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Mechanical Properties of Bioengineered Corneal Stroma

Nello Formisano, Cas van der Putten, Rhiannon Grant, Gozde Sahin,
Roman K. Truckenmüller, Carlijn V. C. Bouten, Nicholas A. Kurniawan,
and Stefan Giselbrecht*

For the majority of patients with severe corneal injury or disease, corneal
transplantation is the only suitable treatment option. Unfortunately, the
demand for donor corneas greatly exceeds the availability. To overcome
shortage issues, a myriad of bioengineered constructs have been developed as
mimetics of the corneal stroma over the last few decades. Despite the sheer
number of bioengineered stromas developed , these implants fail clinical trials
exhibiting poor tissue integration and adverse effects in vivo. Such
shortcomings can partially be ascribed to poor biomechanical performance. In
this review, existing approaches for bioengineering corneal stromal constructs
and their mechanical properties are described. The information collected in
this review can be used to critically analyze the biomechanical properties of
future stromal constructs, which are often overlooked, but can determine the
failure or success of corresponding implants.

1. Introduction

Corneal transplants from deceased human donors are the only
curative form of treatment currently available for patients at
risk of blindness resulting from corneal disease or injury. How-
ever, donor tissues are unavailable for over 98.5% of patients
worldwide,[1] creating an urgent need for alternative solutions.
Despite significant scientific progress in recent decades, success-
ful biomimetic alternatives intended as biocompatible, function-
ing and structurally solid constructs, have not yet been integrated
into routine clinical practice.
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For patients with severe stromal injury for
whom transplants are unavailable or fail,
subsequent treatment options are limited.
The regeneration process in vivo often re-
sults in uncontrolled production of disorga-
nized fibrotic tissue, leading to decreased vi-
sual performance (Figure 1). Especially in
the case of larger stromal defects or disease,
a controlled regeneration process is favor-
able in order to restore visual performance.
Pharmaceutical interventions can slow dis-
ease progression, but not restore vision.[2]

In these cases, an artificial cornea—a full
thickness, completely artificial “window”—
can be sutured into place as a replace-
ment. Such artificial corneas[3–10] are nei-
ther intended to provide a means to restore
the damaged cornea to a structure/function

existing prior the injury nor to support self-regeneration of the
native tissue. They rather provide a last avenue to hopefully pre-
serve a minimum functionality of the cornea in otherwise un-
treatable patients. However, artificial corneas are often accompa-
nied by catastrophic adverse events including immune reactions
and rejection, alterations in oxygen permeability, changes in the
refractive index of the cornea due to alteration of its curvature and
haze caused by scar tissue at the implant border that can lead to
complete loss of the implant and subsequently of vision.[4,11–13]

To provide more favorable alternatives, ophthalmologists and
bioengineers invest large amounts of resources in search of en-
gineered constructs that are able to integrate more favorably into
the patient’s eye and perhaps trigger a self-regeneration process
of the compromised tissue. To find solutions that could restore
patient vision successfully, a large number of natural and syn-
thetic materials as well as various fabrication processes are ex-
plored.

The cornea is not only responsible for converging light into
the eye but, by interfacing with the external environment, it also
provides protection and stability to the eye, acting as a barrier
to external threats. Therefore, the biomechanics of this tissue is
crucial to ensure that the cornea can fulfil its function. Trans-
parency and biocompatibility are usually successfully addressed
in the design of bioengineered stroma (in this review also re-
ferred to as “stromal constructs”). However, their mechanical
properties are often overlooked, increasing the failure rate of oth-
erwise promising strategies. Failing to provide adequate mechan-
ical stability, in clinical trials, these implants eventually cause
adverse events that can ultimately compromise the corneal in-
tegrity and eventually the patient’s vision. Changes in mechanical
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Figure 1. Schematic illustration of an injured human cornea undergoing either uncontrolled or controlled regeneration of the stroma. An uncontrolled
regeneration process (top half of the illustration) can be caused, for instance, by an untreated severe injury of the stroma or following implantation of
an unsuitable stromal construct, which causes an irreversible keratocyte-to-(myo)fibroblast transition as well as disorganized extracellular matrix (ECM)
production. A controlled regeneration process (bottom half of the illustration) can be aided by a suitable bioengineered stromal implant that integrates
well into the hosting tissue and therefore fosters native keratocyte infiltration, reversible keratocyte-to-fibroblast transition as well as a slow and organized
ECM deposition and replacement.

properties of the stroma are associated with pathologies, such as
ectasias, which can lead to visual loss.[14–23] In addition, surgi-
cal handling and implantation (e.g., suturing) as well as long-
term integration of the stromal replacement in the human eye
are strongly dependent on the mechanical characteristics of the
constructs as corneal cells are known to respond to mechanical
characteristics of their extracellular matrix (ECM).[24]

In this review, we address the mechanical properties of the
corneal stroma and provide an overview of the existing strate-
gies for engineering stromal constructs, focusing on the me-
chanical properties that they exhibit. Mechanical properties of
stromal constructs are not always addressed in existing studies.
Therefore, this review is not meant to provide a comprehensive
overview of all the stromal constructs available but rather on
those where the corresponding reports provide a quantification
of their mechanical properties. In order to provide a relatively

comparative set of data, we have collected studies of corneal con-
structs that reported two of the most commonly assessed me-
chanical properties, namely Young’s modulus and ultimate ten-
sile strength. Altogether, this review provides the reader with a
better understanding of the efficacy and limitations of strategies
for bioengineered stroma in terms of mechanical properties. Fur-
thermore, it shall inform on the different tools available for tai-
loring these properties in future studies in the corneal field.

2. Characteristics of the Cornea and Corneal
Stroma

2.1. Corneal Anatomy

The cornea is a homogenously stratified tissue positioned at the
outermost part of the eye, covered by the tear film. The main
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Figure 2. On the left, a schematic cross-sectional representation of the corneal anatomy illustrates the five main layers of the cornea: starting from the
top: the epithelium (green), the Bowman’s layer, the stroma (gray), the Descemet’s membrane and the endothelium (red). On the right, a scanning
electron microscopy (SEM) image of a cross section of the corneal stroma shows the organization of the collagen lamellae within the stroma (original
work by the authors). Briefly, the tissue was decellularized in 10% sodium hydroxide solution (Merck) at room temperature for 6 days before it was fixed
with 1% osmium tetroxide (Electron Microscopy Sciences), dehydrated in a graded series of ethanol (70%–90%–100%, Merck) and cut with a razor
blade. After coating with 10 nm gold in a sputter coater (Cressington 108auto), it was transferred to a Scios DualBeam SEM (magnification 2500, 5 kV,
ThermoFisher Scientific) for imaging.

function of the cornea is to protect inner parts of the eye and to
refract light from the external world toward the retina, allowing
vision. The cornea alone constitutes approximately two-thirds of
the refractive power of the eye. It ensures maximal focus of light
on the retinal surface and, at the same time, minimizes light scat-
tering and transmission losses.[25] For this reason, a damaged or
diseased cornea results in visual impairment or blindness.

In adults, the cornea extends with an oval shape measuring
11–12 mm horizontally and 10–11 mm vertically. Its thickness
varies between around 500 μm in the center of the cornea and
650 μm in its periphery. The cornea consists of several layers
(Figure 2). Externally, 6–8 epithelial cell layers form the protec-
tive corneal epithelium. Proceeding inward, an acellular 8–10 μm
thin layer of collagen type I and V, called “Bowman’s layer,” sep-
arates the epithelium from the corneal stroma.[26] The corneal
stroma is backed by the Descemet’s membrane, a 10–12 μm thick
basement layer of laminin, fibronectin, collagens IV and VIII
upon which the corneal endothelium resides. This endothelium
is a one cell thick layer of hexagonally shaped endothelial cells,
which measures 4–6 μm in cross-section and allows highly con-
trolled permeation of water, ions and metabolites to the rest of
the cornea.[27]

2.2. Structure and Function of the Corneal Stroma

The corneal stroma constitutes over 90% of the thickness of the
cornea and therefore it largely affects the corneal function as well
as its integrity and biomechanics. In particular, the intrinsic char-

acteristics of the stroma ultimately impact on the corneal trans-
parency, strength, nutrient transport and curvature.

