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Abstract Globally there is a shortage of avail-
able donor corneas with only 1 cornea available for 
every 70 needed. A large limitation to corneal trans-
plant surgery is access to quality donor tissue due 
to inadequate eye donation services and infrastruc-
ture in many countries, compounded by the fact that 
there are few available long-term storage solutions for 
effectively preserving spare donor corneas collected 
in countries with a surplus. In this study, we describe 

a novel technology termed low-temperature vacuum 
evaporation (LTVE) that can effectively dry-preserve 
surplus donor corneal tissue, allowing it to be stored 
for approximately 5 years, shipped at room tempera-
ture, and stored on hospital shelves before rehydra-
tion prior to ophthalmic surgery. The dry-preserved 
corneas demonstrate equivalent biological character-
istics to non-dried donor tissue, with the exception 
that epithelial and endothelial cells are removed and 
keratocytes are rendered non-viable and encapsulated 
within the preserved extracellular matrix. Structure 
and composition of the dried and rehydrated cor-
neas remained identical to that of non-dried control 
corneas. Matrix-bound cytokines and growth factors 
were not affected by the drying and rehydration of the 
corneas. The ability to preserve human donor corneas 
using LTVE will have considerable impact on global 
corneal supply; utilisation of preserved corneas in 
lamellar keratoplasties, corneal perforations, ulcers, 
and tectonic support, will allow non-preserved donor 
tissue to be reserved for where it is truly required.
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Introduction

Globally there is a significant population of patients 
suffering from the health, social and economic issues 
associated with corneal blindness. Worldwide, only 
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185,000 corneal transplants are performed annu-
ally, despite the fact that there are 1.5 million cases 
of corneal blindness diagnosed each year (Machin 
et al. 2020) (Gain et al. 2016). Corneal transplant is 
the mainstay of treatment for restoring visual func-
tion, however limited access to domestic eye banks 
presents a major limitation in meeting the worldwide 
demand for donor corneas, with only 1 cornea avail-
able for every 70 needed (Gain et al. 2016). The addi-
tional impact of the Sars-Cov-2 pandemic has also led 
to high levels of tissue rejection from eye banks (Ang 
et al. 2020), in addition to reduced routine surgery.

One of the biggest global challenges to supplying 
transplantable corneas is access to quality donor tis-
sue and inadequate eye donation services and infra-
structure. This is compounded by the fact that there 
are limited effective long-term storage solutions 
for efficiently preserving donor corneas collected in 
countries with a surplus. Lack of standardisation in 
current eye banking methodology exists at national 
and international levels, with eye banks predomi-
nantly choosing to employ either hypothermic stor-
age of grafts between 2 and 8 °C for up to 14 days, 
or organ culture which maintains viable corneas at 
31–34  °C for up to 28  days (Armitage 2011; Pels 
1997). Exporting corneas is challenging due to the 
need for controlled temperatures during shipping: 
including the need for electronic devices on airplanes 
to monitor temperature and financial limitations of 
temperature-controlled storage at the receiving end 
(Oliva et al. 2019; Wojcik et al. 2021).

When performing traditional full-thickness corneal 
transplants (penetrating keratoplasty, PK), endothelial 
cell viability is required to maintain of corneal clar-
ity (Wojcik et  al. 2021). However, the development 
of new surgical techniques including deep anterior 
lamellar keratoplasty (DALK) (Manche et  al. 1999; 
Zaki et  al. 2015), superficial lamellar keratoplasty 
(SALK) (Ganger et al. 2016), and lenticule insertion 
surgeries (Lim et  al. 2013; Moshirfar et  al. 2018), 
where the host’s endothelium can remain intact, has 
revolutionised corneal transplantation leading to eye 
banks evolving their services to provide pre-cut cor-
neal tissue for partial thickness grafts. Pre-cut corneal 
tissue without epithelial and endothelial layers can 
therefore be provided for performing stromal lamellar 
surgeries or partial thickness grafts. Partial-thickness 
transplantation is currently utilised for a plethora of 
indications, including keratoconus, pellucid marginal 

degeneration, stromal dystrophies, stromal scarring 
and ulcers, infectious keratitis and emergency tec-
tonic issues (Karimian et al., 2010), demonstrating a 
high safety profile, reduced risk of rejection, and effi-
cacious visual results (Keenan et al. 2012).

