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Bioengineered 
corneal tissue:  

We recently reported the first clinical 
results of a bioengineered corneal tissue 
implant, describing our efforts to address 
inequities in the treatment of advanced 
keratoconus, a major indication for corneal 
transplantation globally.1,2 The World Health 
Organization has stated that although 
over 80% of global visual impairment 
is preventable, 90% of those who are 
blind or visually impaired live in low- and 
middle-income countries, where access 
to eye care is extremely poor.3 Therefore, 
in July 2021, the United Nations General 
Assembly adopted the first-ever resolution 
on eye health as part of the Sustainable 
Development Goals (SDGs). This resolution 
is a commitment to reach 1.1 billion people 
with vision impairment, who presently lack 
access to eye care, by 2030.4

Achieving progress towards this goal 
will require a radical rethinking of how eye 
care is delivered globally. The solution 
will undoubtedly be multi-faceted, and 
biomedical innovations could contribute 
in a meaningful way. Our research in 
Linköping, Sweden, focuses on corneal 
visual impairment and blindness, which 
affects millions worldwide and with an 
especially dire situation in low- and middle-
income countries.5,6 Because the cornea 
is the clear outer ‘window’ of the eye, 

corneal transplantation can be required 
to prevent blindness or severe visual 
impairment in diseases where it loses its 
clarity or refractive function. However, 
challenges in treating corneal blindness 
include sourcing the donor corneal tissue 
in adequate quantities, delivering the tissue 
to where it is needed when it is needed, and 
performing the complex and potentially 
risky transplantation surgery needed to 
restore vision. A further difficulty is that the 
advanced tools and techniques developed 
in Western countries are often not available 
or feasible to implement on a large scale 
in low- and middle-income countries, and 
advanced methods are often developed and 
tailored for local populations in high-income 
countries.
A corneal disease, such as keratoconus, 

brings these disparities to light. Historically, 
keratoconus in its advanced form – 
where vision is no longer correctable 
with eyeglasses or contact lenses – 
was the leading indication for corneal 
transplantation in many parts of the world. 
In Western countries, including Scandinavia 
and the US, most cases of keratoconus can 
nowadays be detected early—before the 
disease progresses to a point where invasive 
surgery is needed. The ultraviolet-A/
riboflavin crosslinking method (termed 

CXL) and its variants can effectively halt 
the disease progression early, and in many 
cases a combination of CXL and judicious 
use of contact or scleral lenses can provide 
excellent vision that remains stable for many 
years, potentially even decades. 
Nevertheless, the situation in continental 

Europe differs, with these regions having 
more cases of keratoconus progressing to an 
advanced stage and requiring keratoplasty. 
In these countries, the availability of donor 
corneas for transplantation is still good but 
may, nonetheless, be the limiting factor in 
determining how many such transplantations 
can be performed (typically lamellar or 
full penetrating keratoplasties). When 
considering other geographical regions, 
such as Australia,7 the Middle East,8 and 
Asia,5,6 keratoconus is still the most common 
indication for keratoplasty, and, despite 
advances in CXL, transplantations have 
not diminished. Unfortunately, relatively 
few scientific articles in the literature 
document the transplantation situation 
in low- and middle-income countries, but 
it is known that there is a significantly 
higher burden of keratoconus in Africa,9 the 
Middle East,8 and Asia,5,10 and more cases 
in these regions reach an advanced stage 
requiring transplantation. There is a strong 
association of keratoconus with genetics 

a new hope for 
advanced keratoconus?

There has long been a global shortage of donor 
corneal tissue for transplantation. In many parts 
of the world, advanced corneal stromal disease, 
including keratoconus, is the major indication for 
corneal transplantation. For over 110 years, however, 
there has been no viable alternative to the use of 
human donor corneal tissue that can provide visual 
outcomes similar to standard transplantation. In 
this study, a bioengineered tissue implant has been 
developed to mimic the human corneal stroma. The 
implant is made from an inexpensive and widely 
available byproduct from the food industry, porcine 
skin collagen. A series of experiments and preclinical 
studies show that the implant is capable of replacing 
the corneal stroma while fulfilling stringent 
requirements for human implantation. Importantly, 
the implant in a sterile and packaged form can be 
shipped globally and stored for up to two years in 
a refrigerator prior to use. In two landmark clinical 
studies, the implant was used with a new intrastromal 
surgical procedure to treat advanced keratoconus in 
20 subjects, yielding results equivalent to the gold-
standard corneal transplantation, but with a simpler, 
less invasive method that requires less recovery time, 
fewer postoperative medications, and fewer hospital 
visits than standard surgery. This technology could 
feasibly address a major cause of global visual 
impairment in many parts of the world.
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“The authors have bioengineered a hydrogel 
that is robust, stable, transparent and easy to 
insert into the corneal stroma and that should 
be inexpensive to produce, package and store. 
The simple procedure described here may give 
sufficient vision for a long time to millions of 
people in low-resource countries”