The corneal stroma is a highly organized structure containing
densely packed collagen type I lamellae in a heterodimeric com-
plex with collagens type V and VI. The stroma is also a highly
hydrated tissue, containing ≈78% water. The collagen complexes
are surrounded by specialized proteoglycans, such as keratocan,
mimecan, lumican and decorin. The diameter of a single collagen
fibril ranges between 22.5 and 35 nm with gaps between fibrils
of around 41.5 nm. Approximately 200 highly organized sheets
of these collagen lamellae are arranged on planes parallel to the
corneal surface. The collagen fibrils within successive lamellae
are oriented in an orthogonal fashion. Such precise organization
and hydration confers specific mechanical strength to the cornea
and is integral to its ability to refract light.[28] Additionally, this ar-
rangement helps the cornea to withstand an intraocular pressure
of 10–20 mm Hg.[29]

The collagen lamellae in the anterior of the stroma, proximal
to Bowman’s layer, are more densely packed, drier and stiffer in
contrast to the lamellae in the posterior region of the cornea.
This difference in hydration, which is due to the proximity of
the anterior region to the drier external environment and of the
posterior region to the aqueous humor, generates a gradient of
rigidity, which eventually leads to the formation of the character-
istic corneal curvature.[30] The barrier function conferred by the
Bowman’s layer and Descemet’s membrane prevents excessive
swelling of the cornea and consequent loss of transparency.[31] Al-
though some studies show evidence that a lateral flow of fluid car-
rying ions and metabolites exists in the cornea,[31,32] its extent can
be neglected compared to the anterior-to-posterior flow. This flow
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is estimated to be about 20 μm h−1 of fluid from the posterior re-
gion toward the tear film, where eventually fluids leave the cornea
by evaporation, and 40 μm h−1 in the opposite direction,[31] where
fluids enter the aqueous humor, creating an overall compression
force within the stroma. The consideration of this compression
force and fluid flow across the stroma is crucial for the design
of stromal constructs. Aberrant permeability could jeopardize a
transplant due to either insufficient transport of nutrients, oxy-
gen and ions across the implant or excess of fluid transport with
opacification of the cornea as a consequence.[31]

The stroma is sparsely populated by keratocytes, which ac-
count for 5–10% of its total volume. These keratocytes pro-
duce key ECM components, such as collagen type I, proteogly-
cans such as keratan sulfate and dermatan sulfate, and matrix
metalloproteinases.[33,34] Keratocytes are distributed with higher
density in the anterior region of the stroma. They are charac-
terized by long dendritic protrusions that allow them to sense
foreign objects, injuries and other cells in the surrounding area.
Corneal keratocytes continuously regenerate the collagen in the
stroma and it is estimated that a complete turnover of collagen is
obtained in a timeframe of several years.[35] Such a slow process
is thought to underlie the successful organization of the stroma
and the generation of the lamellae structures. Contrarily, a fast
healing/collagen production response may be the cause of disor-
ganized collagen deposition with consequent scar formation and
loss of transparency.[36]

During trauma or infectious disease of the cornea, keratocytes
undergo metabolic activation, switching to a fibroblastic pheno-
type that triggers cell migration, proliferation and fast/intense
collagen production.[38] The process of keratocyte activation is
generally reversible, however, if the injury exceeds the healing
power of the cornea, keratocytes can undergo an irreversible
transformation to myofibroblasts. This can lead to uncontrolled
cell proliferation, migration, and collagen production, and there-
fore to permanent scarring and opacification (Figure 1).[37]

Such characteristics of the corneal stroma and of the cells pop-
ulating it suggest that a promising bioengineered implant should
possess several features: on the one hand, it has to restore a me-
chanically stable and functional environment, which also ensures
adequate transmission of light and flow of fluids including nutri-
ents; on the other hand, it has to allow an organized and gradual
infiltration of native keratocytes into the construct and provide
them with a suitable environment able to trigger self-remodeling
of the damaged tissue rather than uncontrollable and irreversible
response of hosting cells.

2.3. Mechanical Characteristics of the Corneal Stroma and the
Impact on Corneal Keratocytes

The precise architecture and composition of the stroma, both at
microscopic and macroscopic level, are responsible for its me-
chanical properties, such as strength, elasticity and viscosity. In
particular, collagen is responsible for conferring strength and
elasticity, while cellular components and proteoglycans confer
viscoelastic properties to the stroma (and eventually to the whole
cornea).[38] Therefore, in bioengineered corneal stroma that lack
the cellular component (which represent the majority of stud-
ies in corneal stroma engineering) viscoelastic properties can be

neglected, whereas strength and elasticity can be considered as
more relevant. In existing studies quantifying the mechanical
properties of bioengineered stroma, the assessment is mostly
based on the measurements of the following two values: the
Young’s modulus and the ultimate tensile strength, as both me-
chanical characteristics are influential to the corneal strength,
elasticity, cell behavior and impact suture retention.

The Young’s modulus is the resistance of a material to elas-
tically deform under a load. The Young’s modulus therefore di-
rectly expresses the elasticity of a material (to reversibly deform
under a load) as well as the stiffness or resistance of such a ma-
terial (to oppose to the elastic deformation under a load). For
this reason, sometimes the terms “elasticity”, “stiffness” and “re-
sistance” are used interchangeably in corneal studies. A higher
Young’s modulus of a bioengineered corneal stroma, for in-
stance, indicates a stiffer construct that less easily deforms under
a load. For the cornea, the Young’s modulus varies widely from
study to study, ranging between 0.1 and 57 MPa with significant
variations based on the region of the stroma characterized, donor
age, storage period and measurement method applied.[38] For in-
stance, in a study on healthy individuals, the Young’s modulus
was found being 0.29 ± 0.06 MPa[39] while in another study per-
formed on ex vivo corneas, this value was found to be in the range
4.5–9.0 MPa.[40] The anterior region has been found to be on av-
erage about 40% stiffer than the posterior region.[41] The value of
the corneas’ tensile strength (i.e., the force needed for a material
to be pulled before it breaks) is more consistently accepted to be
about 3.8 MPa.[42]

Although values of these parameters can vary between studies,
intrastudy alterations of such values are linked (including being
causative factors) to several pathological conditions, such as ec-
tasias (e.g., keratoconus).[15–19] Alterations in mechanical prop-
erties of the corneal stroma following corneal surgery are also
considered to be risk factors that can induce the development of
morphological abnormalities of the cornea with consequent vi-
sion loss.[20–24]

While different methods exist to measure such mechanical pa-
rameters, the use of these values provide a standardized tool for
quantitative interstudy comparisons. Therefore, in this review we
focus on the Young’s modulus and the ultimate tensile strength
to compare existing studies of bioengineered stroma.

In a physiological corneal stroma, suitable mechanical proper-
ties not only ensure support, elasticity and protection of the eye,
but also contribute to the biomechanical cues necessary for the
stromal cells, the keratocytes, to maintain physiological condi-
tions. Similarly, bioengineered corneas with adequate mechani-
cal properties ensure a successful replacement of the damaged
tissue and provide biomechanical cues for keratocytes that need
to repopulate the construct and trigger the remodeling process
(Figure 1). It is well established that cells of all kinds respond to
mechanical changes in the ECM, and corneal keratocytes are no
exception. The interactions between corneal keratocytes and the
ECM is highlighted by various research studies demonstrating
that the ECM modulates proliferation, adhesion, differentiation,
function and preservation of the morphology of keratocytes, key
players for the healing and remodeling of compromised stromal
tissue.[43–47] Keratocytes also exhibit durotaxis and mechanosens-
ing, i.e., the migration to stiffer regions of materials.[48,49] Al-
teration in ECM stiffness can change, for instance, actin stress

Adv. Healthcare Mater. 2021, 10, 2100972 2100972 (4 of 19) © 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

fiber production and focal adhesions, as well as alter kerato-
cytes’ phenotype.[50,60] Significant differences in keratocyte align-
ment, morphology and matrix reorganization are observed be-
tween anisotropic and isotropic environments.[51–57] The altered
biological and mechanical cues present in an injured stroma are
responsible for the keratocyte-to-(myo)fibroblast transition that
can potentially lead to uncontrolled ECM deposition, generation
of scar tissue and consequent blindness (Figure 1). Therefore, it
is crucial that engineered stromal implants are designed to sat-
isfy the requirements not only of transparency and biocompati-
bility but also of mechanical characteristics, which is key to their
long-term keratocyte compatibility, tissue-functional homeosta-
sis, and clinical use. Additionally, the mechanical properties of a
stromal construct must also ensure that the implant is capable of
withstanding packaging, handling and suturing in the operating
theatre by clinical staff.[54]

3. Overview of Existing Approaches for Designing
Corneal Stromal Constructs

Figure 3 presents an Ashby plot of the stromal constructs de-
scribed by ultimate tensile strength and Young’s modulus in
studies. While comparing mechanical properties of different ma-
terials in one graph may be not straightforward (due to different
measurement methods, times, conditions and calculations), Fig-
ure 3a shows the large variety of the mechanical properties ex-
hibited by a number of materials, some of which are relevant for
corneal applications. Other human tissues and materials are in-
cluded as a point of reference for researchers from the engineer-
ing, biology and medical communities. Figure 3b demonstrates
that the values of ultimate tensile strength and Young’s modu-
lus approach those of the physiological human cornea only for a
limited number of bioengineered corneal stroma. This, in part,
is due to the wide range of properties presented by biocompati-
ble technical materials used, such as polymers and metals (Fig-
ure 3a). Although a direct comparison of single reports may be
challenging, the plot in Figure 3b provides a general landscape
of the mechanical properties exhibited by existing bioengineer-
ing approaches for stromal constructs. Direct comparison can
also be challenging because of different testing instrumentations
used among laboratories. Most labs make use of universal me-
chanical testing machines (with a variety of load cells) to charac-
terize Young’s modulus and ultimate tensile strength, however
this quantification can also be performed using atomic force mi-
croscopy (AFM), nanoindenters, and rheometers. In addition, in-
terpretation of often nonlinear and viscoelastic material proper-
ties is not straightforward and can be handled differently among
labs. Such differences result in a relatively wide range of values of
mechanical properties for the cornea, in particular regarding the
Young’s modulus, whose extent is illustrated in Figure 3b by a
dashed-line circle, labeled “human cornea extended range.” Nev-
ertheless, in order to simplify comparisons amongst studies, a
restricted range of values for the Young’s modulus (indicated in
Figure 3b with a continuous-line circle) can be extrapolated from
studies that provide both biomechanical characterization of their
bioengineered stromal implants and references values for the hu-
man cornea. The range of values for the Young’s modulus of the
human cornea among these studies is more consistently reported
to be between 3 and 13 MPa.[24,55–61]

