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A human corneal equivalent has been developed 
with application in pharmaceutical testing (Baydoun 
et al., 2004a), biomedical research (Baydoun et al., 
2004b; Choy et al., 2004a,b; Spoerl et al., 2004) and 
instrument design (Grieve et al., 2004; Muller et 
al., 2004; Tehrani et al., 2004). Foetal porcine cor-
neas have been used to construct the cornea from 
cultures of three specific corneal cell types and for 
organotypic corneal constructs (Schneider et al., 
1999). The clinical application of irradiated porcine 
cornea to patients with ocular burns indicated that 
it might be an ideal therapeutic material for the 
management of such patients. Reconstructing clini-
cally usable corneas by applying the technology of 
regenerative medicine can offer a solution to many 
problems as well as making corneal transplantation 
a non-emergency surgery and enabling the usage 
of banked corneal tissue.

Different methods of corneal cryoprotection 
have been introduced, those employing intracel-
lular cryoprotector such as Me2SO or glycerol being 
the most widely favoured. The influence of several 

freeze-thaw trauma variables on the survival of por-
cine endothelial monolayer when employing the 
extracellular cryoprotective agent dextran was also 
explored and found as a very effective cryoprotec-
tor for the freezing of porcine corneas (Halberstadt 
et al., 2001).

The aim of the present study was to evaluate the 
feasibility of different programmed freezing meth-
ods and cryoprotectors in porcine cornea cryopro-
tection.

MATERIAL AND METHODS

Corneal material was obtained from the eyes of 
43 four-months-old Landrace pigs, about 25–30kg 
body weight, from Russe region. The animals were 
sacrificed in a local abattoir and eyes were enucle-
ated from pigs immediately and transferred within 
1h to the laboratory in a moist chamber on ice. The 
corneas were dissected with a 1–2mm rim of sclera. 
No post mortem swelling was detected. The corneal 
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material was processed according to the method 
of Capella et al. (1965) and the viability of the en-
dothelial layer was evaluated using a trypan-blue 
test (0.2% trypan blue in PBS), 10 min incubation at 
37ºC and inverted microscope. All the corneas were 
tested prior to cryopreservation and corneas with 
no stained in blue cells (dead cells) were used. 

Freezing protocol. The following compounds 
were used as cryoprotectors – dimethyl sulphox-
ide (Me2SO) (Merck , 102951), glycerol (Gly) 
(Pharmachim, Bulgaria, 98%), 1,2-propanediol 
(1,2-PD) (Merck, 822324) and polyethylene glycol 
– Mw = 380–4 200 g/mole (PEG-400) (ICC, UASci., 
Kharkov). The cryoprotective media (CPM) were 
prepared at a temperature of 10ºC for Me2SO, glyc-
erol and 1,2-propanediol, and at room temperature 
for PEG-400. The cryoprotective media contained 
5% or 10% of the cryoprotectors diluted up to 2 ml 
in medium 199 with 20% human serum albumin 
(Alb). The final concentration of the cryoprotectors 

Me2SO, glycerol and 1,2-propanediol was reached 
stepwise by 1–3–5% and 1–3–5–7–10% dilution. 
The isolated corneas were kept in 2 ml cryopro-
tective medium at 10ºC with stepwise increase in 
the cryoprotectant concentration for 5 min when 
Me2SO, glycerol and 1,2-propanediol were added, 
and directly in 5% or 10% for 15 min when PEG-
400 was added. According to our previous studies 
and investigations of other authors (Jurchenko and 
Sharlaj, 1979) PEG-400 is not toxic and no stepwise 
increase in concentration is necessary.

After corneal incubation in final cryoprotective 
medium they were frozen in 2 ml of it in plastic 
ware using a programmable freezer (Union Carbide 
Ml84/II) applying the following temperature regi-
men: from 10ºC to –10ºC at 1ºC/min or 5ºC/min 
and from –10ºC to –80ºC at 5ºC/min. Samples 
were then transferred to a liquid nitrogen container 
for storage (Neronov and Michailova-Bojadjieva, 
1989).

