human eye, result-
ing in an outer radius of curvature of 7.1 mm and an
inner radius of curvature of 5.8 mm, appropriate for
implantation in a pseudophakic human eye.

Elasticity and Stiffness

Young’s modulus is a measure of elasticity, which is
the ratio of the stress acting on a substance to the strain
(deformation) produced:

Youngs modulus (E )

= Uniaxial stress force per unit surface
Strain

= σ

ε
.

Young’s modulus for the human cornea, which
varies according to age, was sourced from three previ-

ous reports,25–27 and an average value was derived for
reference.

The bending stiffness is the resistance of an item
against bending deformation. It is linearly dependent
on Young’s modulus and geometric factors. In the case
of a flat sheet, the bending stiffness is proportional to
the thickness cubed as well as the width of the sheet.
The bending stiffness of the device can be calculated,
taking into consideration the thickness of the skirt,
Young’s modulus of the core material, and an equiv-
alent width of 1 mm. To obtain Young’s modulus, we
performed a complex modulus measurement on an
ARES-G2 rheometer (TA Instruments, New Castle,
DE). We measured the material viscoelastic proper-
ties across a temperature range using an oscillation
temperature ramp on an 8-mm parallel plate geometry.
Using the measured complex modulus and Poisson’s
ratio of the viscoelastic corematerial (0.5), we obtained
Young’smodulus of the fluoroelastomer at 30°C, which
represents an upper bound of Young’s modulus as the
material slightly softens with temperature. For refer-
ence, the temperature on the ocular surface is 32.8°C
to 35.5°C, depending onwhen it is measured during the
blink cycle.28

Bending stiffness = E ∗ I

with E being Young’s modulus and I being the cross-
sectional moment of inertia for a thin plate:

I = 1
12

∗ w ∗ t3

where w is the width of the plate and t is the thick-
ness of the plate. The bending stiffness calculation was
performed for the skirt of the device at its thickest
section at the optic-skirt junction (240 microns) and at
its thinnest section at the skirt edge (170microns) using
a plate width of 1 mm.

Light Transmission Through the Optic

Transmission spectra of the core material were
measured in air using a Shimadzu-UV-2600 spectrom-
eter (Shimadzu Corp., Kyoto, Japan), fitted with an
integrating sphere and reported as a total transmission
spectrum between 250 and 900 nm wavelengths. The
baseline reference spectrum was measured without the
device being present and was recorded as 100%.

Fouling andWettability of the Optic

Fouling refers to the deposition of mineral salts
and/or biologic matter on the surface or within the
body of a transparent synthetic polymer device that
is in direct contact with tissues.29 A list of topical
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Table. Results of Spoliation of the Device Optic With Commonly Used Diagnostic and Therapeutic Topical
Medications

Pharmaceutical Tested Drug Class Optic Stem Optic Surface

Saline Control 3/3 clear 3/3 clear
Latanoprost 0.005% Glaucoma 3/3 clear 2/3 clear

1/3 with local white deposit
Timolol maleate 0.5% Glaucoma 3/3 clear 3/3 clear
Moxifloxacin 0.3% Antibiotic 3/3 clear 3/3 clear
Polymyxin B/trimethoprima Antibiotic 3/3 clear 3/3 clear
Tobramycin/dexamethasoneb Antibiotic 3/3 clear 3/3 clear
Vancomycin 25 mg/mL Antibiotic 3/3 clear 3/3 clear
Prednisolone acetate 1% Steroid 6/6 clear 4/6 clear

2/6 white nonuniform deposits
Cyclosporine 0.5% Anti-inflammatory 3/3 clear 3/3 clear
Fluorescein sodium/benoxinatec Diagnostic 3/3 clear 3/3 clear
Phenylephrine HCl 2.5% Diagnostic 3/3 clear 3/3 clear

aPolymyxin B sulfate 10,000 U/mL; trimethoprim sulfate equivalent to 1 mg/mL.
bTobramycin 0.3%; dexamethasone 0.1%.
cFluorescein sodium 0.25%; benoxinate 0.4%.

drugs commonly used in the field of ophthalmology for
diagnosis or treatment of a condition was created for
investigation (Table).