Figure 3. a) Ashby plot of the Young’s modulus and ultimate tensile
strength showing mechanical characteristics of human tissues including
the cornea in comparison to some polymers used in ophthalmic applica-
tions and other commonly known materials. b) Ashby plot showing the
mechanical properties of the human cornea compared to corneal con-
structs. The dashed-line circle includes a wider range of values reported
in literature for the Young’s modulus of the cornea, while the continuous-
line circle illustrates a more consistently reported range of values, which is
in agreement with most of the studies that present bioengineered stromal
implants in this review.

In Figure 3, and in Sections 3.1–3.3, we review only those stud-
ies that have considered the need for mechanical characteriza-
tion and stabilization and who provide a quantitative assessment.
These corresponding implants differ by their (combination of)
materials and manufacturing methods. The approaches they are
based on range from compaction and cross-linking of collagen to
the use of composite materials, from the optimization of scaffold
architecture to the inclusion of decellularized extracellular ma-
trix (dECM) (Figure 4). It is worth noting that classification of the
approaches purely based on material composition is not always
straightforward. In particular, a substantial number of studies
are based on blends of different materials, oftentimes reported as
composite materials. This has allowed scientists to combine, for
instance, the tailored properties of lab-made (synthetic) materials
with biological properties of natural materials. However, since in
the vast majority of cases synthetic materials are not used alone
to bioengineer stromal constructs, they do not form a separate
group of approaches in this review. Table 1 reports a summary
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Table 1. Summary of stromal constructs that report on the quantification of the corresponding mechanical properties. Where in vivo work has been
performed, this is discussed in the text.

Material Method Key mechanical property Ref.

Collagen–chitosan 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide

crosslinking

Ultimate stress [MPa] 0.145 [62]

Ultimate elongation [%] 39

Young’s modulus [MPa] 0.838

Toughness [MPa] 0.0188

Poly(ethylene glycol) dibutyraldehyde and
1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide/N-hydroxysuccinimide
hybrid crosslinking

Ultimate stress [MPa] 0.220
Ultimate elongation [%] 45

Young’s modulus [MPa] 1.5

Toughness [MPa] 0.025

Collagen 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide

crosslinking

Young’s modulus [MPa] 1.75 [57]

Elongation at break [%] 20.1

Tensile strength [MPa] 0.286

Collagen Polyrotaxane multiple aldehyde
crosslinking

Suture resistance [N] 0.46 [63]

Elongation at break [%] 31

Young’s modulus [MPa] 1.59

1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide

crosslinking

Suture resistance [N] 0.23

Elongation at break [%] 20

Young’s modulus [MPa] 1.17

Collagen Polypropylene octamine crosslinking Young’s modulus [MPa] 1.4 [64]

Strength [N] 1.2

Suture strength [g] 5.5

Collagen Strain-promoted azide-alkyne
cycloaddition

Storage modulus [MPa] 4.24 × 10−5–1.12 × 10−1 [65]

Collagen-glycosaminoglycan Dehydrothermal treatment Compression modulus [MPa] 0.5 × 10−3 – 1 × 10−3 [66]

Tensile modulus [MPa] 1.96 × 10−3–7.46 × 10−3

Deepithelialized cornea Rose bengal crosslinking Stiffness [N·mm−1] 1.49–2.92 [67]

Young’s modulus [MPa] 6.86–16.3

Ultimate tensile strength
[MPa]

1.35 [68]

Young’s modulus [MPa] 0.924

Collagen–gelatin–hyaluronic
acid

Collagen composite Ultimate tensile strength
[MPa]

18.2–26.2 [69]

Elongation at break [%] 31.3–33.5

Young’s modulus [MPa] 58–78

Collagen–phosphorylcholine Collagen composite Tensile strength [MPa] 1.29–2.37 [58]

Elongation at break [%] 38–28

Young’s modulus [MPa] 5.26–15.3

Collagen–dialdehyde
cellulose nanocrystal

Collagen composite Young’s modulus [MPa] 900 [24]

Break stress [MPa] 25–33

Break strain [%] 5–9

Polyvinyl acetate-collagen Electrospinning Tensile strength [MPa] 0.86–3.6 [70]

Polycaprolactone–collagen Electrospinning Toughness [N·m−1] 97–372 [71]

Elasticity [MPa] 11–13

Silk Spin-assisted layer by layer assembly Young’s modulus [MPa] 3.1 × 103–8.6 × 103 [72]

Ultimate tensile strength
[MPa]

10–30

Silk Multilamellar film stacking Young’s modulus [MPa] 5.00–24.2 [40]

Ultimate tensile strength
[MPa]

1.68–4.66

Silk Centrifugal casting Young’s modulus [MPa] 43.2 [73]

Silk-chitosan Blend film Tensile strength [MPa] 0.9–1.3 [74]

(Continued)
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Table 1. Continued.

Material Method Key mechanical property Ref.

Silk-poly(l-lactic
acid-co-𝜖-caprolactone)

Electrospinning Tensile strength [MPa] 1.90–9.39 [75]

Silk Riboflaving and retionic acid crosslinking Young’s modulus [MPa] 350–525 [76]

Silk – tropoelastin Blend film Ultimate tensile strength
[MPa]

0.68–11 [77]

Young’s modulus [MPa] 0.6–2

Collagen – silk 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide

crosslinking

Tensile stress [MPa] 0.8–1.2 [78]

Young’s modulus [MPa] 4.5–6

Elongation at break [%] 20–40

Fish scale collagen — Tensile strength [MPa] 9.76 [79]

Elongation at break [%] 9.44

Tearing strength [N] 2.31

Fish scale collagen — Young’s modulus [MPa] 11.7 [80]

Fish scale collagen — Young’s modulus [MPa] 273–613 [81]

Gelatin–alginate Electrospinning Tensile Young’s modulus
[MPa]

0.45–0.50 [82]

Elongation at break [%] 63 – 64

Gelatin–alginate Electrospinning Young’s modulus [MPa] 3.21 [83]

Tensile strength [MPa] 2.94

Gelatin Ascorbic acid addition Young’s modulus [MPa] 14.0–16.3 [84]

Gelatin–chondroitin sulfate 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide crosslinking

Young’s modulus [MPa] 5.3–8.5 [85]

Gelatin–chondroitin sulfate 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide

crosslinking

Young’s modulus [MPa] 3.4–8.4 [86]

Gelatin and
polycaprolactone

Electrospinning and glutaraldehyde
crosslinking

Tensile modulus [MPa] 15–1.9 × 103 [87]

Elongation at break
[mm·mm−1]

0.014–0.229

Gelatin–collagen 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide

crosslinking

Young’s modulus [MPa] 3.92 × 10−3–6.28 × 10−3 [55]

Complex modulus [MPa] 1.32 × 10−3–2.23 × 10−3

Loss tangent: 0.049–0.061

Gelatin methacrylate Poly (𝜖-caprolactone)-poly (ethylene
glycol) fiber reinforcement

Maximum tensile strength
[MPa]

3.47–3.79 [25]

Compressive modulus [MPa] 0.120–0.155

Keratocyte loaded gelatin
methacrylate hydrogel

3D printing Compressive modulus [MPa] 0.01–0.02 [88]

Poly(vinyl alcohol) hydrogel Cellulose reinforcement Stress to failure [MPa] 0.15 [89]

Strain to failure [%] 383

Toe point modulus [MPa] 0.160

Young’s modulus [MPa] 0.071

Poly(ethylene glycol)
dimethacrylate hydrogel

Cellulose reinforcement Elastic shear modulus [MPa] 8.80 × 10−3–46.3 × 10−3 [90]

Young’s modulus [MPa] 0.060–0.30

Failure stress [MPa] 0.200–0.650

Failure strain [%] 65–95

Rabbit cornea Carbon nanotube injection Young’s modulus [MPa] 11.8–13.0 [91]

Yield stress [MPa] 1.9–2.3

Failure strain [%] 0.41–0.47

Gelatin–alginate Electrospinning Young’s modulus [MPa] 0.50–0.98 [92]

Strength [MPa] 0.34–0.52

Collagen Peptide amphiphile coating Young’s modulus [MPa] 26–46 [93]

Beta cyclodextrin-mediated
collagen – porcine small
intestinal submucosa

Composite Young’s modulus [MPa] 2.5–7.5 [94]

Strain at break [MPa] 5
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Figure 4. Examples of common materials, material modifications, and fabrication techniques that are used for the engineering of stromal constructs.
Together, these should contribute to a stromal construct with sufficient mechanical properties, optical properties and biocompatibility.

of the corneal constructs reported in this review, which is not in-
tended as an exhaustive collection of all the studies on the field
but of those for which quantification of mechanical properties
was provided.

