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Abstract
Background—Removal of bovine serum
from organ culture medium is necessary
because of the variability in serum com-
position and the potential risk of infection.
Two specific endothelial cell media (F99
and Endothelial-SFM) were compared
with the routinely used medium MEM for
their use in serum free cultivation of
human corneal endothelial cells (HCEC)
and donor corneas.
Methods—HCEC were incubated in three
test media with or without increasing
serum content and a growth assay was
performed. Seven pairs of donor corneas
were cultured in each of three media for 3
weeks, one cornea with serum supplemen-
tation and one without. Endothelial cell
density was determined once each week.
Trypan blue staining of the endothelium
and vital staining of keratocytes was
performed after 3 weeks.
Results—All three media promoted pro-
liferation of cultured HCEC when supple-
mented with serum. Endothelial cell
density of donor corneas was comparable
after 3 weeks of cultivation in the diVerent
media. Only corneas cultured in medium
MEM without serum exhibited a higher
endothelial cell loss. Trypan blue staining
of the endothelium after cultivation re-
vealed the lowest number of damaged cells
on corneas cultured in the medium
Endothelial-SFM. The highest densities of
keratocytes were found in corneas cul-
tured in Endothelial-SFM and the lowest
densities occurred after culture in MEM.
Conclusion—After incubation in
Endothelial-SFM even under serum free
conditions corneas were found to be of
higher quality with respect to endothelial
cell survival, cell membrane integrity, and
keratocyte density. This medium may
replace MEM, which is routinely used in
European eye banks but requires supple-
mentation with serum.
(Br J Ophthalmol 2001;85:1416–1420)

The endothelial cell density is the main
criterion for the quality of a donor cornea and
is known to decrease during organ culture.1–3

Therefore eVorts were made to avoid endothe-
lial cell loss during organ culture, and even to
increase cell density—for example, by supple-
mentation of the culture medium with mi-
togenic agents.4 Barisani-Asenbauer et al5 did
not find any eVect of epithelial growth factor

(EGF) or insulin-like growth factor (IGF) on
cultured corneas within the first 2 weeks of
culture but they described a stabilisation of the
endothelial cell pattern during the following 2
weeks.

Methods to isolate and cultivate human cor-
neal endothelial cells have been established.
Specification of the medium and medium sup-
plementation led to the definition of culture
conditions for these cells.6 Moreover, the
suitability of cultured human corneal endothe-
lial cells for testing diVerent media and
medium components for their application in
cornea banking has been demonstrated be-
fore.7 Our experience in organ culture as well
as in the cultivation of human corneal endothe-
lial cells has exposed a certain inconsistency:
on one hand a minimal nutritional environ-
ment is used for organ culture of donor
corneas using minimal essential medium
(MEM) and low serum content,8 while on the
other hand highly defined conditions are
necessary for cultivation of isolated human
corneal endothelial cells. These findings led to
the question of whether more enriched me-
dium than MEM should be used for donor
cornea preservation and if such a medium
could be used without serum supplementation.
This would allow the avoidance of the use of
bovine serum for human cornea preservation.

In this study we compared the eVect of three
diVerent media with or without serum supple-
mentation on cultured corneal endothelial cells
as well as on donor corneas. MEM is routinely
used for cornea preservation in European eye
banks. Medium F99, a 1:1 mixture of medium
Ham’s F12 and Medium 199, has been shown
to be an optimised medium for culture of
human corneal endothelial cells.9 Medium
Endothelial-SFM (Life Technologies) has
been designed for cultivation of vascular
endothelial cells especially under serum free
conditions. The composition of this medium is
not published, but it is understood not to con-
tain growth factors or animal derived compo-
nents. The medium Endothelial-SFM, to-
gether with medium F99, has been found to be
superior for human cornea preservation in
comparison with other commercial available
media in a previous study.10 In this previous
study, all the media were supplemented with
bovine serum. In the present study we show for
the first time that the use of Endothelium-
SFM may allow long term storage of human
donor corneas under serum free conditions.
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Material and methods
CELL CULTURE

