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The cell-substrate interface plays a key role in the regulation of cell behaviour.
Defining the properties of this interface is particularly important for human
embryonic stem (hES) cell culture, because changes in this environment can
regulate hES cell differentiation. It has been established that fibronectin-
coated surfaces can promote the attachment, growth and maintenance of
the undifferentiated phenotype of hES cells. We investigated the influence
of the surface density of adsorbed fibronectin on hES cell behaviour in defined
serum-free culture conditions and demonstrated that only 25 per cent surface
saturation was required to maintain attachment, growth and maintenance of
the undifferentiated phenotype. The influence of surface-adsorbed fibronectin
fragments was compared with whole fibronectin, and it was demonstrated
that the 120 kDa fragment central binding domain alone was able to sustain
hES cells in an undifferentiated phenotype in a similar fashion to fibronectin.
Furthermore, hES cell attachment to both fibronectin and the 120kDa
fragment was mediated by integrin a581. However, although a substrate-
attached synthetic arginine—glycine—aspartic acid (RGD) peptide alone was
able to promote the attachment and spreading of fibroblasts, it was inactive
for hES cells, indicating that stem cells have different requirements in order
to attach and spread on the central fibronectin RGD-cell-binding domain.
This study provides further information on the characteristics of the cell—
substrate interface required to control hES cell behaviour in clearly defined
serum-free conditions, which are needed for the development of therapeutic
applications of hES cells.

1. Introduction

The behaviour of cells is determined by their surroundings, and within tissues,
each cell requires a certain environment to maintain homeostasis. Understand-
ing the key features of these environments is important in the design of
substrates to control cellular responses in medical devices and tissue engineer-
ing. It is well known that the surface properties of synthetic substrates influence
the biointeractions that occur. As soon as a material is placed in a biological
environment, there is a thermodynamic driving force that influences the
adsorption of proteins onto the surface, and it is this layer that interacts with
the cell via the cell membrane. Thus, the characteristics of the adsorbed protein
layer in terms of the chemical, topographical or mechanical cues presented to
the cells can have a controlling influence on the cell response [1-3].
Anchorage-dependent cells have specific mechanisms for binding to their
surroundings and this controls the behaviour of the cells. When it comes to
designing synthetic substrates to use for in vitro or in vivo growth of cells, it
is critical to understand how the properties of the substrate influence the inter-
face between the material and the cell. It is well known that when a synthetic
substrate is exposed to the in vivo or cell culture environments, which contain
salts and macromolecules, then proteins from that environment will adsorb
onto the surface rapidly. Furthermore, the surface properties of the substrate
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Figure 1. Schematic of primary sequence of fibronectin monomer representing various fragments used in the current study (adapted from [11]).

influence the characteristics of the adsorbed protein layer
[4-6]. Subsequently, the cells will interact with the adsorbed
protein layer and produce a unique response depending on
the type and properties of the protein layer [6].

Fibronectin is a protein that is known to be particularly
important for many cell types providing specific sites that
promote attachment to surfaces [7]. These sites contain a tri-
peptide sequence, arginine—glycine—aspartic acid (RGD),
which allows a specific interaction with integrins in the cell
membrane [7,8]. Many studies have demonstrated that if
fibronectin adsorbs onto a surface such that its conformation
is changed, and thus the RGD tripeptide sequence is not
available to the cells, then some cell types will be unable to
bind to the surface or their binding will be significantly
reduced [8]. Furthermore, many studies have demonstrated
that the RGD sequence, or slightly longer amino acid sequences
containing the RGD tripeptide, can be attached to surfaces and
promote cell attachment and spreading [8,9]. It has been
important to determine certain characteristics of the RGD pro-
file, for example, the concentration of the peptide motif, their
spacing, their mobility and the ability to stop them being
masked by non-specific protein adsorption from the cell cul-
ture media. So although the RGD sequence alone has been
demonstrated to be effective in encouraging cell attachment
and spreading in certain circumstances, it is not the only
requirement in many cases [9].

Plasma fibronectin is a soluble dimer of two 220 kDa
monomers linked together by disulfide bonds and each
monomer has three types of repeating units [10] (figure 1).
Specific binding sites for a range of extracellular molecules
exist within the monomers so that fibronectin is also found
as an abundant extracellular matrix (ECM) solid-state protein
linked to other matrix components [11,12]. Each monomer
consists of three different types of protein modules or repeats;
namely type I, Il and III repeats (figure 1). Each repeat has a
specific cell-binding region such as the N-terminal 70 kDa
heparin binding region followed by the 120 kDa central cell-
binding domain followed by the C-terminal domain which
consists of a weak heparin binding region [11,13]. Many studies
have demonstrated that integrin-mediated cell adhesion to
fibronectin occurs via the RGD sequence located in the type II
domain [7,8]. The conformation of the RGD sequence within
the tertiary structure of fibronectin and its accessibility via
chain mobility within the quaternary structure are important
for its effective engagement with integrins [8,11,12].