When trying to mimic the native human stroma, collagen is
an obvious choice.[13] While collagen is the main stromal con-
stituent, there are limitations to this approach. Animal-derived
collagen constitutes the source of the majority of these studies,
however, its possible use in humans can induce immunogenicity
risk.[95] The use of low-density collagen materials impacts on the
final biomechanical environment of the construct. Difficulties
obtaining high-density collagenous solutions is an obstacle to its
adoption as raw starting material for biomedical applications.[96]

This limitation has driven the search for fabrication processes
aimed at improving mechanical characteristics of low-density col-
lagen in its dry state, which could be retained upon hydration.
This is achieved either by removing water content to increase col-
lagen density or by strengthening the bonds and architecture of
collagen fibrils.

Compaction/compression of collagen removes water and
improves mechanical stability. However, cell infiltration is
hampered, which complicates long-term implant integration.
Integration of cells prior to implantation is possible,[97–99] but
is complicated by the (non-)maintenance of keratocyte pheno-
type in vitro. Collagen cross-linking increases stiffness and ten-
sile stress, however, it comes with a reduced biocompatibility
and possible toxicity of remnant cross-linking agents.[100–102] For
these types of solutions, the main challenge is finding a reason-
able balance between mechanostability and biocompatibility dur-
ing the first months after implantation, so that residing kerato-
cytes are able to effectively re-establish a healthy ECM.

To overcome the limitations of collagen-only solutions, al-
ternative approaches are based on the use of additional com-
pounds and fabrication techniques. By using composite ma-
terials, one can reduce the need for high concentrations of
animal derived collagen, improve biomechanical properties, al-
ter biodegradation profiles and influence biocompatibility and
growth. As an alternative to collagen, gelatin is easily available,
biocompatible and affordable.[103] However, in addition to also

being animal-derived, gelatin itself is considerably weaker than
collagen and degrades relatively fast. Thus, the desired biome-
chanical properties can be reached only if the material is cross-
linked and/or combined with additional compounds. While cur-
rent overall biomechanical performances lag behind optimal val-
ues, the gelatin methacrylate (GelMA) blend provides an in-
teresting approach for cell preloading prior to cross-linking,
which positively impacts both transparency and mechanical
properties.[25,88,104]

Fish scale is also an interesting approach to obtaining colla-
gen in large volumes, and while its ultimate tensile strength may
be compatible with the human cornea, elasticity needs further
improvement.[79,80]

Inclusion of dECM may overcome the problems of animal-
derived biomaterials. dECM can be obtained from cornea or from
other organs of the human body and in incorporated in con-
structs, generally improving biocompatibility. Corneal lenticules
provide a particularly promising source of corneal dECM, ob-
tained from the tissue excised during small incision lenticule ex-
traction (SMILE) surgery for myopia/astigmatism.[105] However,
mechanical properties are not always improved.[106] Whether this
is due to the nature of the dECM or the method of its incorpora-
tion resulting in nonhomogenous construct or hydration, further
work is required to establish the best method of making use of
dECM and its abilities to influence keratocytes. Additional limita-
tions of dECM include potential immunogenicity induced by in-
complete decellularization, low reproducibility due to donor vari-
ability and donor shortages.

Reinforcement can also be achieved by using fabrication tech-
niques that allow researchers to (partially) control the intrinsic
architecture of the components of the implant. In this way, silk
can be used for corneal constructs. Silk offers control over its
mechanical properties by varying the biofabrication process used
and therefore can potentially target the optimal biomechanics of
the native cornea. Moreover, silks’ degradation rates can facili-
tate the native ECM replacement process upon implantation.[107]

However, silk implants present the issue that transparency de-
creases with increasing thickness, impacting translatability to
clinic.[110]
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Other fabrication techniques to allow control over anisotropy
include electrospinning, extrusion and three-dimensional (3D)
printing. Electrospinning can be used to produce supporting
meshes that confer increased strength, elasticity and suture re-
tention. However, the process of electrospinning collagen can po-
tentially degrade the collagen triple helix structure.[108,109] For this
reason, electrospinning is usually employed with materials such
as polycaprolactone (PCL), polyvinyl alcohol (PVA) or poly(lactic-
co-glycolic acid) (PLGA) to produce meshes to support collagen
or other materials. In addition, electrospun constructs can pro-
duce a reduced overall transparency, and fiber size and align-
ment must be tightly controlled to reduce scatter and allow suit-
able light transmission. Extrusion[110,111] and 3D printing[88] have
shown promising results for other applications, but are yet to be
fully explored for stromal engineering. One common issue for
these techniques is the loss of transparency due to the creation
of rough interfaces between layers of extruded/bioprinted prod-
ucts; however, with advancing technology allowing further in-
creases in resolution, they may prove helpful for the engineering
of corneal tissues. A more in-depth description of all these differ-
ent approaches (and their respective mechanical performances)
is reported in Sections 3.1–3.3.

3.1. Collagen for Engineering Corneal Stromal Constructs

As the native human stroma mainly consists of collagen type I,
a collagen-based implant can provide some of the key features
of the in vivo environment.[13] Collagenous materials can be pro-
cessed in a wide range of ways, creating films, sponges, hydro-
gels, or fibers that can provide some support for keratocyte sur-
vival and function.[37,112,113] Additionally, collagenous materials
demonstrate biodegradation over time.[55,114]

Most collagens utilized in vitro are extracted from animal
sources such as rats, cows, fish, chickens, rabbits and humans.
During the extraction process, the secondary structure of col-
lagen is broken down by the removal of cross-links, resulting
in disassembly of the native collagen fibrillary structure into
individual monomers.[96] Since monomers spontaneously self-
organize into homo- or heterotrimers over time, acetic acid is
commonly used to reduce the pH of storage solutions and keep
the collagen in a monomeric state.[115] Upon adjusting the pH,
temperature and concentration of the monomeric solution, ma-
terial properties, such as density, pore size, fibril diameter and
water content, can be tuned during the self-assembly process,
resulting in highly customizable environments for biomedical
applications. However, obtaining engineered collagen constructs
with properties matching stromal tissue in vivo (e.g., concerning
fiber thickness, alignment and spacing) is challenging. As a
result, mechanical properties of collagenous engineered con-
structs rarely match those of the stromal layer in vivo. In order
to improve the mechanical properties of in vitro-engineered
collagenous constructs, a variety of methods have been proposed
and tested. Inspired by the natural process of collagen fibril-
logenesis, cross-linking has been studied extensively. Collagen
compression, the formation of composite materials and decellu-
larized native stroma are also promising avenues that can lead to
the development of collagen-containing stromal constructs with
adequate mechanical properties.

3.1.1. Collagen Cross-Linking

A well-studied strategy to reinforce collagen containing con-
structs is by cross-linking the materials using chemical (e.g.,
using aldehydes, genipin or carbodiimides), physical (e.g., dehy-
drothermal or ultraviolet (UV) light) or enzymatic (e.g., transglu-
taminase) cross-linking.[116–118] in vivo, cross-linking is realized
by the formation of covalent bonds both between and within col-
lagen fibrils. These cross-links are enabled by the enzyme lysyl
oxidase, and result in increased material stiffness and a reduced
chance of microfibrils unravelling.[96,119] Enzymatic cross-linking
is widely observed in vivo, and efforts have been made to inves-
tigate the potential of enzymatic cross-linking for corneal engi-
neering. Studies utilizing transglutaminase as a cross-linker for
in vitro collagenous constructs showed promising results, but the
in vivo application has been limited to cross-linking of corneal
collagen in rabbits so far.[120–123]

A commonly used strategy for cross-linking collagenous con-
structs is via chemical means, which are known to increase
the breaking strength and stiffness of the collagen fibers while
also drastically raising their denaturation temperature. By mix-
ing water-soluble cross-linking agents with other constituents
and pouring into a mould, stromal-shaped constructs can be
manufactured. Glutaraldehyde is a popular chemical cross-linker
due to its ease of use and affordability, but residual glutaralde-
hyde has been shown to cause calcification and mutagenesis
and be cytotoxic. Hence, it is not ideal for the production of
engineered corneal implants.[100,101] An alternative is genipin,
a chemical cross-linker of natural origin that can form both
inter- and intramolecular cross-links in collagen fibrils. in vitro,
genipin has shown to be a successful cross-linker in collagen
type I hydrogels, increasing storage and loss moduli by a fac-
tor of 15 and 4.5, respectively.[102,124] However, some studies have
also shown that genipin exhibited low levels of dose-dependent
cytotoxicity.[102] When tested on dissected corneas, cytotoxicity in-
duced by genipin cross-linking seemed to be comparable to that
of UV-based methods.[125,126]