Human corneal endothelial cells of a 91 year
old donor were isolated from an organ cultured
cornea that had been deemed unsuitable for
transplantation purposes, and then cultured as
described elsewhere.6 9 These cells were im-
mortalised by transfecting them with pRNS,11

a plasmid containing the genes for the SV40
small and large T antigens.12 The immortalised
cells were cultured in medium F99 (a 1:1 mix-
ture of Ham’s F12 (Life Technologies) and
M199 (Life Technologies)) supplemented with
5% fetal calf serum, 20 µg/ml ascorbic acid
(Sigma), 20 µg/ml bovine insulin (Sigma), 2.5
µg/ml transferrin (Sigma), 0.6 ng/ml sodium
selenite (Sigma), and 10 ng/ml basic fibroblast
growth factor (rh, Seromed).6 They were culti-
vated in 25 cm2 Costar flasks,13 which were
maintained at 37°C in a humidified atmos-
phere containing 5% CO2.

PROLIFERATION ASSAY

The cells were seeded in 2.0 ml of the above
mentioned culture medium onto six well
culture dishes (2000 cells/well) from Costar.
After 24 hours, most of the cells had attached
to the bottom of culture dishes and the
medium in each set of culture dishes was
replaced by one of three diVerent test media
(F99, Endothelial-SFM, and MEM). Test
media in each culture dish were supplemented
with diVerent amount of FCS (0%, 0.05%,
0.1%, 0.5%, 1%, 5%). The test media were
renewed after 4 days and then on the 6th and
the 8th days. After 4 days of cultivation and
then every subsequent day the number of cells
was estimated in one of the culture dishes from
each set.

DETERMINATION OF CELL NUMBER

Cell number was determined as described
before.14 The cultures were washed with PBS
and cells were removed from the culture dish
by adding 1 ml of 0.05%/0.02% trypsin/EDTA
solution and exposure at 37ºC in air supple-
mented with 5% CO2 for 8–12 minutes. The
obtained cell suspension was diluted in 9 ml of
isotonic salt solution and counted using a
Coulter Counter ZM (Coulter Electronics
GmbH, Krefeld, Germany).

ORGAN CULTURE

The medium eVect on organ cultured corneas
was analysed using 21 pairs of donor corneas.
These corneas were not suitable for kerato-
plasty owing to low endothelial cell count, high
postmortem time, or failure to maintain
serological testing of the donor. The corneas of
seven donors were incubated in each of three
media, one cornea with and the other without
2% serum supplementation. The donor cor-
neas were fixed in a corneal holding device and
cultured in 50 ml tissue culture flasks at 37°C
in an atmosphere containing 5% CO2.

15 The
medium was not changed during the observa-
tion period. Mean donor age was 70.7 (SD
10.3) years for corneas incubated in medium
MEM, 73.1 (7.2) years for corneas incubated

in medium F99, and 72.0 (10.5) years for cor-
neas incubated in medium Endothelial-SFM.
The postmortem times were 60.9 (35.1) hours
(MEM), 60.9 (24.3) hours (F99), and 49.4
(23.9) hours (Endothelial-SFM), respectively.

EVALUATION OF CORNEAL ENDOTHELIAL CELL

DENSITY

Every week each cornea was placed in BSS
solution, the endothelium was examined by
means of phase contrast microscopy (Labovert
FS, Leitz, Germany) and photodocumented.
Using these pictures, cell numbers within
diVerent frames each representing an area of
0.02 mm2 were counted. Subsequently the cor-
nea was transferred to the same medium and
further cultivated as described above.

TRYPAN BLUE STAINING

Trypan blue staining was performed as de-
scribed before.16 After 3 weeks of cultivation
the cornea was washed in 0.9% NaCl and the
endothelium was covered with 200 µl trypan
blue solution (0,5% in 0.9% NaCl solution,
Serva). After 2 minutes the cornea was again
washed in 0.9% NaCl solution and the
endothelium was evaluated under a micro-
scope. A photograph was taken and the area of
blue stained endothelium was determined.