—Claes H. Dohlman, MD, PhD, Professor Emeritus 
of Ophthalmology, Harvard University, USA, 2022 
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and ethnicity, but it is also widely believed 
that environmental factors, such as sunlight 
exposure10 play an important role.
It is worth noting that the burden of 

keratoconus is not fully addressed by 
early detection and CXL treatment. From 
a wider global perspective, many patients 
receiving CXL treatment for keratoconus are 
not satisfied with their refraction after the 
procedure, and many struggle with contact 
or scleral lenses for years after receiving 
CXL. Patients also receive CXL in various 
stages of the progressive disease, with 
thin and irregular corneas that no longer 
exhibit progression after crosslinking, but 
nonetheless have suboptimal refractive 
properties. These patients often struggle 
with lenses to achieve good vision.
With these challenges in mind, our team, 

as well as other teams around the world, 
have been focusing on bioengineering tissue 
to address the global shortage of donor 
corneas. At the same time, we must also 
be cognizant of the limitations of human 
allogeneic tissue. Difficulties and costs 
involved in human tissue procurement, the 
establishment of eye banks, and the creation 
of associated procedures and protocols for 
tissue storage and quality control, as well 
as the limited storage time and potential 
for disease transmission or rejection are 
some of the challenges of using donated 
human tissue. The remaining challenges 
noted above, namely lack of access to 
transplantable tissue where it is needed and 
the complexity of the surgery, are arguably 
equally as important as tissue supply, but 
unfortunately these practical aspects have 
received much less research attention. 
Around 2012, we recognized that large-

scale bioengineering of corneal tissue at 
low cost would require using sustainably 
sourced raw materials. Instead of developing 
novel synthetic molecules and complex 
materials on a small scale (and at high 
cost) in a laboratory, we sought a method 
that could be scalable to potentially meet 
the demand from millions of people with 

advanced keratoconus who require some 
form of transplant. We chose to use only 
natural type I collagen as a raw material, as 
this is the main component of the normal 
human corneal extracellular matrix. We were 
fortunate to find that type I collagen purified 
from porcine skin is produced commercially 
in relatively large quantities and at low cost. 
Porcine skin collagen is already used in 
regulatory-approved cosmetic procedures. 
Importantly, this collagen is sourced as a 
byproduct of meat production from the 
food industry, as the skin is overabundant 
and usually considered a waste product. We, 
therefore, used this collagen as the only raw 
material to create the final bioengineered 
corneal implant. The implant is cell-free and 
mimics the collagen extracellular matrix of 
the corneal stroma. Rather than containing 
cells, the implant is meant to augment or 
replace the corneal stroma as a ‘scaffold’ 
that can support eventual repopulation 
by the host’s own cells. A cell-free implant 
also circumvents potential issues of tissue 
biocompatibility, immune stimulation, and 
rejection. The simplicity of the design and 
materials is key to feasibly manufacturing 

engineered tissues on a large scale. 
Meeting the numerous and rigorous 

production and testing requirements for 
a class-III implantable medical device was 
essential for our work. This was an enormous 
undertaking, particularly for soft hydrogels, 
a relatively new class of implantable 
materials. Most implantable materials 
do not need to be optically transparent 
when implanted in the body; however, the 
demand for a high degree of transparency 
for vision places stringent constraints on the 
development and manufacturing processes 
of devices intended for corneal applications. 
The development and manufacturing of 
implantable devices could not feasibly be 
accomplished within the scope and resource 
constraints of academia. Therefore, a spinoff 
company, LinkoCare Life Sciences AB, with 
its own private investment, employees, and 
dedicated grant funding, was essential. Key 
advances made by the company were the 
stabilization of the collagen using multiple, 
chemical and photochemical, crosslinking 
methods and achieving stringent quality 
control, manufacturing, sterilization, and 
packaging to ensure the bioengineered 