Human embryonic stem (hES) cells, similar to all cell types,
require a specific micro environment in which cell surface
receptors interact with surrounding ECM molecules to control
their behaviour [14]. In addition to soluble growth factors,
ECM proteins such as laminin [15], fibronectin [16] and vitro-
nectin [17-19] adsorbed onto tissue culture substrates have
been employed to mimic this micro environment for propa-
gation of hES cells. Several attempts have been made and are
in progress to mimic this environment to grow hES cells in
defined conditions to exploit their therapeutic potential.
Baxter et al. [16] showed that fibronectin-coated tissue culture
dishes can be used to culture hES cells over several passa-
ges while maintaining the undifferentiated phenotype in a
completely defined culture medium, and demonstrated that
attachment to fibronectin was dependent on the integrin B1
subunit, and at least partially via the a5 subunit, but was
independent of «,. Similarly, Braam et al. [17] demon-
strated that adsorbed vitronectin maintained hES cells in an
undifferentiated state, and further that the cell interaction was
mediated via integrin subunit o, and B3 in this case. Both of
these studies show that hES cells use specific integrin/ECM
protein-binding interactions to maintain their self-renewal
capacity. This information is helpful in the design of substrates
that could be used to promote propagation of hES cells in their
undifferentiated state for therapeutic applications.

The aim of this study was, firstly, to identify the minimum
amount of adsorbed fibronectin required for maintaining
the undifferentiated phenotype of hES cells and, secondly,
to identify which parts of the fibronectin molecule were critical
to this interaction. This study demonstrated that hES cells were
maintained in their undifferentiated phenotype by a 25 per cent
surface coverage of adsorbed fibronectin. Furthermore, the
adsorption of the 120 kDa central cell-binding domain of fibro-
nectin, which contains multiple cell-binding sites along with
the RGD sequence, supported the attachment and maintenance
of the undifferentiated phenotype of hES cells, and that this
interaction was mediated via the a5B1 integrin receptor. The
study demonstrated that the adsorption of all other fibronectin
fragments was not sufficient to promote maintenance of the
undifferentiated phenotype and neither was the chemical
attachment of short peptide sequences containing the RGD tri-
peptide, in serum-free cultures. These results help to define the
interaction between hES cells and adsorbed fibronectin in
serum-free cultures and have the potential to lead to the
design of a synthetic surface that contains the necessary

66106107 ‘0L e 205 y [ biobunsyqndisaposieforys: g



Table 1. Details of sources and coating concentrations of fibronectin and its fragments used during this study.

protein source concentrations (jg ml~")
human plasma fibronectin Millipore, Watford, UK 0-400
120kDaproteolytlcfragment OO M|I||poreWatfordUK S
N 70kDaproteont|c fragmen C Slgma Aldnch ; Dorset T e
45kDaproteont|c fragment e S|gmaAIdr|ch DorsetUK S
o proteolytlcfragment B SlgmaAIdnchDorset K e
S R&DSystems AbmgdonUK S
L R&DSystemsAbmgdonUK S
S R&DsystemsAbmgdonUK S

functional groups and conformation to promote hES cell
propagation for therapeutic applications.

2. Material and methods

The substrates used for experiments were tissue culture polystyrene
(TCPS; Nunc). The sources for the human plasma fibronectin
and the fibronectin proteolytic and recombinant fragments are pre-
sented in table 1 and their locations within the fibronectin molecule
are shown in figure 1. Fibronectin fragments used in this study
are N-terminal 70 kDa amino acids sequence, this fragment is
further divided into N-terminal heparin binding 30 kDa fragment
which includes 1-5 type I repeats, 45 kDa collagen-binding frag-
ment which includes 6-9 type I repeats, F2 fragment which
includes 1-7 type III repeats, 120 kDa fragments which include
1-10 type III repeats, whereas F3 includes 7—14 type III repeats
and F4 represents C-terminal fragment of fibronectin (figure 1).

2.1. Fibronectin adsorption and quantification

Human plasma fibronectin (Millipore, UK) was fluorescently
labelled using the FluoReporter tetramethylrhodamine (TMR)
protein labelling kit (Molecular Probes, UK) following the man-
ufacturer’s protocol. The mean ratio of labelling was 5 mol of dye
per mol of fibronectin. A degree of labelling above 10 was found
to be critical for fluorescence quenching and biological activity of
fibronectin [20]. To demonstrate that the fluorescence intensity
measured was a true reflection of the amount of fibronectin pre-
sent, the fluorescently labelled fibronectin (TMR-Fn) was mixed
with unlabelled fibronectin in equal amounts. The resulting
fluorescence intensity was half the original value. Fibronectin
adsorption on TCPS (Nunc 48 well plates) was studied using
TMR-Fn solution concentrations between 0 and 500 pg ml™
(namely, 1.56, 3.12, 6.25, 12.50, 25, 50, 100, 200, 400 and
500 pgml ') in phosphate-buffered saline (PBS). Forty-eight
well plates were incubated with 100 ul of TMR-Fn for 1h at
37°C. Protein solution was aspirated and samples were washed
three times with PBS without drying. Quantification of adsorbed
TMR-Fn was carried out using a previously published procedure
with a few modifications [21]. Briefly, adsorbed TMR-Fn was
digested using 400 ul 2.5 per cent porcine trypsin solution
made in 0.9 per cent sodium chloride solution (Sigma Aldrich,
UK) for 24 h at 37°C. The intensity of desorbed TMR-Fn was
measured with CytoFluor Series 4000 Fluorescence Multi-Well
Plate Reader with excitation and emission wavelengths set at
555 and 580 nm, respectively. Fluorescence intensity values
were converted into adsorbed fibronectin using a standard
curve prepared from known concentrations of TMR-Fn in trypsin
solutions from 0 to 500 ug ml .