ANALYSIS OF KERATOCYTES

Keratocytes were analysed in corneal sections
by means of a live dead assay (Molecular
Probes) using fluorescent dyes. Before cutting,
the corneas were washed extensively in PBS
and endothelium and epithelium of the cor-
neas were removed to avoid high fluorescence
by intensely stained endothelial or epithelial
cells. From each cornea two longitudinal tissue
sections of 2 mm were excised. One of these
sections was further transversally cut into three
pieces, one representing the anterior stroma,
another two representing central and posterior
stroma respectively. Directly before staining a
mixture of 2.5 µl calcein, AM (4 mM in
DMSO), and 10 µl ethidium homodimer-1 (2
mM in 1:4 DMSO/H2O) in 5 ml PBS was pre-
pared. Tissue sections were incubated in this
solution for 40 minutes in the dark. Without
any washing steps the tissue sections were
placed onto the microscope slides and analysed
by means of a fluorescence microscope (Leitz,
Fluovert FS).

STATISTICS

Data are given as mean (SD). DiVerences in
mean values among the groups were compared
by analysis of variance (ANOVA) using SPSS

Base 10.0 software.

Results
In the first part of this study we analysed the
eVect of three diVerent basal media on isolated
immortalised human corneal endothelial cells
in vitro. All three media supported prolifera-
tion of cultured human corneal endothelial
cells when supplemented with 0.05% FCS.
Further increase of FCS supplementation
resulted in a dose dependent stimulation of cell
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proliferation (Fig 1). The lowest rates of prolif-
eration were observed in medium Endothelial-
SFM, especially during the first week of
culture. Use of media F99 and MEM led to a
decrease in cell number after 1 week (Fig 1)
and total cell death was observed after 2–3
weeks. Endothelial-SFM was the only medium
that enabled prolonged cultivation without
serum supplementation.

The influence of the diVerent media on organ
cultured corneas was investigated in the second
part of this study. Endothelial cell density

decreased during culture in all three media
supplemented with FCS or not (Table 1). The
highest decrease in cell density occurred within
the first week. The further decrease observed
during the following 2 weeks was less pro-
nounced. No diVerences between the media
were observed, except in the case of serum free
MEM. During culture in this medium the main
endothelial cell loss significantly increased (Fig
2). This was due to extended necrotic areas
present in the endothelium of four out of seven
corneas cultured in medium MEM without
FCS after 3 weeks. In medium MEM with 2%
FCS or medium F99 (plus or minus 2% FCS)
comparable endothelial necrotic areas were
seen in only one out of seven corneas. Such an
extended necrosis was observed in none of the
corneas cultured in serum free or serum
supplemented Endothelial-SFM medium. A
comparable result was observed after trypan
blue staining of the corneal endothelium (Fig
3). Nearly half (44%) of the corneal endothelial
cells exhibited positive staining after 3 weeks of
cultivation in medium MEM. A reduction of
the trypan blue stained area to about 22% of
the corneal surface was observed in serum sup-
plemented MEM. The corresponding values
were 13% for the corneas cultured in F99 and
6% for corneas cultured in Endothelial-SFM,
regardless of serum supplementation.

Statistical analysis revealed that culturing
the corneas in SFM led to significant smaller
necrotic areas in comparison with MEM. This
significant result was observed between both
media supplemented or unsupplemented with
FCS (p<0.05). However, only serum free con-
ditions showed significant diVerences between
media MEM and F99 as well as between media
F99 and SFM (p<0.05) (Fig 3). FCS supple-
mentation in all three media tested in this
study had no significant influence on the
necrotic areas in the endothelial cell layer (p
>0.05) (Fig 3).

With respect to the condition of the
keratocytes, after the culture period of 3 weeks
we compared the amount and the viability of
these cells in three diVerent corneal layers: the
anterior stroma underlying the epithelium, the
central stroma, and the posterior stroma next
to Descemet membrane. The corneas cultured
in Endothelial-SFM exhibited the highest
overall number of keratocytes especially when
cultured without serum supplementation. The
number of keratocytes was relatively low only
in the anterior part of the stroma with a high
portion of dead cells. The morphology of the
keratocytes was comparable with that observed

Figure 1 Proliferation of isolated human corneal endothelial cells during culture in
medium MEM (A), F99 (B), and Endothelial-SFM (C). Cells were seeded on six well
plates (2000 cells/well) and cultured using the indicated medium without serum
supplementation or in the presence of 0.05%, 0.1%, 0.5%, 1%, or 5% FCS, respectively.
The number of cells was determined after 4, 5, 6, 7, 8, and 11 days of culture. Indicated cell
amounts are means (SD) of six independent experiments.