In an attempt to address the issue of cross-linker toxicity,
chemicals that are not directly incorporated into the collagen
matrix may be used. Ethyl-3(3-dimethylamino)propyl carbodi-
imide (EDC) in combination with N-hydroxysuccinimide (NHS)
leads to amide and ester bond formation between activated
carboxyl and amine groups or carboxyl and hydroxyl groups,
respectively.[127] Rafat et al. showed an improvement in tensile
strength and Young’s modulus upon increasing the molar ratio
of EDC/NHS in their collagen type I scaffolds.[62] Other types
of collagen can also be cross-linked using EDC/NHS chemistry.
The chemical reinforcement of recombinant human collagen
type I and III resulted in stable collagen constructs,
sometimes even with higher Young’s moduli (17–20 MPa)
compared to human corneas (3.0–13 MPa).[56,57,61,128] Al-
though the higher Young’s moduli of EDC/NHS cross-linked
constructs are an interesting outcome of several studies,
methodological inconsistency has led to variable results.[129]

The amount of EDC and NHS relative to the available amine
groups in the construct has been found to influence the final
mechanical properties and biological performance.[62,117] The
decrease in biological performance by the increasing amount
of EDC/NHS is a logical consequence as both cells and the
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cross-linker utilize the same primary amine groups available on
the collagen.[130]

A variety of other cross-linkers have been used to improve the
mechanical properties of collagen-containing constructs. Lei et al.
showed that chemical cross-linking based on polyrotaxane mul-
tiple aldehydes (PRA) improved suture resistance, elongation at
break, storage/loss modulus, and demonstrated acceptable op-
tical properties.[63] Here, the Young’s modulus of PRA cross-
linked collagen was 1.6 MPa, compared to 1.2 MPa for EDC cross-
linked collagen. Additionally, cross-linkers such as polypropylene
octamine dendrimers, or methods based on modified colla-
gen molecules show great promise in strengthening engineered
constructs.[64,65] Dendrimer cross-linked collagen even showed a
Young’s modulus of 1.4 MPa, at least one order of magnitude
higher compared to glutaraldehyde and EDC cross-linked colla-
gen in the same study.

Physical cross-linking is also used for the fabrication of en-
gineered stromal constructs. Dehydrothermal (DHT) treatment
has been shown to enhance collagen containing materials.[66]

Crabb and Hubel compared DHT treatment with glucose-
mediated UV treatment on collagen and observed a significantly
lower relaxation modulus when treated with DHT.[131] UV-cross-
linking is also a promising strategy for the reinforcement of in
vitro constructs. Both glucose-mediated UV treatment and UV
irradiation in combination with a photosensitizer such as ri-
boflavin (vitamin B2) are known to form intra- and interfibril-
lar carbonyl-based cross-links.[132] The latter is mainly used for
the cross-linking of in vivo collagen in corneal-ectatic patients,
but has also been shown to enhance the Young’s modulus of
hydrogels from 6.8 to 25 kPa in vitro.[106] Riboflavin-mediated
UV-irradiation however is cytotoxic to keratocytes in vivo.[67] For
clinical use, rose bengal in combination with green light (RGX)
appears to result in significantly less cell death and improved me-
chanical reinforcement.[67,133]

3.1.2. Collagen Compression

One of the shortcomings of using extracted (animal) collagens for
the formation of biomaterials in vitro is the relatively low concen-
tration that is obtained after purification.[96] This generally leads
to engineered constructs with lower amounts of collagen com-
pared to in vivo tissues. In order to overcome this limitation, com-
pression methods reducing the construct volume (mostly in hy-
drogel form) have been developed. Via mechanical (application of
weight) or electrochemical (application of an electric field) com-
pression, the density of collagen gels is greatly increased and wa-
ter removed, resulting in thinner constructs that are favourable
for light transmittance.[114] However, as density increases in com-
pressed matrices, pore size decreases, potentially limiting cell in-
filtration and migration. For this reason, cells are often included
in the collagen constructs before compaction.[97,98,114]

Besides improved optical properties, collagen compaction also
alters the mechanical properties of constructs. Cheema et al.
showed that an increased collagen fiber density leads to an in-
crease in Young’s modulus from 1.1 to 2.3 MPa.[134] Compressed
collagen constructs studied by Drechsler et al. exhibit values of
Young’s modulus even superior to those of conjunctiva or amni-
otic membranes, both materials used in the clinic (0.9, 0.067, and

0.35 MPa for the compressed collagen, conjunctiva and amniotic
membrane, respectively).[68] When compared to stromal tissue
however, compressed collagen gels still lack stiffness as well as
tensile strength.[135]

Although mechanical properties of compressed collagen ma-
trices do not meet in vivo values, constructs still appear suited
for the use in clinical settings, as constructs are able to withstand
handling during surgery.[68] Initial in vivo data shows potential
for the transplantation of compressed collagen matrices in both
human and rabbits.[136,137]

3.1.3. Collagen Composites

An alternative approach to reinforce collagenous constructs is
the formation of collagen composites, often using biocompat-
ible, Food and Drug Administration (FDA)-approved polymers
such as PCL, PVA, or PLGA.[70,71,114,138] Hydrogels can also be
made from combinations of materials. In a study by Liu et al.,
hyaluronic acid (HA) is added to a collagen-gelatin composite hy-
drogel. Using the collagen-gelatin-HA mix with varying mass ra-
tios of HA, it was shown that the introduction of HA increases
both the tensile strength and Young’s modulus significantly.[69]

The same holds for collagen–chitosan hydrogels, where the ad-
dition of chitosan improved the ultimate stress, ultimate elon-
gation, stiffness, and toughness. This approach suggests great
potential in terms of both physical and biological performance
as the construct withstood long-term in vivo implantation.[62] In
the 12-month postoperative study, the cornea construct was im-
planted in pig eyes and showed to be cell friendly, strong, elas-
tic, bioresorbable and superior to human eye bank corneas in
optical clarity. A third composite approach that demonstrated
favourable in vivo results contained 2-methacryloyloxyethyl phos-
phorylcholine (MPC). MPC was combined with collagen to create
an interpenetrating polymeric network.[58,128] Interestingly, the
mechanical influence of MPC on collagen appeared to be species-
specific.[128] The stiffness and tensile strength of porcine collagen
hydrogels increased significantly from 0.60 to 2.1 MPa and 0.13
to 0.69 MPa, respectively, when combined with MPC. For recom-
binant human collagen type III gels however, the stiffness de-
creased from 20 to 5.3 MPa upon addition of MPC. Also, a change
in ultimate tensile strength was noted, as addition of MPC led to
a respective reduction from 1.7 to 1.3 MPa.

Dialdehyde cellulose nanocrystals (DAC) have shown to be a
promising material that can be used to reinforce hydrogel con-
structs for ocular use. An increase in DAC concentration results
in an increase in water content and mechanical properties. The
composite material shows potential as a drug delivery system,
however, a downside of the addition of DAC is decreased optical
performance.[24]

3.1.4. Collagen Electrospinning

Electrospinning is a popular method of producing biphasic or
blended scaffolds of collagen reinforced by polymers. Electro-
spinning shows great potential for both aligning cells with re-
spect to the scaffold fibers and ensuring that the transition from
corneal fibroblasts to myofibroblast phenotype is reduced.[139]
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However, most studies overlooked the mechanical characteriza-
tion to demonstrate whether the scaffolds are stable enough for
clinical use.[140,141]

Addition of electrospun polymers to collagen gels may be used
to improve the suturability of constructs. Compared to colla-
gen only, the tensile strength of collagen-electrospun PCL mem-
branes was higher, and demonstrated improved suture reten-
tion in engineered suture pull-out tests. Additionally, keratocytes
were able to proliferate and align in the direction of the colla-
gen fibers for up to 4 weeks.[114] Wu et al. demonstrated that the
addition of PVA to electrospun collagen increased Young’s mod-
ulus, alongside an increase in tensile strength from 0.86 MPa
for 7% aligned PVA-collagen, to 2.3 MPa for 9% nonaligned col-
lagen and 3.6 MPa for 9% aligned PVA-collagen. That means
that with aligned electrospun scaffolds a tensile strength simi-
lar to that of the natural tissue can be obtained.[70] Kim et al.
manufactured an advanced dome-shaped electrospun scaffold
with radially aligned collagen-PCL fibers,[71] providing a favor-
able environment for cells and optical properties that minimized
light scattering. Besides, the Young’s modulus of the radially
aligned construct was 13 MPa, similar to that of the human
cornea.