2.2. Cell culture

HUES?7 and HUESI cells (obtained from Harvard University, HUES
cells facility, Melton Laboratory, MA, USA) were cultured in feeder
cell-free /serum-free conditions on fibronectin-coated surfaces as pre-
viously described [16]. Fully defined serum-free cell culture medium
was 50:50 F12:DMEM (Dulbecco’s modified Eagle medium,
Lonza, Nottingham, UK) supplemented with 2 mM L-glutamine,
1% (v/v) non-essential amino acids, 0.1 mM B-mercaptoethanol,
1% (v/v) N2 supplement, 1% (v/v) B27 supplement, 40 ng ml~*
FGF2 (all six from Invitrogen, UK), 10ngml ' activin-A and
4ngml~! neutrophin-4 (Preprotech, UK) and 0.1 per cent bovine
serum albumin (BSA; Sigma, UK). Cells were maintained in these
conditions by passaging in 1 : 3 ratio between 3 and 4 days of culture
using trypsin on 3.5 or 6 cm tissue culture dishes (Nunc) pre-coated
with 50 g ml ! fibronectin solution in PBS for 1 h at 37°C. Human
purified vitronectin (Millipore, Watford, UK) (10 pg ml ™! in PBS)
was adsorbed to culture substrates by incubation for 1h at 37°C
prior to cell seeding.

Murine embryonic fibroblasts (MEFs) [16] were cultured in
DMEM (Lonza, Nottingham, UK) supplemented with 10%
(v/v) foetal bovine serum, 2 mM L-glutamine and 1 per cent
penicillin/streptomycin  (Invitrogen, UK). Cells were sub-
cultured every 3-4 days. For use in serum-free conditions, cells
were washed twice with PBS after trypsinization before culture
in the serum-free media used for hES cells.

2.3. Cell adhesion and morphology assays

Unless otherwise stated 20000 cells cm™? were seeded onto
TCPS 48 well plates (Nunc) pre-coated with fibronectin or frag-
ments diluted in PBS for 1h at 37°C. After 2h incubation at
37°C, the unattached cells were removed by gently aspirating
the media. The attached cells were counted in three random
fields of view in triplicate wells by phase contrast microscopy.
The mean single cell area was calculated to assess the extent of
cell spreading using IMAGE ] software analysis of digitally cap-
tured images from the phase contrast microscopy. The mean
cell area was calculated from randomly captured cells (n = 50).

2.4, Immunostaining

Cells were fixed for 5 min in a 4% (w/v) paraformaldehyde sol-
ution in PBS and, after washing, the cells were incubated at room
temperature with primary antibody in 1% (w/v) BSA in PBS for
2 h. Primary antibodies were used at working concentrations of
2.5 pgml ! for Octd (Insight Biotech Ltd, Wembley, UK) and
2pgml ! for Nanog (R&D Systems, Abingdon, UK). Cells
were washed three times with PBS. Later, cells were incubated
for 1h with 4 ug ml™" of the relevant secondary (Alexafluor488
or Alexafluor594-conjugated) antibodies (Life Tech, Paisley, UK).
Samples were washed three times with PBS and mounted in
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Vectashield hardset mounting medium with DAPI (Vector
Laboratories Ltd, Peterborough, UK).

2.5. Antibody and peptide inhibition

HUES? cells were trypsinized, counted and incubated for 30 min in
the presence or the absence of integrin-blocking antibodies a5, B1
and B3 (Abcam, Cambridge, UK) from 1 to 10 pg ml ! in cell
culture medium at 37°C. For peptide-blocking experiments, Gly-
Arg-Gly-Asp-Ser-Pro (GRGDSP) peptide and Gly-Arg-Gly-Glu-
Ser-Pro (GRGESP) control peptide (Protein Peptide Research Fare-
ham, UK) were used. HUES7 cells were pre-incubated with the
peptide in cell culture medium for 15 min at 37°C. The cells (treated
with either the blocking antibodies or the blocking peptides) were
then seeded at a density of 20 000 cells cm ™2 on 48 well plates pre-
coated with fibronectin (10 pg ml™Y), the 70 kDa (160 ug ml™h
fragment or 120kDa (10 pgml ') fragment. The number of
attached cells was counted after 3h for the antibody blocking
experiment or 2h for the peptide-blocking experiment. Cell
adhesion was calculated by counting the number of attached cells
in three different random fields of view in triplicate cultures.

2.6. Cell growth assay

Cells were harvested after different culture times with trypsin and
counted using a haemocytometer. At least triplicate samples were
used in each of three separate experiments. Proliferation was also
evaluated by measuring the uptake of [°’H] thymidine. HUES? or
HUES] cells were cultured in 48 well flat bottomed plates
(Nunc) coated with fibronectin, the 70 kDa fibronectin fragment,
or the 120 kDa fibronectin fragment at 10 000 cells per well in a
final volume of 300 ml. Cells were incubated over a time course
of 24, 48, 72 and 96 h in a humidified incubator at 37°C with 5
per cent CO,. Triplicate cultures were pulsed with 1 mCi [’H] thy-
midine for the final 4 h of culture at each time point. Cells were
harvested onto glass fibre filter paper and uptake of radioactivity
was assessed by liquid scintillation spectroscopy.