Individual synthetic cornea devices were first placed
into a vial containing approximately 0.5 mL of each
commercially available pharmaceutical to immerse the
device in its entirety. The vial was then incubated for
24 hours at 37°C while on an orbital shaker set at 180
cycles/min. After 24 hours, the devices were removed
and placed in a vial containing approximately 0.5 mL
of artificial aqueous humor (Biochemazone, Alberta,
Canada) and then incubated again for 24 hours at 37°C
on an orbital shaker set at 180 cycles/min. Devices were
not rinsed during the change. Exposure to 0.9% saline
followed by artificial aqueous humor was used as a
control.

The devices were then placed in vials of deion-
ized water for storage. Devices were removed from
deionized water, lightly patted dry with a nonshed-
ding cloth, and observed via light microscopy for
any defects. Images of the post-exposure devices were
created at magnifications ranging from 25× to 200×.
Three devices were tested per topical medication.

The wetting behavior of the devices was assessed
during the rabbit surgical experiments26 while in situ
at monthly intervals up to 12 months under an
operating microscope. Fluorescein drops (fluorescein
sodium/benoxinate hydrochloride 0.25%/0.4%; Altaire
Pharmaceuticals Inc., Aquebogue, NY) were instilled
directly onto the device after having placed a wire lid
speculum. The eye was inspected under the operat-

Figure 3. Appearance of the tear film overlying the synthetic
corneal device optic stained with fluorescein drops, under cobalt
blue illumination.

ing microscope with a low magnification and a broad
beam using a cobalt blue filter to visualize the entire
device optic and the device tissue joint. The fluorescein
stains the preoptic tear film and appears green in color
(Fig. 3). The appearance of a black spot indicates the
break-up in the predevice tear film. Tear film break-
up time is the time interval between the instillation
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of the fluorescein dye and the appearance of the first
randomly distributed dry spot measured in seconds.

Feasibility of Topical Treatment After Surgery

Both eyes of a single rabbit were used to assess
the penetrance of topically applied therapeutics into
the anterior chamber 3 months after synthetic corneal
device (rabbit version) implantation in the right eye.
The experiment was performed under general anesthe-
sia. A single drop of topical latanoprost 0.005% (Alcon
Laboratories Inc., FortWorth, TX) was instilled simul-
taneously in both eyes. Aqueous humor (100 μL)
was sampled from each eye 2 hours after instillation
using a 30G needle and submitted for analysis in a
masked fashion. The concentration of the latanoprost
free acid, which is the active form of the drug in
the aqueous humor, was measured using high-pressure
liquid chromatography.

Results

Elasticity and Stiffness

The optic stem and skirt material were measured to
exhibit a Young’s modulus of approximately 6 MPa.
The bending stiffness for the thickest section of
the skirt at the optic-skirt junction (240 microns)
using 1 mm as the plate width was calculated
to be 6.9 kPa·mm4. The stiffness was reduced to
2.5 kPa·mm4 at the thinnest section, at the skirt
edge (170 microns). Figure 4 demonstrates the easy
bendability of the skirt at the thickest optic-skirt
junction.

Figure 4. The bendability of the skirt with surgical forceps manip-
ulation.

Figure 5. Transmission spectrum of light through the optic of the
synthetic corneal device in air.

The biomechanical properties of the human cornea
change with age. Nonenzymatic cross-linking, colla-
gen glycation, and an increase in fibril diameter
and number of collagen molecules increase with age
(>40 years) and cause progressive stiffness. Elastic
properties of ex vivo human corneas of various age
groups have previously been studied25 and show a
Young’s modulus ranging between 0.27 and 0.76 MPa
for ages ranging from 20 to 100 years.25,26 One study
measured the in vivo Young’s modulus using high-
speed Scheimpflug imaging27 and found the modulus
to be approximately 0.205MPa throughout various age
groups (0–64 years).

For the purpose of comparing the bending proper-
ties of the fluoroelastic material with the human
cornea, a Young’s modulus of 0.4 MPa was used as
the average human cornea modulus. The bending stiff-
ness for a 1-mm-wide region of 550 μ m average thick-
ness then equals to 5.6 kPa·mm4. This result shows
that the skirt region of the synthetic cornea device with
an average modulus of 4.7 kPa·mm4 is closely aligned
with the mechanical properties of the native human
cornea.