125 000

100 000

75 000

50 000

25 000

0

FCS supplement (%)

Day 4
Day 5
Day 6
Day 7
Day 8
Day 11

A

N
u

m
b

er
 o

f 
ce

lls

510.50.10.050

125 000

100 000

75 000

50 000

25 000

0

FCS supplement (%)

Day 4
Day 5
Day 6
Day 7
Day 8
Day 11

B

N
u

m
b

er
 o

f 
ce

lls

510.50.10.050

125 000

100 000

75 000

50 000

25 000

0

FCS supplement (%)

Day 4
Day 5
Day 6
Day 7
Day 8
Day 11

C

N
u

m
b

er
 o

f 
ce

lls

510.50.10.050

257 400

221 500

158 300

Table 1 Endothelial cell densities at the beginning of organ culture and after 1, 2, and 3 weeks of culture in medium
MEM, F99, and endothelial-SFM (SFM) with or without serum supplementation. Indicated are the means (SD) of the
corneal endothelial cell densities of seven cornea

Medium Before organ culture After 7 days of organ culture After 14 days of culture After 21 days of culture

MEM without FCS 2360 (470) 1920 (350) 1880 (250) 1370 (630)
MEM + 2% FCS 2190 (590) 1960 (450) 1590 (430) 1590 (470)
F99 without FCS 2390 (310) 2020 (340) 1970 (330) 1770 (370)
F99 + 2% FCS 2260 (380) 1790 (520) 1720 (420) 1640 (470)
SFM without FCS 2600 (210) 1960 (420) 2040 (280) 1940 (200)
SFM + 2% FCS 2510 (340) 1930 (340) 2030 (230) 1840 (380)
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in the other corneas but the staining was not as
intensive as that found after culture in MEM or
F99.

The number of keratocytes in the anterior
stroma was highest in corneas cultivated in
MEM compared with the other corneas. The
cells exhibited a large variation in shape and
morphology. The keratocytes were less fre-
quent in the central part of the cornea where
they exhibited a pyramidal shape with some
network forming prolongations. Round or
spindle-like keratocytes were found in the pos-
terior stroma in a relatively low concentration.
In some corneas cultivated in MEM without

serum supplementation, it was not possible to
identify the diVerent layers of the stroma with
their typical keratocytes. Moreover, the typical
parallel arrangement of keratocytes in the cen-
tral part of the stroma was no longer detect-
able.

The lowest overall number of keratocytes
was observed after the culture in medium F99.
Supplementation of the medium with FCS
resulted in only a slight increase in the number
of keratocytes. The morphology of the kerato-
cytes within the diVerent parts of the stroma
was comparable with those of corneas culti-
vated in medium MEM. No incidence for dead
keratocytes was found in the posterior part of
the cornea.

Discussion
Bovine serum is a complex mixture of diVerent
substances, some of which are as yet undeter-
mined. Furthermore, variability in the compo-
sition of the serum can occur from lot to lot. In
addition, it is known that even minor changes
in the culture medium can have an influence
on the quality of the donor corneas. Therefore,
it is desirable to have a well defined and
consistent medium suitable for the preserva-
tion of human donor corneas.

Serum may be a possible source of prions,
which are thought to induce a new form of
Creutzfeldt-Jakob disease (CJD). A case of
growth hormone related CJD has been re-
ported.17 Furthermore, evidence exists for the
transmission of CJD via corneal trans-
plants,18 19 but in these cases corneas were
derived from donors suVering from CJD.
Although there is no evidence of transmission
of prion protein by use of serum supplementa-
tion in organ culture medium, the use of a
serum free culture medium would exclude any
risk of transmission of infection via bovine
serum.

In the first part of this study we chose to
investigate the eVect of diVerent media on iso-
lated human corneal endothelial cells because
the endothelium represents the most impor-
tant cell layer of the cornea. We used
immortalised human corneal endothelial cells11

which exhibit morphological and functional
properties comparable with normal human
corneal endothelial cells20 21 to avoid possible
variations caused by diVerent properties of pri-
mary cell cultures established from various
donors.