Table 1. Effect of the concentration of cryoprotectors in cryoprotective medium (CPM) and cooling rate on the 
integrity of endothelial cells determined by SEM

Cryoprotector Concentration of cryoprotec-
tors in CPM % (v/v) Cooling rate (°C /min) Damaged endothelial cells (%)

Me2SO 10 1 3.8 ± 0.4

Me2SO 5 1 1.2 ± 0.3

Me2SO 10 5 4.4 ± 0.5

Me2SO 5 5 0

Gly 10 1 19.5 ± 1.7

Gly 5 1 18.7 ± 2

Gly 10 5 48 ± 6.3

Gly 5 5 25 ± 3.1

1,2PD 10 1 1.2 ± 0.06

1,2PD 5 1 2.4 ± 0.3

1,2PD 10 5 1.2 ± 0.3

1,2PD 5 5 25 ± 3.2

PEG-400 10 1 1.2 ± 0.2

PEG-400 5 1 0

PEG-400 10 5 0.6 ± 0.02

PEG-400 5 5 0

Alb no 5 17.8 ± 1.5

Note: Number of corneas per group = 5; results are means + SD. Analysis of variance with three factors (cryoprotectants, 
concentrations and cooling rates) – ANOVA was used to evaluate the significance of differences. This statistical analysis
shows that all combinations of the interactions are significant P < 0.0001
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Thawing protocol. Thawing was performed in 
a water-bath at 37ºC for 1 min and transferred 3 
times in 5 ml medium 199 at 10ºC for cryopro-
tectant media removal. After 24 h incubation at 
37ºC, 5% CO2 in medium 199 containing 5% human 
serum albumin, the corneas were sectioned into 
two parts. One of them was tested for viability of 
endothelial cells with trypan blue exclusion test (an 
average of 300 cells in 2 areas for each cornea were 
counted for coloured ones in blue – dead cells) and 
the other processed for scanning electron micros-
copy as follows: fixing in 5% glutaraldehyde in 0.1M 
cacodylate buffer for 48 h; washing in buffer three 
times; cutting into small pieces; treatment with 
increasing concentrations of ethanol for dehydra-
tion; critical point drying and covering with gold 
for SEM observation under a JEOL-35 scanning 
electron microscope (Neronov and Michailova-
Bojadjieva, 1989). Analysis of variance with three 
factors (cryoprotectants, concentrations and cool-
ing rates) – ANOVA was used to evaluate the sig-
nificance of differences.

Control groups. These included fresh corneas 
without freezing (a) and corneas frozen only in me-
dium 199 containing 20% human serum albumin 
(b). Both samples were fixed and prepared for scan-
ning electron microscopy as described above.

RESULTS

We applied the following known cryoprotectors 
– Me2SO, glycerol, 1,2-propanediol and PEG-400 
to elucidate their influence on membrane integrity 
preservation and on the functional activity of the 
corneal tissue at freezing and thawing. The supple-
ment of 20% human serum albumin to the cryopro-
tective medium leads to a slight dehydration of cell 
layers, which appears to be advantageous during 
the process of freezing and it became a common 
practice to be used in such media.

Me2SO is a well-known cryoprotector with a wide 
variety of applications in cryopreservation of dif-
ferent cells, tissues and organs. As can be seen in 
Table 1, it has a significant cryoprotective effect on
the recovery of the corneal endothelial layer. In some 
cases a slight disruption of the endothelial intercel-
lular contacts could be observed (Figure 1).

The use of glycerol as a cryoprotector of the 
corneal endothelial layer did not seem to be very 
advantageous as the number of the recovered cells 
was very low (Table 1) and the SEM investigation 
showed areas of damaged and exfoliated endothe-
lial layers (Figure 2).

According to the results of our study the cryo-
protective effect of 1,2-propanediol was intermedi-

Figure 2. Scanning electron micrograph of the porcine 
cornea frozen in 10% glycerol in cryoprotective medium. 
The endothelial cell surface shows an irregular cell pat-
tern and the membranes of some cell are disrupted. 
Magnification 1 000×

Figure 1. Scanning electron micrograph of the porcine 
cornea frozen in 10% Me2SO in cryoprotective medium. 
The endothelial cell surface is almost intact but the cell
boundaries are not clearly distinguished. Some of the cells 
are destroyed partially. Magnification 1 000×
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Figure 4. Scanning electron micrograph of the porcine 
cornea frozen in 10% PEG-400 in cryoprotective medium. 
The endothelial cell surface is generally smooth and the 
cell boundaries become more distinguishable. Magnifi-
cation 1 000×