These surgical advancements have spurred the 
development of term storage of corneal tissue pres-
ervation methods, aimed at maintaining the epithe-
lial and stromal extracellular matrix (ECM) integrity 
(Chaurasia et al. 2020). This approach offers surgeons 
with an equivalent to traditional donor tissue, ensur-
ing comparable visual outcomes and corneal clarity. 
Additionally, it facilitates easier global transportation 
and the potential for maintaining corneal graft stocks 
in hospitals. Increasing human donor corneal tissue 
longevity would not only ensure the availability of 
graft tissue in emergency situations but would also 
provide a clear solution to mitigate the disparate tis-
sue supplies worldwide. It would allow for straight-
forward exportation from countries with a surplus 
of corneal graft tissue, whilst decreasing waste and 
increasing available transplant tissue, through utilisa-
tion of corneas which have surpassed their original 
storage time.

Current methods in development for the long-term 
preservation of human donor tissue include cryo-
preservation (Eastcott et  al. 1954; Halberstadt et  al. 
2003), decellularisation (Lynch et  al., 2013; Rovere 
et al. 2019), irradiation (Thirunavukarasu et al. 2023) 
and dehydration technologies (M. R. Feilmeier et al. 
2010), alone or in combination. In many cases of tis-
sue preservation, the natural cornea structure and 
characteristics are damaged, potentially causing com-
plications post-transplantation such as oedema, swell-
ing and opacification (Chaurasia et al. 2020).

We previously developed a drying process for 
human amniotic membrane that does not feature a 
pre-freeze step and effectively preserves the biologi-
cal structure, function and composition of the tis-
sue (C. L. Allen et al. 2013; Hopkinson et al. 2020; 
Marsit et al. 2019).In this study, we report using this 
novel dry-preservation technique designated low-
temperature vacuum evaporation (LTVE) to dry-pre-
serve human donor corneas. The LTVE process uses 
application of a vacuum, via a pump in a freeze-dryer, 
causing varying low pressures to modulate the boil-
ing point of water, essentially speeding up the evapo-
ration of water from the tissue. This occurs because 
less energy is required to expand the liquid molecules 
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into a gas, so a lower temperature is required. Lower-
ing the pressure also has the effect of increasing the 
freezing point of water, so the pressures and tempera-
tures applied vacuum need to be carefully balanced to 
ensure this does not happen to the tissue and cause 
freeze damage. Thus, in our method the pressure 
is not allowed to go below 1.5  mbar by turning the 
vacuum pump on and off at set intervals. Overall, the 
process allows for delicate and effective tissue dehy-
dration via evaporation without the addition of any 
chemicals, freeze steps or excessive heat. We inves-
tigate the effects of drying by LTVE and subsequent 
rehydration on the structural and biological properties 
of human donor corneal tissue.

Methods

Materials

Reagents were purchased from Thermo Fisher Scien-
tific, UK unless otherwise stated.

Human tissue

Anonymised human corneas were obtained from 
SightLife (now CorneaGen, WA, USA) under a mate-
rials transfer agreement. All work was performed in a 
laboratory under a research license from the Human 
Tissue Authority, UK. Informed consent was obtained 
from donors/relative prior to collection. All experi-
mental corneas were delivered and stored in Optisol 
GS (Bausch + Lomb, NJ, USA) and stored at 4  °C 
until use. Corneas were 14—28 days from recovery.

Preparation of human corneas for drying

Corneal buttons were prepared by punching out the 
middle of a cornea using a sterile 8.5  mm trephine. 
Control corneas (non-dried static controls) were 
immediately returned to the Optisol medium and kept 
static at 4 °C until the LTVE process for the experi-
mental corneas had completed (approximately 8  h) 
and all corneas were processed for onward analysis. 
Agitated control corneal buttons (non-dried agitated 
controls) were transferred to Phosphate Buffered 
Saline (PBS); 5% (w/v) dextran 70 (Sigma-Aldrich, 
Dorset, UK) and 100 mM raffinose pentahydrate and 
went through the agitation step but were not dried. 

Corneal buttons for drying were transferred asepti-
cally to a scintillation vial containing the sterile agi-
tation media of either: PBS alone; 5% (w/v) dextran 
70 and 100  mM raffinose pentahydrate in PBS; or 
5% dextran and 100 mM raffinose pentahydrate with 
1  mg/mL epigallocatechin gallate (EGCG, Sigma-
Aldrich) in PBS. Scintillation vials containing cor-
neal buttons were agitated on a rotator (Grant PTR-
60) at 60 rpm for 60 min at room temperature.

PBS was used as an isotonic solution similar to 
saline. Dextran was used to make an iso-osmotic 
solution, to prevent movement of water into the cor-
nea causing swelling; it is a commonly used addition 
to corneal organ culture medium, such as Optisol 
(Lindstrom et  al. 1992; Lynch et  al. 2016; Peyman 
et  al. 1979). Raffinose is a complex saccharide used 
as a protectant during drying; we have previously 
published that raffinose is a potent protector of struc-
ture when drying amniotic membrane using a tech-
nique similar to LTVE (C. L. Allen et al. 2013; Marsit 
et  al. 2019). The anti-oxidant EGCG has previously 
been shown to promote the viability of cells follow-
ing freeze drying and was added as a cell protectant 
(Natan et al. 2009).