Stimulation of proliferation of cultured
human corneal endothelial cells was compar-
able in the case of all three mentioned media
when serum supplementation was used. This
finding corresponds to the results of our previ-
ous study where proliferation of corneal
endothelial cells was analysed after 18 day of
culture in 11 diVerent basal media,10 a study in
which higher serum levels were tested on
primary human corneal endothelial cells. Long
term culture of the cells without serum supple-
mentation was only possible in the
Endothelial-SFM medium. This result indi-
cates that Endothelial-SFM medium contains
all substances suYcient to maintain viability of
cultured human corneal endothelial cells and

Figure 2 Endothelial cell loss of donor corneas during organ culture in medium MEM,
F99, and Endothelial-SFM (SFM) with or without supplementation of 2% FCS. Cell
densities were determined at the beginning of organ culture and then every week. Indicated
are the means (SD) for the decrease in endothelial cell density determined from seven
corneas.
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Figure 3 Analysis of damaged endothelium after 3 weeks of organ culture by means of
trypan blue staining. Indicated are the means (SD) of the percentage of blue stained
endothelial cells from seven corneas cultivated in the indicated medium with or without 2%
FCS supplementation. Statistical analysis revealed the following results:
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even to provoke their proliferation. The
comparatively low proliferation activity within
the first week of culture in Endothelial-SFM
medium may be due to adaptation.

In the second part of the study we incubated
donor corneas in the diVerent culture media.
The results demonstrated that in the conven-
tionally used MEM medium, serum supple-
mentation was obligatory as had been shown
by the development of large areas of necrosis
within the endothelium revealed by trepan blue
staining. Trypan blue staining has been shown
to be a simple method to determine membrane
integrity of corneal endothelial cells16 and is
routinely used in some cornea banks.8 The dye
is incorporated only by damaged cells and
leads to intensive blue staining.

The highest number of damaged endothelial
cells was found in MEM medium without
serum. Serum supplementation led to the
reduction of the endothelial damage but the
value remained higher than in corneas incu-
bated in medium F99. The best results were
found in Endothelial-SFM medium. Viability
testing is more readily apparent than the deter-
mination of endothelial cell density, because
damaged cells can be identified and monitored
long before they die, leading to the decrease in
endothelial cell density.

The density of keratocytes within the stroma
decreases during the culture in MEM but their
proliferative capacity is maintained.22 23 In
freshly prepared corneas Poole et al24 described
three diVerent types of keratocytes: in the ante-
rior stroma small keratocytes forming a three
dimensional network; in the central stroma
pyramidal cells with short prolongations by
which only neighbouring cells of the same
plane are connected; and in the posterior
stroma, large keratocytes with short prolonga-
tions forming a three dimensional network. In
this study, viable keratocytes were found in all
layers of all corneas in all three media after 3
weeks of cultivation. The main diVerence after
organ culture in the three mentioned media
concerned the keratocyte density in the central
part of the stroma. The highest keratocyte
density was found in corneas cultivated in
Endothelial-SFM medium with or without
serum supplementation. This may indicate
that Endothelial-SFM satisfies the nutritional
requirements of the endothelium as well as of
the keratocytes during organ culture. The low-
est density was found in the central stroma of
corneas when cultivated in MEM medium.
This indicates that a so called “minimal” basal
medium is not suYcient for cornea banking.

On the other hand F99 medium which was
developed for optimised culture of human cor-
neal endothelial cells in vitro9 did not give the
best results in the preservation of whole
corneas. This may be due to the fact that F99
was designed to provoke corneal endothelial
cell proliferation in vitro, whereas proliferation
of these cells in situ does not occur. Further-
more the presence of keratocytes and the
stroma in the organ culture may influence the
nutrient demand of the endothelial cells in
comparison with pure cultures of corneal
endothelial cells.

In a previous study we have shown, that
serum supplemented Endothelial-SFM is a
promising basal medium for organ culture of
human donor corneas.10 In this study we dem-
onstrate for the first time that this medium is
also suitable for cornea preservation without
serum supplementation. The use of
Endothelial-SFM can exclude any variability in
medium composition and also minimise the
risk of infection resulting from the supplemen-
tation of serum.
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