2.7. Long-term maintenance of undifferentiated
phenotype

HUES?7 cells were grown on fibronectin, the 70 kDa fibronectin
fragment and the 120 kDa fibronectin fragment-coated dishes
and passaged every 3-4 days of culture onto fresh coated
dishes using trypsin. The cells were stained for Oct3/4 and
Nanog after five passages.

2.8. Surface functionalization of glass coverslips
with peptides

Thirteen-millimetre borosilicate glass coverslips (VWR International)
were silanized with polyvinylsilane to provide carboxyl groups
on the glass surface as reported previously [22]. Briefly, glass
coverslips were cleaned with 100 per cent isopropanol in a
sonicator and dried. Trimethoxy(vinyl)silane CsH;,035i (TVS)
(Aldrich) was prepared by adding 500 ml of 100 per cent iso-
propanol + 2ml TVS 4 2 ml double-distilled H;O in a beaker. The
solution was gradually heated to 70°C while being stirred with a
magnetic stirrer. Once at temperature the samples were immersed
in the solution for 30 min while maintaining the temperature. The
coverslips were then washed with isopropanol and sonicated for
10 min. To obtain the ~COOH surface functionality, the vinyl sur-
faces obtained by organosilanization were further treated with an
aqueous solution of 0.5 mM KMnOy, 9.5 mM NalO,4 and 1.8 mM
K,CO; with gentle stirring on a rocking platform for 24 h. After rin-
sing with 0.3 M NaHSO3, 0.25 M HCI, double-distilled H,O and
100% (v/v) ethanol, the surfaces were dried for 10 min at 80°C
and stored in a desiccator until use.

The glass coverlips modified with carboxyl groups were n

activated using a standard N-hydroxysuccinimide (NHS)/dicyclo-
hexylcarbodiimide (DCC) coupling procedure [23]. Briefly the
samples were incubated in an activated solution of DCC (0.2 M)
and NHS (0.05 M) for 2 h, rinsed with N,N-dimethylformamide
and dried with nitrogen. For binding of the pentapeptides
GRGDSP and GRGESP (custom synthesized by Protein Peptide
Research, Fareham, UK), the activated surfaces were incubated
in a solution of 100 uM of peptide in 1 ml PBS at 4°C overnight,
allowing the reaction of the primary amine group of GRGDSP/
GRGESP with the activated carboxylic acid to take place, and
rinsed afterwards with double-distilled water several times. The
samples were dried in nitrogen and stored in desiccators until use.

2.9. The effect of peptide-modified surfaces on

human embryonic stem cells

The activity of RGD-modified samples was tested using MEF and
HUESY? cells in serum-free media. GRGDSP/GRGESP-modified
glass coverslips were placed in 24 well plates and were sterilized
using 70 per cent ethanol followed by three washes with PBS.
Both cell types were seeded at a density of 40000 cm 2. After
2h incubation at 37°C unattached cells were removed by
gently aspirating the media. The attached cells were later counted
in three random fields of view of triplicate coverslips for each
sample using phase contrast microscopy.

2.10. Statistical analysis

All error bars on data are expressed as standard error of the
mean. The statistical significance was determined at a 95 per
cent level by Student’s t-test, where p values are represented by
*p < 0.05, **p < 0.01 and ***p < 0.001.

3. Results

The amount of fibronectin adsorbed to tissue culture plastic
substrates was calculated from the fluorescence intensity of
the fibronectin solution collected following digestion from
the surfaces and compared with the calibration curve. It
assumes that the fluorescently labelled fibronectin behaves
exactly the same as unlabelled fibronectin and that the diges-
tion procedure collects all the adsorbed fibronectin [21]. The
amount of fibronectin adsorbed to tissue culture plastic
substrates increased with the concentration of fibronectin-coat-
ing solution until it reached a plateau of 345+ 3ngcm 2
adsorbed from a solution of concentration of 200 ug ml ™'
(figure 2a) and this value was used as 100 per cent surface sat-
uration. To calculate the surface saturation levels, the amount
adsorbed from each solution was divided by the value at 100
per cent (345 ng cm ™) and presented as a percentage (figure
2b). From this, it was calculated that 25 per cent surface satur-
ation was achieved from a 10 pg ml ™! solution, which was
used for all further experiments. There was no significant
difference in the amount of fibronectin adsorbed from solution
concentrations of 200, 400 and 500 pg ml ! (p=0.104). This
suggests that the attachment of HUES7 cells to fibronectin-
coated TCPS demonstrated that adsorbed fibronectin levels sig-
nificantly lower than saturation were sufficient for maximum
cell attachment (figure 2b). The maximum percentage cell
attachment and spreading was achieved with 25 per cent satur-
ation of surface-adsorbed fibronectin, which is equivalent to
fibronectin adsorption levels of 80 + 9 ngcm 2 (figure 2a).
Typical spread cell morphology was observed at both 25 and
70 per cent fibronectin surface saturation (70% surface
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Figure 2. (a) Fibronectin adsorption to TCPS determined by quantification of
adsorbed fluorescently labelled fibronectin on TCPS, after 1 h of incubation at
37°C, the amount of adsorbed fibronectin recovered by trypsinization being
quantified using a standard curve as described in §2. (b) The effect of fibro-
nectin surface saturation on initial HUES7 cell attachment (circles with solid
line, where n = 3), and spreading after 2 h of culture, where cell spreading
is represented in terms of mean cell area (squares with dotted line, where
n=150). Percentage surface saturation was calculated using 345 +
3ng an 2% as 100% surface saturation. (c) The effect of fibronectin surface
saturation at (i) 25 and (i) 70% on cell morphology after 2 h of culture.
Scale bar, 50 pum.

