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ABSTRACT
Purpose: To assess whether injured porcine endothelium of small and large corneoscleral disc differ in its
reparative/regenerative capacity under various conditions of organ culture storage.
Material and methods: 166 paired porcine corneas were trephined to obtain tissues with diameter
12.0 mm and 17.5 mm (with area neighboring endothelial periphery). In tested discs, central endothelium
was mechanically wounded. Density of live endothelial cells (LECD), percentage of dead cells (%DC),
coefficient of variation and cell hexagonality were assessed in central and paracentral endothelium
following 5- or 9-day incubation in medium with 2% or 10% fetal bovine serum. The parameters were
assessed also in fresh and intact cultured discs. Dead endothelial cells (EC) were visualized by trypan blue,
cell borders by Alizarin Red S dye. Endothelial imprints were immunoassayed for the proliferation marker
Ki-67 and the nucleolar marker fibrillarin.
Results: In fresh corneas, the LECD/mm2 (mean ± standard deviation) were 3998.0 ± 215.4 (central area)
and 3888.2 ± 363.1 (paracentral area). Only the length of storage had significant effect on wound repair.
Lesion was repaired partially after 5-day and fully after 9-day cultivation. After 9-day storage in medium
with 10% serum, the mean LECD detected in small discs were 2409.4 ± 881.8 (central area) and
3949.5 ± 275.5 (paracentral area) and in large discs the mean LECD were 2555.0 ± 347.0 (central area)
and 4007.5 ± 261.2 (paracentral area). Ki-67 showed cell proliferation associated with healing of EC of
both large and small corneas.
Conclusions: The lesions were completely repaired within 9 days of storage. Presence of the area, where
stem cells appear to be located, contributes to stimulation of endothelial reparation less than serum
concentration and time of culture. Both cell migration and proliferation contribute to the wound repair.
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Introduction

Amonolayer of corneal endothelial cells (EC) plays an essential
role in the maintenance of corneal transparency by controlling
stromal hydration. Under physiological conditions, human
ECs are arrested in the G1-phase of the cell cycle, but they
retain their proliferative potential.1–3 The endothelial cell den-
sity (ECD) gradually decreases after the birth.4 In most
European eye tissue banks, corneas with ECD less than 2000
and 2500 cells per mm2 are usually not used for penetrating or
endothelial lamellar keratoplasty, respectively.5–7

In case of endothelium wound, the dead cells (DC) detach
from the underlying Descemet’s membrane (DM) and remain-
ing ECs enlarge and migrate toward the lesion to cover the
denuded area.8,9 Besides this reparative capacity,3,10 some evi-
dences show that putative stem cells for human ECs may reside
in specific stem cell niches in locations close to corneal periphery
or in the Schwalbe’s line, forming a discontinuous cord in the
transition zone (TZ) between the corneal endothelium and the
trabecular meshwork.10–12 It is supposed that throughout the life
these cells slowly divide and continuously migrate toward the

center of cornea and support its self-renewal.13 Besides endothe-
lium repair, the tissue regeneration plays a secondary role, and is
probably stimulated by disruption of cell-cell contacts and by
growth-factors stimulation.3,14

Porcine tissue was suggested as a close equivalent of human
tissue15-17 and pigs as a reliable model to study mechanisms of
human diseases due to anatomical and biochemical
similarities.15,18,19 Porcine cornea has oval shape with an aver-
age diameter 14.2 mm horizontally × 12.0 mm vertically and
lacks Bowman’s layer.20,21 In average, it is almost twice as thick
as the human cornea (473–597 µm),22 but its thickness can
reach up to 832.6 ± 40.18 µm.23 Compared to human, porcine
cornea is less stiff, probably due to collagen fibril arrangement,
which is circular, in contrast to the orthogonal orientation of
fibrils in human corneal stroma.20,21,24,25 A typical lifespan of
domestic pigs is 10–20 years.26 Pig of age of 5–6 months corre-
sponds to human age of 7.7–9.3 years, based on relative lifespan
and development of puberty/sexual activity.17 The porcine
endothelium does not proliferate in vivo, but retains its pro-
liferative capacity and thus can be stimulated to divide by
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external factors.27,28 In the pig eye, the ECD decreases and cell
size increases with advancing age or as a response to the
injury.17

The first goal of this study was to determine whether after a
mechanical damage of central endothelium the pig corneas with
the presence of TZwill repairmore quickly than corneas without
TZ. The second goal was to compare the reparative capacity of
endothelium when stored under various organ culture (OC)
conditions (serum concentration, storage period).

Materials and methods

Sample preparation and grouping

The study followed the standards of the Ethics Committee of the
General University Hospital in Prague and Charles University,
Prague. All animal care procedures were in accordance with the
Principles of Czech Agriculture and Food Inspection Authority
of the Czech Republic. Whole eyes (n = 166) were obtained from
commercially slaughtered 5–6 months old domestic pigs and
processed within 3 h after enucleation. Eyes with transparent
corneas and with no visible pathological signs were properly
rinsed in distilled water, decontaminated in 5% polyvinylpyrro-
lidone iodine solution (EGIS Pharmaceuticals, Hungary) for
5 min, and washed with phosphate-buffered saline (PBS) after-
wards (10× stock solution from Gibco, Life Technologies,
Paisley, UK).

From paired eyes, two corneoscleral discs (discs) of the same
diameter, either 12.0 mm or 17.5 mm, were trephined. The larger
discs contained a corneal button with a 2–3 mm rim of sclera and
thus contained the cells located in the TZ (Figure 1). The discs

were divided into two groups (G): A group 1 (G1), the native discs
with intact ECs that were not cultured (n = 42) and used as
controls of condition of ECs directly after preparation, and a
group 2 (G2), the discs that were organ cultured (n = 124).
Cultured corneas of G2 were divided in 16 subgroups (C1–C16,
six corneas per each group at least), as summarized in Figure 2
and Table 1, based on three factors: (a) on vitality of the central
endothelium that remained intact (−) or was centrally injured (+);
(b) on duration of OC, which was either 5 or 9 days in total (5d,
9d); and (c) on the concentration of foetal bovine serum (FBS)
included in OCmedium that was either 2% or 10% (see following
text for details).

Organ culture conditions

All obtained G2 discs were stored with endothelium side upward
in 100 ml sealable glass bottle with 50 ml of OC medium
composed of Earle’s salts Minimum Essential Medium containing
L-glutamine; 25 mM HEPES (Sigma-Aldrich, St. Louis, MO,
USA); 2.24 g/l NaHCO3; 1× antibiotic–antimycotic solution
(Gibco, Life Technologies, Thermo Fisher Scientific, Waltham,
MA,USA), and 2% (v/v) or 10%FBS (Invitrogen, Gibco, Glasgow,
UK). The discs were cultured for 5 or 9 days at 31°C in normal
atmosphere. The OC period included 24–36 h deswelling period
of discs placed in OC medium enriched by 5% (v/v) dextran 500
(Sigma-Aldrich, Buchs, Switzerland) at room temperature (RT).

Mechanical damage of endothelium

G2 group was used to study the pace of wound closure
(repair) and accompanying morphological changes of ECs.

Figure 1. Preparation of the corneoscleral discs from porcine eyes. (A) Paired porcine eyes were washed with distilled water and stored in a closed wet-chamber.
(B) Eyes were decontaminated in 5% polyvinylpyrrolidone iodine solution and rinsed with phosphate-buffered saline (PBS). Two corneoscleral discs with diameter
either 12 mm or 17.5 mm were trephined from a pair of eyes; (C) the discs were then placed into Petri dish and the vitreous, lens, and iris were then gently removed;
(D) the endothelium, overlayered by PBS, was centrally injured using a custom-made 3-mm metal rod with flat tip and rounded edge (E).
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From paired eyes, the EC monolayer of one disc was
centrally injured (n = 62) and the endothelium of contral-
ateral eye was left intact (n = 62) and served as control to

assess side effects of the culture conditions on intact EC
monolayer. A circular lesion was introduced to the
endothelial monolayer by a custom-made steel rod with a

Figure 2. A schema illustrating experimental groups of corneoscleral discs used in the study. The discs were divided into two groups (G): group G1 (n = 42) of
non-cultured intact discs with endothelium in native state, and group G2 (n = 124) of cultured discs, either intact (−) or injured (+). Cultured corneas were than
divided in 16 subgroups (C1–C16), on the basis of one of the three factors: on condition of endothelium (injured or intact); on OC duration (5 or 9 days, ‘d’); or on
concentration of serum (FBS) in culture medium (2% or 10%, v/v).

Table 1. The corneal endothelial parameters, endothelial cell density of live cells (LECD), and the percentage of dead cells (%DC) in the central (C) and paracentral
(PC) endothelium of corenoscleral discs (intact or injured), cultured under different conditions.

Cond. (days, FBS)
Small (S), large (L),
injured (+), intact (−) Group N LECD (C) (cells/mm2 ± SD) LECD (PC) (cells/mm2 ± SD) DC (C) (%) DC (PC) (%)

5d, 2% S(−) C1 7 4203.5 ± 248.0 4110.8 ± 245.7 0.4 ± 0.9 0.4 ± 0.6
S(+) C2 7 229.7 ± 201.8 2957.3 ± 807.5 78.2 ± 16.2 2.7 ± 4.9
L(−) C3 9 4193.0 ± 341.1 4117.2 ± 322.1 0.4 ± 0.6 0.6 ± 0.6
L(+) C4 8 351.0 ± 390.1 3425.7 ± 266.1 63.7 ± 31.8 2.2 ± 4.7

5d, 10% S(−) C5 7 4024.3 ± 447.8 3970.9 ± 185.5 – 0.1 ± 0.1
S(+) C6 9 404.1 ± 275.2 3156.6 ± 477.8 48.0 ± 29.9 1.1 ± 1.8
L(−) C7 8 4004.9 ± 547.6 4165.0 ± 368.2 0.3 ± 0.9 0.1 ± 0.1
L(+) C8 8 742.0 ± 502.0 3236.4 ± 833.7 29.7 ± 16.9 0.5 ± 0.8

9d, 2% S(−) C9 7 3778.7 ± 395.8 3729.7 ± 275.0 0.3 ± 0.4 0.6 ± 0.9
S(+) C10 8 1657.3 ± 597.8 3431.8 ± 400.7 13.9 ± 25.9 1.0 ± 1.7
L(−) C11 7 4065.4 ± 621.3 3977.7 ± 229.6 0.5 ± 0.2 0.4 ± 0.3
L(+) C12 6 1902.1 ± 700.0 3867.8 ± 316.0 13.4 ± 21.7 0.6 ± 0.6

9d, 10% S(−) C13 6 3996.2 ± 604.1 4096.0 ± 379.1 0.4 ± 0.6 0.1 ± 0.1
S(+) C14 8 2409.4 ± 881.8 3949.5 ± 275.5 6.8 ± 17.9 0.6 ± 0.9
L(−) C15 8 4375.3 ± 297.9 4033.3 ± 313.8 0.1 ± 0.2 0.4 ± 0.8
L(+) C16 8 2555.0 ± 347.0 4007.5± 261.2 1.7 ± 2.8 0.1 ± 0.1

Cond., storage condition; d = days of organ culture, incl. 24-36-h deswelling in cultivation medium with dextran; FBS, concentration (v/v) of fetal bovine serum in
storage medium; S, small corneoscleral discs with a diameter 12 mm; L, large corneoscleral discs with a diameter 17.5 mm; C, central endothelium; PC, paracentral
endothelium (adjacent to former lesion); SD, standard deviation; (+) injured disc (sample); (−) intact disc (control); LECD, endothelial cell density of live cells; DC,
percentage of dead cells.
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flat tip and a rounded edge (Figure 1), having 3.0 mm
diameter and the area of 6.8 mm2. The diameter of the
damage corresponded to 5% of an area of average porcine
EC monolayer, which is about 136 mm2.21 The tip of the
rod was pressed gently onto the center of disc for 5 s. A
care was taken to not tear the underlying DM. The size and
shape of the lesion, the integrity of DM, and the viability of
ECs outside the lesion were inspected with inverted light
microscope Olympus CKX41 (Olympus, Hamburg,
Germany) after staining with 0.2% trypan blue (TB)
(Sigma-Aldrich, St. Louis, MO, USA) in PBS. If the damage
of ECs exceeded about 5% outside the lesion or if the clear
circular wound area was not seen, the disc was excluded
from the experiment.

Visualization of endothelial cells

For assessment of morphometric parameters of ECs after
preparation (G1) and after OC (G2), including residual
wounds, the EC borders were visualized by staining with
0.2% TB for 3 min, followed by staining with 0.2%
Alizarin Red S (pH 4.2) (Sigma-Aldrich, Saint Louis,
MO, USA) and fixation in 96% ethanol for 3 min as
described previously.29–31 Central part (8.0 mm in dia-
meter) of each disc was punched out with the Barron
Donor Cornea Punch (Altomed Limited, Boldon, UK)
and the circle was flattened between a slide and coverslip,
immersed in a drop of physiological saline for consequent
microscopic assessment.

Assessment of endothelial parameters

The ECD, live endothelial density (LECD), both expressed in
number of cells per mm2, %DC, the coefficient of variation of the
cell area (CV), and the percentage of hexagonal cells (6A) were
assessed as described previously.6 The EC parameters of native
discs (G1) were assessed within a few minutes after preparation.
The ones of cultured discs (G2) were assessed directly after the
end of incubation in deswelling medium. The EC parameters
were assessed in two areas of interest: (a) in the central area (C),
corresponding to area of lesion (6.8 mm2) and (b) in the para-
central area (PC), corresponding to area in close proximity of
lesion, i.e., 2 mm wide ring, surrounding the central lesion
(Figure 3). Light microscope Olympus BX51 and Vosskühler
VDS CCD-1300 camera (VDS Vosskühler GmbH,
Osnabrueck, Germany) were used to record one C and four
non-overlapping PC images of the EC monolayer at magnifica-
tion of 200× (covered area of 0.3 mm2.) Additional four
non-overlapping PC images of the EC monolayer were taken
at magnification of 100× in order to cover larger area of EC
monolayer, needed for assessment of %DC. The EC parameters
were then calculated from collected images by a semi-automated
Lucia computer analysis system (Laboratory Imaging, Prague,
Czech Republic). The ECDwas calculated from 200 ECs in the C
of discs and in each of the four PC areas. The areas of nude DM
were evaluated as areas of dead EC, thus included into final %DC
parameter.

Immunolocalization of Ki-67 and fibrillarin

For assessment of ECs in proliferative state, at least three G1
discs and three representative G2 discs from each condition were
examined. The discs were washed with PBS, their EC monolayer
was imprinted onto the polycarbonate membrane (PCM)
(Merck Millipore, Tullagreen, Ireland), and the samples were
frozen immediately at −80°C, as described previously.32

Immunostaining for Ki-67 and fibrillarin followed protocol for
flat-mounted whole corneas,33 with minor modifications.
Briefly, the EC imprints on PCM were thawed and fixed in
0.5% (v/v) paraformaldehyde in PBS solution at RT for 30 min.
The ECs on PCM were washed in PBS and permeabilized by 1%
Triton-X 100 in PBS for 5 min. The ECs were then exposed to
0.33% Triton-X 100 in 2.5% bovine serum albumin (BSA) in PBS
(blocking solution). Primary and secondary antibodies were
used as follows: mouse monoclonal anti-Ki-67, clone MIB-I
(dilution 1/100; M7240, Dako, Glostrup, Denmark), and anti-
body against human nucleolar fibrillarin (dilution 1/1000),
kindly donated by Dr. U. Scheer (Biocenter of the University
of Wurzburg); secondary antibody goat anti-mouse IgG conju-
gated with Alexa Fluor 594 (dilution 1/300, #A11032; Invitrogen,
Molecular Probes, Eugene, OR, USA), and anti-human second-
ary antibody conjugated with Alexa Fluor 488 (dilution 1/50;
Invitrogen, #H10120). All antibodies were diluted in blocking
buffer (0.33% Triton-X 100 in 0.1% BSA) and samples incubated
at RT for 1.5 h in a dark wet-chamber. Imprints were then
transferred to themicroscope slide and the nuclei counterstained
with Vectashield – DAPI mounting medium (Vector
Laboratories, Inc., Burlingame, USA). A non-confluent culture
of HeLa cells (kindly donated by Dr. Dusan Cmarko) served as
positive control for Ki-67. Before microscopic assessment, PCM
were moistened by a drop of PBS to increase their transparency
and then placed between microscope slide and coverslip. Images
of EC were recorded with fluorescent microscope Olympus
BX51 at 200× magnification and the Ki-67 positive cells (if
present) were counted in each of the collected images.

