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Transplantation of cultured retinal pigment epithelial (RPE) cells under the failing macular is
a potential treatment for age related macular degeneration. An important step in the
development of this procedure is the identification of a suitable membrane on which to
grow and transplant the cells. This paper evaluates the potential of using polyurethanes in
this application since they possess several of the required properties, such as, flexibility,
robustness, biostability and good biocompatiblilty although their hydrophobicity can limit
cell adhesion. Three commercially available polyether urethanes (Pellethane©R , Tecoflex©R

and Zytar©R ) were evaluated in terms of their wettability using dynamic contact angle
analysis and their ability to support a monolayer of functioning RPE cells (ARPE-19) .
Furthermore Pellethane©R and Tecoflex©R were treated with a simple air plasma treatment
and analysed as above. In the “as received condition” only a few RPE cells attached to the
Pellethane©R and Tecoflex©R and remained clumped. RPE cells grew to confluence on the
Zytar©R substrate by 7 days without further surface modification. Air gas plasma treatment
of both Pellethane©R and Tecoflex©R increased the wettability of the surfaces and this resulted
in the growth of a monolayer of well-spread RPE cells on both materials. Morphologically
these cells grew with a normal ’cobblestone’ phenotype. These results demonstrate the
potential of these polyurethanes for this application.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Age Related Macular Degeneration (ARMD) is the
most common form of blindness in the Western World
and as yet there is no effective treatment either to ar-
rest the visual deterioration or to restore lost vision.
Although the pathology of ARMD is not completely
understood it is known that deficiencies in the support
tissue of the macula, particularly the retinal pigment ep-
ithelium (RPE), are pivotal to the development of the
disease. As a result, transplantation of fresh cultured
RPE under the failing macula represents a reasonable
way ahead for a potential treatment for ARMD [1].

Two of the major problems that exist include long-
term rejection of homologous RPE and the identifica-
tion of a pliable and biologically optimal substrate for
transplantation. The substrate needs to be both suffi-
ciently pliable and robust in very thin films for han-
dling and implantation, be able to be manufactured as
a porous structure to allow transport of nutrients and

∗Author to whom all correspondence should be addressed.

waste, be biostable and have an excellent biocompati-
bility and sustain a monolayer of functioning RPE cells.
Polyurethanes are a class of material that fulfils many
of these criteria. Polyurethanes are block copolymers
with a hard and a soft segment and the properties can
be manipulated by changing the ratio and chemistry
of each of these components [2]. In this way the ma-
terial can vary from a hard engineering polymer to a
soft elastomer. The biostability of polyurethanes has
been extensively reported in the literature [3]. Several
polyether urethanes have been evaluated for in vivo use
but many have been found to be susceptible to oxidative
degradation, in particular, in stressed environments [4].
Poly carbonate urethanes and polyurethanes contain-
ing silicones have been shown to have good biostabil-
ity [5]. Thus the mechanical properties and biostability
of polyurethanes could be designed to be suitable for
this application. They can be cast into thin films which
are robust and can be manufactured by electrostatic
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spinning to create a porous substrate [6]. One of the
disadvantages of polyurethanes is that they tend to have
a hydrophobic surface and therefore are not well suited
for growing a monolayer of well adhered and spread
cells. The choice and ratio of the hard and soft compo-
nents can be manipulated to reduce the hydrophobicity
or it is possible to modify the surface properties of the
polyurethane without influencing the bulk mechanical
properties of the film to overcome this problem [7].

In the present study we have evaluated three com-
mercially available polyether urethanes [1 aliphatic, 2
aromatic] to test out the hypothesis that polyurethanes
can be used to establish a monolayer of RPE cells that
may be suitable for subretinal transplantation.