Low-temperature vacuum evaporation preservation of 
human corneas

Post-agitation, corneal samples were aseptically 
transferred to 10 mL glass vials (Schott via Adelphi 
Healthcare Packaging, West Sussex, UK) and a bro-
mobutyl lyophilisation stopper (West Pharmaceutical 
Services via Adelphi) placed loosely on each vial. 
Vials were transferred to a FreeZone Stoppering Tray 
Dryer with Freezone 6L Drying Console (Labconco, 
Kansas City, MO, USA) and dried at a shelf tempera-
ture of 25 °C and condenser temp -55 °C. To reduce 
the pressure but avoid freezing, the vacuum pump 
was switched on for 2  min, reducing the chamber 
pressure from atmospheric pressure to approximately 
1.5 mbar before being switched off for 5 min. To fully 
dry the corneal tissue, 36 cycles of pump on/pump off 
were performed taking 180 min. Once dried, the pres-
sure in the system was returned to atmospheric and 
vial stoppers pushed down and aluminium flip-up, 
tear-off crimp seal applied (West via Adelphi). Rehy-
dration of corneal buttons was performed by injecting 
3  mL sterile rehydration solution (5% (w/v) dextran 
in 0.9% (w/v) NaCl) into the vial.
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Using a freeze dryer such as the one described 
allows up to 200 corneas to be dried at the same time. 
For all individual experiments, the corneas were dried 
together to minimise any variation of drying. For 
each experimental group 5 different corneal donors 
were used.

Measurement of corneal weight and thickness

Corneal weights (pre-drying, dry, and rehydrated) 
were taken using an Ohaus Adventurer Balance. 
Weights were taken prior to experimentation start 
after storage in Optisol GS at 4 °C for up to 28 days. 
Corneal buttons were placed on pre-weighed weigh 
boats and the weight of the weigh boats subtracted. 
Cornea thickness was measured using digital cal-
lipers; 3 central thicknesses were taken per corneal 
button at each timepoint and averaged. Initial weight 
and thickness were taken immediately out of Optisol 
storage medium prior to agitation, drying and rehy-
dration. Subsequent weights and thicknesses were 
compared to the initial weight.

Transparency measurement

Baseline transparency readings of the corneas were 
taken immediately out of the Optisol solution. Non-
dried static controls were placed back into Optisol, 
and all others were placed the relevant agitation solu-
tion before being dried, with the exception of the non-
dried agitated controls. Transparency readings were 
then taken again once dried and rehydrated or after 
storage for the same amount of time for non-dried 
controls. Light transmittance through the corneas was 
measured using a CLARIOstar plate reader (BMG 
LABTECH, Buckinghamshire, UK) at 492  nm with 
12 readings taken across each corneal button and 
averaged. Transparency was compared to the initial 
reading of the same cornea to account for biologi-
cal differences in corneal transparency not caused by 
drying.

Metabolic activity assay

Metabolic activity was measured using PrestoBlue™ 
Cell Viability Reagent (Invitrogen, ThermoFisher, 
UK). Samples were placed in a 24-well plate and cov-
ered in 10% (v/v) Presto Blue reagent in Hank’s Bal-
anced Salt Solution (HBSS, Gibco, ThermoFisher). 

The plate was immediately transferred to a CLARI-
Ostar plate reader pre-set at 37  °C and fluorescence 
readings at excitation 560 nm/emission 590 nm were 
taken every 30 min for 150 min.

LDH release assay

The Pierce lactate dehydrogenase (LDH) assay kit 
was used to quantify levels of LDH released into the 
rehydration media of dried corneal buttons, to esti-
mate levels of cell membrane lysis. The assay was 
performed according to the manufacturer’s protocol. 
Briefly, 50 µL of rehydration media and 50 µL of 
reaction mix were transferred to a 96-well plate and 
incubated at room temperature for 30 min. The opti-
cal absorbance was read on the plate reader at 490 nm 
with background correction at 690 nm. The maximum 
levels of LDH that could be released from a corneal 
button was assessed using non-dried corneal buttons 
that had been agitated in 1% (v/v) sodium dodecyl 
sulphate detergent at 37 °C for 24 h.