Statistical analysis

The final values of EC parameters were expressed as mean ± stan-
dard deviation (SD). Two means ± SD were counted from col-
lected data (EC parameters) for each of the 16 culture conditions
(C1–C16), one in central and one in paracentral endothelium. To
evaluate statistically significant differences in EC parameters
(LECD, %DC, CV, 6A), we compared groups of samples varying
in disc size (12.0-mm vs. 17.5-mm diameter), groups of samples
incubated in a medium with 2% vs. 10% FBS, and the groups of
discs cultured for a different time (5 days vs. 9 days). Data analysis
was carried out using MS Excel software (Microsoft Corp.,
Redmond, WA, USA), and F-test and two-sample two-tailed
Student’s t-test were performed. The differences were considered
statistically significant if the P-value was 0.05 or less.

Results

Wound repair of endothelium under OC

All used porcine corneas in native state were thick and flexible
with wide transparent portion of cornea, and became slightly
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swollen when cultured in OCmediumwithout dextran. Placing
the corneas to OCmedium with dextran resulted in thinning of
stroma to about a half of its thickness observed after OC.
Immediately after induction of the central injury (after TB
staining), the corneal endothelium showed a circular wound
with few ECs, cell debris and denuded DM. The wound borders
were sharp and non-injured cells adjacent to the area of damage
exhibited usual hexagonal EC morphology.

In native discs, the mean LECD (±SD) was 3998.0 ± 215.4
(C) and 3888.2 ± 363.1 (PC). The mean %DC (±SD) was
0.5 ± 0.9 (C) and 3.5 ± 7.8 (PC). The mean 6A (±SD) was
50.7 ± 4.3 (C) and 51.1 ± 3.1 (PC); and the mean CV (±SD)
was 13.3 ± 1.7 (C) and 13.7 ± 1.4 (PC).

The mean values of LECD (±SD), %DC, 6A and CV in the C
and PC endothelium of OC corneas (G2) are summarized in
Table 1 and Table 2. Cultured (intact) controls had stable LECD
in C and PC; %DC reached 0.6% at maximum, the 6A ranged
between 47.8% and 54.0%, and CV varied from 14.1 to 19.8. In
contrast, most of the EC parameters worsened in injured cul-
tured discs – lower values of LECD and 6A and higher %DC and
CV. After OC of injured discs, 6A was slightly lower in C (35.1–
44.2%) than in PC (45.8–51.3%) andmean CV values varied in C
(22.8–33.2) and in PC (17.6–35.2).

No significant difference of EC parameters was found
between small and large control discs of G2 group. The mean
values of LECD of large injured discs were numerically higher

Figure 3. A schema illustrating endothelial damage and assessed areas in porcine corneoscleral discs. (A) Two corneoscleral discs with diameter either 12 mm
or 17.5 mm were trephined from a pair of eyes. The grey circle indicates the endothelial lesion with diameter of 2.9 mm. TZ between corneal endothelium (EC) and
sclera is marked with dashed line. (B) One central (C) and four non-overlapping bright-field photographs from paracentral (PC) area were taken at a magnification
100× and 200× for the assessment of DCs and endothelial cell density, respectively. (C) Bright-field photograph (scale bar = 50 µm) of the endothelium, indicating
the central lesion and paracentral area. In paracentral area, a five to ten cell wide zone is visible, in which a gradual change in cell shape was observed. Borders of
endothelial cells are visualized with Alizarin Red S dye.

Table 2. The corneal endothelial parameters, the percentage of hexagonal cells (6A) and the coefficient of variation (CV), in the central (C) and paracentral (PC)
endothelium of corneoscleral discs (intact or injured), cultured under different conditions.

Cond. (days, FBS)
Small (S), large (L),
injured (+), intact (−) 6A (C) (%) 6A (PC) (%) CV (C) CV (PC)

5d, 2% S(−) C1 51.0 ± 4.6 51.0 ± 4.0 14.1 ± 1.9 15.8 ± 2.2
S(+) C2 35.1 ± 16.6 47.5 ± 5.6 22.8 ± 10.8 34.5 ± 23.1
L(−) C3 48.7 ± 2.2 49.2 ± 2.0 14.4 ± 1.2 17.6 ± 3.8
L(+) C4 37.1 ± 14.2 51.3 ± 3.4 31.4 ± 17.5 25.7 ± 9.2

5d, 10% S(−) C5 50.6 ± 4.2 51.3 ± 3.5 15.4 ± 3.5 17.3 ± 2.1
S(+) C6 42.4 ± 4.6 49.2 ± 3.1 31.7 ± 8.6 35.2 ± 19.6
L(−) C7 54.0 ± 5.1 52.2 ± 3.3 19.8 ± 11.7 17.1 ± 4.0
L(+) C8 42.0 ± 5.8 48.8 ± 3.2 33.2 ± 13.9 26.7 ± 17.3

9d, 2% S(−) C9 51.3 ± 4.0 48.7 ± 4.1 16.4 ± 3.5 17.9 ± 1.9
S(+) C10 44.2 ± 4.5 47.4 ± 3.2 28.4 ± 6.6 21.4 ± 5.5
L(−) C11 49.6 ± 5.3 47.8 ± 5.3 18.0 ± 8.9 18.2 ± 4.8
L(+) C12 44.1 ± 3.4 47.7 ± 3.3 33.2 ± 10.1 20.0 ± 4.3

9d, 10% S(−) C13 48.1 ± 4.0 50.1 ± 3.9 19.8 ± 6.6 17.8 ± 4.8
S(+) C14 40.2 ± 4.2 46.8 ± 3.4 28.8 ± 5.2 20.1 ± 3.7
L(−) C15 50.4 ± 4.5 48.3 ± 3.4 14.4 ± 1.6 17.0 ± 1.4
L(+) C16 37.2 ± 3.9 45.8 ± 3.3 29.2 ± 6.0 17.6 ± 2.5

Abbreviations are same as Table 1.
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than in small discs, but the difference was not statistically sig-
nificant. Compared to small discs, the mean values of %DC were
numerically lower in large discs in all conditions, gradually
decreasing in direction from C2 to C16 (Table 1), i.e., with
prolonged culture and increased FBS concentration. The only
significant difference in %DC (P = 0.036) was found between

paracentral %DC of small and large disc cultured for 9 days in
medium with 2% FBS (C10:C12 in Table 3). For 6A and CV
parameters, no statistically significant difference was observed
between small and large discs.

When we compared the EC parameters in G2 group with
respect to the serum concentration (2% vs. 10% FBS) we
found higher LECD in 75% of discs cultured in medium
with 10% FBS with two statistically significant differences
(C10:C14 and C12:C16, Table 3). The %DC was lower in all
C areas, except for one (C9:C13) and in all PC, after culture in
medium with 10% FBS, with statistically significant difference
in three cases (Table 3). The statistically significant difference
in 6A was observed also in three cases: in C (P = 0.036) and
PC (P = 0.025) of large control discs, cultured for 5 days (C3:
C7) and in C (P = 0.005) of large injured disc, cultured for
9 days (C12:C16), data not presented. No statistically signifi-
cant difference was observed for CV.

In general, the prolonged storage (9d) considerably improved
EC parameters of injured discs, when compared to shorter storage
(5d). After 5-day culture, the lesions were partially repaired in 95%
of discs, while after 9 days, complete reparation were observed in
99% of discs (Figure 4). Themean LECD in the Cwas significantly
higher (P < 0.05) in all injured discs after 9d cultivation, compared
to central LECD of injured discs cultured for 5 days. After 9d, the
mean LECD in the PC was higher in all injured discs, but the
increase was statistically significant in three out of four cases. The
LECD of intact cultured controls did not change significantly
(P > 0.05) after 9d culture except one case (C1:C9) when LECD
of 9d cultured discs decreased significantly in both C (P = 0.027)
and PC (P = 0.024) (Table 3). The %DC after 9d culture of injured
discs was lower in C and also in PC areas with the difference
significant only in C areas. The difference in 6A between 5d and
9d cultured discs was significant only in one case, in case of a slight
decrease in paracentral 6A after 9d culture of large intact control

Table 3. Statistical significance of difference in assessed corneal endothelial
parameters – the density of live endothelial cells (LECD) and the percentage of
dead cells (%DC) – between injured corneoscleral discs and between their
respective controls (intact discs) at different conditions (C1–C16). We compared
the parameters between the groups of discs differing in one of the following
parameters: the size (small vs. large); the length of their organ culture (5 vs.
9 days), and the effect of different concentrations of fetal bovine serum in
storage medium (2% vs. 10%). Statistical significance (P-value): *P ≤ 0.05;
**P ≤ 0.010; ***P ≤ .005.

Inj. LECD (C) LECD (PC) %DC (C) %DC (PC)

S:L − C1:C3 0.947 0.966 0.964 0.557
+ C2:C4 0.443 0.154 0.265 0.863
− C5:C7 0.942 0.184 – 0.770
+ C6:C8 0.101 0.809 0.148 0.377
− C9:C11 0.224 0.198 0.628 0.530
+ C10:C12 0.678 0.621 0.722 0.036*
− C13:C15 0.146 0.740 0.313 0.315
+ C14:C16 0.674 0.672 0.455 0.112

2:10% − C1:C5 0.373 0.252 – 0.143
+ C2:C6 0.161 0.539 0.023* 0.428
− C3:C7 0.400 0.764 0.719 0.027*
+ C4:C8 0.091 0.555 0.017* 0.308
− C9:C13 0.443 0.079 0.931 0.135
+ C10:C14 0.066 0.009** 0.533 0.578
− C11:C15 0.140 0.759 0.203 0.894
+ C12:C16 0.040* 0.382 0.244 0.076

5:9 d − C1:C9 0.027* 0.024* 0.859 0.608
+ C2:C10 1.550E−04*** 0.159 3.500E−05*** 0.398
− C3:C11 0.533 0.436 0.836 0.424
+ C4:C12 9.532E−05*** 0.012* 0.005*** 0.333
− C5:C13 0.925 0.454 – 0.861
+ C6:C14 2.408E−04*** 0.001*** 0.004*** 0.504
− C7:C15 0.113 0.420 0.520 0.352
+ C8:C16 7.693E−07*** 0.036* 0.002*** 0.163

inj- injury of endothelium: intact (-) or injured (+)

Figure 4. Light micrographs of the central porcine corneal endothelium of corneoscleral discs stored under different organ culture (OC) conditions. (A)
Before lesion (native); (B-E) small discs (S); and (F-I) large discs (L), cultured in OC medium with 10% fetal bovine serum (FBS) for 5 (5d) or 9 days (9d). Scale
bar = 50 µm.
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disc, cultured with 10% FBS medium (C7:C15, P = 0.025), data
not shown. The CV decreased in most cases both in C and PC of
discs cultured for 9 days, but in no case the difference was
statistically significant (data not shown).

Proliferation of endothelial cells in OC corneas

Strong nucleolar signal for fibrillarin was detected in all ECs, Ki-
67 was detected in cells with proliferative activity. No significant
difference was observed in a number of Ki-67 cells when differ-
ent sizes of disc and different concentrations of FBS were com-
pared. More Ki-67 positive cells were detected in the discs stored
for 9 days compared to those stored for 5 days. After 9-day
culture, numerous Ki-67 positive cells, repopulating central
part of cornea, were observed (Figure 5). After 5-day culture,
Ki-67 signal was detected in few individual cells scattered
throughout the area of EC imprints. Fibrillarin staining showed
mostly two to five unregularly shaped nucleoli per nucleus.
Round, relatively large nucleoli, reflecting cells with high meta-
bolic activity, were present particularly in central parts of the
cornea with no differences related to the employed conditions.

Discussion

The results of the presented study indicate that the porcine
corneal endothelium of the large corneoscleral discs, which
contained the TZ between the corneal endothelium and the
trabecular meshwork, did not repair/regenerate significantly
better compared to the discs lacking this area. The factors that
influenced the improvement of the EC parameters (and
wound closure) of injured disc in a most significant manner
were a prolonged time of cultivation, followed by a higher
serum concentration in the medium.

The existence of stem cells located in the TZ, the zone
between the peripheral endothelium and the anterior
extension of the trabecular meshwork, and their participa-
tion in endothelial repair has been proposed, but not
definitely proved yet.11,34–36 Based on this suggestion we
presumed that reparative/regenerative capacity of large
discs will be more efficient compared to small ones, lack-
ing the area with the presence of putative endothelial stem
cells.

When the ECs were left intact and discs were cultured (G2
control discs), no difference was observed between small and
large discs neither in the central nor in the PCs. After cultivation
of injured corneas (G2 sample discs), the LECDs were numeri-
cally higher in all large discs, both in the C and in the PC areas.
The differences were not statistically significant. In large discs,
the larger endothelial area surrounding the lesion before incuba-
tion, including the TZ, was present thus more ECs could be
activated during OC and could migrate centripetally to cover the
denuded DM in the center, compared to smaller discs.

The contribution of putative stem cells in TZ to increased
LECDs of large discs could not be excluded, as well as confirmed
by this study as we did not assess the EC parameters in the distant
peripheral endothelium of porcine cornea with average area of
136 mm2.21 The diameter of the endothelial area assessed by
immunocytochemical staining was maximally 78.5 mm2, which is
an effective membrane area of polycarbonate cell culture insert
from Merck Millipore, used for transfer of EC (imprinting).

The softness of porcine corneas is a factor that could nega-
tively influence the corneal endothelial parameters assessed dur-
ing the experiment. In contrast to human cornea, a porcine
cornea is not stable after trephination; when the human cor-
neoscleral disc is placed the epithelial side down, it preserves its
shape even if it is large, e.g., 17.5 mm in diameter. The situation
is different with porcine corneas of both large (17.5 mm) and
small diameter. The trephined corneoscleral discs tend to flatten
and to copy the shape of the underlying surface. Although all
corneas with more than 5% of DC around induced lesion were
excluded from experiments, the consequent manipulation
(transfer of cornea between media, preparation for staining)
may led to more DM folds (with damaged ECs) in large discs
than in small ones despite all the care and precautions taken
during the tissue manipulation. We consider the softness of
porcine cornea as the major difference between human and
porcine corneas and in our case as the major factor, which
could affect the results of this study.

It has been shown that prolonged cultivation and increased
serum concentration in medium positively influence endothe-
lial wound repair both in human30,37 and pig.38 In our study,
the injured discs cultured in medium with 10% FBS had
mostly higher values of LECD than those cultured in 2%
FBS but statistically significant difference was found only in
two cases. The positive effect of serum and its components on

Figure 5. Fluorescent micrographs of endothelium stained for Ki67 and fibrillarin. Polycarbonate membrane has a diameter of 12 mm, corresponding to central
to peripheral endothelial area. Ki-67- and fibrillarin-positive cells are visible in area of the former lesion, in disc cultured for 9 days (A, B). The Ki-67 signal appeared in
dotted-like pattern in nucleus of proliferating cells (arrowheads). Fibrillarin signal was detected in the nucleoli of all endothelial cells. Most of the Ki-67 positive cells
had one or two large, round nucleoli (insert in B). Magnification: 100× (A), 200× (B), 1000× (insert). Scale bar: 20 µm.

CURRENT EYE RESEARCH 7



endothelial repair/regeneration, particularly on migration and
proliferation of ECs, has been reported repeatedly.2,28,39–41 In
this study, in contrast to serum concentration, the positive
effect of prolonged storage of all injured discs on improve-
ment (increase) of their LECD values was shown to be statis-
tically significant.

The speed and quality of wound repair depend not only on
initial quality of corneal tissue and culture conditions, but also
on type and size of the wound.8,16,42,43 In humans, mechanically
damaged corneal endothelium can be repaired after approxi-
mately a week of OC,5,30,44 e.g., a lesion covering 4.4–11% of
endothelial surface of human corneas can be completely closed
after 5–7 days.9,44 In our porcine model, the 3-mm endothelial
wound representing 5% of the endothelial surface was closed in
most corneas after 9 days of OC. Likewise humans, porcine
corneal ECs migrate and proliferate quite slowly and thus need
prolonged time for re-establishment of the endothelial mono-
layer. Nevertheless, the damage of the size of 5% (6.8 mm2) may
be too small for a successful activation of putative porcine
corneal endothelial stem cells.

In our experimental condition, the final LECD values in the
central endothelium of injured corneas after 9-day incubation
did not reach those assessed in C of native corneas (about
4000 cells/mm.2) It indicates that more than 9-day incubation
period is needed for the full re-establishment of endothelial
hexagonal mosaic, or that the EC proliferation/migration was
slowed down by intercellular contact inhibition. Storage induced
endothelial folds as well as natural EC loss during corneal storage
ex vivomay counteract the positive effects of culture conditions
on regeneration of endothelium. It is possible that other not yet
identifiedmechanismsmight also be present and prevent the full
restoration of the endothelium with original ECD.