2. Materials
Three commercially available polyurethanes were
used: Pellethane©R grade 2363 80AE (kindly donated
by Dow Benelux N.V.), Tecoflex©R (Thermedics, Inc)
and Zytar©R (Z1A1) (Biomer Technology Ltd.). The
Pellethane©R was provide in sheets approximately 1mm
thick and was used in this form. The Tecoflex©R was dis-
solved in dimethylacetamide and methyl ethyl ketone
and cast against a glass plate at 35–40 ◦C for 3 h and
then placed in a vacuum oven for a further 2 h to pro-
duce a film approximately 200 µm thick. The Zytar©R

was provided as a film approximately 100 µm thick
and was used in this form. All materials were cleaned
in 100% ethanol and then allowed to dry.

3. Methods
3.1. Cell adhesion
The quantitative analysis in this study was performed
using human ARPE19 cells, an established but non-
immortalised human RPE cell line obtained from the
American Type Culture Collection (Manassas, VA,
USA) and grown in a 1:1 vol/vol mixture of Dulbecco’s
modified Eagle’s and Ham’s F12 medium (Gibco) con-
taining 3 mM L-glutamine (Gibco), 10% fetal bovine
serum (Gibco), and antibiotics (100 units/ml penicillin
G and 100 mg/ml streptomycin sulfate, (Gibco).

Cells were removed from their flasks using 0.1%
trypsin and 0.04% EDTA, then mixed with complete
medium and centrifuged for 10 min at 800 rpm. After
the supernatant was discarded, the cell pellet was re-
suspended in fetal bovine serum (FBS). Cell numbers
and viability were determined by trypan blue exclusion
in a Haemocytometer under the ×25 lens of a light
microscope.

Samples were incubated with the ARPE-19 cell line
for various time periods up to 7 days. Tissue culture
polystyrene (TCPS) was used as a control. After each
time period the media was aspirated and the substrates
were initially rinsed in PBS (3 × 5 min) then fixed
in 10% neutral buffered formalin for 10 min. Fixed
cells were stained with Alexa-488 Phalliodin (Molec-
ular Probes) for 30 min and/or counterstained with
Propidium Iodide (Sigma) for 10 min and mounted in
fluorescent mounting medium (Dako). The cell num-
ber was determined using a light microscope (Polyvar,
Reichert-Jung). For the cell adhesion assay the average
number of cells on the control surface after one hour

was set to 100% and the average number of cells on each
substrate was presented as a percentage of the control.
For the quantification of cell number over longer time
periods the data are presented as the average number
of cells per field of view (45998 µm2) ±1 standard de-
viation (SD) (n = 6 for Tecoflex©R and Pellethane©R ;
n = 15 for Zytar©R ).

3.2. Dynamic contact angle measurements
The surface wettability of Pellethane©R and Zytar©R (dip
coated glass coverslips) were evaluated using dynamic
contact angle analysis[8] using a Camtel CDCA 100
(Camtel Ltd. UK). The samples were dried, attached to
the sample clip and lowered into distilled water at a rate
of 0.06 mms−1. The advancing and receding contact an-
gles were calculated from the hysteresis curve obtained.
The number of samples was 4 for Pellethane©R and 3 for
Zytar©R .

3.3. Gas plasma treatment
Samples of Pellethane©R and Tecoflex©R were air plasma
treated in an Emitech K1050 X Plasma Asher (Emitech
Ltd., England) for 2 min at a power of 80 W and an air
flow of 12 ml min−1. At the end of the treatment time
the samples were removed from the plasma chamber
and placed directly into sterile distilled water at room
temperature. They were stored in this environment for
at least 24 h and then evaluated using dynamic contact
angle analysis as above. All treated samples were sub-
sequently re assessed following the cell adhesion and
cell number methods detailed above.