Histology

Samples were fixed in 4% paraformaldehyde over-
night, before washing and storage in PBS. Samples 
were prepared for sectioning in a Tissue Processor 
(Leica TP1020) through a series of graded ethanol 
solutions, then paraffin embedded. Sections  (7  µm) 
were cut using a Leica 2245 microtome and trans-
ferred to adherent glass slides (SuperFrost Plus, Ther-
moScientific). Samples were de-paraffinised in xylene 
and rehydrated in a series a graded ethanol solution. 
Regressive haematoxylin and eosin staining was per-
formed using Harris Haematoxylin and 1% eosin. 
Alcian blue and fast red staining was performed to 
visualise acid mucosubstances and red cell nuclei. 
Slides were mounted in DPX after staining and 
imaging was performed on a Leica DM1000 upright 
microscope with an MC170 Camera.

Hydroxyproline assay

Hydroxyproline assays were performed as described 
previously (Edwards et al., 1980; Sidney et al., 2018) 
to estimate the levels of collagen within the cor-
neas. Corneal buttons were digested in a 0.1  mg/
mL papain solution in 0.2  M sodium phosphate 
buffer containing 8  mg/mL sodium acetate, 4  mg/
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mL ethylenediaminetetraacetic acid, and 0.8  mg/
mL L-cysteine hydrochloride agitated at 65 °C over-
night. Briefly, acid hydrolysis of papain digested 
samples was achieved by heating samples with con-
centrated hydrochloric acid to 120 °C for 5 h. Subse-
quently, samples were dried at 80 °C until only resi-
due remained, which was dissolved in 0.2 M sodium 
phosphate buffer. Samples were transferred in trip-
licate to a 96-well plate, an equal volume of 70 mM 
chloramine T solution was added and incubated at 
room temperature for 20 min. Subsequently, an equal 
volume of 1.16 M dimethylaminobenzaldehyde solu-
tion was added and samples incubated at 60  °C for 
30  min. Colour change was assessed by absorbance 
at 540 nm. Hydroxyproline concentration was calcu-
lated using a standard curve. Collagen concentration 
was estimated using a conversion factor of 7.6. Col-
lagen readings were corrected for the original weight 
of the corneal button.

Sulphated glycosaminoglycan (sGAG) assay

Corneal buttons were digested in papain as described 
above. The Blyscan™ 1,9 dimethyl methylene blue 
(DMMB) assay (Biocolor Ltd., Belfast, UK) was 
performed on samples according to manufacturer’s 
instructions. Briefly, 200 μL of papain digest was 
added to 1  mL DMMB dye solution and agitated 
for 30  min, before centrifugation at 10,000 × g for 
10 min. The pellet was dissolved in 0.5 mL dissocia-
tion reagent and 200 μL transferred to each well of a 
96-well plate. Absorbance was measured at 656 nm. 
sGAG concentration was determined using a stand-
ard curve. sGAG readings were corrected for original 
weight of the corneal button.

Fluorescent immunohistochemistry

Corneal buttons were paraffin-embedded and sec-
tioned as for histology (detailed above). Samples 
were deparaffinised in xylene and rehydrated through 
a series of graded ethanol solutions. Antigen retrieval 
was performed in a pH 6.0 sodium citrate buffer 
(Vector) at 95 °C for 60 min. Sections were permea-
bilised in 0.1% (v/v) Triton-X100 for 10 min and sub-
sequently washed three times for 5 min in PBS. Non-
specific protein binding was blocked using a solution 
of PBS with 1% bovine serum albumin (BSA), 0.3 M 
glycine and 3% (v/v) donkey serum, for 1 h at room 

temperature. Primary antibodies were diluted in PBS 
containing 1% BSA and 0.3  M glycine as follows: 
polyclonal mouse anti-Collagen-I (Sigma-Aldrich, 
dilution 1:200) and polyclonal rabbit anti-laminin 
(Millipore, dilution 1:100). Sections were incubated 
with the primary antibodies for 1 h at room tempera-
ture before washing three times in PBS. Either don-
key anti-mouse Alexa-Fluor 594 or donkey anti-rabbit 
Alexa Fluor 488 secondary antibodies (Life Tech-
nologies, dilution 1:300) were applied to the samples 
at room temperature for 1 h. Samples were rinsed in 
PBS three times and counterstained with 4’,6-diamid-
ino-2-phenylindole (DAPI; 1:200,000, Life Technolo-
gies). Samples were mounted in fluorescent mounting 
medium (Dako, UK) and imaged using a Leica DMIL 
LED inverted microscope with a Leica DFC camera.

Transmission electron microscopy

Samples were fixed in 3% (v/v) glutaraldehyde in 
sodium cacodylate buffer solution (0.2 M, pH 7.2) for 
24 h at 4 °C. Corneal buttons were post-fixed with 1% 
osmium tetroxide in sodium cacodylate buffer solu-
tion for 2 h at room temperature, followed by washing 
in sodium cacodylate buffer (0.1  M, pH 7.2), serial 
dehydrations in ethanol, and washing in propylene 
oxide (TAAB Laboratories Equipment Ltd). The cor-
neas were embedded in araldite resin (TAAB Labo-
ratories Equipment Ltd) and sectioned (Leica EM 
UC6; Leica Biosystems). Ultrathin sections of 90 nm 
were contrasted with uranyl acetate and lead cit-
rate and observed on a transmission electron micro-
scope (TEM, FEI Tecnai Biotwin T12), operating at 
100  kV. Images were taken using a SIS Megaview 
digital camera (Olympus).