Light Transmission of the Optic

Light transmission within the visible spectrum30

ranged between 91% at the shortest wavelength of
380 nm and 96% at the longest wavelength of 780 nm
(Fig. 5). Ultraviolet transmission at 300 nmwas 86.1%,
whereas infrared transmission at 900 nm was 96%.
The device transmission characteristics are compara-
ble with that of human corneas in the visible infrared
spectrum, which display transmission ranges from
74.5% at 400 nm to 98% at 1000 nm.31 Ultraviolet
transmission in human corneas decreases to 50% at
310 nm,32,33 whereas transmission through the device
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Figure 6. Devices after exposure to prednisolone acetate 1%,
without additional cleaning. No visible spoliationwas detected after
exposure. (A and B) Devices before and after drug exposure, respec-
tively. A high gamma function was applied to enhance any surface
deposits.

optic decreases to 86% at 300 nm, which is consider-
ably higher.

Fouling andWetting

Table details the results of the fouling experiments.
Three control devices remained free of staining or
debris. Of the 33 experimental devices, none exhibited
staining to the optic stem or any sings of degradation.

Thirty of the 33 experimental devices showed no
evidence of debris on the optic surface. Among the
three devices exposed to prednisolone acetate 1%
drops, two displayed superficial, white, crystalline-
like deposits on the optic surface. Additionally,
one of the three devices that had been exposed
to latanoprost showed a single white, crystalline
deposit, albeit fully confined within a manufactur-
ing flaw on the optic surface. All surface deposits
were eliminated successfully using mechanical means
using nonshedding ocular surgical spears made of
cellulose.

To determine whether the surface deposits were an
experimental artifact, we repeated the spoliation exper-
iment of exposure to prednisolone acetate 1% drops
with three additional devices, following the same proto-
col as described elsewhere in this article. The results
showed that all three samples had no deposits, confirm-
ing that the deposits in the previous experiment were
likely an artifact. The images of a representative device
in this repeated test is pictured in Figure 6.

Feasibility of Topical Treatment After Surgery

A small difference was observed in the aqueous
humor level of latanoprost in the device eye (62.6
ng/mL) compared with the naïve eye (78.4 ng/mL).
This result should be viewed in light of the surface

area taken up by the synthetic device within the recip-
ient cornea. Using a spherical cap calculation for the
cornea of an average diameter of 11.71 mm and radius
of curvature to be 7.79 mm,34 the surface area of an
average human cornea is approximately 130 mm2. The
solid area of the device, occluding the native cornea,
is calculated to be approximately 35 mm2. This area is
roughly the same in the rabbit and human versions of
the device. The calculation considers the solid optic and
the skirt in a spherical cap calculation minus the total
surface area of the macro apertures along the skirt.
The ratio of occlusion owing to rabbit device (35 mm2)
to the total rabbit corneal surface area (184 mm2)
is approximately 19%. This finding agrees well with
the 20% decrease in latanoprost levels in the aqueous
humor obtained from the device implanted in the rabbit
eye. Similarly, we can calculate the anticipated decrease
of surface area for drug penetration in human eye,
using the ratio of the occlusion owing to human device
(35 mm2) to the total human corneal surface area
(130 mm2), which is approximately 27%. Nonetheless,
during the rabbit experiments,23,24 no difficulty was
notedwith regard to pharmacological pupil dilation for
fundoscopic examination. This finding suggests that
the decrease is likely not clinically significant.

Discussion

The design considerations of our novel synthetic
cornea device aimed to address the intrinsic limitations
of currently available artificial corneas. In addition to
optical clarity, the ideal artificial cornea should exhibit
three characteristics: flexibility, biointegration, and
epithelialization.35 We emphasize the clinical relevance
of each of these characteristics.

Strong adhesion of the recipient keratocytes along
the device, or bioadherence, enables permanent
anchorage of the device and minimizes peripros-
thetic space that is a potential entryway for debris
or micro-organisms, even in the absence of epithelial
defects.We have previously demonstrated the coloniza-
tion of the porous expanded polytetrafluoroethylene
ingrowth surface by the recipient keratocytes with
new collagen deposition along the skirt and optical
wall.23

Flexibility of the device is crucial to ensure compli-
ance with the recipient native human cornea to
minimize the translation of motion of the device
at the device–host joint. Otherwise, the perpetual
flexural micro-oscillation of the device within the
corneal stroma with every blink may trigger inflam-
mation, leading to sterile keratolysis, retroprosthetic
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membrane, iris synechiae, and glaucoma. Our device
exhibits a bending stiffness that is compatible with the
native human cornea. The compliance of the device
in conjunction with bioadherence should dampen the
shearing forces at the host–device joint.