Figure 3. Scanning electron micrograph of the porcine 
cornea frozen in 10% 1,2-propanediol in cryoprotective 
medium. The endothelial cell surface appears smooth 
but the cell boundaries are indistinguishable and the cell 
junctions are not tight. Magnification 1 000×

Figure 6. Scanning electron micrograph of the porcine 
cornea frozen in 20% human albumin as cryoprotective 
medium (control). The endothelial cell surface is altered, 
cell boundaries are missing and some cell surface mem-
branes are destroyed. Magnification 1 000×

Figure 5. Scanning electron micrograph showing the 
surface of the normal porcine corneal endothelium. The 
endothelial cell surface is generally smooth end shows 
a regular cell pattern. The elevation of the hexagonal cell 
boundaries is present. Magnification 1 000×
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ary between Me2SO and glycerol. The cell recovery 
is higher than that with cryoprotector glycerol 
(Table 1) and the cell integrity is better preserved. 
One disadvantage of the use of 1,2-propanediol 
as cryoprotector is the presence of gaps in a large 
number of endothelial cells (Figure 3).

The best results were obtained when PEG-400 was 
used as porcine corneal cryoprotector. The highest 
percentage of entirely recovered cells (Table 1) with 
unimpaired cell to cell contacts (Figure 4) in the 
endothelial layer made PEO-400 the most conven-
ient cryoprotectant for porcine cornea.

In the control group (a) the endothelium surface 
appears generally smooth, except for the elevation 
of the hexagonal cell boundaries (Figure 5). In the 
control group (b) ultrastructural changes are char-
acterized by destruction in the cell membranes and 
abolishment of the cell boundaries (Figure 6).

All four cryoprotectants in 5% or 10% concentra-
tions were applied for freezing experiments using 
two different cooling rates – 1ºC/min and 5ºC/min. 
The recovery of the endothelial cells favoured the 
cooling rates of 1ºC/min for all of them with the 
exception of PEG-400 where no difference between 
the two rates was found (Table 1).

DISCUSSION

The cell membrane is an important element of 
the cell structural organization. It is extremely im-
portant for the biological function and is a prime 
site for injury or alterations caused by temperature 
changes and other factors during cooling. During 
the processes of freezing and thawing the cell mem-
brane could be affected by the ice crystal formation 
outside as well as inside of the cell walls, depend-
ing on their type. The perfect case is a formation 
of amorphous ice at both sides. This could be de-
termined by the use of different cryoprotectors 
(Meryman, 1971).

The purpose of the present study was to develop 
an optimal freezing method for cryopreservation of 
porcine donor corneas for transplantation compar-
ing four different cryoprotectors in concentrations 
of 5% and 10% and using cooling rate of 1ºC/min or 
5ºC/min. Studies have been reported on cryopro-
tection of porcine cornea in dextran and Me2SO of 
concentrations higher than those used in our ex-
perimental system (Canals et al., 1996; Wusterman 
et al., 1999). The human cornea has been shown to 
successfully recover from freezing cryoprotected 

in Me2SO (Canals et al., 1999), Me2SO, formamide 
and 1,2-propanediol (Bourne and Nelson, 1994), 
Me2SO, glycerol and 2,3-butanediol (Bourne et al., 
1994). Although the results of these experiments 
have been satisfactory, the damage cannot be com-
pletely avoided using these cryoprotectors.

PEG-400 has a low cytotoxicity, its presence 
in the freezing medium leads to the formation of 
amorphous structures and hinders ice crystals, 
i.e. the formation of ice occurs outside of the cell. 
PEG-400 forms complexes with the water of the 
biological structures, stabilizes the hydration mesh 
surrounding the proteins and decreases the action 
of the harmful factors during the low temperature 
preservation. It has been shown to cryopreserve 
rabbit and human corneas with a high degree of 
protection of the endothelial monolayer after 
thawing (Neronov and Michailova-Boiadjieva, 
1989).

This study indicates that it is possible to pre-
serve porcine corneas with a high level of struc-
tural integrity and viability if PEG-400 is used as 
a cryoprotector.
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