Collagen hydrogels reinforced by aligned PLGA electrospun
fibers also have been used as a strategy to match both biological
and mechanical requirements of the native tissues. The stiffness
and maximum tensile stress were both shown to match the me-
chanical performance of the natural corneal tissue, while meet-
ing the requirements for optical transparency.[138]

It should be noted that while electrospinning is a key technique
for introducing controllable fiber environments and anisotropy
to corneal constructs, the process of electrospinning collagen
using fluoroalcohols as solvents (e.g., 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) or 2,2,2-trifluoroethanol (TFE)) is thought to
denature the collagen triple-helix structure.[108,109] However, re-
searchers have reported that electrospinning in benign solutions
maintains the triple helix,[142,143] and that the effect of electro-
spinning on collagen is still unknown.[144] Further research is
needed to investigate the relevant parameters that are responsible
for the denaturation of the natural structure of collagen during
electrospinning.[145]

3.2. Alternative Materials for Bioengineering Stromal Constructs

While collagen possesses some of the biological and mechani-
cal features necessary for a stromal construct, hurdles such as
bioengineering fully native-like collagen fibers, obtaining high
concentrations and enhancing its mechanical strength led re-
searchers to investigate alternative natural materials. Materials
used for stromal constructs include amniotic membrane, silk fi-
broin, fish scale and natural polymers, such as gelatin, alginate,
cellulose, chitosan, fibrin and HA. Such materials are chosen for
their favorable biological properties; they are biocompatible, de-
grade in a nonharmful manner, enable cell attachment and al-
low biofunctionalization.[146] However, in some instances, these
materials underperform biomechanically. To achieve preferred
biomechanical performances and architectures, natural materi-
als are often combined with synthetic polymers to form compos-
ite constructs. In this section, we will focus on materials whose

mechanical properties can be tuned by combination with sup-
portive materials to meet the biomechanical requirements of a
corneal implant.

3.2.1. Silk

Silk and its derivative, silk fibroin, is derived from the cocoons of
Bombyx mori, Antheraea pernyi, and Antheraea mylitta worms, and
is produced in high volumes for low costs. Silk fibroin protein
became popular for ophthalmologic applications due to its bio-
compatibility, biodegradation and high mechanical strength.[147]

Although it can be easily fabricated in various forms and thick-
nesses, its transparency decreases drastically with increasing
thickness and therefore it is not generally suitable to be used
alone for the replacement of large parts of the corneal stroma.[110]

Nevertheless, silk fibroin also has the advantage of degrading
slowly and predictably in the cornea (typically over several weeks),
and thus provides the time keratocytes require to produce their
own ECM within the construct.[148]

Despite the limitation on the thickness, silk fibroin can pro-
vide high mechanical strength also when produced as thin films.
For instance, Jiang and co-workers demonstrated that silk fibroin
films 20–500 nm thick exhibit excellent mechanical strength.[72]

Such ultrathin films were produced by spin coating or spin-
assisted layer-by-layer assembly, resulting in an enrichment of
the 𝛽-sheet crystalline structures within the silk films. These 𝛽-
sheets serve as physical cross-links, producing a Young’s mod-
ulus of 6–8 GPa and ultimate tensile strength of 10 MPa. For
stromal applications however, their poor elasticity (< 3%, i.e.,
up to tenfold lower than for bulk silk[149]) and their ultrathin
thickness (unless methods for stacking multiple films are im-
plemented) can be limiting factors. With such limitations in
mind, researchers are working on producing thicker silk struc-
tures. Ghezzi and colleagues developed a strategy based on stacks
of orthogonally oriented films to obtain 3D silk structures.[40]

Recapitulating the structures of lamellae in the native stroma,
the construct was assembled and cultured with corneal cells
over a period of 9 weeks. To aid cell attachment and align-
ment, individual films were patterned with microgrooves and
were arginine-glycine-aspartate (RGD)-functionalized. The au-
thors also claimed that the integration of stromal cells producing
own collagen further improved the cohesiveness, transparency
and mechanical properties of the construct. The 3D silk construct
alone showed a Young’s modulus and ultimate tensile strength
of 10 and 2.9 MPa, respectively. These values changed to 5.0 and
1.7 MPa when human corneal fibroblasts were added to the con-
struct and to 24 and 4.7 MPa when human corneal stromal cells
were added.

To tackle the issue of poor elasticity and transparency de-
riving from conventional dry casting silk manufacturing proce-
dures, Lee et al. proposed centrifugation as an alternative strat-
egy to produce silk films.[73] This approach not only increased
mechanical properties, including elasticity and transparency but
also resulted in smoother surfaces and improved keratocyte pro-
liferation. Surprisingly, a 50 μm thick film had a higher tensile
strength than both 20 and 80 μm thick films. Young’s modu-
lus for centrifugal casting was 43 MPa, ≈34% more than for dry
casting.
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Increased transparency and phenotypic keratocyte behaviour
could be achieved also by addition of additional materials to
silk. For instance, Guan et al. explored the effect of silk fibroin
functionalization with varying amount of chitosan.[74] While
the scaffolds showed an improved keratocyte morphology and
marker expression, the tensile strength was in the range of 0.9–
1.3 MPa, lower than for native corneas. Biodegradation of the
composite scaffolds took 3–4 months. Overall, as demonstrated
in several other studies,[62,89] chitosan improves biological and
degradation properties rather than mechanical properties. An-
other interesting application used for enhancing the mechan-
ical properties of silk constructs, although tested so far only
for the culture of endothelial cells, is the integration of poly(l-
lactic acid-co-𝜖-caprolactone) (P(LLA-CL)) electrospun fibers.[75]

In this study, Chen and co-workers tested different ratios of
silk to P(LLA-CL), with the ratio 25:75 demonstrating highest
optical transparency. The construct was 56 μm thick and for
this ratio the tensile strength increased from 1.9 (silk alone) to
9.3 MPa.

Riboflavin and retinoic acid have also been used in silk fibroin
matrices in a recent study by Bhattacharjee et al. as a strategy to
improve both mechanical properties and cell phenotype.[76] To
demonstrate this, using 20 × 10−3 m riboflavin as a photocross-
linker led to an increase in Young’s modulus from ≈350 to
525 MPa for 35 μm thick films. To achieve elasticity values
that are closer to native adult stromal tissues, tropoelastin has
also been investigated as an additional compound to pure silk
structures.[77] Films were produced with thickness between 28
and 94 μm and by altering the tropoelastin-to-silk ratio, the
Young’s modulus could be tuned between 0.7 and 11 MPa, while
ultimate tensile strength ranged from 0.6 to 2.0 MPa. In this
study, the addition of tropoelastin also increased nutrient perme-
ability as well as cell attachment and growth. In addition, in this
study by Aghaei-Ghareh-Bolagh, suture retention strength was
also tested, showing that although their constructs presented a
value of 19.8 g-force, which is less than the value of native cornea
(35.7 g-force),[64,150] this was enough to withstand a typical 10-0
nylon suture used in ophthalmic surgery.

By combining silk with collagen, Long et al. attempted to in-
crease the strength of a collagen construct while not compromis-
ing its high biocompatibility properties.[78] Silk and collagen were
mixed at different ratios (1:5, 1:10, and 1:20) and cross-linked by
EDC and NHS. Increasing amounts of silk in the collagen pro-
duced decreasing values of both the Young’s modulus and ul-
timate tensile strength, while the elongation at break varied in
opposite direction. The ratio 1:10 resulted being the best compro-
mise among the different ratios. This composition, having a ten-
sile strength of 0.97 MPa and a Young’s modulus of 4.9 MPa, was
tested by suturing tests using 10-0 nylon sutures both in vitro and
in rabbits as well as for re-epithelialization tests—performing
better than the same collagen construct without silk.

3.2.2. Fish Scale

Recently, approaches have been developed using fish scales,
mostly from the Tilapia fish. These scales are a waste product
of the fishing industry and exhibit collagen type I organization
and permeability to oxygen similar to that of the human stroma,

as well as low immunogenicity.[151,152] Scales can be decellular-
ized, decalcified and then processed with nitric acid to increase
the pore size.[153] This simple treatment resulted in constructs
with tensile strength between 9.8[79] and 12 MPa,[80] which were
demonstrated to be sufficient for successfully suturing the con-
structs in rats. However, in these attempts to create stromal con-
structs, localized cracking and shearing could be noticed, indi-
cating that the materials could further benefit from enhancing
their elastic properties. In a different study, Feng et al. used grass
carp scales and added a further etching step to improve light
transmittance.[81] Young’s modulus of the processed fish scales at
different stages (i.e., when collected, decalcified and fully treated)
were 610, 390, and 270 MPa, respectively.

3.2.3. Gelatin (and GelMA)

Gelatin has been widely explored for stromal constructs as well as
for other corneal applications due to its high compatibility with
host tissues and lower cost compared collagen. Gelatin’s biolog-
ical properties stem from the fact that it is derived from the de-
naturation of collagen, which also allows for easier degradation
and reabsorption into the tissues.[25] While these features are de-
sirable for several corneal applications, higher degradation prop-
erties translate into weaker mechanical strength. For this reason,
gelatin is often reinforced by means of cross-linking and/or com-
bined with other materials to form composites.