Enzyme-linked immunosorbent assays (ELISAs)

Dried corneal buttons were stored under vacuum 
at room temperature for 6  months and compared to 
donor cornea in Optisol, stored for up to 1  month. 
Samples were chopped into small pieces using a scal-
pel no. 22. Tissue was transferred to a microcentri-
fuge tube in IP Lysis Buffer (ThermoFisherScientific, 
UK) and homogenised using an electric homogeniser. 
Homogenised samples were stored at -80  °C before 
analysis. Human DuoSet ELISAs (R&D Systems, 
Abingdon, UK) were used in combination with the 
appropriate DuoSet Ancillary Reagent Kit (R&D 
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Systems), according to manufacturer’s instructions, 
to detect protein levels in the homogenised sample. 
Optical density at 450  nm with background correc-
tion at 540 nm was determined immediately after the 
addition of the stop solution. Protein concentration 
was determined using 4-parameter fit standard. Data 
was corrected for original weight of the samples to 
normalise for different sized samples.

Statistical analysis

Statistical significances were analysed using Graph-
Pad Prism version 9.3.1. Comparisons between mul-
tiple groups were compared using two-way ANOVA 
with post-hoc Tukey’s multiple comparison test and 
comparisons between two groups (ELISA data) were 
performed using unpaired Student’s t-test.

Results

Effect of dry-preservation on physical and biological 
characteristics of corneal buttons

Human corneal buttons mechanically agitated in 
a range of media prior to dry-preservation and sub-
sequent rehydration. The corneal buttons were not 
pre-frozen before low pressures were applied and the 
process of drying did not cause any freezing. Aver-
age weight, thickness and representative transparency 
bitmap image for corneas at the start of the experi-
ment (before any treatment) and end of the process 
(after storage for controls or drying and rehydration 
for experimental samples) can be seen in Table 1.

Dehydration and subsequent rehydration did not 
change the rehydrated weight of the corneal tissue 
(Fig.  1A). The dried weight, regardless of agita-
tion media, was shown to be approximately 20% 
of initial weight with rehydration returning the 
corneal buttons back to original weight within 3 h. 
Transparency was measured quantitatively by plate 
reader optical absorbance assessment (Fig.  1B). 
The transparency level of corneal buttons agitated 
with dextran was similar to that of the non-dried 
static (Optisol -stored) and agitated controls. How-
ever, PBS or EGCG pre-treated corneas showed 
a significant negative effect on corneal transpar-
ency. Metabolic analysis of the corneal buttons 
subjected to different agitation media prior to 

drying and rehydration led to the elimination of 
metabolic activity in the tissue when compared to 
non-dried controls (Fig.  1C). Pre-treatment with 
EGCG allowed some cell viability to be maintained 
despite the drying process, however when treated 
with PBS or dextran this activity was lost. Non-
dried controls were shown to retain significant cell 
viability. Cell membrane rupture of keratocytes 
within corneal buttons was determined by measur-
ing the level of LDH released into the rehydration 
media (Fig.  1D). There was no difference in LDH 
released in dried verses non-dried control corneas 
following rehydration. This was compared to SDS-
lysed controls which showed significant rupture 
and increase in LDH activity. Corneal buttons after 
drying and rehydration were macroscopically com-
parable to non-dried controls (Fig. 1E).

Effect of dry-preservation on collagen and 
glycosaminoglycan structure of human corneal 
buttons

Histological analysis using haematoxylin and eosin 
staining (Fig. 2A) and alcian blue and fast red stain-
ing (Fig.  2B) of corneal buttons revealed no appar-
ent change in anterior stromal architecture compared 
to non-dried controls. The epithelial and endothelial 
cells were absent across all structures with minimal 
disruption of the basement membrane and lamellae 
structure observed. Quantitative measurements of 
collagen and sGAG content, using the hydroxypro-
line assay and DMMB assay respectively, showed no 
significant loss of collagen or sGAG content between 
pre-treated and dried buttons and controls. The aver-
age collagen content within the samples was main-
tained at 27  µg/mg collagen and 10  µg/mg sGAG 
(Fig. 2B and C, respectively.