The proliferation capacity of porcine ECs has been con-
firmed by the presence of Ki67-positive ECs in the central and
paracentral endothelium of all injured discs after five but
particularly after 9-day OC. No expression was detected in
control discs. This is in accordance with previous studies
where no cells expressing Ki-67 were present in healthy
human endothelium46 but Ki-67 positive cells were detected
at the border of healing lesions.43,46

The percentage of hexagonal ECs (6A) in native discs was
higher than 50% in central and paracentral areas and the mean
coefficient of variation of the EC area (CV), was about 13%, which
is consistent with previously reported results (13.1% inC).47 It was
documented that, unlike in humans, the EC of pigs create natu-
rally heterogeneous mosaic of polygonal cells specific for each
individual animal. The average 6A of porcine corneas is not age
dependent and is in range from 47 to 54%.17 When central and
paracentral areas were compared between respective small and
large discs, the differences between 6A values and between CV
values were not statistically significant in any group of cultured
samples with either intact or injured endothelium. Some statisti-
cally significant changes of 6A related to serum concentration
(both decrease and increase) were found in injured discs, but they
cannot be considered important due to their opposite trends.

Our initial attempt to measure EC parameters of intact
samples (before processing) by phase-contrast microscopy
were not successful due to the thickness of porcine cornea,
which prevented clear focusing on endothelial mosaic.

Therefore, we considered two other methods for EC parameters
assessment: (i) the LIVE/DEAD® Cell Viability assay (Molecular
Probes) and (ii) the use of TB/Alizarin Red S assay. The latter
became the method of choice, mainly because it is easy and fast
technique for visualization of cell nuclei and cell borders, which
is beneficial when evaluation of relatively high number of sam-
ples in short time is needed, as was the case in our study. The
TB/Alizarin Red S method was reported as a reliable and effi-
cient technique in recent studies.48,49

In summary, our results indicate that the reparative capacity
of porcine corneas, expressed by the EC parameters, is main-
tained during OC. Endothelia of large corneoscleral discs (with
preserved endothelial periphery) have a tendency to repair more
rapidly compared to endothelia of smaller-sized discs. Not only
migration and cell surface enlargement but also proliferation of
ECs contributes to the wound closure under experimental con-
ditions used in this study. Our findings support the recent trend
in tissue banks to store large corneoscleral discs for ocular
transplantations, particularly for a lamellae preparation. As
indicated by our results, the storage of partially damaged cor-
neas with the presence of dead ECs or corneal lesions can still be
profitable for eventual clinical use as the endothelium can be
repaired in conditions compatible with medical requirements.
As the human corneas are very precious material, their substi-
tution by porcine ones for experimental studies as an ex vivo
model seems to be very profitable for studying corneal endothe-
lial wound closure and other endothelial processes.
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Abstract Human amniotic membrane (HAM) is

used as an allograft in regenerative medicine or as a

source of pluripotent cells for stem cell research.

Various decontamination protocols and solutions are

used to sterilize HAM before its application, but little

is known about the toxicity of disinfectants on HAM

cells. In this study, we tested two decontamination

solutions, commercial (BASE�128) and laboratory

decontamination solution (LDS), with an analogous

content of antimycotic/antibiotics for their cytotoxic

effect on HAM epithelial (EC) and mesenchymal

stromal cells (MSC). HAM was processed in a

standard way, placed on nitrocellulose scaffold, and

decontaminated, following three protocols: (1) 6 h,

37 �C; (2) 24 h, room temperature; (3) 24 h, 4 �C. The

viability of EC was assessed via trypan blue staining.

The apoptotic cells were detected using terminal

deoxynucleotidyl transferase dUTP nick end labelling

(TUNEL). The mean % (±SD) of dead EC (%DEC)

from six fresh placentas was 12.9 ± 18.1. Decontam-

ination increased %DEC compared to culture medium.

Decontamination with BASE�128 for 6 h, 37 �C led to

the highest EC viability (81.7%). Treatment with LDS

at 24 h, 4 �C resulted in the lowest EC viability

(55.9%) in the set. MSC were more affected by

apoptosis than EC. Although the BASE�128 expresses

lower toxicity compared to LDS, we present LDS as an

alternative decontamination solution with a satisfac-

tory preservation of cell viability. The basic formula of

LDS will be optimised by enrichment with nutrient

components, such as glucose or vitamins, to improve

cell viability.

Keywords Amniotic membrane � Decontamination

solution � Viability � Apoptosis � Epithelial and

mesenchymal cells

Introduction

The human placenta at term has two distinguishable

fetal membranes that develop separately: the amni-

otic membrane (HAM) on the fetal surface of

placenta and the chorionic membrane underneath

the HAM. The two membranes remain separable due

to the existence of a spongy layer in between. HAM
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consists of a monolayer of epithelial cells (EC),

which resides on a resistant basement membrane, and

of a mesenchymal layer at the bottom. The latter can

be subdivided into the acellular compact layer, the

fibroblast layer with sparsely distributed mesenchy-

mal stromal cells (MSC), and the acellular spongy

layer, contiguous with the chorionic membrane

(Bourne 1960, 1962; Dua et al. 2004; Lindenmair

et al. 2012).

Different mechanisms of action, such as wound-

healing, anti-scarring, anti-angiogenic, anti-inflamma-

tory, antimicrobial effects and low antigenicity, have

been attributed to the soluble bioactive compounds—

cytokines, growth factors, vasoactive peptides etc.,

produced by HAM resident cells (Gruss and Jirsch

1978; Akle et al. 1981; Dua et al. 2004).

The HAM is most often used as a temporary

biologic dressing in ophthalmology, but also in plastic

surgery, dermatology and gynaecology (King et al.

2007; Mamede et al. 2012; Malhotra and Jain 2014).

The HAM is elastic and translucent and is devoid of

nerves, smooth muscle cells, lymph and blood vessels.

Beside its clinical use, HAM is used in tissue

engineering as a cheap and flexible biological 3D-cell

carrier for cell migration, differentiation and delivery

of in vitro cultured cells into ocular wound (Ishino

et al. 2004; Gholipourmalekabadi et al. 2016).

The HAM is available without an ethical conflict,

typically procured after caesarean section delivery

and decontaminated with solutions containing antibi-

otics and antimycotics (AA). HAM is manually

dissected under sterile conditions, thoroughly

washed from blood clots and debris. During HAM

preparation AA solutions may be used for repeated

rinsing of tissue prior to storage. Alternatively,

gamma irradiation is used for HAM sterilization

(Singh et al. 2007; von Versen-Hoeynck et al. 2008;

Riau et al. 2010).

Despite its putative advantages over preserved

HAM, such as preservation of viable cells, the

transplantation of fresh HAM (tissue not subjected to

preservation, used within 14 days) has not been yet

established. Some attempts have been made in this

matter (Ganatra and Durrani 1996; Mejı́a et al. 2000;

Adds et al. 2001), however, there is a lack of proper

evidence for its safe clinical use, without risk of

transmission of infection to a patient (Khokhar et al.

2001). In most western countries, fresh HAM is not

permitted for use. Donor must be tested for signs of

viral or bacterial infection at the time of delivery and

6 months later to cover window period of infection.

Thus HAM must be preserved during this period.

Cryopreservation is the most common method of

storage, using the standard protocol proposed by Kim

and Tseng (1995). Lyophilisation and storage in a dry

form are other basic preservation methods (Dua et al.

2006; von Versen-Hoeynck et al. 2008; Thomasen

et al. 2009).

The decontamination is highly important when

HAM is intended to be stored cryopreserved in

glycerol, mixture of glycerol with a culture medium

or dimethyl sulfoxide solution (Maral et al. 1999; Tan

et al. 2014; Duan-Arnold et al. 2015; Zidan et al. 2015;

Paolin et al. 2016). During standard preservation, the

morphology of HAM matrix does not seem to be

altered dramatically, but the majority of resident cells

seem to be devitalized (von Versen-Hoeynck et al.

2004; Hennerbichler et al. 2006; Aykut et al. 2014;

Mrázová et al. 2015; Perepelkin et al. 2016).

To our best knowledge, the only commercially

available decontamination solution with certification

based on Directive 93/42/EEC (medical devices) is the

BASE�128 from Alchimia (Italy), which contains AA

(amphotericin B, cefotaxime, gentamicin, van-

comycin) (Gatto et al. 2013). In most cases, labora-

tories prepare their own tissue sterilization solutions,

composed of physiological saline or buffers and added

AA and use various decontamination protocols (Lee

and Tseng 1997; Ashraf et al. 2015; Duan-Arnold et al.

2015; Laurent et al. 2014). The impact of different AA

present in decontamination solutions on HAM tissue is

insufficiently examined (Aykut et al. 2014; Perepelkin

et al. 2016).

The purpose of this study was to compare the

overall effect of the commercial solution BASE�128

and laboratory decontamination solution (LDS), with

analogous composition of AA, on HAM structure,

focused on viability of EC. The BASE�128 is reported

(by producer’s in vitro time-kill studies) to effectively

decontaminate the tissue, if one of the three protocols

is followed: (1) 6 h, 37 �C, (2) 24 h, at room

temperature (RT) or (3) 24 h, 4 �C. The HAM was

incubated under these conditions in both BASE�128

and LDS and the viability of EC cells after decon-

tamination was tested via trypan blue staining. Addi-

tionally, the fresh and cryopreserved samples of HAM

(before/after decontamination) were tested for the

presence of apoptotic (EC, MSC) cells.
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Materials and methods

Tissue

The study followed the standards of the Ethics

Committee of the General Teaching Hospital and First

Medical Faculty of Charles University, and adhered to

the tenets set out in the Declaration of Helsinki. Six

term human placentas (P1–P6) from normal pregnan-

cies were obtained with informed consent after delivery

by elective caesarean section in the Motol University

Hospital, Prague. Only healthy donors, screened for

hepatitis B and C, syphilis, HIV and C-reactive protein

(\10 mg/L), were involved. The placentas with evident

pathologies or visible injuries, such as hematomas,

were excluded. Immediately after delivery, each

placenta was placed in a sterile container and overlaid

with Hank’s Balanced Salt Solution (HBSS, Sigma-

Aldrich, Prague, Czech Republic). Special attention

was paid to the gentle handling of each placenta during

transport and subsequent manipulation.

Processing

The tissue was processed in aseptic conditions within 3

h after the delivery. Briefly, the placenta was cleansed

of blood clots with sterile HBSS under a biosafety

cabinet and two HAM sheets were peeled off by blunt

dissection starting underneath the umbilical cord

insertion and proceeding towards the placental disk

edge (Fig. 1a). They were gently rinsed again with

HBSS to obtain thin smooth HAM and then flattened

onto two sheets (9.5 9 9.5 cm each) of sterile nitro-

cellulose membrane (NCM) carrier (Bio-Rad, Prague,

Czech Republic), the epithelium surface facing up

(Fig. 1b). Prior the use, 24 rectangles were marked on

NCM sheets, 3 circular apertures (3 mm in diameter)

punched in each rectangle and the sheets were auto-

claved. Each of the two NCM sheets with HAM was cut

into 2 9 24 rectangles (samples) (Fig. 1c), represent-

ing 48 subareas of placental amnion. Samples of HAM

were either evaluated for the percentage of dead

epithelial cells (%DEC) immediately after processing

of the tissue (fresh HAM) or forwarded to decontam-

ination procedures (incubated in respective solutions)

and evaluated for %DEC afterwards (Fig. 1d).

Sample preparation, decontamination

and cryopreservation

The HAM samples were placed into the BASE�128

solution (Alchimia, Ponte San Nicolò, Italy) or LDS

with analogous AA composition. Dulbecco’s Modi-

fied Eagle Medium (DMEM) with no AA (Gibco,

Thermo Fisher Scientific, Prague, Czech Republic)

was used as a control solution (Co). The BASE�128 is

composed of a balanced saline solution, vitamins,

minerals, glucose and AA: Amphotericin B sodium

deoxycholate 13,500–16,500 IU/l (14.3–17.5 mg/L;

potency: 944 IU/mg) (Rautmann et al. 2010), cefo-

taxime, gentamicin, vancomycin 115.2–140.8 mg/L

(same for the three), according to the product speci-

fication sheet. The LDS was prepared by mixing the

physiological saline (Fresenius Kabi, Bad Homburg,

Germany) with the AA analogous to BASE�128. The

AA concentrations in LDS were selected as mean

values from AA concentration range published for

BASE�128 by producer: Amphotericin B sodium

deoxycholate 16 mg/L (Bristol-Myers Squibb, Farmar

L’Aigle Usine, France), cefotaxime 130 mg/L, gen-

tamicin 140 mg/L (Lek Pharmaceuticals, Ljubljana,

Slovenia), vancomycin 130 mg/L (Mylan, S.A.S.,

France).

The two NCM sheets with HAM were cut into 48

rectangles (samples) (Fig. 1a–c). 12 samples per

placenta, labelled as fresh HAM, were kept in DMEM

forB1 h at RT, until assessment of %DEC. 24 samples

per placenta were decontaminated with BASE�128 or

LDS (12 samples each) and remaining 12 samples

were stored in Co. Decontamination procedure fol-

lowed three protocols: (1) 6 h at 37 �C in 5% CO2

atmosphere (condition 1, C1); (2) 24 h at RT (condi-

tion 2, C2) and (3) 24 h at 4 �C (condition 3, C3).

After incubation in individual conditions, the %DEC

was assessed by trypan blue (TB) staining. Edge areas

(3 9 10 mm) of all 48 specimens were cut (before/

after decontamination) and either cryopreserved

(-80 �C) embedded in Cryomount embedding med-

ium (Histolab AB, Västra Frölunda, Sweden), or kept

in Co (B1 h at RT) for detection of apoptotic cells

(EC, MSC). Cryomount medium contains water-

soluble glycols and resins that help protect cell

integrity during freezing.
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Assessment of cell survival in HAM

Each HAM sample on NCM, fresh and decontami-

nated, was rinsed with lukewarm phosphate buffered

saline (PBS) and stained with 0.1% TB in PBS

(Sigma-Aldrich, Prague, Czech Republic) for 70 s to

stain dead cells (Fig. 1e) (Pegg 1989). The %DEC

throughout the visible surface of HAM (spanning the

NCM perforations) was examined under light micro-

scope (Olympus BX51, Olympus Co., Tokyo, Japan)

at 2009 magnification. Each aperture was visually

divided into four equal sectors (Fig. 1f) and one image

of each sector recorded. The %DEC of sample was

determined from collected images by computer

assisted manual cell counting via Lucia computer

analysis system (Laboratory Imaging, Prague, Czech

Republic).

Additional staining of HAM epithelium with LIVE/

DEAD� Viability/Cytotoxicity Kit for mammalian

cells (Molecular Probes, Thermo Fisher, Prague,

Czech Republic) was performed following the man-

ufacturer’s instructions and %DEC was determined

from collected images (5-10 images per sample) by

NIS Elements software (Laboratory Imaging for

Nikon Co., Prague, Czech Republic). At least 1000

of EC in one micrograph were examined.

Assessment of apoptotic cells in HAM

The cryopreserved pieces of HAM samples (fresh and

decontaminated, all conditions) were thawed at RT,

washed in PBS, cut into 3 9 5 mm pieces and adhered

to a microscope glass slide by drying at RT for a few

minutes—one piece epithelial side up and the other

Fig. 1 Tissue sampling procedure—scheme. Two sheets (sh) of

human amniotic membrane (HAM) were dissected from

placenta (a), flattened onto nitrocellulose membrane (NCM),

then divided into two halves (b), each of the 4 resulting parts cut

into 12 rectangular pieces (c) and incubated under three

conditions: 6 h, 37 �C, 5% CO2 (C1), 24 h, room temperature

(RT) (C2), 24 h, 4 �C (C3) and two decontamination solutions:

commercial BASE�128 and laboratory decontamination solution

(LDS). Alongside the decontaminated samples of HAM, control

pieces of HAM were stored in a Dulbecco’s modified Eagle’s

medium (DMEM) under same conditions (C1–C3). Four pieces

of fresh HAM (F) were stored in DMEM at RT for the assessment

of dead epithelial cells before decontamination. We obtained 10

groups of samples; some pieces were used as spare ones (X).