Figure 1. Bioengineered corneal implant made from collagen sourced from porcine skin. Courtesy of LinkoCare Life 
Sciences AB, Sweden. Photo: Thor Balkhed/Linköping University. 
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tissue not only survived human implantation 
but could be shipped and stored for at least 
two years without a decline in performance. 
These aspects are vital for dissemination of 
the technology globally, to low- and middle-
income countries and in remote areas 
lacking the infrastructure or resources for 
procuring, handling, testing, and storing 
human donor tissues. The packaged 
bioengineered corneal implant is a truly 
‘off-the-shelf’ solution for replacing donor 
corneal tissue (Figure 1).
At the same time as the first prototypes 

were being produced by the company 
using purified porcine collagen, we 
explored options for a simplified surgery 
to implant the tissue. Traditional lamellar 
or penetrating corneal transplantation 
triggers a strong wound-healing response 
that often leads to scarring or haze in the 
tissue. Moreover, removing and replacing 
the corneal epithelium and/or endothelium 
(tissues that generally function well in 
keratoconus) places an added challenge on 
the postoperative wound healing and tissue 
integration response. Traditional procedures 
negatively impact the corneal nerves, which 
must be transected during transplantation. 
Corneal nerves are already pathologically 
reduced and altered in keratoconus,11 so 
these would likely have a reduced capacity 
for regeneration following transplantation. 
Maintaining the neurotrophic status of 
the cornea would be desirable, if possible. 
Further challenges of the traditional lamellar 
and penetrating transplantation techniques 
include the often-long rehabilitation 
time, when patients must often take 
immunosuppressive medications for years. 
Multiple follow-up visits are necessary for 

monitoring, adjusting and removing sutures 
and managing postoperative suture-
related complications, including induced 
astigmatism.
We appreciated these multiple drawbacks 

of standard corneal transplantation, and 
found that, in preclinical models, when 
a biomaterial was placed into the eye 
but remained exposed to the external 
environment (tear film, eyelids, and air), it 
quickly degraded or stimulated the native 
cornea to produce scar tissue. Protecting 
the material from the external environment 
was, thus, essential. We experimented 
with different implantation techniques,12,13 
and discovered that implanting a material 
within the corneal stroma (i.e., in an intra-
stromal ‘pocket’) while leaving the native 
tissue above and below the material 
undisturbed, preserved the integrity, shape, 
and transparency of both the biomaterial 
and the surrounding cornea (Figure 2). The 
‘interface haze’ often seen as a wound-
healing fibroblastic response to lamellar 
transplantation was absent in the case of 
intra-stromal implantation. This is also an 
advantage for future envisioned applications 
of intrastromal lenticule implantation for 
refractive or therapeutic purposes. An 
added advantage was that the surgery did 
not require suturing and did not trigger 
a strong inflammatory or wound healing 
response, resulting in quick healing without 
prolonged use of immune-suppressing 
medications, like corticosteroids. This 
means that, in theory, a single procedure 
and hospital visit could suffice, with an 
eye towards future applications in remote 
areas, where return hospital visits may 
not be feasible. In our preclinical models, 

the intra-stromal surgery implanting the 
bioengineered material was observed to 
thicken and reshape the corneal stroma 
and we soon realized it could be used as a 
safer, less invasive, and simpler alternative 
to current surgical treatment for advanced 
keratoconus.
For advanced cases, where the cornea 