The light transmission characteristics of the device
are comparable to human corneas in the visible
infrared spectrum.31,33 Excellent light transmission
is crucial in preserving postoperative visual acuity
and color vision. The device exhibits approximately
96% light transmission at infrared wavelengths of
800 to 900 nm, comparable with the 98% transmis-
sion of human cornea and allows for compatibility
with standard optical coherence tomography imaging,
typically utilizing wavelengths of 850 nm.36 Previous
studies have confirmed the feasibility of optical coher-
ence tomography imaging of the anterior segment,
optic nerve, and retinal nerve fiber layer for the
monitoring of the posterior segment.23 Although the
device exhibits higher UV transmission compared with
the human cornea, the native human crystalline lens37
or lens implant after cataract removal38 continues to
provide the most significant portion of the UV protec-
tion for the posterior segment, with UV transmittance
falling below 10% through implantable lenses.38 There-
fore, the device is appropriate for pseudophakic human
eyes.

Our fouling experiments revealed preservation of
optic integrity and clarity in all experimental devices
after incubation with commonly used ophthalmic
topical medications. All three devices with surface
deposits were easily cleared using an ocular surgi-
cal spear, suggesting that debris is confined to the
surface of the optic. A repeat experiment for three
devices with the same drug and protocol yielded a
deposit-free device surface, showing that the previ-
ously observed debris was likely related to experimen-
tal factors. Further testing to assess the impact of a
wider range of drugs over a longer incubation time is
warranted.

The feasibility of postoperative topical pharmaco-
logical treatment is an important requirement for an
artificial cornea to help manage infection, inflamma-
tion, or glaucoma.39 There was a small decrease in the
aqueous humor level of latanoprost in the device eye
compared with the naïve rabbit eye, attributable to the
decrease in the surface area of the host cornea taken up
by the device. The result is translatable to human eye
implanted with a human device with an approximate
difference of an 8% increase in the occluded surface
area. Further, there were no issues with pharmacologi-
cal pupil dilation in the rabbit eyes implanted with the
device, suggesting that this decrease is not likely to be
significant clinically.

The current device prototype does not allow epithe-
lization. Further studies will be directed to achieve this
goal to create a device that truly mimics donor cornea.

The Boston type 1 keratoprosthesis is the most
widely implanted artificial cornea worldwide.40 It is
largely indicated as an alternative in cases of previous
graft failure or as a primary intervention in patients at
high risk of donor graft failure.41 Although the device
is able to restore significant functional vision in many
patients with severe corneal disease, patients must be
monitored closely postoperatively owing to risks for
retroprosthetic membrane formation, glaucoma, infec-
tion, and extrusion, particularly with longer follow-
up.41 Thus, the use of the device has decrease steadily
worldwide.16,17 The intrinsic limitation of the device
design that cannot be overcome is its rigidity. The
optic is made of polymethylmethacrylate, with a back
plate made from polymethylmethacrylate or titanium.
These materials are biologically inert but compact, and
they do not allow for tissue ingrowth. As mentioned
elsewhere in this article, the lack of adherence at the
optic wall results in repeated oscillatory shear force at
the host–device joint generated from each blink, which
translates to kinetic energy absorbed by the surround-
ing corneal stroma causing inflammation, tissue wear,
and thinning.42,43 In addition, the periprosthetic poten-
tial space owing to lack of adhesion is a risk factor for
infection.

The current global unmet need for access to corneal
transplantation cannot be solved through increasing
the supply of donor corneas alone. More than one-
half (53%) of the world’s population does not have
access to eye banking systems.4 Themajority of corneal
blindness exists in areas without proper infrastruc-
ture to support eye banking, including an inability
to maintain a cold chain for tissue transport, limited
storage facilities and appropriately trained personnel,
and inadequate donor retrieval capabilities.44 Using
a fully synthetic artificial cornea in place of tradi-
tional keratoplasty in resource-limited areas may be a
solution to overcome costly eye banking issues. This
solution is constrained currently by financial limita-
tions, because countries where artificial corneal trans-
plants could provide significant benefit to corneally
blind largely lack the financial means to support
widespread access to artificial corneas. Hence, the
research to create an ideal and cost-effective artificial
cornea continues.

In conclusion, this novel, fully synthetic device may
be an alternative in areas of the world without access
to corneal transplantation or in developed nations for
patients with a history of repeat keratoplasty failure.
An early feasibility study in human patients is currently
underway.
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