Three cutouts from each sample were cryopreserved or stored in

DMEM, at RT, for assessment of apoptotic cells (c, d). Each

piece of HAM on NCM with 3 circular perforations was stained

using trypan blue (TB) (e). Each perforation was visually divided

into four sectors (S1–S4) and photographs of each sector were

taken at 200x magnification (f)
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epithelial side down. Cells were then stained for

fragmented DNA, i.e. free 30-OH ends, via terminal

deoxynucleotidyl transferase (TdT) dUTP nick-end

labelling (TUNEL) method (Gavrieli et al. 1992), with

in situ Cell Death Detection kit, Fluorescein (Roche

Diagnostics, Mannheim, Germany) according to the

manufacturer’s instructions. The positive control, pre-

treated with deoxyribonuclease I (Sigma-Aldrich,

Prague, Czech Republic), and negative control (TdT

omitted) were included and labelled on an extra glass

slide. Samples of fresh HAM (before cryopreserva-

tion) were also TUNEL labelled. Following TUNEL,

specimens were covered with Vectashield—DAPI

mounting medium (Vector Laboratories, Inc. Burlin-

game, USA) to counterstain cell nuclei. Images of

labelled EC and MSC were recorded with Vosskühler

VDS CCD-1300 camera (VDS Vosskühler GmbH,

Osnabrueck, Germany) using fluorescent microscope

Olympus BX51 at 2009 magnification. The EC/MSC

exhibiting apoptotic changes were counted in col-

lected images (5–10 sectors per image) by NIS

Elements software. At least 1000 of EC and 100

MSC in one micrograph (cell nuclei in the same focus

plane) were examined.

Statistical analysis

All data were processed in MS Excel and expressed as

the mean ± SD from values counted from the indi-

vidual micrographs. The Student’s t test (unpaired,

two-tailed) was performed to compare the results of

the individual decontamination conditions with the

control and only the data with p-value \0.05 were

considered statistically significant.

Results

The EC viability in fresh HAM

Epithelial cells with TB positive staining of cell

nucleus were considered non-viable and included in

total %DEC assessment, Fig. 2. Table 1 summarises

the %DEC for six individual placentas before decon-

tamination (fresh HAM). The important dispersion of

average values and high standard deviations values

reflects the significant variability of %DEC both in

individual placentas and among them. The mean

%DEC (±SD) in fresh HAM from all placentas (All,

Table 1) was 12.9 ± 18.1.

The EC viability in decontaminated HAM

The mean %DEC (±SD) values in decontaminated

HAMs (incubated in BASE�128 or LDS) and control

HAMs (Co; incubated in DMEM) from all six

placentas (P1–P6) were determined, Table 2. The

visually confirmed increase in %DEC was observed

when longer decontamination periods (C2, C3) were

used. Compared to Co, decontamination by both

BASE�12 and LDS at all conditions increased the

average %DEC, however, only in LDS at C3 this

increase was statistically significant (p = 0.01).

Due to the fact that relatively high variability in

%DEC was present already in samples of fresh HAM,

Table 1, we compared the mean %DEC of decontam-

inated HAM to the mean %DEC of the fresh HAM and

expressed it as n-fold increase/decrease in %DEC for

individual placentas and conditions (C1–C3;

BASE�128, LDS, DMEM), Table 3. We also deter-

mined the statistical significance of these changes,

relative to fresh HAM. As shown in Table 3, compar-

ing the values of n-fold increase in %DEC (:%DEC)

among LDS, BASE�128 and DMEM in each condition

(C1–C3) individually, the increase was highest for

LDS in 15 out of 18 cases, with the highest values in

C3. The difference in n-fold increase in %DEC

between BASE�128 and DMEM of each respective

group was minimal. The slight decrease in %DEC

Fig. 2 The epithelial surface of the HAM sheet after prepara-

tion and after trypan blue (TB) staining, showing the island of

dead epithelial cells (blue) surrounded by mosaic of polygonal

viable epithelial cells. Pieces of HAM on nitrocellulose scaffold

were stained with 0.1% TB in phosphate buffered saline for 70 s

and observed under the light microscope at 200x magnification.

The scale bar represents 50 lm
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(;%DEC), compared to the fresh HAM, was observed

in some cases of cultivation of HAM in DMEM.

Treatment of HAM with BASE�128 at C1 resulted

in significant %DEC worsening only for one placenta

(P4) out of six, the same situation was observed for

storage in DMEM (Table 3). Similarly, at C2, the

%DEC change was statistically significant in two

placentas (P1, P6) in case of HAM storage in

BASE�128 (:%DEC) and in two placentas (P2:

:%DEC, P6: ;%DEC) in case of storage in DMEM.

When using LDS, the %DEC increased almost for all

placentas at all conditions with exception of P5 in C1

and P3 in C2. On the contrary, HAMs from most

placentas were significantly affected (:%DEC) by

storage at C3.

Assessment of apoptotic EC and MSC

The mean percentage of the apoptotic epithelial cells

(%AEC) and the mean percentage of the apoptotic

mesenchymal cells (%AMC) in HAM before/after

decontamination with solutions (BASE�128, LDS) or

incubation in Co are shown in Tables 4 and 5,

respectively. In the fresh HAM samples (before/after

cryopreservation) from three placentas the mean

%AEC was less than 1% and the mean %AMC was

42.0 ± 18.5 (values from 16.1 to 59.7%). In all

specimens after decontamination and in all conditions

(before/after cryopreservation), the mean %AEC

remained low, about 1–2% (Table 4) and mean

%AMC increased significantly (except C3,

BASE�128) up to 87.9% (C1, Co), compared to fresh

HAM (Table 5). Changes in the mean %AEC among

groups were not statistically significant.

Interestingly, during the microscopic evaluation of

dead cells by TB staining, small intracellular and

extracellular droplets of unknown origin, distributed

throughout the HAM, were observed occasionally.

Therefore we decided to stain HAM samples of all

groups with histological dye Sudan III and Mayer’s

hematoxylin (performed at the Institute of Pathology,

First Faculty of Medicine, Charles University; not

included in ‘‘Materials and methods’’ section). It was

determined that these droplets are of lipid origin and

their presence is rather random (Fig. 3).

Discussion

Using perforated NCM as a carrier for HAM we have

established a sampling scheme which can be used as a

feasible model for the assessment of the quality of

prepared HAM allowing the quick detection and

visualisation of dead epithelial cells. The good adher-

ence of the HAM tissue to the NCM during the whole

procedure limited the HAM folding and thus mini-

mized cell death as the consequence of mechanical

stress.

We observed variations in the mean %DEC

(4.8–28.1%) in the fresh HAM, despite the precautions

we took. We suppose that this could be the result of the

inherent tissue variability, the manipulation with

placenta and stress applied on the cells exposed to

Table 1 The mean percentage of the dead epithelial cells (%DEC ± SD) in fresh HAM (before decontamination) from six placentas

(P1–P6)

Placenta P1 P2 P3 P4 P5 P6 All

%DEC ± SD 28.1 ± 30.3 4.8 ± 8.5 7.9 ± 8.1 10.3 ± 9.1 8.3 ± 12.7 19.4 ± 18.8 12.9 ± 18.1

Samples were stored in DMEM at room temperature and processed within 1 h after dissection

SD standard deviation

Table 2 The mean percentage of the dead epithelial cells

(%DEC ± SD) in decontaminated HAM, from all six placentas

%DEC ± SD C1: 6 h 37 �C C2: 24 h RT C3: 24 h 4 �C

BASE�128 18.3 ± 18.3 20.2 ± 12.6 30.2 ± 17.8

LDS 28.6 ± 23.4 31.6 ± 19.3 44.1 ± 19.0

DMEM (Co) 13.2 ± 13.0 12.2 ± 12.5 25.2 ± 20.5

The commercial decontamination solution BASE�128,

laboratory-made decontamination solution (LDS) or

Dulbecco’s modified Eagle medium (DMEM) as a control

solution (Co) were used. The HAM specimens were incubated

for 6 h at 37 �C (C1), for 24 h at room temperature (RT) (C2),

or for 24 h at 4 �C (C3). The statistically significant increase

(p\ 0.05) in %DEC was observed in C3 using LDS

SD standard deviation
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the environment during the experimental procedure.

We could observe the worsened quality of HAM in

cases of less careful tissue handling; these HAMs were

excluded from our experiments. Rather high values of

SD for individual placentas are a consequence of the

heterogeneity of %DEC throughout the sampled

subareas. Nevertheless, in general our results are in

accordance with other studies showing a good viabil-

ity of EC in fresh HAM after processing ([80%)

(Hennerbichler et al. 2006; Laurent et al. 2014).

The viability of EC was higher after decontamina-

tion of HAM with BASE�128 compared to LDS. The

lowest %DEC was found after the treatment with

BASE�128 for 6 h at 37 �C. Storage for 24 h was less

beneficial to the quality of the tissue than storage for

6 h, independent of the type of decontamination

solution (BASE�128, LDS). The worst survival rate

of the EC was observed after storage of HAM in AA

solutions (and DMEM) at low temperature, 4 �C. This

observation is in accordance with some other studies

(Jackson et al. 2015), where the best preservation of

the cell/tissue morphology was observed at tempera-

tures between 12 and 24 �C. Further research on the

effect of storage in various conditions on HAM quality

is necessary.

The LDS showed higher toxicity on cells, despite

having the composition and concentration of AA

(diluted in physiological saline) similar to BASE�128.

Although there is no information about the exact

composition of BASE�128, specifically about the

concentrations of AA, its composition was indicated

in the publication of Gatto et al. (2013), describing

BASE�128 as a mixture of AA and nutrients diluted in

RPMI 1640 medium. It was shown that cells exposed

to the stress, such as nutrient deprivation, accumulate

reactive oxygen species and eventually die after a

relatively short time (Altman and Rathmell 2012;

Cabodevilla et al. 2013). Thus, LDS higher cytotox-

icity, compared to BASE�128, can be explained by the

lack of nutrients, rather than by the presence of AA.

Focused mainly on AA, we used LDS of simplified

composition in t decontamination is study. As we

demonstrated, such solution has no dramatic impact on

HAM epithelial cell viability and is simple to prepare

at any time in the laboratory, when commercial

solution is not available. Moreover, the basic formula

of LDS can be optimised by enrichment with nutrient

components to improve cell viability.

In our study we selected the TB staining as the

fastest and simplest procedure for the detection of

dead cells. Combined with the light microscopy we

obtained information also about morphological

Table 4 The mean percentage of the apoptotic epithelial cells

(%AEC ± SD) after HAM decontamination, related to fresh

HAM

%AEC ± SD C1: 6 h 37 �C C2: 24 h RT C3: 24 h 4 �C

BASE�128 1.15 ± 0.68 0.72 ± 0.52 0.95 ± 0.17

LDS 1.17 ± 0.63 0.50 ± 0.07 1.63 ± 1.95

DMEM (Co) 1.73 ± 0.42 0.86 ± 0.26 1.28 ± 1.23

HAM was treated with BASE�128 or laboratory-made

decontamination solution (LDS) or stored in Dulbecco’s

modified Eagle medium (DMEM) as a control solution (Co).

The HAM specimens were incubated for 6 h at 37 �C (C1), for

24 h at room temperature (RT) (C2), or for 24 h at 4 �C (C3).

Samples from three placentas were analysed. Changes in the

mean %AEC were not statistically significant (p-values are

thus not indicated)

SD standard deviation

Table 5 The mean percentage of the apoptotic mesenchymal cells (%AMC ± SD) after HAM decontamination, related to fresh

HAM

%AMCs ± SD (p-value) C1: 6 h 37 �C C2: 24 h RT C3: 24 h 4 �C

BASE�128 84.9 ± 14.0 (1.22E-04) *** 86.2 ± 10.2 (3.38E-05) *** 63.2 ± 31.5 (0.131)

LDS 82.2 ± 19.2 (7.853E-04) *** 77.7 ± 18.3 (0.002) *** 73.7 ± 17.6 (0.004) ***

DMEM (Co) 87.9 ± 12.3 (3.823E-05) *** 85.9 ± 8.2 (2.359E-05)*** 75.3 ± 16.5 (0.002) ***

HAM was decontaminated with BASE�128 or laboratory-made decontamination solution (LDS) or stored in Dulbecco’s modified

Eagle medium (DMEM) as a control solution (Co). The HAM specimens were incubated for 6 h at 37 �C (C1), for 24 h at room

temperature (RT) (C2), or for 24 h at 4 �C (C3). Samples from three placentas were analysed. Statistical significance (Student’s t-test,

unpaired, two-tailed): * p\ 0.05; ** p\ 0.01; *** p\ 0.005 (p-value indicated in brackets)

SD standard deviation
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changes in evaluated tissue. Fluorometric cell viability

assay has been shown to have higher efficiency than

TB staining (Mascotti et al. 2000), however, this

technique is time demanding and does not routinely

allow to assess multiple specimens in a short time, as

we needed for our experiment. Nevertheless, in order

to verify the efficiency and reliability of TB staining,

we assessed %DEC also via LIVE/DEAD� Viability/

Cytotoxicity test of the selected samples. The results

were very similar to those obtained by TB staining

(data not shown). The final values of %DEC were

slightly lower using LIVE/DEAD, however the ten-

dency of increase in %DEC with prolonged incubation

time and lower temperature was maintained. On the

other hand the fluorescent staining showed to be rather

impractical, when high number of samples has to be

processed in limited time (not mentioning the cost

aspect) and therefore we decided to continue process-

ing the samples by TB staining.

Using TUNEL method we found that MSC (ex-

hibiting about 42% apoptotic cells before and 63–88%

after decontamination, respectively) are more suscep-

tible to external stress stimuli than EC. The apoptosis

of EC did not exceed 2% at both conditions. Partially,

this result could be explained by the fact, that AEC are

released from the basement membrane (Kumagai et al.

2001) during the procedure, whilst dead MSC remain

confined in the stroma. The other plausible explana-

tion is that the cells die by other, rather fast,

mechanism than apoptosis (necrosis) and therefore

cannot be identified using TUNEL assay. The poten-

tial effect of AA on induction of apoptotic cell death

was thus not confirmed.

During the microscopic assessment of %DEC tiny

droplets through HAM layers have been observed,

independent of solution, time and temperature used.

They were also present in fresh HAM. Using standard

Sudan III staining, we identified them as lipid

particles. Their presence can reflect the cellular

damage or they can be naturally present in HAM.

Further investigation will be necessary in order to

explain this phenomenon.

In conclusion, we have shown that there are only

small differences in cell survival between the appli-

cation of commercial and laboratory decontamination

solution (BASE�128 and LDS) and we examined

various decontamination protocols. These findings

may help to better understand the impact of conditions

used for the processing and preservation of HAM on

the final quality of the potential tissue graft.
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hematoxylin (a, c). Magnification 400x. Scale bar represents
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Abstract Two decontamination solutions, commer-

cially produced BASE•128 and laboratory decontam-

ination solution (LDS), with analogous content of

antibiotic and antimycotic agents, were compared in

their antimicrobial efficiency and stability (pH and

osmolarity). Both solutions were compared immedi-

ately after thawing aliquots frozen for 1, 3 or

6 months. Agar well diffusion method was used to

test their antimicrobial efficiency against five human

pathogens: Staphylococcus aureus, Pseudomonas

aeruginosa, Proteus mirabilis, Escherichia coli and

Enterococcus faecalis. The difference in the inhibition

of growth between the two decontamination solutions

was mostly not statistically significant, with few

exceptions. The most pronounced difference between

the LDS and BASE•128 was observed in their

decontamination efficacy against E. coli and E.

faecalis, where the LDS showed to be more efficient

than BASE•128. The osmolarity value of LDS

decreased with cold-storage, the osmolarity values of

the BASE•128 could not be measured as they were

below the range of the osmometer. Slight changeswere

found in pH of the less stable LDS solution, whose pH

increased from initial value 7.36 ± 0.07 to

7.72 ± 0.19 after 6 m-storage. We verified that

BASE•128 and LDS are similarly efficient in elimi-

nation of possible placental bacterial contaminants and

may be used for decontamination of various tissues.

Keywords Tissue decontamination � Amniotic

membrane decontamination � Antimicrobial

efficiency � Decontamination solution

Introduction

The therapeutic potential of human amniotic mem-

brane (HAM) is increasingly appreciated in a variety

of clinical indications, particularly in ophthalmology

and chronical wounds treatment due to its positive

effect on wound healing—accelerated regeneration

with minimal inflammation and scarring (Ilic et al.
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2016; Herndon and Branski 2017; Jirsova and Jones

2017). Despite HAM wide-spread use, the general

standardized protocol for handling HAM before

transplantation surgery has not been adopted yet

(Hopkinson et al. 2006; Rahman et al. 2009).