3.4. Assessment of monolayer
function—phagocytosis of
photoreceptor outer segments (POS)

Fresh bovine retinas were isolated from eyes obtained
from a local abbatoir. Approximately 20 retinas were
homogenised by manual agitation in 0.73 M sucrose
solution, filtered through a 100 µm nylon mesh under
far-red illumination, layered on top of a discontinu-
ous sucrose density gradient (0.8, 1.0, 1.2 M) and cen-
trifuged (Beckman L8-70) at 60,000 g (22,000 rpm) at
4 ◦C for 1 h. The purified POS were harvested from the
interface between 0.8 M and 1.0 M sucrose solutions,
placed in PBS and pelleted at 27,000 g (12,000 rpm)
for 20 min at 4 ◦C. Resuspended POS concentration
was given in µg/ml using a Micro BCA protein es-
timation assay kit. Haemocytometer counts revealed
that 50 µg (POS protein/ml contained approximately
2 × 107 POS/ml [9]. POS were labelled in the dark
with a pH sensitive dual fluorophore 5-(and-6)-carboxy
SNAFL-2, succinimidyl ester (Molecular Probes) as per
the manufacture’s protocol. Microscopic analysis of the
POS protein-SNAFL conjugate showed outer segment
discs. The labelled POS were stored at −80 ◦C. ARPE-
19 cells were seeded on air gas plasma treated Tecoflex©R

and control TCPS and incubated as above. At Day 7,
when cells were known to have reached confluence,
each of the samples were rinsed with fresh media and
challenged with 10 µg/ml of POS; then incubated for
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Figure 1 The data presented are the mean number of cells (nuclear
counts) per field attached to each surface after 1 h as a percentage of
the control ±1SD. This histogram shows that the untreated polyurethane
substrates supported very low levels of ARPE-19 cell adhesion but air
plasma treated polyurethane supported cell adhesion levels that were
similar to control levels.

3 and 24 h. At each time-point, samples were rinsed
five times with PBS, mounted in glycerol at pH 9 and
immediately visualised using fluorescence microscopy,
with excitation at 488 nm and emission at >530 nm.
Ten fields of view were photographed per treatment and
control and the number of attached (which fluoresced
red) and internalised POS (which fluoresced green),
were counted. The mean number of attached and inter-
nalised POS per field of view (±1 SD) were presented
in a histogram.

4. Results
4.1. Cell culture
After one hour untreated Pellethane©R and Tecoflex©R

substrates supported very low levels of ARPE-19 cell

Figure 2 Histogram illustrating the cell number with number of days on the untreated Tecoflex©R , untreated Pellethane©R , Zytar©R and control (TCPS).
Low cell numbers were seen on the untreated polyurethanes over all time points, whilst an increasing sigmoid trend was seen on zytar and control.
Data presented as mean cell number (nuclear counts) per field ±1 SD.

adhesion as a percentage of the TCPS control (7.3% ±
9.3 for Tecoflex©R and 5.3% ± 6.3 for Pellethane©R ),
which were statistically significant (P < 0.001)
(Fig. 1). The numbers of ARPE-19 cells populating the
untreated Tecoflex©R and Pellethane©R substrates did not
significantly increase during 5 days incubation (Fig. 2).

The number of ARPE-19 cells attached to the Zytar©R

surface over the 7 day period are presented in Fig. 2.
After 1 day there were 13.8 (±11.8) cells adhered per
field of view (45998 µm2) on the Zytar©R samples and
19.0 (±2.7) on the control surface. Cell number on the
Zytar©R was significantly lower (p = 0.05) than on con-
trol for all time-points. However, after 4 and 7 days the
number of cells attached to the Zytar©R surface had in-
creased to 51.7 ± 23.4 and 95.9±22.6 respectively. The
morphology of the cells at day 7 on Zytar©R , as shown
by actin staining (Fig. 5), suggests that the cells are
well spread and have reached confluence by this time.

Subsequent air plasma treatment of the Pellethane©R

and Tecoflex©R surfaces significantly increased the num-
ber of ARPE-19 cells adhered, as compared to untreated
surfaces (95.0% ± 19.3 for Tecoflex©R and 92.7%±12.6
for Pellethane©R ; P < 0.001). The cell numbers reached
TCPS control levels following one hour incubation
(see Fig. 1). Similarly the number of cells adhered
to the air plasma treated surfaces increased rapidly
(Fig. 3). By day 2 the number of cells adhered to the
treated Tecoflex©R and Pellethane©R were 87.2 ± 17.8
and 90.5 ± 10.8 per field of view, respectively. By 3
days these values had risen to 118 cells for both ma-
terials and this remained approximately constant for
day 4 and 5. These values were significantly different
to untreated substrates at all time points (p < 0.001).
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Figure 3 Histogram showing cell number versus number of days on the air plasma treated Tecoflex©R and Pellethane©R . An increasing sigmoid trend
was seen. Data presented as mean cell number (nuclear counts) per field ±1 SD.