saturation was chosen as this was the coverage produced from
a50ug ml ! solution [16]; figure 2c). After 48 h culture, there
was no significant difference in the number of cells attached
to substrates with fibronectin surface saturation levels of
25 and 70 per cent (figure 3a), and these cells remained undif-
ferentiated as evidenced qualitatively by expression of the
pluripotency markers Oct4 (red) and Nanog (green) in the
cell nuclei (figure 3b).

Using fibronectin adsorption isotherms as a control
(figure 4a), the influence of adsorbed fibronectin fragments
on HUES? cell attachment and spreading was evaluated after
2 h. These data are plotted as the percentage attachment, in
relation to those cells attached to the fibronectin adsorbed
fromal0 pg ml ™! solution, against the solution concentration of
the particular fibronectin fragment. The solution concentrations
of the fragments varied as presented in table 1. Both the 70

(a) 301

cell number x 103
s

10 1
==
5 4
0 L I I i
’ 25.0 ) ) 70.0 '
Fn saturation (%)
(b) 25% Fn saturation 70% Fn saturation

Figure 3. (a) The effect of fibronectin surface saturation at 25 and 70% on
HUES7 cell growth (error bars are standard errors from the mean, where n =
3; light grey bars, 2 h; dark grey bars, 24 h; black bars, 48 h). There is
no significant difference in cell number on the samples (p > 0.05).
(b) Immunostaining of HUES7 cells for pluripotency markers Oct3/4 (in
red) and Nanog (in green), nuclei stained in blue with DAPI, after 4 days
of culture. Scale bar, 25 m.

and 120 kDa fragments supported HUES? cell attachment and
spreading in a similar fashion to the fibronectin-coated surface
(figure 4b,c). The 30 and 45 kDa fragments are components of
the 70 kDa fragment and were also evaluated. HUES7 cell
attachment was observed on both these fragment-coated
surfaces; on the 45 kDa fragment the percentage of cell attach-
ment was similar to fibronectin and the 70 kDa fragment,
but on the 30 kDa fragment the percentage of cell attachment
was lower than for the fibronectin and the 70 kDa fragment
(figure 4d,e). On both these surfaces, cell spreading was lower
than on the fibronectin or the 70 kDa fragment. Fragment F2
allowed some cell attachment, although less than on fibronectin;
the cell spreading was also low (figure 4f). Fibronectin fragment
F3 allowed HUES? cell attachment and spreading similar to
fibronectin (figure 4g). Fragment F4-coated surface was not
conducive to HUES? cell attachment and those cells that did
attach failed to spread (figure 4h).

6ELO£lOZ OL ajejjéjm 5015 a [ ‘ﬁjd'ﬁu!qs!|qnd/(i91)6§|é/(61';1§j H



-4
13
L2
H
0 123 4567 8 910111213
(b) 120 - 4
70kDa
S 3
=
g
£ L2
2
s L1
- - = - - - = - 0
0 20 40 60 80 100 120 140 160
(©) 120, -4
120kDa
—~ 100+
S L3
z 80 1
£ 601 L2
2
£ 40
= L1
20
e —
0 1 23456 7 8 910111213
(d) :
1207 5000 4
~ 1001
S
=
]
£
=
g
@ I

0 20 40 60 80
pgmi™!

r . ; —0
100 120 140 160

area x 103 (um?2) area x 10% (um?) area x 10% (um?)

area x 103 (um?)

; 4
© 1 45kDa
.3 NE
=
SR
X
, 2
[a5]
N ¥\
0 20 40 60 80 100 120 140 160
N
F2 4
E
_3 \:_S/_
=
%) g
s
L1
-4
L3 NE
=
L) S
X
d TR
[+
S S
01234567 8910111213
(h)
1 F4 4
L3 NE
=2
L, 2
X
oo <
r.pz—g """"""  S—— I

0
1100 120 140 160

0 20 40 60 80
ugml™

Figure 4. (a—h) The relation between cell attachment (circles with solid line, where n = 3) and spreading (squares with dotted line, where n = 50) for different
coating concentration of fibronectin and its proteolytic fragments. The cell attachment on fibronectin (10 g ml~") was taken as 100% to compare effectiveness of
individual fragments. Cell spreading is presented in terms of average cell area (jum?). Error bars are standard errors from the mean.