Prior grafting, the sterility of the tissue must be

assured. It was demonstrated that the type of the tissue

processing and preservation has an impact on final

concentrations of endogenous soluble proteins and

overall survival of HAM cells (Solomon et al. 2002;

Hopkinson et al. 2006; Hennerbichler et al. 2007;

Wolbank et al. 2009). It was found that the process of

decontamination may be affected by several variables

such as temperature, contact period, pH and concen-

tration of the disinfectant, bioburden, organic soil and

hardness of water used for dilution (Singh et al. 2012).

When processing HAM several important steps

have to be implemented, such as the evaluation of the

donor’s medical and social history, serological screen-

ing of the maternal blood or microbiological screening

of HAM before and after its aseptic preparation and

processing (Lee and Tseng 1997). Placentas retrieved

by vaginal delivery are not considered suitable source

of HAM for grafting due to the higher bioburden of

pathogens from the vagina compared to placenta

obtained during the elective caesarean section delivery

(Dua and Azuara-Blanco 1999; Adds et al. 2001). The

Gram-positive Staphylococcus species are the most

prevalent pathogens found on HAM obtained from

placentas after both vaginal deliveries and caesarean

sections (Gannaway et al. 1984; Aghayan et al. 2013;

Binte Atique et al. 2013). Gram-positive bacteria have

been also determined as the most frequent cause of

microbial infections of HAM transplants in ocular

surgery (Marangon et al. 2004). Interestingly, no fungi

nor yeast have been detected on HAM samples

retrieved either way of the delivery (Gannaway et al.

1984; Adds et al. 2001). In any case, HAM with any

positive microbiology result after decontaminating

step are unsuitable for grafting (Keitel 2017). Despite

sterile processing and grafting of HAM, together with

the pre-operative microbiological screening, post-

operative contamination by Gram-positive isolates in

rates of 1.6–8.0% have been reported (Khokhar et al.

2001; Messmer 2001; Marangon et al. 2004).

The decontamination is a crucial step especially

when final sterilisation step is not performed during

HAM processing. The tissue can be stored by cryop-

reservation, lyophilisation or air-drying, the last two

procedures being often followed by gamma irradiation

as a final tissue sterilisation step (Burgos and Sergeant

1983; Singh et al. 2003, 2006; Rodriguez-Ares et al.

2009; Mrázová et al. 2016). HAM is typically cryop-

reserved in glycerol (Maral et al. 1999; Riau et al. 2010;

Zidan et al. 2015), in a cultivation medium, e.g.

Dulbecco’s modified Eagle’s medium (DMEM) or

Minimum Essential Medium with added glycerol (Kim

and Tseng 1995; Lee and Tseng 1997; Thomasen et al.

2009) or in a buffer with added dimethyl sulphoxide

(DMSO) (Hanada et al. 2001; Paolin et al. 2016;

Perepelkin et al. 2016). The HAM can be cryopreserved

also in medium without glycerol (Hennerbichler et al.

2007). Before cryopreservation, HAM is decontami-

nated typically by treatment with sterile aqueous

solutions containing antibiotics and antifungal drugs

(Kim et al. 2000; Niknejad et al. 2011; Malhotra and

Jain 2014; Keitel 2017). Various decontamination

protocols have been published (Lee and Tseng 1997;

Laurent et al. 2014; Ashraf et al. 2015; Duan-Arnold

et al. 2015; Paolin et al. 2016), but none is generally

accepted as a ‘‘gold standard’’. Several certified ready-

to-use decontamination solutions are now available, e.g.

BASE•128 or X-VIVO 10 media, but there is a lack of

optimized decontamination protocols (Rama et al.

2001; Gatto et al. 2013; Perepelkin et al. 2016).

As only a limited number of certified tissue decon-

tamination solutions is commercially available, we

have recently proposed an alternative decontamination

product with cytotoxicity (as assessed by viability of

HAM epithelial cells) comparable with commercial

solution BASE•128 (Smeringaiova et al. 2017). The

decontamination solution prepared in our laboratory

(LDS—Laboratory Decontamination Solution) con-

tains only components (physiological saline, antibi-

otics) approved as medical drugs and therefore it can be

readily accepted by national authorities. The purpose of

this fellow study was to compare the antimicrobial

efficiency and stability (assessed as change of pH and

osmolarity) of BASE•128 and LDS, after 1-, 3- and

6-month lasting storage of their respective aliquots.

Materials and methods

Decontamination solutions

The main components of the commercial solution

BASE•128 (Alchimia, Ponte San Nicolò, Italy) are
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Amphotericin B sodium deoxycholate

13,500–16,500 IU/l (14.3–17.5 mg/l; potency:

944 IU/mg) (Rautmann et al. 2010), cefotaxime,

gentamicin, vancomycin 115.2–140.8 mg/l (same for

the three). Vitamins, glucose, and balanced RPMI

1640 solution are also present in BASE•128 (Gatto

et al. 2013). The normal pH of BASE•128 ranges

between 7.20 to 7.40 and its osmolality values are

280–320 mOsm/kg (product accompanying

information).

The LDS was prepared by mixing a physiological

saline (Fresenius Kabi, Bad Homburg, Germany) with

the concentrations of the antibiotics and antimycotic

selected as the average values of concentration ranges

published for BASE•128: Amphotericin B sodium

deoxycholate 16 mg/l (Bristol-Myers Squibb, Farmar

L’Aigle Usine, France), cefotaxime 130 mg/l, gen-

tamicin 140 mg/l (Lek Pharmaceuticals, Ljubljana,

Slovenia), vancomycin 130 mg/l (Mylan, S.A.S.,

France), as described previously (Smeringaiova et al.

2017).

Three lots of both solutions were used for exper-

iments. Because the BASE•128 is supplied in frozen

form, LDS was also frozen after its preparation.

Before the experiments, both solutions were thawed

(T0) and then frozen in a form of appropriate aliquots.

Solutions were then tested after 1 (T1), 3 (T2) and 6

months (T3) of storage at - 20 �C. Tested solutions

were thawed at 4 �C overnight, before the day of

antimicrobial and stability testing.

Bacterial strains

To verify antibacterial activity of the two tested

decontamination solutions the multi-resistant isolates

from clinical material (Motol University Hospital) or

bacteria deposited by a non-profit organization The

Czech Collection of Microorganisms (CCM), with

defined antibiogram, were used—Table 1. The deter-

mined sensitivity to selected antibiotics was inter-

preted according to the recommendations of Clinical

breakpoints—Bacteria, v 8.0 of The European Com-

mittee on Antimicrobial Susceptibility Testing

(EUCAST) (EUCAST v 8.0 2018) and the Perfor-

mance Standards for Antimicrobial Susceptibility

Testing, 28th Edition of the Clinical and Laboratory

Standards Institute (CLSI) (CLSI 28th edn. 2018).

Antimicrobial activity

Antimicrobial activity test of the solutions was carried

out by agar well diffusion method (AWDM). The

AWDM is the second well-established method used

for antimicrobial susceptibility testing, after the agar

disk-diffusion method, used in many clinical micro-

biology laboratories. Both methods are equally valid

for antimicrobial testing (Holder and Boyce 1994;

Balouiri et al. 2016).

Three lots of both solutions were used for exper-

iments. The Petri dishes with Mueller–Hinton agar

(Oxoid Ltd., Hampshire, England) were inoculated

with the bacterial pathogen, grown up to a density of

an 0.5-McFarland Standard, then 1-cm wells were cut

into the surface of the agar using a cork borer and

100 ll of the decontamination solution, either

BASE•128 or LDS, was added into each well. The

agar plates were incubated at 36 �C for 18 h (in an

appropriate atmosphere) to allow the antimicrobial

agents to diffuse in the agar medium and inhibit the

growth of the microbial strain tested. The experiment

was performed twice in triplicates. The diameter (mm)

of clear zone around the wells, called the zone of

inhibition or inhibitory zone (IZ) was measured by a

digital caliper.

Osmolarity and pH

The pH and osmolarity values of both solutions were

tested at T0–T3 directly after thawing of respective

aliquot. The pH was determined by pH meter InoLAB

pH 720 (WTW, Weilheim, Germany). The osmolarity

values were measured using TearLAB� Osmometer

(TearLAB Corporation, San Diego, CA), following

manufacturer’s instructions. Both values, pH and

osmolarity, were measured at room temperature.

Statistical analysis

The statistical analysis of collected data was per-

formed using The Excel� (Microsoft). The data were

expressed as mean ± standard deviation (SD). The

differences in IZ were evaluated using the Mann–

Whitney test (BASE•128 9 LDS at every time point

T0–T3) and by Wilcoxon matched-pairs signed-ranks

test (aliquot at T0 9 T1 9 T2 9 T3) using the

GraphPad Prism software (version 7.04, GraphPad

Software, CA, USA). A probability of 5% or less was
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considered significant. The change of pH and osmo-

larity was expressed as mean ± SD, but the statistical

analysis was not performed due to lack of data (two

measurements in each sample group).

Results

Antimicrobial activity

The antimicrobial activity of tested decontamination

solutions, BASE•128 and LDS, was assessed by

AWDM and expressed as the IZ value (mean ± stan-

dard deviation), Table 2.

Both solutions were the most effective at elimina-

tion of P. mirabilis, whereas the activity of both

solutions against P. mirabilis remained stable through-

out the experiment, Table 2. Both solutions had the

second highest antimicrobial activity against P.

aeruginosa. There was not any statistical difference

between the antimicrobial efficacy of both solutions at

any time, Table 2.

The BASE•128 and LDS had the lowest antimi-

crobial activity against S. aureus. The only statistically

significant difference was observed between the IZ

(mm) of BASE•128 and LDS at T0, Table 2.

The BASE•128 showed slightly lower antimicro-

bial efficiency against E. coli and E. faecalis,

compared to LDS. Both solutions were less efficient

against E. faecalis, compared to their efficacy against

E. coli. The differences between the two solutions

were statistically significant in all cases, Table 2.

We further compared the IZ between the aliquots of

BASE•128 and LDS, after various periods of cold-

storage (T0–T3). In a case of P. mirabilis and E. coli,

comparing values of IZ assessed for different periods of

storage of solutions, i.e. T0 9 T1 9 T2 9 T3, showed

no statistically significant differences, Table 3.

The antimicrobial activity of both solutions against

S. aureus slightly decreased with cold storage, being

the lowest for both solutions at T2, Table 2. As shown

in Table 3, when BASE•128 at T1/T2/T3 was com-

pared to BASE•128 at T0, the decrease was statisti-

cally significant in all three cases. When LDS at T1/

T2/T3 was compared to LDS at T0, the decrease was

not statistically significant in any case, Table 3.

In case of P. aeruginosa, the antimicrobial efficacy

of BASE•128 did not change significantly with

prolonged storage (T1–T3), compared to solution at

T0, Table 3. However, the antimicrobial efficacy of

LDS against P. aeruginosa slightly decreased with

prolonged storage, with lowest mean IZ (mm) value

for LDS at T3, Table 2. This decrease was statistically

significant, when compared to LDS at T1/T2/T3,

Table 3.

Compared to BASE•128 at T0, the efficacy of

BASE•128 against E. faecalis did not significantly

change with prolonged storage. The highest efficacy

against E. faecalis had the BASE•128 at T1 and this

efficacy decreased with cold storage (T2, T3). This

decrease was statistically significant only in two cases,

Table 3. Antimicrobial efficacy of LDS against E.

faecalis did not significantly change with prolonged

storage, Table 3.

Table 1 Bacterial pathogens and their susceptibility to antibiotics (ATB), used in the present study

Bacterial strain (in-text

abbreviation)

Source Gram

±

ATB susceptibilitya ATB resistancea

Proteus mirabilis (P. mirabilis) Clinical

isolate

- Cefotaxime Gentamicin, fluoroquinolones

Pseudomonas aeruginosa (P.

aeruginosa)

ATCCb

27853

- Gentamicin Piperacilin, ceftazidime,

carbapenems, fluoquinolones

Staphylococcus aureus—

methicillin resistant (S. aureus)

Clinical

isolate

? Vancomycin Beta-laktam agents, gentamicin,

clindamycin, fluoroquinolones

Escherichia coli (E. coli) ATCCb

25922

- Cefotaxime (cephalosporins),

gentamicin (aminoglycosides)

Only natural resistance

Enterococcus faecalis (E. faecalis) ATCCb

29212

? Vancomycin (glycopeptides and

lipoglycopeptides)

Only natural resistance

aBased on the data from EUCAST and CLSI
bSource of bacterial strain: American Type Culture Collection (ATCC)
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Table 2 The effect of cold storage of BASE•128 and LDS, on their antimicrobial activity against five bacterial strains

Organism IZ (mm), mean ± SD

BASE•128 LDS

T0 T1 T2 T3 T0 T1 T2 T3

P. mirabilis 49.8 ± 0.4 49.0 ± 0 49.0 ± 0 49.2 ± 0.8 49.8 ± 0.4 49.3 ± 0.5 50.0 ± 0

(0.001)***

49.0 ± 1.1

P. aeruginosa 39.6 ± 2.9 39.4 ± 3.1 39.7 ± 2.5 39.1 ± 3.8 40.3 ± 2.9 40.0 ± 2.5 39.5 ± 2.0 38.3 ± 3.3

S. aureus 30.5 ± 0.5

(0.015)*

29.0 ± 0 27.3 ± 0.5 28.2 ± 0.1 29.2 ± 0.8 28.7 ± 0.5 27.2 ± 0.4 27.3 ± 0.5

E. coli 35.3 ± 0.5 36.7 ± 0.5 36.0 ± 0 35.3 ± 0.5 37.8 ± 0.4

(0.003)**

37.8 ± 0.4

(0.007)*

37.3 ± 0.8

(0.009)*

36.5 ± 0.5

(0.013)*

E. faecalis 32.3 ± 0.5 32.7 ± 0.5 31.5 ± 0.5 31.0 ± 0.6 37.0 ± 0

(0.002)**

36.0 ± 0.6

(0.004)**

36.7 ± 0.5

(0.004)**

36.5 ± 0.5

(0.004)**

The effect is expressed as a mean ± standard deviation (SD) of a diameter (mm) of the inhibitory zone (IZ), assessed by agar-well

diffusion method. Statistically significant difference between the IZ of the two solutions, cold-stored for a period of 0 (T0), 1 (T1), 3

(T2) or 6 months (T3), was counted—the P values: *P B 0.05; **P B 0.005; ***P B 0.001. The P values B 0.05 are indicated in

brackets, below the numerically higher mean IZ value out of a pair of means, relevant to compared solutions

Table 3 Statistical significance of difference in inhibitory zones (IZ) between 0 (T0), 1 (T1), 3 (T2) or 6 months (T3)-stored solution

(BASE•128, LDS). The antimicrobial efficiency was tested against five bacterial strains

Organism Wilcoxon test – IZ (P value)

BASE•128 LDS

T0 T1 T2 T3 T0 T1 T2 T3

P. mirabilis Difference not significant between any of the compared groups

T0 T1 T2 T3 T0 T1 T2 T3

P. aeruginosa ns T0 – ns ns 0.001***

T1 ns – 0.001***

T2 ns ns – 0.039*

T3 0.001*** 0.001*** 0.039* –

S. aureus T0 T1 T2 T3 T0 T1 T2 T3

– 0.031* 0.031* 0.031* T0 – ns ns ns

0.031* – 0.031* ns T1 ns – 0.031* 0.031*

0.031* 0.031* – ns T2 ns 0.031* – ns

0.031* ns ns – T3 ns 0.031* ns –

E. coli Difference not significant between any of the compared groups

E. faecalis T0 T1 T2 T3 T0 T1 T2 T3

– ns ns ns T0 ns

ns – 0.031* 0.031* T1

ns 0.031* – ns T2

ns 0.031* ns – T3

Statistical significance (P value): *P B 0.05; **P B 0.005; ***P B 0.001, ns not significant
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Physical parameters

The LDS had higher pH values after storage, com-

pared to BASE•128, Table 4. The most pronounced

difference could be seen between the pH value of T3-

LDS (pH 7.72 ± 0.19) and T3-BASE•128 (pH

7.58 ± 0.07), and between the T3-LDS and T0-LDS

(pH 7.36 ± 0.07). The osmolarity values of the

BASE•128 were mostly below range of the osmolarity

measurement instrument, used in the study. However,

the osmolarity values of LDS could be measured and

they dropped from 392.00 units (T0) to 277.50 units

(T3), Table 4.

Discussion

We evaluated and compared the antimicrobial efficacy

and stability in time of two solutions, BASE•128 and

LDS, which can be used for the decontamination of

HAM prior to its surgical application. This study is a

follow-up to our previous research (Smeringaiova

et al. 2017), in which we compared the effect of the

same solutions on viability of cells present in HAM.