Effect of dry-preservation on structure of human 
corneal buttons

Fluorescent immunohistochemistry (Fig.  3A) of the 
corneal buttons after drying (dextran/raffinose) and 
rehydration demonstrated that there was no apparent 
disruption in collagen-I fibrils or laminin basement 
membranes. TEM analysis after drying (dextran/raf-
finose) and rehydration revealed no effect on collagen 
fibril microstructure (Fig.  3B). Stromal cells were 
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Fig. 1  Effect of dry-preservation on weight, transparency 
and metabolic activity of human corneal buttons. Human 
corneal buttons were dried after agitation in PBS, 5% dex-
tran or 5% dextran with EGCG and compared to non-dried 
controls that had remained static or were agitated. Dried 
corneal buttons were rehydrated in NaCl with 5% (w/v) dex-
tran. A Change in weight of corneal buttons upon drying and 
rehydration for 3  h. Data displayed as % of initial weight, B 
Change in transparency of corneal buttons after drying and 
rehydration. Data shown as percentage change in transpar-

ency from initial weight, C Metabolic activity of cells within 
corneal buttons measured over time after drying and rehydra-
tion, D LDH release from sample after rehydration versus 
as a percentage of the SDS-lysed control. Data for A-D rep-
resented by mean ± SEM (n = 5). Statistical significance vs. 
non-dried static control: * p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001. E Images of (i) Optisol-stored cornea prior to 
drying, (ii) 8.5 mm corneal button before drying, (iii) corneal 
button after drying, (iv) corneal button after drying and rehy-
dration
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shown to be encapsulated within the collagen fibrils 
which is comparative with the DAPI staining in the 
immunohistochemistry.

Fig. 2  Effect of dry-preservation on collagen and sGAG 
content of human corneal buttons. Human corneal buttons 
were dried after agitation in PBS, 5% dextran or 5% dextran 
with EGCG and compared to non-dried controls that had 
remained static or were agitated. Dried corneal buttons were 
rehydrated in NaCl with 5% (w/v) dextran. A Representative 
images of haematoxylin and eosin staining and, B alcian blue 

and fast red staining of sections of treated corneal buttons. 
Scale bar = 200  µm, C Approximate collagen content of cor-
neal buttons with and without drying and rehydration meas-
ured by hydroxyproline assay, D Approximate sGAG content 
of corneal buttons with and without drying and rehydration 
measured by DMMB assay. Data for C and D represented by 
mean ± SEM (n = 5)

Fig. 3  Effect of dry-preservation on structure of human cor-
neal buttons. Human corneal buttons were dried after agita-
tion in 5% dextran and 100  mM raffinose in 0.9% NaCl and 
compared to static non-dried controls. Dried corneal buttons 
were rehydrated in NaCl with 5% (w/v) dextran. A Representa-

tive fluorescent images of sections of human corneas stained 
via immunohistochemistry for collagen-I and laminin. Scale 
bar = 100 µm, B Representative TEM images of cornea struc-
ture pre-drying and after drying and rehydration. Scale bars: i/
iii = 5000 nm, ii/iv = 2000 nm
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Effect of dry-preservation on proteins, growth factors 
and cytokines within corneal buttons

ELISAs were performed for hyaluronan, thrombos-
pondin-1 (TSP-1), pentraxin-3 (PTX-3), epider-
mal growth factor (EGF), hepatocyte growth factor 
(HGF), fibroblast growth factor (FGF), nerve growth 
factor (NGF), transforming growth factor-β (TGF-
β), tumour necrosis factor-α (TNF-α), interleukin-1β 
(IL-1β), interleukin-6 (IL-6) and interleukin-8 (IL-8) 
(Fig. 4). There were no significant differences in the 
levels of any assessed protein or sGAG between dry-
preserved (dextran/raffinose) and non-dried control 
corneal buttons.

Discussion

The adoption of preservation strategies for long-term 
storage of surplus donor corneal tissue has many ben-
efits: limiting wastage of non-utilised donor corneas; 
recovery, storage, and use of corneal tissue surplus 
after surgery; improved global shipping of corneal tis-
sue, including to countries with no eye-banking infra-
structure; corneal tissue storage on hospital shelves 
for emergency use; and alleviating the pressure of a 
global shortage of donated corneal tissue. The con-
cept of long-term corneal preservation represents a 
means of delivering a readily available resource for 
ophthalmologists worldwide, which requires little 
time and effort for preparation (Gain et al. 2016).