Figure 4 Representative photomicrographs of ARPE-19 cells stained with Alexa-488 Phalliodin on both untreated (A) and treated (B) Pellethane©R

and Tecoflex©R after 5 days. (A) On the untreated substrates the cells that did adhere to the surface formed clumps (×40) whereas in (B) the cells on
the air plasma treated surfaces were well spread and appeared to form a normal cell monolayer. Scale bar = 10 µm.

Morphological assessment of cells by phase contrast
microscopy and fluorescent microscopy demonstrated
that by day 5 on the untreated substrates the cells that
did adhere to the surface were not well spread and ap-
peared to clump (Fig. 4(a)) whereas the cells on the
air plasma treated surfaces were well spread and ap-
peared to form a normal ’cobblestone’ pattern as the
cells reached confluence (Fig. 4(b)).

4.2. Dynamic contact angle measurements
The advancing and receding contact angles for the
Zytar©R and the untreated and air plasma treated
Pellethane©R are presented in Table I. It can clearly be
seen that the air plasma treatment followed by the post
treatment storage in water reduced both the advancing
and receding contact angles of the Pellethane©R indicat-
ing an increase in the wettability of the polyurethane

surface (P < 0.001). The advancing and receding con-
tact angle for Zytar©R fell between the untreated and
treated Pellethane©R results.

4.3. Phagocytosis of POS
The functional behaviour of the attached ARPE-19 cells
was evaluated using a phagocytosis assay. The data

TABLE I Dynamic contact angle data for untreated and air plasma
treated Pellethane©R (n = 4) and Zytar©R (n = 3) presented as the mean
± standard deviation

Advancing Receding
angle/◦ angle/◦

Zytar©R 80.4 ± 2.8 59.7 ± 3.0
Untreated Pellethane©R 93.1 ± 1.8 70.9 ± 2.0
Air plasma treated Pellethane©R 61.6 ± 1.3 34.5 ± 3.1
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Figure 5 Representative photomicrograph of ARPE-19 cells stained
with Alexa-488 Phalloidin on Zytar©R after 7 days showing well spread
cells with a normal ‘cobblestone’ morphology (×10). Scale bar =
40 µm.

presented in Fig. 6 show that the cells attached to the
air plasma treated Tecoflex©R after 7 days were able to
phagocytose the fluorescently labelled POS in a time
dependent fashion and in a similar manner to the cell
adhered to the control TCPS surface. At 3 h a mean of
46.5 (±7.3) POS were attached to the cell membranes
and a mean of 19.7 (±3.5) POS were internalised on
the Tecoflex©R whereas 65 (±9.2) were attached to the
cells adhered to the control and 21.2 (±3.6) were in-
ternalised. By 24 h the mean attached and internalised
POS were very similar for both substrates ranging be-
tween 24.4 and 28.6 (p = 0.05 for internalised for both
time-points).

5. Discussion
Age-Related Macular Degeneration (ARMD) is by far
the commonest cause of blindness in the United King-
dom and represents a massive clinical and financial
burden locally and nationally [10]. We consider that

Figure 6 Histogram illustrating the mean number of photoreceptor outer segments (POS) per field attached and internalised by ARPE-19 cells grown
on air plasma treated Tecoflex©R and control (TCPS). At 3 h most of the POS were attached to the cell membranes but by 24 h there were approximately
equal numbers of internalised POS as attached. Bars: ±1 SD.

transplantation of fresh cultured retinal pigment epithe-
lial cells under the failing macular is a plausible route
to design a new treatment for ARMD. There are two
major problems that need to be addressed to develop a
suitable process that could be clinically successful. The
first relates to the source of RPE cells and the second
relates to the design of a suitable substrate on which
to grow the cells and use as a vehicle to transplant the
cells into the subretinal space.