We used both standard and clinical bacterial strains

to investigate antibacterial property of the decontam-

ination solutions by simple and quick method, the

AWDM, which allows a comparison of inhibitory

activity levels of the tested substances.

Both solutions were the most effective at elimina-

tion of P. mirabilis, the Gram-negative bacterium,

which is susceptible to most antibiotics, except

tetracyclines (EUCAST v 8.0 2018; CLSI 28th edn.

2018). Proteus species are part of normal human

intestinal flora, but can also colonize both the skin and

oral mucosa of patients and hospital personnel. P.

mirabilis causes 90% of Proteus infections (Gonzales

2017). According to the data from EUCAST and

CLSI, the P. mirabilis is sensitive to cefotaxime, with

the following susceptibility breakpoints: IZ C 20 mm

(EUCAST); IZ C 26 or 23 mm (CLSI), assessed by

the disk diffusion method. Our data shows that both

solutions had sufficient antimicrobial efficacy against

the P. mirabilis, with the IZ about 49 mm, and that

they both retained antimicrobial efficacy against P.

mirabilis after prolonged storage.

The decontamination efficacy of the two solutions

against the remaining three common bacterial species

was as follows: P. aeruginosa[E. coli[E. faecalis.

The Gram-negative bacteria P. aeruginosa is a multi-

drug resistant pathogen, susceptible to gentamicin. P.

aeruginosa is one of the most frequent bacteria linked

with ventilator-associated pneumonia (Friedrich 2017;

Ramirez-Estrada et al. 2016). The P. aeruginosa was

also detected in patients following HAM transplanta-

tion (Marangon et al. 2004). The susceptibility break-

points of gentamicin for P. aeruginosa are:

IZ C 15 mm (EUCAST, CLSI). Despite small numer-

ical differences, the efficacy of both solutions against

P. aeruginosa was similar and the IZ reached values

greater than the susceptibility breakpoints. The

BASE•128 retained its antimicrobial efficacy after

prolonged storage, thus being more stable than LDS.

The E. coli, present in normal human gastrointesti-

nal tract, is responsible for common (extra-) intestinal

bacterial infections, such as urinary tract infection,

wound infections, neonatal sepsis, etc. It is a Gram-

negative bacterium, most frequently found in the

genital tract of women (Guiral et al. 2011), thus the

E. coli is present on HAM after normal vaginal

delivery (Gannaway et al. 1984; Adds et al. 2001).

Standardly, these bacteria are sensitive to

Table 4 Stability of the tested solutions (BASE•128, LDS), stored for different time-periods, i.e. 0 (T0), 1 (T1), 3 (T2) or 6 months

(T3), expressed as changes in pH and osmolarity

Parameter Mean ± SD

BASE•128 LDS

T0 T1 T2 T3 T0 T1 T2 T3

pH 7.46 7.61 ± 0.03 7.52 ± 0.09 7.58 ± 0.07 7.36 ± 0.07 7.61 ± 0.07 7.60 ± 0.03 7.72 ± 0.19

Osmol

(mOsm/l)

BR 288.50 ± 19.90 BR BR 392.00 285.00 ± 4.24 285.00 ± 8.49 277.50 ± 2.12

BR below range of TearLAB� Osmometer
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cephalosporins (cefotaxime) or aminoglycosides (gen-

tamicin) (Madappa 2017). The EUCAST and CLSI

susceptibility breakpoints of cefotaxime for E. coli are

the same as for the P. mirabilis, the susceptibility

breakpoints of gentamicin for E. coli are as follows:

the IZ C 17 mm (EUCAST) and IZ C 15 mm

(CLSI).

Enterococci are part of the normal human intestinal

flora. These Gram-positive bacteria can cause life-

threatening infections in humans. The E. faecalis can

be found on HAM after both vaginal and caesarean

section delivery (Adds et al. 2001). These bacteria are

resistant to many commonly used antimicrobial

agents; resistance to vancomycin is becoming more

common (Faron et al. 2016). The susceptibility

breakpoints of vancomycin for E. faecalis are as

follows: the IZ C 12 mm (EUCAST) and IZ C 17

mm (CLSI). Both tested solutions were efficient

against the E. coli and E. faecalis. However, the

LDS was more efficient against the E. coli and E.

faecalis than BASE•128, and this difference was

statistically significant. The efficacy of BASE•128
against E. coli was better than that against E. faecalis.

The S. aureus is Gram-positive bacteria causing

serious infections with growing incidence, accompa-

nied by a rise in antibiotic-resistant strains, such as

methicillin-resistant S. aureus and vancomycin-resis-

tant strains (WHO 2018; Baorto 2017; de Kraker et al.

2011). The S. aureus is present on HAM after both

vaginal and caesarean section delivery (Adds et al.

2001; Marangon et al. 2004; Aghayan et al. 2013). The

susceptibility breakpoints of vancomycin are reported

only in a form of minimum-inhibitory concentrations

by EUCAST and CLSI. In our study, both tested

solutions showed the lowest efficacy against S. aureus.

At T0, the BASE•128 was slightly more efficient in

elimination of S. aureus than LDS, and the efficacy of

BASE•128 decreased after cold storage. Of note, the

vancomycin is a glycopeptide with a large molecule

(molar mass 1449.3 g mol-1) thus its diffusion rate in

the Mueller–Hinton agar is slower than that of

cefotaxime (molar mass 455.5 g mol-1) and gentam-

icin (molar mass 477.6 g mol-1). This may partially

explain the lowest diameters of the IZ detected in case

of E. faecalis and S. aureus, both susceptible to

vancomycin. On the other hand, the bactericidal

in vitro effect of vancomycin is enhanced, when used

in combination with cefotaxime and gentamicin (Lam

and Bayer 1984).

We observed the changes in pH and osmolarity of

the two decontamination solutions, which are stan-

dardly cold-stored as batches before use. The reason of

such storage is primarily the preservation of the

substances, such as antibiotics or vitamins, in their

active state. The starting pH of BASE•128 (T0) was

7.46, and slightly increased after cold storage (pH 7.58

after 6 months). The normal pH of fresh BASE•128 is
pH 7.20–7.40. The BASE•128 was used as a reference
solution to LDS, thus was frozen and thawed more

than one time, as recommended by manufacturer. The

pH change of LDS was more prominent, with an

increase from pH 7.36 (T0) to pH 7.72 after 6 months

(T3). Thus, the use of both solutions in fresh state is

preferred, especially if the preservation of vital cells in

HAM is important. Due to lack of data for BASE•128
it is difficult to compare the differences in osmolarity

values between the two tested solutions. From a

collected data, specifically the pH values, it seems that

the BASE•128 is, with its current formula, a slightly

more physiochemically stable solution than LDS,

however, the improvement of formula of LDS is

possible in the future.

There is a lack of solutions for decontamination of

HAM before its use, which is essential to avoid

transmission of pathogens from donors to patients. In

our previous study (Smeringaiova et al. 2017) we

offered the LDS, as an alternative solution to com-

mercial BASE•128, with a sufficient preservation of

viable epithelial cells in HAM. In this study we

showed that the antimicrobial efficacy of LDS against

common clinical pathogens is comparable to the one

of BASE•128, and that the stability of LDS is good,

but can be improved by proper changing of the current

formula. In general, the differences between the two

solutions are very weak and both solutions are

suitable for successful HAM decontamination.
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Abstract

The human amniotic membrane (HAM) is widely used for its wound healing effect in clinical

practice, as a feeder for the cell cultivation, or a source of cells to be used in cell therapy.

The aim of this study was to find effective and safe enzymatic HAM de-epithelialization

method leading to harvesting of both denuded undamaged HAM and viable human amniotic

epithelial cells (hAECs). The efficiency of de-epithelialization using TrypLE Express, trypsin/

ethylenediaminetetraacetic (EDTA), and thermolysin was monitored by hematoxylin and

eosin staining and by the measurement of DNA concentration. The cell viability was deter-

mined by trypan blue staining. Scanning electron microscopy and immunodetection of colla-

gen type IV and laminin α5 chain were used to check the basement membrane integrity. De-

epithelialized hAECs were cultured and their stemness properties and proliferation potential

was assessed after each passage. The HAM was successfully de-epithelialized using all

three types of reagents, but morphological changes in basement membrane and stroma

were observed after the thermolysin application. About 60% of cells remained viable using

trypsin/EDTA, approximately 6% using TrypLE Express, and all cells were lethally damaged

after thermolysin application. The hAECs isolated using trypsin/EDTA were successfully

cultured up to the 5th passage with increasing proliferation potential and decreased stem

cell markers expression (NANOG, SOX2) in prolonged cell culture. Trypsin/EDTA technique

was the most efficient for obtaining both undamaged denuded HAM and viable hAECs for

consequent culture.
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Introduction

The human amniotic membrane (HAM) is the inner layer of the fetal membranes. It consists

of a single layer of epithelial cells, basement membrane (BM), and an avascular stroma [1].

The two cell types of different embryological origin are located in the HAM: human amniotic

epithelial cells (hAECs) derived from the embryonic ectoderm, and mesenchymal stromal cells

(hAMSCs) derived from the embryonic mesoderm [1].

The wound healing effect of HAM mediated by numerous growth factors and cytokines

and the presence of stem cells continuously increase interest in its potential in the medical

treatment and tissue engineering [2–7]. The application of HAM is best established in ophthal-

mology, where it is used clinically for its wound-healing effect and as a substrate for limbal

stem cells (LSCs) cultivation and consequent treatment in limbal stem cells deficiency (LSCD)

[8].

Many published reports discussed whether intact or denuded HAM is more suitable for cul-

ture of LSCs. It has been shown that intact HAM mostly supports the growth of limbal explants

[9–11], while denuded HAM is more suitable as a substrate for enzymatically dispersed LSCs

[12–17]. Koizumi et al. found that denuded HAM supported the growth of well-stratified and

differentiated LSCs, while on intact HAM a monolayer of less differentiated limbal cells was

formed [18]. LSCs cultured on denuded HAM were better attached to the stroma [18].

The expression of stemness genes, e.g. octamer-4 (OCT-4), sex determining region Y-box 2

(SOX2), fibroblast growth factor 4, zinc finger protein 42 (REX-1), nanog homeobox

(NANOG), ATP-binding cassette sub-family G member 2 (ABCG2) and bone marrow stromal

cell antigen-1 (BST-1), was reported in hAECs [19]. The hAECs have highly multipotent dif-

ferentiation ability and could be differentiated into all three germ layers [20]. Furthermore,

these cells have immuneprivileged characteristics, expressing only very low levels of class IA

and II human leukocyte antigens [21]. The ability to differentiate, low immunogenicity and

anti-inflammatory effect indicate their potential to be used in the treatment of a various dis-

eases and disorders, such as the treatment of Type I diabetes [22] or cardiovascular regenera-

tion [23]. The hAECs can also be utilized for tissue engineering of skin [24] or as a feeder for

expanding of various stem cells types, including human LSCs [22], or human and murine

embryonic stem cells [25, 26]. Li et al. found that supernatant from hAECs inhibited the che-

motactic activity of neutrophils and macrophages as well as reduced the proliferation of T and

B cells after mitogenic stimulation [27].

Denuded HAM and hAECs can therefore be used separately for various purposes. Several

approaches and methods exist to denude HAM. The most frequently used method is treatment

with the trypsin/ethylenediaminetetraacetic acid (EDTA) [28, 29]. Besides that, sodium dode-

cyl sulphate (SDS) [30], Tris/EDTA followed by incubation with SDS [31], Tris/EDTA/aproti-

nin [32], EDTA [18], thermolysin [33], dispase [14] NaOH [34], or ammonium hydroxide

[35], were successfully used.

The best established method for the isolation of viable hAECs is the trypsin/EDTA treat-

ment [36–40], and its modified forms like several trypsin/EDTA incubation steps [41] or treat-

ment with dispase [42, 43].

Each of the mentioned techniques has different effects on biological and physical properties

of both HAM and hAECs. Many of these treatments take hours and may damage denuded

HAM integrity, or viability of hAECs and hAMSCs or decrease the activity of growth factors.

EDTA itself does not remove epithelium completely [14, 17], treatment with dispase can dam-

age BM structure [13]. However, these studies were focused on either de-epithelialization or

on obtaining of viable hAECs only.
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In this study, TrypLE Express, trypsin/EDTA and thermolysin were applied to obtain both

viable hAECs and undamaged denuded HAM at the same time. TrypLE Express is a recombi-

nant fungal trypsin-like protease with similar dissociation kinetics to porcine trypsin, which

has been successfully used for dissociation of human pluripotent stem cells [44]. Trypsin/

EDTA application is generally used to detach seeding cells from the culture flask and for de-

epithelialization of HAM [13, 36, 39]. Thermolysin is a zinc neutral, heat-stable metalloprotei-

nase isolated from the Bacillus strearothermophilus, and it has been demonstrated that its use

generated fully denuded HAM without any mechanical scrapping [33].

The aim of our study was to identify an enzymatic method which would result in two simul-

taneous advantages: 1) a complete HAM de-epithelialization safe for BM and stroma, and 2)

harvesting viable hAECs usable for subsequent culture.

Materials and methods

Tissue

The study followed the standards of the Ethics Committee of Motol University Hospital,

Prague and the General Teaching Hospital and 1st Medical Faculty of Charles University in

Prague, and adhered to the tenets set out in the Declaration of Helsinki. Twelve term human

placentas were obtained after the delivery by elective caesarean section (with donor informed

consent) from the Motol University Hospital, Prague (study EK-503/16 approved on 04/14/

2016). The donors were tested negative for hepatitis B, C, syphilis, HIV, and with CRP less

than 10 mg/l. Each placenta was immediately placed in a sterile container filled with Hank´s

Balanced Salt Solution without calcium and magnesium (HBSS, Sigma-Aldrich, St. Louis, MO,

USA). Special attention was paid to the gentle handling of each placenta during procurement,

transport and subsequent manipulation. The preparation of HAM started at most within 2 h

after the delivery. HAM was mechanically peeled off of the chorion and washed several times

with HBSS to remove blood clots and debris. HAM was flattened onto a sterile nitrocellulose

membrane (Bio-Rad, Hercules, CA, USA) with the epithelium surface facing up, cut into 2 x 2

cm (for consequent de-epithelialization) or 9 x 9 cm pieces (for the cell culture after de-

epithelialization).

HAM de-epithelialization and hAECs isolation

Three different protocols were used for HAM de-epithelialization: 1) incubation with TrypLE

Express (Gibco, Grand Island, NY, USA) at 37˚C for 10 min; 2) incubation with 0.1% w/v tryp-

sin (Sigma-Aldrich)/0.25% w/v EDTA (Sigma-Aldrich) at 37˚C for 30 min; 3) incubation with

125 μg/ml thermolysin (Sigma-Aldrich) at 37˚C for 9 min. The incubations were stopped with

the Dulbecco´s modified Eagle medium (DMEM; Gibco) containing 10% fetal calf serum

(FCS; Gibco), and antibiotics mixture (10 μl/ml of Antibiotic-Antimycotic (100X); Gibco),

hereafter referred as the complete DMEM medium. After each de-epithelialization process,

HAM pieces were gently scrapped with the cell scraper (Biologix, Shandong, P.R. China) to

remove hAECs in sterile petri dish. The medium with cells was collected, centrifuged at 140g

for 8 min and resuspended in complete DMEM medium. All experiments were done in dupli-

cates from 8 placentas.

The viability of the hAECs was determined by exclusion of 0.1% w/v trypan blue dye

(Gibco) and hAECs were counted with a hemocytometer. De-epithelialized and intact (used as

a control) HAMs were frozen in Cryomount (Histolab AB, Askim, Sweden) and stored at

-80˚C. Tissues were cryosectioned at a thickness of 7 μm, and four slices were mounted per

slide.
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Hematoxylin and eosin staining (H&E)

HAMs and HAM cryosections of the control and de-epithelialized HAMs were stained using

H&E for the morphological assessment. The samples were examined by light microscopy with

the use of Olympus BX51 (Olympus Co., Tokyo, Japan) at a magnification of 100 and 200x.

DNA analysis

After each de-epithelialization processes, the tissues of size 1 x 1 cm were placed into Eppen-

dorf tube and cut out with scissors. Intact HAM of the same size was used as a control. Tri

Reagent (Molecular Research Center, Cincinnati, OH, USA) was added to the tissues, and total

DNA was extracted according to the manufacturer´s instructions. The concentration of the

DNA was measured with NanoDrop (Thermo Scientific, Waltham, MA, USA).