With similarities to lyophilisation but without 
any freeze-steps, the novel low-temperature vacuum 
evaporation (LTVE) process, presented in this paper, 
allows corneal tissue to be stored dry, under vacuum, 
until needed and rapidly rehydrated prior to clinical 
use (Sidney et  al. 2022). This study demonstrated 

that this preservation technique has no effect on final 
corneal tissue weight, transparency and handleabil-
ity. Using a protective solution of 5% (w/v) dextran 
and 100  mM raffinose in saline, and subsequently 
rehydrating in 5% (w/v) dextran in saline, maintains 
corneal ECM structure and composition, encapsulat-
ing the keratocytes within the stromal ECM, render-
ing them non-viable but not lysed. This study also 
showed that levels of important functional proteins 
within the cornea remained unchanged with the appli-
cation of LTVE and any potential biological effects 
that these proteins have once transplanted may not be 
affected by the drying. However, this finding could 
be expanded by looking into the activity of these pro-
teins and discovering if they are truly functional.

The LTVE process uses gentle agitation to remove 
the epithelial and endothelial cells without removing 
the basement membranes, prior to the drying process. 
The retention of the basement membrane will allow 
regeneration of the corneal epithelium if used in a 
lamellar surgery. The removal of the endothelial cells 
means that the corneal tissue is no longer suitable 
for full-thickness keratoplasties but could still be uti-
lised in lamellar keratoplasties and stromal transplant 
surgeries. Using LTVE preserved tissue in lamellar 
surgeries will ensure that donor corneas with epithe-
lium and endothelium can be used for indications that 
require them.

LTVE-preserved tissue has flexible usage as it 
can be cut to size prior to drying or after rehydration 
by the surgeon. As mentioned previously, the Bow-
man’s layer and basement membrane of the cornea 
is still intact so the tissue can be used for lamellar 
surgeries such as DALKS. The tissue could also be 
trimmed to stromal lenticules without the basement 
membranes, allowing use in more modern surgical 
techniques such as myopic lenticular implant surgery 
(Semiz et al. 2022) and intrastromal corneal ring seg-
ment surgery (Coscarelli et al. 2024) where a smaller 
stroma-only tissue implant is required. The advantage 
of using LTVE-preserved tissue for these uses is that 
non-preserved donor tissue is not used and can be 
reallocated for full-thickness keratoplasties.

Attempts at long-term preservation of corneal tis-
sue are not a recent phenomenon; the most histori-
cally utilised method of long-term storage for corneal 
tissue is cryopreservation (Brunette et al. 2001; Chen 
et  al. 2010; Eastcott et  al. 1954; Halberstadt et  al. 
2003; Li et al. 2011), which was used clinically prior 

Fig. 4  Effect of dry-preservation on proteins, growth factors 
and cytokines found within corneas. Human corneal buttons 
were dried after agitation in 5% dextran and 100  mM raffi-
nose in 0.9% NaCl and compared to static non-dried controls. 
Dried corneal buttons were rehydrated in NaCl with 5% (w/v) 
dextran and protein was extracted and samples homogenised 
before ELISAs performed for A Hyaluronan, B Thrombospon-
din-1, C Pentraxin-3 D Epithelial Growth Factor, E Hepato-
cyte Growth Factor, F Fibroblast Growth Factor, G Nerve 
Growth Factor, H Transforming Growth Factor-β, I Tumour 
Necrosis Factor-α, J Interleukin 1-β, K Interleukin-6 and L 
Interleukin-8. Date represented by mean ± SEM (n = 5). No 
statistical significances were found between control and dried

◂
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to the development of 4  °C hypothermic storage. 
Cryopreservation provided a cheaper alternative with 
reduced technical demand and variability in its clini-
cal outcome (Eastcott et  al. 1954; Halberstadt et  al. 
2003). The major concern with the cryopreservation 
procedure is tissue and protein damage due to the 
formation of ice crystals when freezing (Bojic et  al. 
2021; Murray et  al., 2022). Cooling samples slowly 
or using cryoprotectants can reduce this effect but in 
many cases damage to the biological structure and 
function of the corneal tissue can still be observed, 
due either to freeze damage or toxicity of the cryopro-
tectants (Armitage 2009; Bojic et al. 2021). For these 
reasons cryopreservation is not able to preserve the 
transparency and functionality of the whole cornea.

Many cryopreservation strategies focus on keep-
ing the cells of the cornea viable, but modern doc-
trines suggest that this is not required for many cor-
neal indications, as only sections of the cornea will be 
replaced as in DALK, SALK, patch-grafts and lenti-
cule insertion surgeries, and the host’s own cells can 
help to repopulate the tissue (Chaurasia et al. 2020). 
If there is no need to keep the cells viable, dehydra-
tion technologies such as LTVE, where the epithelial 
and endothelial cells are removed and the keratocytes 
are non-viable, become more attractive.

As a simple technique, glycerol or silica dehydra-
tion has been used historically to create dehydrated, 
storable corneal tissue (King et  al. 1961; Romano 
et al. 2019), however it has also been associated with 
poor visual outcomes and a high risk of secondary 
glaucoma (Li et  al. 2012; Thanathanee et  al. 2016). 
Unlike corneal tissue dried by LTVE in this study, 
which can be simply dehydrated in situ approximately 
1 h prior to surgery, glycerol corneas must be rehy-
drated and extensively washed prior to surgical use 
(King et al., 1984).