After 2h, HUES7 cell attachment and spreading was
observed on fibronectin and the 70, 120, 40 kDa and F3
fragments while the other fragments all demonstrated
sub-optimal attachment and spreading. It was important, how-
ever, to evaluate if early attachment translated into longer term
growth of the cell cultures. Over the 96 h time period, cells on
fibronectin proliferated exponentially as expected; those on the
120 and 70 kDa fragments proliferated, although exponentially,
at a slower rate. On all other substrates the cells failed to grow
(figure 5a). A similar proliferation study using HUES1 cells
demonstrated that they only proliferated on surfaces coated
with fibronectin and the 120 kDa fragment and not on the
surfaces coated with the 70 kDa fragment (figure 5b). Proli-
feration of both HUES7 and HUESI cells on fibronectin and
the 120 and the 70 kDa fragment-coated surfaces was also
measured using the uptake of [*H] thymidine as an alternative

methodology. This study demonstrated the same results pro-
viding confidence that both hES cell lines could proliferate on
the fibronectin and the 120 kDa fragment but that some differ-
ences were observed in relation to the 70 kDa fragment-coated
surfaces for the two cell lines (figure 6). Immunostaining of
Oct4 and Nanog was maintained in all HUES?7 cells cultured
for 96 h on 70 and 120 kDa fragments similar to fibronectin
(figure 7). Furthermore, Oct 4 and Nanog staining of HUES7
cells was maintained after growth of the cells on the fibronectin
and the 120 and the 70 kDa fragment-coated surfaces after five
passages (figure 8).

In order to determine the role of specific integrins in
HUES7 cell attachment to fibronectin and the 70 and
120 kDa fragments, peptide-blocking and antibody inhibition
studies were undertaken. Addition of GRGDSP-based pep-
tide to the culture resulted in a dose-dependent decrease in
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Figure 6. Proliferation of (@) HUES7 and (b) HUEST cells on fibronectin (filled

squares), the 120 (open squares) and the 70 kDa (triangles) fragments
measured using the uptake of [*H] thymidine. The cells were incubated
over a time course of 24, 48, 72 and 96 h and pulsed with 1 mCi [*H] thy-
midine for the final 4 h of culture at each time point. Triplicate experiments
were run.

cell attachment (figure 9). Integrin B1 and «5 blocking
resulted in a dose-dependent decrease in cell attachment on
fibronectin and the 70 and 120 kDa fragments (figure 10a,b),
although complete blocking of the cell attachment was not
observed. Vitronectin is recognized by a3 integrin receptor
[17] and fibronectin recognized by asB; integrin receptor
[16], and thus vitronectin-coated plates were used as a control
to assess specificity of blocking antibodjies to fibronectin-coated
plates. Thus, when integrin-blocking antibody to o,B; was
used, cell attachment to fibronectin and the 70 and 120 kDa

Figure 7. Immunostaining of HUES7 cells for pluripotency markers Oct3/4 (in
red) and Nanog (in green) on TCPS dishes coated with fibronectin and its
fragments, 70 kDa (160 wg mi™") and 120 kDa (10 g ml™"), after 4
days of culture. Nuclei are stained in blue to show co-localization with
Oct3/4 or Nanog. Scale bar, 25 pm.

fragments remained unaffected (figure 10c), whereas it
reduced, but did not completely block, cell attachment to vitro-
nectin, suggesting specificity of cell interactions to this protein.
This suggests that the HUES? cell interaction with fibronectin
and both the 70 and 120 kDa fragments was substantially
mediated via integrin a531.

The pentapeptide GRGDS was attached to the glass sub-
strates and its activity was demonstrated by the attachment
and spreading of MEF cells although fewer cells were shown
to attach to the GRGDS surface than to a fibronectin-coated
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Figure 8. Immunostaining of HUES7 cells for pluripotency markers Oct3/4
(in red) and Nanog (in green) after five passages on dishes coated with
fibronectin and its fragments: 70 kDa (160 mg ml~") and 120 kDa
(10 mg ml™"). Nuclei are stained in blue to show co-localization of Oct3/4
or Nanog. Scale bar, 25 pum.
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Figure 9. The effect of integrin-blocking peptide GRGDSP on HUES7 cell
attachment to fibronectin (white bars, 10 g m™" and its fragments:
120 kDa (light grey bars, 10 wgml™") and 70 kDa (dark grey bars,
160 g mi~"). Control peptide GRGESP was used at a concentration of
1mg ml~". Error bars are standard errors from the mean, where n = 3.

glass surface (figure 11a,b). When HUES? cells were cultured
on these surfaces, however, the level of attachment was very
low with little or no spreading (figure 11a,b).
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Figure 10. The effect of integrin B1 blocking antibody (a), integrin o5

blocking antibody (b) and integrin awvf33 blocking antibody () on HUES7

attachment to fibronectin (10 wg ml™") and its fragments: 120 kDa

(10 g ml~") and 70 kDa (160 g ml~"). Error bars are standard errors
from the mean, where n = 3.