was still transparent, but the cornea was 
thin and very steep, the intra-stromal 
implantation of an implant to augment the 
existing cornea could serve to thicken the 
cornea while also regularizing the anterior 
and posterior curved corneal surfaces. The 
mid-stromal implant thus ‘pushes outwards’ 
the anterior and posterior stroma, achieving 
an effective flattening of the cornea. What 
surprised us was how well this approach 
worked to restore vision to subjects 
who were initially blind with advanced 
keratoconus (definition of blindness: logMAR 
BCVA ≥ 1.30 and contact lens intolerance). 
We did not specifically match the shape, 
thickness, or size of the engineered implants 
to each individual subject, but in our pilot 
clinical studies in Iran and India consisting 
of 20 patients receiving the implant, no 
person was blind after the procedure. 
What’s more, three initially blind subjects 
attained 20/20 vision, stable to at least two 
years postoperatively (the final follow-up 
study visit). All 20 subjects in the study also 
regained tolerance to contact lens wear. The 
cornea was thickened by over 200 µm with 
the procedure, and keratometric flattening 
was > 10 diopters (Figure 3).
This was the first small pilot study, 

and, as such, the results are indicative 
rather than conclusive. Further studies 
are needed, ideally within countries with 

Figure 2. A minimally-invasive intra-stromal technique for treating advanced keratoconus when the cornea is still transparent. In the technique, an intra-stromal pocket is created, 
into which a thick (280 – 440 µm in the study) bioengineered implant is inserted via a small 2 to 4 mm peripheral incision. The technique does not remove native corneal tissue, does 
not require sutures, thickens the cornea, and reshapes it. The wound heals quickly, and postoperative medications are given for only eight weeks. Over 10 diopters of flattening can be 
achieved, resulting in major gains in visual acuity.
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Figure 3. The bioengineered corneal implant after surgical intrastromal implantation in a subject with advanced 
keratoconus. (a) slit lamp photographs of the preoperative and postoperative cornea one day following implantation, 
indicating an immediate thickening and regularization of the corneal surfaces. (b) 1-year post-implantation, the cornea 
retains its increased thickness and transparency, with the implant remaining intact as observed by optical coherence 
tomography. Figure modified from Rafat et al. (2022), under Creative Commons Open Access license.

access to advanced knowledge and clinical 
research infrastructure, where the use 
of the biomaterial can be best refined. 
However, the ultimate goal remains the 
eventual translation and dissemination 
to populations where the burden of 
keratoconus is the greatest, namely in low- 
and middle-income countries.
Our work in a broader sense demonstrates 

that human tissue can be bioengineered 
and used to treat a widespread disease, 
with initial safety and efficacy at least on 
par with traditional treatment. As shown 
in several preclinical studies, our cell-
free scaffold can be repopulated by host 
cells in vivo, which is suggestive that more 
complex tissues and even organs could be 
engineered by providing a suitable scaffold 
with or without cells; this goal is presently 
being pursued by many research teams. 
Ideally, the implantation surgery should 
not induce an excessive immune or wound-
healing response, to maintain integrity of 
the implanted biomaterial. In our study, 
the implantation method was essential for 
restoring vision. Such methods should be 
further explored for treating other corneal 
stromal disease. Perhaps even when 
using donor tissue where available, for 
intra-stromal implantation, this method 
could have benefits relative to lamellar 
or penetrating keratoplasty for certain 
indications. The less invasive approach may 
also be less demanding for patients. Finally, 
shipping and delivering off-the-shelf tissues 
that can be stored for long periods at room 
temperature or in a refrigerator will enable 
new technologies to reach a much wider 
recipient population. We are hopeful that 
once our bioengineered implant is used 
clinically, surgeons will find new uses for it to 
treat conditions beyond what we originally 
envisioned.
We are enthusiastic for the future, as we 

work towards delivering this technology 
at low cost to those in most need. It is 
also our hope that innovations and new 
developments within the fields of tissue 
engineering and regenerative medicine in 
ophthalmology will be made available to all 
in an equitable manner.

Key points:
 • Keratoconus is a major cause of visual impairment with the heaviest burden in 
low- and middle-income countries.
 • Standard corneal transplantation with donor tissue is not an accessible, 
available, or sustainable solution for millions globally with advanced 
keratoconus.
 • A packaged bioengineered tissue can be made from abundant natural 
materials to meet requirements for human use, shipped to remote areas, and 
stored for up to two years.
 • Intrastromal implantation of the bioengineered tissue in advanced 
keratoconus restored vision to patients equally well as standard transplantation.
 • The new intrastromal technique is less invasive, simpler to perform, and 
requires less immunosuppression than standard transplantation techniques.

RECENT INNOVATIONS