In work by Tonsomboon et al., electrospun gelatin fibers were
used as reinforcing mats in an alginate hydrogel cross-linked
with CaCl2. The authors reported that the higher hydrophilic-
ity of gelatin nanofibers allows increased entrapment of alginate
hydrogel compared to PCL electrospun nanofibers.[82] Gelatin-
alginate constructs exhibited lower stiffness compared to PCL-
alginate. The Gelatin-alginate constructs showed a Young’s mod-
ulus of 0.5 MPa. This value differed in constructs with aligned
or randomly oriented nanofibers. For aligned fibers, the strength
increased in the direction parallel to the fiber orientation, while
it decreased in the perpendicular direction, therefore randomly
aligned gelatin mats were preferred. In a later study, the same au-
thor produced improved scaffolds by overlapping several aligned
electrospun mats in an orthogonal fashion, reaching values of
Young’s modulus of 3.2 MPa and tensile strength of 2.9 MPa.[83]

By using electrospun nanofibers, the authors claimed that the
composite architecture could prevent the propagation of cracks,
common in alginate-only hydrogels.

Values of Young’s modulus closer to the human eye were ob-
tained in a study by Luo et al., where blends of cryogels, gelatin,
and varying amounts of ascorbic acid cross-linked by means of
carbodiimide were used as keratocyte carriers.[84] Ascorbic acid
was chosen for its antioxidant and cell proliferation properties
but was shown to affect the structure and function of the hy-
drogel. By increasing the concentration of ascorbic acid between
0 and 120 mg mL−1 of gelatin, the Young’s modulus decreased
from 17 to 1.1 MPa, while the degradation rate of the constructs
in the presence of matrix metalloproiteinase-1 increased with the
amount of ascorbic acid (which in turn decreased the degree of
cross-linking and increased the pore dimension).

To improve its mechanical properties, gelatin is often cross-
linked using EDC/NHS. Lai and co-workers investigated the
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optimal EDC/NHS ratio in gelatin-chondroitin sulfate
scaffolds,[85,86] showing that a 2:1 ratio of EDC:NHS allows
optimal chondroitin sulfate content for improved biological and
transport properties. Varying the NHS-to-EDC ratio produced a
decrease in Young’s modulus from 8.4 to 4.5 MPa. This decrease
in Young’s modulus is thought to be related to an increasing
amount of chondroitin sulfate and, consequently, water content.
EDC/NHS cross-linking was also used in scaffolds made of
collagen-gelatin-HA films. Liu and co-workers found that the
ratio 6:3:1 of collagen:gelatin:HA films (110 μm thick) with
EDC/NHS cross-linking showed optimal overall performance
including transparency, diffusion and biocompatibility, with an
ultimate tensile strength of 26.2 MPa and a Young’s modulus of
78.1 MPa.

Electrospinning of other compounds, such as PCL has also
been explored as a strategy to reinforce gelatin.[87] In the dry state,
the Young’s modulus of gelatin-PCL blends inversely correlates
to the amount of PCL, ranging from 136 MPa for only gelatin
scaffolds to 15 MPa for only PCL scaffolds. This was reversed for
wetted blends and cross-linking with glutaraldehyde did not sig-
nificantly affect these values for blends that included PCL, both
dry and in wet state. Wet scaffolds composed of only noncross-
linked gelatin were too fragile to be tested, 100% PCL scaffolds
exhibited a Young’s modulus of 33 MPa. The ratios 25:75 and
50:50 of gelatin:PCL were chosen for in vitro testing with corneal
stromal cells for their overall mechanical and biological proper-
ties.

The combination of collagen and gelatin has also been re-
ported as a reinforcement strategy by Goodarzi et al., where the
gelatin–collagen blends showed improved mechanical properties
with respect to hydrogels made of only gelatin.[55] In this case,
blends of gelatin and collagen cross-linked with EDC/NHS pro-
duced a Young’s modulus of 6.3 MPa, approximately twice the
value obtained for scaffolds of only gelatin. The composite scaf-
folds also possessed increased porosity, which contributed to fur-
ther support viability and proliferation of human bone marrow
mesenchymal stem cells.

Gelatin can be modified with methacrylic anhydride to form
GelMA. GelMA hydrogels offer the advantage that they can
be mixed with cells prior to rapid photocross-linking with UV
light. Kong and co-workers recently demonstrated that GelMA
reinforced with a PCL electrospun mesh supported a kerato-
cyte phenotype.[25] In this study, the scaffolds exhibited a ten-
sile strength of 3.5 MPa and compressive modulus of 0.12 MPa.
Moreover, the combination of electrospun matrix with GelMA hy-
drogel facilitated an easier suturing of the construct as demon-
strated in in vivo testing.

GelMA can also be 3D-printed together with human
keratocytes,[88] and produce values of compressive modulus
similar to the human cornea. The same work also demonstrated
that preloading GelMA hydrogels with cells improved their
optical transparency.[104] The construct made of 15% hydrogel
was strong enough to be handled and did not degrade in phos-
phate buffered saline solutions over 21 days. Cells produced
their own collagen, confirming in vivo-like behavior. Although
the compressive modulus of 6.5 kPa was significantly lower
than for human corneas, the authors claim that the strength
of the construct can significantly increase upon culture with
keratocytes for 1 month.

3.2.4. Alginate

Alginate is a seaweed-derived material, widely used for biomed-
ical applications, and is particularly popular for forming
hydrogels.[154] Its molecular composition can be varied, and the
gelation process controlled in order to modify the final proper-
ties of the gel. However, due to limited mechanical and cell ad-
hesion properties, alginate is usually mixed with other materials
to form composites, coated or modified to improve performance
(i.e., with RGD-peptide). In a study by Isaacson and colleagues, al-
ginate was used as a component in several bioprinting inks to cre-
ate stromal constructs.[155] In such mixtures, alginate improved
cell viability, while collagen conferred mechanical strength.

3.2.5. Cellulose

Due to its desirable mechanical properties, bacterial cellulose
has been widely explored in recent years for numerous biomed-
ical applications, and is currently used in clinical products for
skin.[156,157] Bacterial cellulose is a renewable, affordable and
biodegradable natural polymer that has been used to stabilize
methacrylate hydrogels.[158] This material offers a high degree
of crystallinity and high water holding content, and does not
contain harmful plant molecules, such as lignin and hemicellu-
lose. When used at a 2% concentration, in the hydrogels, bacte-
rial cellulose increases the Young’s modulus by a factor of 20.
Considering its high water storage capacity, bacterial cellulose
presents an attractive method of mechanically stabilizing stromal
constructs. A similar approach used carboxylated nanocellulose
whiskers (CNCs) to stabilize PVA hydrogels[89] for ophthalmic
applications. These constructs are transparent and exhibit hyper
elastic, rubber-like behavior. The authors consider this due to
both high water content and combination of relatively stiff CNCs
entangled in a soft polymer matrix of PVA. The constructs exhibit
an exceptionally high Young’s modulus for a hydrogel; the elas-
tic/storage modulus G′ was 16 kPa, and the viscous/loss modu-
lus G″ was 450 Pa. The moduli are well-separated and parallel to
each other at the tested frequencies between 1 and 20 Hz, sug-
gesting true viscoelastic solid behavior. In this region, the overall
system is characterized by a damping factor 𝛿 as low as ≈1.5°,
which is remarkable given its water content above 90%. When
cytocompatibility was validated using an endothelial cell line, cell
expansion, and no toxicity was observed; these results may prove
translatable to corneal keratocytes.

Given some preliminary contradictory reports about the bio-
compatibility of cellulose in the cornea,[159,160] the Zhang group
recently assessed the properties of this material for engineering
a stromal construct.[161] Although the material did not degrade
over a period of 90 days, results confirmed biocompatibility in the
eyes of rabbits. Cellulose can be used to reinforce several types
of hydrogels. Nanofibrillated cellulose improved the compres-
sion modulus, ultimate stress and strain of poly(ethylene glycol)
dimethacrylate gels.[90] The compression modulus increased up
to 3.5-fold to a maximum value of 300 kPa using a 0.7% volume
of nanofibrillated cellulose, while the ultimate stress increased
by 180% up to 630 kPa. Additionally, by scattering light in a 3D
gel network, nanofibrillated cellulose reduced UV photopolymer-
ization time and therefore the amount of photoinitiator required
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for cross-linking. The use of nanofibrillated cellulose also allowed
control over the swelling properties of the hydrogels.