4. Discussion

The aim of this study was to identify the characteristics of an
adsorbed fibronectin layer on a synthetic substrate that would
provide the necessary interface with hES cells to encourage
them to attach, spread and proliferate while maintaining
their pluripotent characteristics. The literature has a number
of examples where ECM-based components were used to cul-
ture hES cells [24-26]. ECM proteins such as laminin [15],
fibronectin [16] and vitronectin [17,18] adsorbed onto sur-
faces have been used for long-term propagation of hES
cells. Abraham et al. [27] studied the role of heparin sul-
fate protyoglycan (HPSG) with various ECM proteins and
showed that HPSG along with fibronectin was enough to
maintain hES cells in long-term culture further demonstrating
that fibronectin has a unique role in the maintenance of hES
cells. In an attempt to design synthetic surfaces to culture hES
cells in defined conditions, Derda et al. [28] screened an array
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Figure 11. (a) The effect of RGD peptide-modified glass coverslip on HUES7 cell attachment after 2 h in serum-free conditions; cells seeded on fibronectin were used
as a positive control (light grey bars, HUES cells; dark grey bars, MEF cells). Error bars are standard error from the mean, where n = 3. Statistical significance is
reported with respect to cell attachment on unmodified glass for respective cell type. (b) The typical cell morphology of HUES7 and MEF cells after 2 h for the

samples shown in (a). Scale bar, 50 m.

of short peptides derived from fibronectin or laminin
immobilized on synthetic surfaces for short-term hES cell
cultures. In their study, the effect of the surface density of
the immobilized peptide on hES cell pluripotency was estab-
lished but not quantified. In another study, a cyclic RGD
peptide was covalently bound to tissue culture plastic and
was successfully used to maintain hES cells in long-term cul-
ture with an estimated surface density of 10-30 fmol cm ™2
[29]; however, Hs27 conditioned media was used to maintain
the cells for 10 passages. Shorter term 5 day cultures grown in
mTESR1 media were also maintained on these cyclic RGD-
modified substrates. Another commercially available culture
media StemPro was used to maintain HUES9 and HUES1
cells for five passages on the synthetic polymer poly(methyl-
vinylether-alf-maleic anhydride) [30]. The use of synthetic
polymers with variable wettability and rigidity has been
evaluated to support hES cell expansion in conditioned
medium in short-term cultures but long-term propagations
on these surfaces failed in defined, serum-free medium [31].
The use of ECM components or undefined culture media, for
example conditioned media, makes it difficult to determine
how the defined ECM components alone are influencing the
hES cell response. Also commercial media although defined
may have undisclosed confidential components.

The fibronectin culture system developed by Baxter ef al.
[16] employed defined, conditions

serum-free and

demonstrated the role of fibronectin in maintaining the
long-term undifferentiated phenotype of hES cells. In order
to define these conditions further, the present study investi-
gated the minimum amount of fibronectin required to
maintain the undifferentiated phenotype and evaluated the
role of various domains of fibronectin on cell attachment,
growth, proliferation and maintenance of the undifferentia-
ted phenotype in short-term culture. The Baxter et al. [16]
fibronectin culture system used a fibronectin concentration
of 50 pg ml ! to coat tissue culture dishes. Based on the
experiments we present here determining the binding iso-
therm of fibronectin to culture substrates, this would be
expected to have resulted in the adsorption of approximately
200 ng cm 2 fibronectin, and approximately 60 per cent
surface saturation, whereas the present study demonstra-
ted that a 25 per cent surface coverage of fibronectin was
enough to promote maintenance of the undifferentiated
phenotype of the HUES7 cells. This fibronectin coverage
can be achieved from a solution concentration of nearer
10 pgml~'. No difference is HUES7 cell behaviour was
observed between a 25 and a 70 per cent saturated fibronectin
layer suggesting that it is not necessary for the entire surface
to be covered by fibronectin molecules. It may be speculated
that this difference between fibronectin-coating saturation
and maximal cell response to fibronectin is a reflection
either of maximum stimulation of cellular response with
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only partial occupancy of the cell’s fibronectin receptors, or
alternatively that the distribution of those receptors on the
cell membrane is uneven, being spaced similarly to the fibro-
nectin molecules on the substrate. The orientation and/or
conformation of the fibronectin molecule are also important
for cell receptor binding and, although this study did not
evaluate the fibronectin molecule conformation on the surface,
it may be speculated that since the tissue culture plastic sur-
faces are hydrophilic then the conformation of the molecule
will be conserved [4]. Furthermore, at the low surface satur-
ation levels, it is likely that the fibronectin molecules will
have space to re-orient to make optimal attachment as driven
by the thermodynamics of the interface.