The major competitor to our LTVE technique is 
lyophilisation or freeze drying. Lyophilisation is 
commonly used across many fields to preserve tem-
perature-sensitive, biological products and is hypoth-
esised to help prevent adverse architectural changes 
in the cornea (Michael R. Feilmeier et al. 2010; Rov-
ere et  al. 2019). Lyophilisation relies on a sublima-
tion process instigated by specific low pressures and 
increasing temperatures whereby a phase change 
from solid to vapour occurs, circumventing the liquid 
stage. Due to the need for the water within the cornea 
to begin in the solid phase, lyophilisation requires a 

tissue pre-freeze step. This pre-freeze step, particu-
larly in the absence of cryoprotectants, has been dem-
onstrated to be detrimental to cell integrity and trans-
parency (Lee et  al. 2010) and has been associated 
with causing tissue fragility (Quantock et  al. 1997) 
and a loss of biological proteins (Maini et al. 2020).

LTVE, as described in the study, aims to avoid 
the disadvantages of the freeze-step in lyophilisation 
whilst maintaining the advantages of long-term stor-
age and easy distribution and availability (Gain et al. 
2016; King et al. 1961). LTVE does not rely on sub-
limation to remove water from the tissue but instead 
uniquely uses varying low pressures to accelerate the 
evaporation rates without application of excessive 
heat and without allowing the pressure to decrease to 
the point that the water reaches freezing point (Hack-
ett 2018; Hopkinson et al. 2020). The same technol-
ogy is used successfully to dry-preserve the amniotic 
membrane product, Omnigen® (NuVision Biothera-
pies Ltd, Nottingham, UK) (Claire L. Allen et  al. 
2013; Hopkinson et al. 2020). The process had been 
shown to effectively preserve the natural characteris-
tics of tissue, whilst being capable of eradicating an 
artificially high bacterial load, through a combina-
tion of the thorough washing steps and the vacuum-
drying process itself (Marsit et al. 2019). The LTVE 
process for corneas can be performed in a similar 
aseptic manner to this amniotic membrane processing 
but still requires full validation to ensure no patho-
gens are introduced. The process would be relatively 
easy to introduce into existing eye banks procedures 
as it requires little specialist equipment other than a 
freeze-dryer.

Irradiation of corneas is another postulated tech-
nique for long-term preservation and can be com-
bined with other methods such as cryopreservation 
or dehydration. VisionGraft® (CorneaGen, Seattle, 
WA, USA) is a commercially available inactivated 
and gamma-irradiated cornea that is suggested 
to have clinical uses in corneal melts, ulcers, per-
forations, anterior lamellar keratoplasty, tectonic 
support and keratoprotheses (Akpek et  al. 2012; 
Mathews et  al. 2019; Utine et  al. 2011; Wee et  al. 
2015). The processing for irradiated corneas how-
ever still includes a freeze step that still has the 
potential to cause damage to the structure of the 
cornea (Kuo 2021) and irradiation of the cornea can 
also cause changes in the physical and biological 
composition of the ECM (Chae et  al. 2015; Gouk 
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et al. 2008). As this product is stored wet in an albu-
min solution, it has a shelf life of only 2 years, com-
pared to the estimated 5 years of similar dried prod-
ucts, such as described in our present study, and the 
transparency of the tissue is reported to decrease 
with prolonged storage (Kuo 2021). However, the 
commercial success of gamma-irradiated corneas 
indicates that there is a large market for long-term 
preserved corneas and that ophthalmic surgeons are 
willing to transition to preserved rather than cold-
stored or organ culture stored tissue for certain 
indications. Using long-term preserved corneas for 
clinical indications for which they are suitable will 
free-up full-thickness donor corneas for surgeries 
that require an endothelium or larger amounts of 
tissue.

In conclusion, the prospect for long-term preserved 
corneal donor tissue is high and we believe that we 
have developed a technology that can preserve cor-
neal tissue with minimal disruption to its physical and 
biological properties. Further investigation needs to 
be performed on full corneoscleral discs, looking at 
the functional properties of LTVE treated corneas in 
a preclinical model but early indications are promis-
ing. The full micro and nano-scale effects of the dry-
ing process on the ECM structure and composition 
could also be elucidated further to ensure no lasting 
effects on corneal function.

A dry-preserved cornea that can potentially be sta-
bly stored for years and shipped at room temperature 
before simple rehydration prior to surgery will allow 
surplus donor tissue to be fully utilised and the pres-
sure of a global shortage of corneal donor tissue to be 
alleviated.
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