The key to healthy RPE cells is attachment to a
healthy Bruch’s membrane. RPE have been shown not
to repopulate experimentally damaged Bruch’s mem-
brane [11, 12] and therefore our approach is to de-
velop a substrate on which we can culture a func-
tioning monolayer of cells in vitro. The RPE mono-
layer can subsequently be transplanted subretinally to-
gether with the underlying substrate which will then
also protect the fresh RPE cells from the diseased tis-
sue. To date a number of substrates have been stud-
ied such as cryoprecipitated membranes, anterior lens
capsule, cadaver Bruch’s membrane, Descemet’s mem-
brane, synthetic biodegradable polymer films and col-
lagen type I [1]. Most of these materials are either
biological, and thus variable and difficult to handle
or degradable, having the potential to cause adverse
tissue responses as well as dispersion of the RPE
monolayer.

All three polyurethanes satisfied a number of the cri-
teria for the substrate but it was not known, until the
present study, how their surface properties could influ-
ence RPE cell behaviour. It is known that the cellu-
lar response to a material is controlled by its surface
properties via an adsorbed protein layer. For untreated
Pellethane©R and Tecoflex©R only a few RPE cells at-
tached to the surface after one hour incubation and the
number of cells adhered remained low over the fol-
lowing 5 day time period. Furthermore morphological
examination of these cells showed that they remained
clumped. On the Zytar©R surface, however, although the
number of cells attached after 1 day was lower than on
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the control surface the numbers increased over the fol-
lowing 7 days. The morphological analysis suggested
that by the 7 day time point the cells had reached con-
fluence. The Pellethane©R had higher advancing and
receding contact angles than the Zytar©R . Therefore
we can suggest that the surface of both Pellethane©R

and Tecoflex©R were too hydrophobic to provide an
appropriate surface for RPE monolayer formation. The
lower advancing and receding contact angles on Zytar©R ,
however, promoted RPE cells adhesion and allowed a
monolayer to form within 7 days which appeared to
have a normal ’cobblestone’ morphology. This suggests
that increasing the hydrophilicity allows proteins to in-
teract with the surface such that they form an appropri-
ate surface for RPE cells.

We have shown that the surface properties of com-
monly used biomaterials can be modified using sim-
ple gas plasmas and followed by a post treatment re-
action in distilled water. The modifications produced
have varying effects on different cell types.[7, 13–15]
Changes in the surface chemistry will control the char-
acteristics of adsorbed proteins and so influence the cel-
lular interactions in terms of adhesion and activation.
[16–18] We hypothesised that, if the cells did not ad-
here to the polyurethane “as received,” it was possible to
modify the surface of materials such that the particular
chemistry produced would control the development of
a protein layer that could be optimised for the required
cells.

This study shows that an air plasma treatment, fol-
lowed by incubation in distilled water of Pellethane©R

and Tecoflex©R significantly enhanced the adhesion and
monolayer formation of ARPE-19 cells. Dynamic con-
tact angle analysis of the Pellethane©R demonstrated that
the air plasma treatment increased the hydrophilicity of
the polyurethane. Previous work with other gas plasmas
[7, 13–15] has shown that the increase in hydrophilic-
ity correlates with the incorporation of polar functional
groups at the surface. In this study the air plasma treated
Pellethane©R was more hydrophilic than the Zytar©R al-
though both surfaces supported monolayer formation.
Furthermore it is essential to establish the functional
behaviour of the cell monolayer and one way to do this
is to ensure that they are capable of phagocytosis. The
results demonstrated that the monolayer of RPE cells
on plasma treated Tecoflex©R was indeed able to phago-
cytose photoreceptor outer segments and the time de-
pendence of the phagocytosis process was similar for
the Tecoflex©R and the control TCPS surfaces. In our
further work we aim to find a surface on which proteins

will adsorb to form an appropriate basement membrane
for adhesion and monolayer formation of functioning
RPE cells. The present study demonstrates that care-
ful choice of polyurethane or surface modification can
enhance the RPE response.
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