Immunostaining

Cryosections of the control and de-epithelialized HAMs from five independent experiments

were fixed with iced acetone for 10 min. The samples were incubated with mouse anti-collagen

type IV α2 chain (MAB1910; 1:300, Chemicon International, Billerica, MA, USA) or mouse

anti- laminin α5 chain antibody (M0638; 1:25, DakoCytomation, Glostrup, Denmark) for one

h at room temperature, washed three times with phosphate-buffered saline (PBS) and then

incubated with a secondary donkey anti-mouse IgG antibody conjugated with fluorescein

(FITC) (715-095-151; 1:200, Jackson ImmunoResearch Laboratories, West Grove, PA, USA).

The samples were rinsed with PBS and mounted on slides and DNA counterstained using Vec-

tashield—propidium iodide (Vector Laboratories, Inc. Burlingame, USA). Visualization was

performed using Olympus BX51 fluorescence microscope (Olympus Co., Tokyo, Japan) at a

magnification of 200x. Images were recorded using a Vosskühler VDS CCD-1300 camera,

(VDS Vosskühler GmbH, Germany), and NIS Elements software (Laboratory Imaging, Czech

Republic) was used for image analysis.

Scanning electron microscopy (SEM)

Samples of intact and denuded HAM scaffolds (from two placentas) mounted in a CellCrown™
inserts (Scaffdex Oy, Tampere, Finland) were fixed in PBS buffered 3% glutaraldehyde, washed

in PBS, postfixed with 1% OsO4, dehydrated in a graded ethanol series (25, 50, 75, 90, 96, and

100%) and critical point dried in a K850 Critical Point Dryer (Quorum Technologies Ltd,

Ringmer, UK). The dried samples were sputter-coated with 3 nm of platinum in a Q150T

Turbo-Pumped Sputter Coater (Quorum Technologies Ltd, Ringmer, UK). The final samples

were examined in a FEI Nova NanoSEM scanning electron microscope (FEI, Brno, Czech

Republic) at 5 kV using ETD, CBS and TLD detectors. Stereo-pair images were taken at tilts of

-6˚, 0˚ and +6˚ of compucentric goniometer stage. Final R-GB anaglyphs were constructed in

a “Stereo module” of AnalySis3.2 software suite (EMSIS GmbH, Germany).

Cell culture

The hAECs harvested from three placentas after trypsin/EDTA de-epithelialization from 9 x 9

cm HAM pieces were cultured in complete DMEM medium in 25-cm2 tissue culture flasks

(Techno Plastic Products, Trasadingen, Switzerland). Medium was changed every 3–4 days.

When the cell culture confluence reached about 80–90%, the cells were passaged with 1 ml of

TrypLE Express for 5 min in 37˚C. The hAECs were collected, centrifuged at 140g for 8 min

and counted with hemocytometer. After every passage, the cells (10 x 103 cells) were used for

the WST-1 assay, approximately 100 x 103 cells were transferred to the Eppendorf tubes with
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Tri Reagent (Molecular Research Center, Cincinnati, OH) and one third of the cells were put

back to the culture flask and cultured to the next confluence and passage. The cell images were

taken before each passage, and similarly the metabolic activity and gene expression of the cells

was determined.

Determination of metabolic cell activity

The metabolic activity of living cells was determined by the WST-1 assay as we described before

[45]. In brief, the hAECs (10 x 103 cells) were cultured in complete DMEM medium with or

without epidermal growth factor (EGF) (Gibco) in 96-well tissue culture plate (VWR, Radnor,

PA, USA) for 24 h at 37˚C in an atmosphere of 5% CO2. WST-1 reagent (Roche, Mannheim,

Germany) (10 μl/100 μl of the medium) was added to each well, and the plates were incubated

for another 4 h to form formazan [46]. Formazan-containing medium (100 μl) was transferred

from each well into the new 96-well tissue culture plate and the absorbance was measured using

a Tecan Infinite M200 (Tecan, Männedorf, Switzerland) at a wave-length of 450 nm.

Isolation of RNA and reverse transcription PCR (RT-PCR)

The cells were transferred into Eppendorf tubes containing 500 μl of TRI Reagent and total

RNA was extracted according to the manufacturer´s protocol as was described previously [47].

RNA quality was analyzed by λ260/λ280 spectrophotometer analysis (Nanodrop). One μg of

RNA was treated with deoxyribonuclease I (Promega, Madison, WI) and used for subsequent

reverse transcription. The first-strand cDNA was synthesized using random hexamers (Pro-

mega) in a total reaction volume of 25 μl using M-MLV Reverse Transcriptase (Promega).

The first strand cDNA product (2μl) was amplified in a total volume of 20 μl PCR assay,

containing 10 μl PPP Master Mix (Top Bio, Vestec, Czech republic), 1 μl of each primer and

was filled up to a total volume with PCR water (Top Bio). The primers for β-ACTIN, SOX2,

OCT-4, OCT-4A and NANOG were selected from previous works and specificity was examined

with Primer-BLAST software (NCBI) [20, 39, 48]. Two pairs of primers for OCT-4 were used,

because there are two possible spliced variants (OCT-4A and OCT-4B). Product sizes, anneal-

ing temperatures and primer sequences are listed in Table 1. The PCR cycles included denatur-

ation at 94˚C for 2 min followed by 35 to 40 cycles as follows: denaturation at 94˚C for 30 s,

annealing 57˚C to 64˚C for 30 s, elongation at 72˚C for 1 min and 72˚C extension for 10 min

at the end of the program. RT-PCR products were visualized with Gel Red (Biotium, CA,

USA) on a 1% agarose gel. Amplification of the housekeeping gene β-ACTIN transcripts was

performed simultaneously in order to confirm RNA integrity. Induced pluripotent stem cells

(iPS) were used as positive control and corneal fibroblasts as negative control for expression of

stem cell markers. Both cell types were prepared as was described previously [49, 50]. Non

template control (NTC) reactions were used without cDNA.

Statistical analysis

The statistical significance of differences between individual groups was calculated using the

Student’s t-test.

Results

De-epithelialization of HAM and BM integrity

The integrity of HAM, the quality of de-epithelialization, and potential presence of hAECs

were verified by H&E staining and SEM analysis. The surface of intact HAM consists of cuboi-

dal epithelial cells, mesenchymal cells were observed scattered in the stroma (Fig 1).
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All three enzymatic methods (TrypLE Express, trypsin/EDTA, and thermolysin) were com-

parable in term of efficiency of HAM de-epithelialization. Only few epithelial cells occasionally

rested on denuded HAM with no difference of the used treatment. The hAMSCs from non-

treated HAM exhibited spindle-shaped morphology, similarly as hAMSCs after TrypLE

Express and trypsin/EDTA treatments. The thermolysin application led to loss of mesenchy-

mal spindle-shaped cell morphology, showing rather round cell shape (Fig 1).

The DNA concentration in denuded HAM was significantly lower after the treatment with

all de-epithelialization agents compared to control untreated samples (Fig 2). The small resid-

ual amount of DNA in treated specimens represents DNA of hAMSCs.

The mosaic layer of hAECs covered with dense microvilli was determined at the surface of

intact HAM by SEM analysis (Fig 3A, 3B and 3C). BM is well preserved after trypsin/EDTA

treatment, some residues of extracellular matrix (ECM) from epithelial cell layer are clearly

detectable (Fig 3G, 3H and 3I). Partial damage of BM was observed after applying TrypLE

Express treatment, but BM stayed still mostly intact (Fig 3D, 3E and 3F). When thermolysin

was used for decellularization, the BM was damaged and numerous lesions were observed

revealing the collagen network of compact layer under BM (Fig 3J, 3K and 3L), suggesting

aggressive proteolysis.

Table 1. Primer sequences used for real-time PCR.

Primer Sequence (5´-3´) Product size (bp) Annealing temperature (˚C) Cycles References

β-ACTIN F: cgcaccactggcattgtcat
R: ttctccttgatgtcacgcac

208 57 35 [20]

SOX2 F: gccgagtggaaacttttgtc
R: gttcatgtgcgcgtaactgt

264 57 40 [20]

NANOG F: ctgtgatttgtgggcctgaa
R: tgtttgcctttgggactggt

153 57 35 [39]

OCT-4 F: gaggagtcccaggacatgaa
R: gtggtctggctgaacacctt

151 57 40 [20]

OCT-4A F: cttctcgccccctccaggt
R: aaatagaacccccagggtgagc

496 64 35 [48]

https://doi.org/10.1371/journal.pone.0194820.t001

Fig 1. Comparison of the intact and denuded HAMs and HAM cryosections. Comparison of the intact (Control) and denuded HAMs (A) and HAM cryosections (B)

after TrypLE Express, trypsin/EDTA and thermolysin treatment stained with H/E for light microscopy. Scale bar represents 100 μm.

https://doi.org/10.1371/journal.pone.0194820.g001
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Collagen type IV and laminin α5 chain showed clear positivity in BM of all control speci-

mens and specimens after TrypLE Express and trypsin/EDTA treatment (Fig 4). After thermo-

lysin application, two staining patterns were observed: in HAM specimens from three

placentas, the staining for both proteins was properly localized just in BM without any visible

integrity deterioration, on the other hand, the positive signal of collagen type IV and laminin

α5 was spread throughout the whole amniotic stroma in specimens from other two placentas.

In these samples the positive line representing BM was not apparent (Fig 4A and 4B). Intact

HAM was used as a negative control without using primary antibody.

Viability, morphology, growth and expression pattern of hAECs

The viability of obtained hAECs immediately after de-epithelialization reached approximately

6% after TrypLE Express, and about 60% after trypsin/EDTA treatment (Fig 5). Only dead

cells and cellular fragments were observed after de-epithelialization using thermolysin.

The hAECs harvested after trypsin/EDTA treatment were successfully cultured from all

three HAMs. The morphology of hAECs changed from cuboidal shape at the beginning of the

culture to more mesenchymal shape cells in the 4th and 5th passage (Fig 6). The higher prolifer-

ation activity was observed in later passages. When hAECs were co-cultured with EGF for 24

hours, the metabolic activity was slightly, but not significantly increased (Fig 7).

The expression of three stem cell markers in cultured hAECs was detected. SOX2 was pres-

ent up to 2nd passage, NANOG up to 4th passage, and OCT-4 was present in all passages (Fig 8).

No band was observed when primers for transcription variant specific for stem cells (OCT-

4A) were used.

Discussion

The three tested de-epithelialization approaches were efficient to remove epithelial cells from

HAM surface. However, only the treatment with trypsin/EDTA was effective for simultaneous

harvesting of viable hAECs. We have shown, that gentle mechanical scrapping necessary to

Fig 2. Comparison of the DNA concentrations. Comparison of the DNA concentration in the tissues form the intact

(Control) and denuded HAMs with TrypLE Express (TrypLE), trypsin/EDTA and thermolysin treatment directly after

de-epithelialization. Each bar represents mean ± SD from 3 determinations (���P < 0.001).

https://doi.org/10.1371/journal.pone.0194820.g002
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remove up to 100% of hAECs after each treatment does not affect the integrity of BM. The

staining of HAM and DNA concentration measurement demonstrated the efficiency of all

three de-epithelialization processes, with no significant difference between the methods.

Fig 3. Topography of intact and denuded HAM. Scanning electron micrographs (A, D, G, J) and stereo anaglyphs (B, C, E, F, H, I, K, L) of the intact (A, B, C) and

denuded HAM by TrypLE Express (D, E, F), trypsin/EDTA (G, H, I) and thermolysin (J, K, L). Areas of damaged BM are marked by arrows, ruptured gaps by �, the

residues of ECM by Δ. Red-green or red-cyan glasses required for proper view of stereo anaglyphs.

https://doi.org/10.1371/journal.pone.0194820.g003
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On the other hand, the detections of collagen type IV and laminin α5 as ubiquitous compo-

nents of BM [51, 52] revealed some differences between used protocols. The regular staining of

BM after TrypLE Express and trypsin/EDTA treatment indicates its integrity and is in agree-

ment with previously published data [13]. We have shown that relatively low trypsin concen-

tration (0.1% w/v) in trypsin/EDTA mixture does not affect BM integrity and cell vitality. BM

degradation has been documented after treatment with higher (0.25% w/v) trypsin concentra-

tion [13]. The results from SEM analysis thoroughly confirm our original conclusions based

on histology and immunohistochemistry data. Smooth surface and the presence of BM after

trypsin/EDTA treatment were also already detected [13]. In our experiments only partial dam-

age of BM has been noticed when TrypLE Express was used.

Different situation was observed after de-epithelialization using thermolysin, where almost

50% of specimens showed, beside integral BM staining, signal of collagen type IV and laminin

α5 dispersed in HAM stroma. Also loss of hAMSCs spindle shape morphology is consistent

with damages induced by thermolysin. SEM analysis showed that BM was damaged and rup-

tured. The collagen fibres of the underlying compact layer were seen at locations where BM

was missing. The similar image of collagen fibres was observed after de-epithelialization by dis-

pase when entire BM was absent [13]. Thermolysin is a heat-stable metalloproteinase which

acts specifically at hemidesmosome complex at the level of BM [53], most likely targeting

Fig 4. Immunostaining of BM. Distribution of BM collagen type IV α2 chain (green; A) or laminin α5 (green; B) in intact (Control) and denuded HAM: TrypLE

Express, trypsin/EDTA, thermolysin treatment. Intact HAM (primary antibody omitted), was used as negative control. Cell nuclei were stained with the propidium

iodide (red). Scale bar represents 100 μm.

https://doi.org/10.1371/journal.pone.0194820.g004
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collagen IV but not laminin [53, 54]. Hopkinson et al. also noted certain damage of BM when

thermolysin in combination with mechanical scrapping was used [33]. The improvement of

BM integrity was achieved, when mechanical removal was replaced by simple washing [33].

Fig 5. The viability of hAECs. Comparison of the hAECs viability after TrypLE Express, trypsin/EDTA and

thermolysin treatment. Cells were stained with trypan blue and counted via hemocytometer. Each bar represents

mean ± SD from 15 determinations (���P < 0.001).

https://doi.org/10.1371/journal.pone.0194820.g005

Fig 6. The morphology of hAECs. The comparison of morphology of cultured hAECs after trypsin/EDTA treatment in complete DMEM medium. The cells for the

light microscopy were photographed before each passage (after de-epithelialization, before 1st, 2nd, 3rd, 4th and 5th passage). Results of one out of 3 identical experiment

is shown. Scale bars represent 100 μm.

https://doi.org/10.1371/journal.pone.0194820.g006
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Unfortunately, we were unable to denude the HAM completely with thermolysin only. The

fragility and difficult handling of HAM after thermolysin treatment has been also reported in

another study [34]. We consider that the damage of the BM is caused by the natural activity of

this enzyme due to cleavage of collagen IV. Moreover the lesions are often of round or oval

shape (see Fig 3K and 3L), but not cracks, as it would correspond to scrapping damage.

De-epithelialization using thermolysin resulted in complete loss of hAECs viability. On the

other hand thermolysin was successfully used for the isolation of epidermal or intestinal epi-

thelial cells [53, 55], which are probably less sensitive to enzymatic treatment than the hAECs.

The highest viability of hAECs (about 60%) after trypsin/EDTA indicates that this method

is gentle and safe. We have also tried to culture hAECs harvested after TrypLE Express method

Fig 7. The metabolic activity of hAECs. Comparison of metabolic activity of the epithelial cells unstimulated (Uns)

and stimulated with EGF (EGF) after each passage. WST-1 reagent was added to the cell cultures for 4 h to form

formazan. The absorbance was measured at a wave-length of 450 nm. Each bar represents mean ± SD from 3

determinations.

https://doi.org/10.1371/journal.pone.0194820.g007

Fig 8. The RT-PCR analysis of hAECs. The RT-PCR analysis of hAECs after de-epithelialization and each passage (P0-P5). The

iPS cells were used as a positive (iPS) and corneal fibroblasts as negative control (CF). Sample without cDNA (NTC) was used as

non-template control. One representative experiment of 3 (with identical results) is shown.

https://doi.org/10.1371/journal.pone.0194820.g008

The enzymatic de-epithelialization of amniotic membrane and viability of harvested epithelial cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0194820 March 27, 2018 11 / 16

https://doi.org/10.1371/journal.pone.0194820.g007
https://doi.org/10.1371/journal.pone.0194820.g008
https://doi.org/10.1371/journal.pone.0194820


(6% viability), but these cells (probably due to low initial amount of cells) were growing very

slowly and reached full confluence only after extended time periods. The viability of hAECs

after TrypLE Express treatment did not changed even if we used a prolonged time period (30

min). The hAECs obtained by trypsin/EDTA treatment were successfully cultured up to 5th

passage and their proliferation activity increased after each passage up to the 4th one. It was

reported that addition of EGF as mitogenesis promoter [56] significantly increases prolifer-

ative capacity of hAECs [41]. The addition of EGF for to 24-h culture period did not change

proliferation activity significantly. The longer cultivation periods in our study was omitted as

it has been found that 7-day cultivation of hAECs with EGF led to significantly increased pro-

liferation, but lower expression of pluripotent genes OCT-4, SOX2 and NANOG [57]. Our

hAECs, isolated with trypsin/EDTA method, changed their morphology during culture and

passaging from more cuboidal morphology at the beginning of culture to more mesenchymal

shape from the 3rd passage. Similar observation was also described repeatedly [36]. Morphol-

ogy and proliferation changes could be caused by epithelial to mesenchymal transition by

autocrine production of transforming growth factor-β during the culture of hAECs [58].