3.2.6. Carbon Nanotubes and Graphene

Other researchers have investigated implanting carbon nan-
otubes into rabbit eyes as a method of strengthening the in situ
cornea in progressive diseases where weakening of the stroma
is pathogenic.[91] In this study, a saline solution containing car-
bon nanotubes was administrated by injections in 300 μm deep
pockets created by incision from the surface of the cornea. Car-
bon nanotubes offer potential structural reinforcement due to
their high mechanical strength and good biocompatibility. They
form aligned core units with collagen shells without using cross-
linkers. Furthermore, they have demonstrated strong cell adhe-
sion and protein absorption properties, and were nontoxic in rab-
bits. These constructs exhibited a maximum Young’s modulus of
2.9 GPa (dry) and 2.9 MPa (wet) and break stress of 160 MPa (dry)
and 25 MPa (wet). Upon implantation of 1 mg mL−1 nanotubes,
researchers observed a nonstatistically significant trend toward
an increase in Young’s modulus of the rabbit corneas from
12.0 ± 2.5 to 13.0 ± 3.9 MPa. Yield stress also increased, although
the statistically significant increase to 2.3 ± 0.3 MPa was only
observed at the lower nanotube concentration of 0.1 mg mL−1.
Although, no interaction between the nanotubes and ECM of
the cornea was analyzed in this particular study, prior results
from the same group indicated that interaction and adsorption
is present between collagen fibers and carbon nanomaterials.
These results indicate that the implantation of structural sup-
porting materials such as carbon nanotubes may increase the
strength of the cornea and combat pathogenic weakening of the
tissue.

Based on the hypothesis that a “skirt support” may be key to
providing suitable mechanical stability, researchers applied this
concept to hopefully also support cell integration and overcome
complications, such as rejection. In this context, the Mehta group
has investigated graphene films and foams as potential alterna-
tives to titanium.[162] Graphene has an elasticity index similar
to that of rubber, has greater tensile strength than steel, and is
harder than diamond, providing ideal characteristics for a skirt
support. When primary human stromal fibroblasts were exposed
to the graphene film, they demonstrated 10% more proliferation
than observed on titanium. Expression of Interleukin-6 and -8
reduced when cells were seeded onto graphene foam and 6 de-
vices were implanted into rabbit eyes with no signs of infection,
neovascularization, or inflammation. Although the Mehta group
focused on biocompatibility and did not look into the mechani-
cal properties of the graphene constructs used, information from
the suppliers show that the film had a tensile strength of 30 MPa.

3.2.7. Decellularized Extracellular Matrices

The addition of dECM components has been explored by Hong
et al. as a strategy to improve the general performances of colla-
gen gel as bioengineered stroma.[97,98] The use of dECM would
carry the additional benefit of providing more physiological bio-
chemical cues. In this respect, the authors concluded that kera-
tocytes cultured within such constructs better represented their

optimal quiescent phenotype. Disappointingly, both the tensile
strength and the Young’s modulus of the hydrogels decreased
upon dECM addition and thus are far from sufficient for use in
vivo. Mechanical performance even further decreases where only
dECM is used, further demonstrating the importance of consid-
ering the mechanical impact of incorporating dECM into engi-
neered constructs.[106]

Other groups have taken advantage of dECM to stabilize their
constructs. Wang et al. 2020 incorporated tissue derived ECM
microparticles in a stroma–Bowman’s layer dual-environment
construct.[163] The ECM microparticle containing layer, derived
from porcine small intestine submucosa, exhibited a significantly
increased Young’s modulus of the dual constructs compared to
native cornea by ≈5 MPa, while maintaining optical transparency
and cytocompatibility in vivo. Additionally, the incorporation of
the ECM microparticle containing layer increased the suturabil-
ity of the constructs, and when used in rabbits no inflammation
was observed 30 days postsurgery.

3.3. Architecture as an Alternative Reinforcement Method

The introduction of tissue architecture can also be considered
for reinforcement. in vivo, the layers of the corneal stroma are
anisotropically arranged. They contain collagen fibers in two
opposing directions, running from the superior to the inferior
and temporal to nasal sides of the eyes, mechanically stabiliz-
ing the tissue and its shape. Efforts have been made to introduce
anisotropy in collagenous engineered constructs, often in com-
bination with fiber reinforcement.[70,71,92] Changes in collagen ar-
chitecture alone can also alter mechanical properties. In one such
study both random and aligned collagenous layers were subjected
to AFM stiffness measurements, showing increased stiffness for
aligned tissue layers.[93]

Reinforced constructs may also be performed by altering the
morphology of hydrogels. Melt electrospinning, extrusion and
3D printing methods can all be employed to pattern biomaterials
into specific morphologies using, for example, fibers, filaments
and droplets for desired mechanical properties. Melt electrospin-
ning writing was used to produce a “grid” of polycaprolactone to
support a soft GelMA hydrogel.[164] Interestingly, this work was
led by finite element (FE) analysis of load bearing constructs, cap-
turing both the reinforcement effect of lateral gel expansion and
the influence of load transfer through the gel. While this work
was not focused on a specific tissue, its in-depth analysis of me-
chanical behaviour and model-led approach may be an interest-
ing avenue for corneal applications. However the issue of trans-
parency of the grid construct would need to be addressed.

Extrusion of a blend of two polyurethanes [4,40-
methylenebis(phenyl isocyanate)-alt-1,4-butanediol/di(propyl-
eneglycol)/polycaprolactone] (polyurethane A) and Texin DP7-
1205 aromatic thermoplastic produced a similar grid patterned
scaffold with interesting mechanical properties.[126] These grid
fibers were used to support an epoxy-based hydrogel. The frac-
ture toughness of these constructs was particularly impressive,
and while the authors originally intended the work for carti-
lage tissue engineering, they may be of interest for improving
suturability of other engineered constructs including cornea.
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A coextruded polyester fiber-poly(ethylene oxide) (PEO) matrix
produced highly tuneable reinforced constructs.[165] By varying
the PCL concentration, the hydrogel stiffness could be tailored
from 0.69 ± 0.04 to 1.90 ± 0.21 MPa. The influence of fiber orien-
tation and enhanced mechanics via uniaxial drawing of the PCL–
PEO composites further increased stiffness by 225%. This work
also sought to increase translatability by performing similar ex-
periments with poly(L-lactic acid) fiber-reinforced PEO hydrogels
with a stiffness of 8.70 ± 0.21 MPa. Cytotoxicity was validated us-
ing fibroblast and osteoblast cells—indicating that differentiation
pathway could be controlled by tunable mechanical properties.
While also not corneal-focused, this demonstrated the potential
of reinforcement techniques to not only influence mechanical
properties but also cellular response.

4. Conclusion and Future Directions

The need for consideration of the mechanical properties of
corneal stromal implants is crucial for their success in a clinical
setting. Nevertheless, while most of the studies reporting on bio-
engineered stroma demonstrate positive results, particularly with
regard to biocompatibility, bioengineers are yet to fully appreci-
ate the importance of the biomechanical environment, and the
suturability and handleability of otherwise biologically promis-
ing constructs. As a consequence, the majority of existing stud-
ies either are far from targeting optimal mechanical values or
entirely lack biomechanical validation. For the future success of
bioengineered stromal constructs further biomechanics aware-
ness is necessary to improve reinforcement techniques. In the
first instance, mechanical testing methods are highly variable be-
tween studies. To allow true comparison and critique of results,
standardized methodology needs to be fully integrated in the as-
sessment of stromal constructs. Additionally, assessment of the
mechanical forces applied during corneal suturing is highly het-
erogeneous. Quantitative measurements are often restricted to
suture materials themselves, suture tension,[166] or to suture re-
tention devices for skin, such as the Hemiguard.[167] They also
often focus on surgical techniques[168] and are variable between
both operator and the tissue in question.[169] Qualitative assess-
ment of novel materials and stromal constructs “handleability”
from skilled surgical staff are often relied on by researchers in-
ternally, limiting how this data can be extrapolated to other ma-
terials and research. Mechatronic surgical robots, such as the
Da Vinci, the Sehance and the Robin are of course well char-
acterized for the forces they apply during surgery,[170] but these
surgical robots are still rare and in limited use—particularly in
developing nations which account for large volumes of corneal
transplant need.[171] Clinical assessment of novel bioengineered
stromal constructs is limited.[172] Animal trials performed have
been discussed throughout this text, with varying degrees of suc-
cess. The latest stromal constructs on the market, such as the
CorNeat KPro, focus on 100% synthetic, nonbiodegradable ma-
terials in a similar way to the established Boston KPro. The trans-
latability of other promising materials into clinical trial is perhaps
being hampered by this lack of consideration of mechanical char-
acteristics and suturability.

Based on our extensive review of existing literature, compos-
ite strategies may be the most promising avenue to a lab-created
stromal construct. Such hybrid solutions, combining both engi-

neering and biology to produce mechanically and biologically op-
timal constructs are desperately needed to address the shortage
of donor corneas for patients. Both properties are essential to al-
low successful integration of the implant, and controlled degra-
dation followed be the natural ECM remodeling process guided
by keratocytes. Groups focusing on this hybrid approach are mak-
ing great strides in this field and continue to produce promising
work with the potential to address the donor tissue shortage and
restore the sight of patients worldwide.
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