It would also be useful to know whether particular parts
of the fibronectin molecule could on their own support the
maintenance of the undifferentiated phenotype of hES cells.
Specific fibronectin fragments corresponding to segments of
the whole of the fibronectin molecule were adsorbed onto
the substrate to demonstrate, as expected, that HUES7 cell
attachment and spreading was different on the different frag-
ments. Only the 120 and the 70 kDa fragments were able to
maintain HUES? cells for 96 h in a similar fashion to fibronec-
tin. The 120 kDa fragment was the largest of the fragments
tested; it contained the RGD integrin-binding motif and
other amino acid sequences around this motif are likely to
be involved in stabilizing the integrin binding. By contrast,
fragment F4 promoted very little attachment and those cells
that did attach did not spread. This fragment is short and rep-
resents the C-terminal section of fibronectin. The 30 and
45kDa fragments promoted cell attachment but these cells
were not able to spread well, whereas when the 70 kDa frag-
ment, which comprises both the 30 and 45 kDa fragments,
was adsorbed to the surface the cells attached and spread.
Similar to the 70 kDa fragment, fragment F3 allowed attach-
ment and spreading but not longer term growth. Fragment
F3 contains the RGD sequence but lacks surrounding amino
acid sequences as in the 120 kDa fragment. This is in agreement
with the study by Doran et al. [32] where they increased the
concentration of the F3 domain (represented as rFN in their
study) by chemical coupling a layer-by-layer surface of self
assembled molecules on the surface of hyaluronic acid and
chitosan. Higher levels of HUES7 cell attachment were
observed on F3 similar to those of the cells on fibronectin. How-
ever, this study did not show longer term results. Even though
the 120 and 70 kDa fragments were able to maintain cell attach-
ment, spreading and maintenance of the undifferentiated
phenotype, the growth of the cells was much lower compared
with on the complete fibronectin molecule. Furthermore, when
compared for their individual coating concentration and
their effect on cells, the 70 kDa fragment required an 8-10
times higher coating concentration compared with both the
120 kDa fragment and fibronectin. This could be due to its
low attachment to the tissue culture plastic, the orientation
of the adsorbed fragment or that the cells need a higher
ligand density of the 70 kDa fragment to influence the cell
behaviour. These results suggest that the 120 kDa fragment
is most likely to be the part of the fibronectin molecule
used by HUES? cells during their surface interactions. Using
only HUESI cells, the fibronectin and the 120 kDa fragment-
coated surfaces were able to maintain cell proliferation
over the 96 h time frame, demonstrating the specificity of
different hES cells in terms of surface interactions and pro-
viding further evidence of the importance of the 120 kDa

fragment. Long-term cultures of HUES? cells on fibronectin, m

the 120 and the 70kDa fragment-coated surfaces have
maintained the cells in their undifferentiated phenotype over
five passages.

Cell surface integrin receptors play an important role in
mediating cell attachment and long-term survival on ECM
proteins, such as fibronectin [7,11,12]. hES cell interaction
with intact fibronectin has been shown previously to be
mediated via a5B1 integrin receptors [16]. Peptide- and integ-
rin-blocking experiments in the present study also suggested
ab5B1 integrin-mediated attachment to the 120 and 70 kDa
fragments similar to intact fibronectin, consistent with the
same binding sites being used for all these ECM components.
However, in no case was the cell attachment completely
blocked, suggesting that the cells could also use other integrin
receptors when necessary.

Since the use of soluble GRGDSP peptide blocked cell
attachment to intact fibronectin and the 120 kDa fragment in
a dose-dependant fashion, this suggested that the cells were
using this peptide sequence for their interaction with fibronec-
tin. To test this hypothesis and evaluate the specificity of the
RGD peptide in cell attachment, HUES7 cells were seeded
on surface bound GRGDSP peptide in serum-free conditions.
MEF cells, which were used to test surface modification,
showed an increase in cell attachment and spreading on
RGD-modified samples, which is consistent with previously
published data with fibroblast cell types on RGD-modified
synthetic surfaces [33—-36]. However, HUES7 cells failed to
attach on RGD peptide-modified glass surfaces. The inability
of HUES7 cell attachment to RGD-coupled glass surface
either suggests that RGD coupled on to the surface lacked
appropriate concentration, conformation or spacing, or
HUES7 cells needed peptides other than or in conjunction
with RGD to induce their attachment and spreading with sub-
sequent maintenance of the undifferentiated phenotype. In a
recent study, the effect of RGD peptide was shown on hES
cell attachment after 1 h of cell seeding [28]. Even though no
information is available on the amount of coupled RGD pep-
tide on the surface, electronic supplementary material in that
study shows that hES cells required a higher density of RGD
peptide to achieve high levels of cell attachment than other
cell types. This agrees with our observation, where only
MEF cell attachment and spreading was observed on RGD-
modified glass coverslips. In addition, short-term culture of
hES cells has been investigated on RGD-modified hydrogel
[37]. However, since protein-containing media were used in
this study, the influence of other proteins adsorbed on the
RGD-modified hydrogel cannot be ignored.

In this study, the maintenance of the undifferentiated
phenotype of the HUES? cells was assessed qualitatively by
staining for Oct4 and Nanog. Further analysis of hES cell be-
haviour on these substrates by quantifying the expression
levels of these and other pluripotency markers in comparison
with hES cells cultured on whole fibronectin would provide
further evidence of the usefulness of these protein frag-
ments in the expansion of hES cells and in determining the
mechanism of their interaction with specific substrates.

In summary, this study demonstrates that the interface
provided by the adsorbed fibronectin that promotes hES
cell interactions is quite specific. It also suggests that
although the density of binding sites in the whole fibronectin
molecule that is needed to support the HUES7 cells is low,
there are specific regions of the molecule that are required.
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Certain regions of the fibronectin molecule do not support
HUES7 cell attachment on their own; however, this does
not necessarily mean they are not involved in the interaction
hES cells with their substrate. If the adsorbed
fibronectin layer needed to sustain hES cell cultures could

of the

be characterized such that it could be reproduced syntheti-

cally, this could enhance the scale up of hES cells for
therapeutic application. It would appear from this study
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