It has been shown that hAECs express molecular markers of pluripotent stem cells:

NANOG, SOX2 and OCT-4 [20, 39]. We detected the expression of NANOG in cells after de-

epithelialization and throughout cultivation; SOX2 was present in two first passages only. The

detection of OCT-4 was more complex due to its nature. OCT-4 plays a crucial role in regulat-

ing the self-renewal and maintaining pluripotency [59, 60] and encodes two main variants

known as OCT-4A and OCT-4B [61]. While the expression of OCT-4A is restricted to embry-

onic stem cells and embryonal carcinoma cells, OCT-4B can be detected in various nonpluri-

potent cell types [48, 62, 63]. In recent studies some authors still used the primers fitted on

both variants for PCR analysis [39, 57, 64]. Using primers suitable for both variants, we

detected expression of OCT-4 in each passage, but OCT-4A spliced variant (primers selected

based on the work of Atlasi et al. [48]), was not detected in any passage of the cells. On the con-

trary, Izumi et al. confirmed OCT-4A expression in naive (but not cultured) hAECs by using a

commercially available primer and probe set that matches OCT-4A specific exons by quantita-

tive RT-PCR [65]. In summary, our data on detection of expression of pluripotent stem cell

markers suggest that stemness of cultured hAECs decreases with each passage.

Out of three tested de-epithelialization protocols (TrypLE Express, trypsin/EDTA, thermo-

lysin) trypsin/EDTA application showed to be the most efficient when both viable hAECs and

intact BM are requested. We would like to stress here, that the term “intact” is used for visibly

least damaged BM (judged by the SEM analysis) where no observable lesions were detected

contrary to BM obtained by other two methods (see Fig 3). This does not necessarily mean,

that some eventual minor structural modification do not occur during trypsin/EDTA treat-

ment (e.g. collagen fiber structure modification), however, these have not an impact on the

integrity of BM. The major goal of this study was to establish the conditions under which both

undamaged BM and viable hAECs can be obtained and our results demonstrate, that the tryp-

sin/EDTA treatment is the most efficient approach. It leads to successful de-epithelialization of

HAM with undamaged BM with well-preserved integrity and at the same time to harvesting of

viable epithelial cells which can be cultured up to 5th passage with gradually increasing prolif-

eration capacity. The stemness properties of these cells, however, decrease with higher pas-

sages. The cell viability, on the other hand also correlates well with level of BM damage. The

method which yields no viable cell (thermolysin) also provides BM with most profound

lesions, while intact BM (Trypsin/EDTA, Fig 3G, 3H and 3I) correlates with the best viability

of harvested cells (Fig 4). Therefore, we suggest that the trypsin/EDTA method is the method

of choice when both intact HAM and viable hAECs are needed for subsequent use.
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Abstract

The human eye is relatively unexplored as a source of cells for investigating DNA damage. There 
have been some clinical studies, using cells from surgically removed tissues, and altered DNA 
bases as well as strand breaks have been measured using the comet assay. Tissues examined 
include corneal epithelium and endothelium, lens capsule, iris and retinal pigment epithelium. For 
the purpose of biomonitoring for exposure to potential mutagens in the environment, the eye—
relatively unprotected as it is compared with the skin—would be a valuable object for study; non-
invasive techniques exist to collect lachrymal duct cells from tears, or cells from the ocular surface 
by impression cytology, and these methods should be further developed and validated.

Introduction

Damage to the DNA molecule, in the form of breaks, base altera-
tions or adducts and cross-links, is the immediate consequence of 
exposure of cells to genotoxins, and so its measurement in indi-
viduals can be used as a marker of exposure and (arguably) as 
a possible indicator of cancer risk, though this link has not been 
established except in a few specific cases, such as the association 
between bulky aromatic DNA adducts and lung cancer (1). The 
comet assay (single cell gel electrophoresis) is widely and increas-
ingly used in human biomonitoring and clinical studies to measure 
DNA damage (2). Whether run under alkaline or (less commonly) 
neutral conditions, it detects both single and double strand breaks 
(SBs) in DNA. With the incorporation of a suitable lesion-specific 
enzyme, such as formamidopyrimidine DNA glycosylase (Fpg) 
or endonuclease III (EndoIII or Nth), it also detects altered bases 
(oxidised purines and pyrimidines respectively in the case of Fpg 
and EndoIII); the enzyme T4EndoV is used to detect cyclobutane 
pyrimidine dimers induced by UV light (3). DNA repair capacity 

is sometimes also studied as a biomarker, using a modification of 
this assay (4).

For the purpose of human biomonitoring, the comet assay is gen-
erally applied to white blood cells, for various reasons: blood can be 
obtained by a relatively non-invasive method; standard procedures 
exist for isolating peripheral blood mononuclear (PBMN) cells (or 
whole blood can be used) and the cells behave well in the assay. In 
addition, as they are circulating cells, they apparently reflect whole-
body exposure—while also being sensitive to the internal environ-
ment, whether healthy or diseased, in a state of homeostatic balance 
or of stress. However, there are advantages in using cells from other 
sources; for instance, from specific tissues that represent a target in 
terms of disease incidence, or alternatively from tissues that are sub-
ject to specific exposure. The common routes of exposure to environ-
mental mutagens are by ingestion, by breathing or by contact with 
the external surface of the body.

Buccal epithelial cells can be used to detect effects of ingested 
toxins (5); they are easy to obtain, but are not as ‘clean’ as PBMN 
cells, as debris, dead cells and contaminating lymphocytes can be 
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present; also, the comet assay needs to be modified with a protease 
digestion to allow comet tails to form. Nasal epithelial cells (6) are 
appropriate for measuring effects of atmospheric pollutants.

Occasionally other cell types are available—e.g., cells from 
tumours and from surrounding tissue removed during surgery. 
Studies of such material from colorectal cancer patients (7) showed 
a good correlation between tumour tissue and healthy tissue, and 
between healthy tissue and PBMN cells, when measuring either 
nucleotide or base excision repair with the comet assay.

Our theme here is the exploitation of a relatively uncommon 
source of cells for biomonitoring, namely the human eye. Most 
experiments so far have made use of corneal epithelial cells from 
transplant material, or lens epithelial cells obtained during sur-
gery. More relevant to molecular epidemiology is the possibility of 
removing cells from the ocular surface, i.e. from the corneal and 
conjunctival epithelium, which is exposed to any particulate matter, 
reactive gases and volatile organic chemicals in the atmosphere. If 
such cells can be removed in a non-invasive way, in a state suitable 
for various investigatory procedures, including the comet assay, this 
would make way for a valuable addition to our battery of human 
biomarker assays.

We include here a review of published studies, some recent exper-
iments, and promising ideas for future work. Our emphasis is on the 
use of primary cells derived from various tissues of the human eye; 
we do not discuss experiments with non-human material, or (in gen-
eral) experiments with established cell lines. We cover clinical stud-
ies, as well as the (so far limited) use of cells from tears or from the 
ocular surface in molecular epidemiology. We do not intend to give 
detailed practical information; the reader is referred to the excellent 
methodological review of the comet assay applied to various human 
epithelial cell types (including cells from the eye) (8).

Corneal Epithelial and Endothelial Cells

Epithelial cells are able to proliferate when cornea is cultured in 
the laboratory, by regeneration from the limbus, a narrow band of 
tissue surrounding the periphery of the cornea. Corneal endothelial 
cells, in contrast, do not proliferate after birth; in organ culture, 
lesions in the endothelium are repaired by enlargement of neigh-
bouring cells and by cell migration from the periphery, where the 
endothelial cells are present at higher density. In cell (not organ) 
culture, endothelial cells may proliferate and lose their endothelial 
phenotype.(9)

In an examination of the effects of different storage conditions 
on corneas destined for transplantation,(10) segments of tissue from 
corneas (from 10 patients) initially stored under hypothermic condi-
tions in Optisol GS (Bausch & Lomb, USA) were transferred to organ 
culture medium at 32°C for 1 week. Before and after the transfer 
and culture, the epithelium was scraped from the surface and gently 
pipetted to create a single cell suspension for comet assay analysis 
incorporating Fpg, EndoIII, or T4EndoV. Generally Fpg-sites were 
higher than EndoIII-sites, which were higher than T4EndoV-sites. 
Organ culture of the corneas led to an overall increase in SBs, but the 
individual samples varied widely in their response to culture, some 
showing a modest or no increase while others evidently accumulated 
substantial damage (Figure 1).

Figure 2 shows results of (unpublished) experiments with epithe-
lium from corneal segments—with and without incubation. Levels of 
SBs after culture were again very variable; in some cases the % tail 
DNA was so high that it was not possible to estimate net enzyme-
sensitive sites accurately by subtraction. EndoIII-sites were lower 

than Fpg-sites, and Fpg-sites showed a distinct decrease on incuba-
tion in organ culture medium for a week. Endothelial cells tended to 
have lower levels of SBs—data not shown—consistent with the fact 
that, while endothelial cells do not proliferate, dying cells, presum-
ably those with elevated levels of DNA damage, are released from 
the endothelial surface.

Cells From the Lens Capsule

A similar approach to that employed in the study of corneal cells 
was used in experiments with epithelial cells from the lens capsule, 
obtained from patients undergoing cataract surgery (11) (Figure 3). 
SBs were at an extremely low level, before and after 1 week of cul-
ture; Fpg-sites were very high compared with the other enzyme-
sensitive sites, and increased on incubation—indicating that some 
oxidation was occurring during culture, in contrast to the corneal 
cells in which oxidation damage decreased. Whether this difference 
is due to intrinsic differences in the cell types, or their response to 
the culture environment, is not known (and should be followed up).

Figure 1.  Levels of DNA SBs in individual samples of corneal epithelium, 
before and after organ culture. Data are from experiments in ref. (10).

Figure 2.  DNA damage in corneal epithelial cells, before (dark bars) or after one 
week of organ culture (light bars): DNA SBs (after lysis alone), oxidised purines 
detected with Fpg, oxidised pyrimidines with EndoIII and pyrimidine dimers 
with T4EndoV. Mean values from 7 samples (before culture) and 5 samples 
(after culture), with SD. (In the case of epithelium after culture, enzyme-
sensitive sites could only be calculated for those samples with non-saturating 
levels of SBs.) (A. Azqueta, unpublished data; methods as in ref. (10)).
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Age-related cataracts (ARC) were used as a source of epithelial 
cells also by Zhang et al. (12). Usefully, they had control samples of 
cells obtained from patients undergoing surgery for retinal detach-
ment but who had clear lenses. The levels of SBs were higher in ARC 
patients’ cells than in those of controls. Zhang et al. also measured 
DNA damage in lymphocytes of these patients, and found a signifi-
cant positive correlation (r = 0.4) between the two cell types.

Significantly higher levels of SBs were reported in lens epithe-
lial cells from ARC patients, compared with controls—i.e. cells from 
lenses obtained during surgical removal of epiretinal membrane.(13) 
There were also higher levels of SBs in lens epithelial cells from cata-
racts of senile patients, compared with lens epithelium from healthy 
(non-cataract) elderly patients.(14)

Other Eye Tissues

Li et  al.(15) applied the comet assay to human trabecular mesh-
work cells, which are located close to the corneal endothelium and 
in which stem cells for the endothelium may be present. They claim 
that over-expression of miR-183 (a microRNA cluster whose expres-
sion during development is linked to maturation of sensory organs) 
increased the level of damage induced by UVC (10 Jm−2). However, 
UV-induced DNA damage (cyclobutane pyrimidine dimers) does not 
break DNA directly, and the observed SBs might rather have been 
transient DNA repair intermediates.

Szaflik et  al.(16) collected iris tissue biopsies during cataract 
surgery on patients with glaucoma, with diabetes type 2, with both 
glaucoma and diabetes, or with neither. SBs, EndoIII- and Fpg-sites 
were measured, and significantly more oxidised bases (both pyrimi-
dines and purines) were seen in those with disease, especially with 
both glaucoma and diabetes.

Retinal pigment epithelial (RPE) cells from donor eyes, and an 
immortalised cell line established from lens epithelium (HLE B-3), 
were used by Chignell et al.(17) not (obviously) for biomonitor-
ing, but to test the possible toxicity of alkaloids palmatine and ber-
berine, present in plant preparations used in traditional medicine 
for the treatment of trachoma. They exposed cells to the alkaloids 
plus light; on HLE B-3 cells, the IC50 for berberine + UV(A) was 

between 5 and 10 μM, while palmatine was less toxic. Both caused 
mild DNA breakage at 10 μM with UV(A). Light of <400 nm wave-
length does not penetrate the anterior part of the eye, and so RPE 
cells were only tested with visible light: palmatine was not toxic, 
while berberine caused DNA breaks but only at much higher con-
centrations than with the lens cells. Chignell et al. suggest that cau-
tion should be exercised in using plant extracts containing these 
alkaloids medicinally, as the concentrations of the alkaloids are 
relatively very high.

Non-invasive Methods; Applications in Human 
Biomonitoring

Application of the comet assay to cells from tears was described 
almost 20 years ago,(18) though at that time only DNA SBs were 
measured. Nasal brushing was used to stimulate release of tear duct 
cells; tears were collected into 20 µl capillary tubes, and mixed with 
agarose for the comet assay. Subjects came from parts of Mexico city 
with differing kinds of pollution; the south of the city is more pol-
luted with ozone, while in the north particulate matter and hydro-
carbons are prevalent. Subjects from the south showed the higher 
levels of DNA SBs in tear duct cells

‘Impression cytology’ is a promising approach, in which cells 
from the ocular surface, particularly from the conjunctiva, are gen-
tly adsorbed onto a membrane (such as a nitrocellulose filter) and 
then detached into buffer for agarose embedding. This method has 
been used successfully to obtain cells for histological/cytological 
examination, and for analysis of the frequency of micronuclei (19) 
and is currently being tried as a source of cells for the comet assay. 
Figure 4 shows typical images from preliminary experiments; cells 
were removed from the membrane by trypsinisation, and it is not 
known whether the damage clearly present in some of the cells 
results from this isolation procedure, or from in vivo exposure to 
damaging agents in the air. Further assay development is required, 
but if successful, this approach will provide us with a powerful 

Figure 3.  DNA damage in lens epithelial cells, freshly isolated (dark bars) 
or after culture of capsulotomy samples for 1 week (light bars): DNA breaks 
(after lysis alone), oxidised purines detected with Fpg, oxidised pyrimidines 
with EndoIII and pyrimidine dimers with T4EndoV. Mean values from 11 
samples, with SD. Redrawn from data in Osnes-Ringen et  al. (11) with 
permission from John Wiley and Sons Inc.

Figure 4.  Comet images from cells obtained by impression cytology (E. 
Rundén-Pran, E. Elje, unpublished data). As in comet assay experiments in 
general, the extent of migration of DNA under electrophoresis, i.e. the % of 
DNA in the comet tail, reflects the frequency of DNA breaks.
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(non-invasive) biomarker assay for the genotoxic effects of atmos-
pheric pollutants, and a possible diagnostic tool for neoplasms on 
the ocular surface (K. Jirsova, manuscript in preparation).

Conclusions

Up until now, most of the studies conducted on cells from the human 
eye with the comet assay have used transplant tissue or cells removed 
during surgical procedures. There is a limit to the information that 
can be obtained from such work: in the case of diseases of the eye, 
it is rarely possible to obtain healthy tissue to act as a control; and 
as the procedures are invasive, standard epidemiological trials such 
as prospective or intervention studies or studies of the effects of 
occupational or environmental exposure to genotoxic agents are not 
feasible. However, these experiments have at least demonstrated that 
cells from the various tissues examined are amenable to measure-
ment of DNA damage, both SBs and altered bases.

Non-invasive techniques are restricted to cells of the surface 
of the eye, but these are potentially excellent material for examin-
ing effects of air-borne pollutants. They are at present a virtually 
untapped resource, and further development of the comet assay, 
whether applied to tears or to cells taken from the ocular surface, 
should provide us with a valuable new approach to biomonitoring.
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