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ABSTRACT

While tissue engineered blood vessels have
entered surgical practice, the construction of
artificial lymphatic vessels has never been
attempted due to the small dimensions and
fragility of lymphatic vessels. A possible alter-
native would be to obtain a new growth of
interrupted lymphatic vessels. We have
previously reported that lymphatic endothelial
cells align when cultured on striped
micropatterns of hyaluronan (Hyal) and
aminosilanized glass. We here report a
comparative study in which lymphatic endo-
thelial cells have been plated on micropatterns
with stripes of different width and height
obtained by the photoimmobilization of Hyal
and its sulphated derivative (HyalS) on
aminosilanized glass to verify whether their
response correlated with surface-chemistry
and/or topography. On Hyal micropatterns,
cells adhered to aminosilanized glass, avoiding
Hyal stripes and molding their shape in
accordance to the micropattern topography.
Stress fibers, integrins and focal adhesion
kinase organized accordingly. HyalS
micropatterns with the same topography were
unable to guide cell response, cells randomly
adhered to HyalS and glass stripes, and
polarization was attained only by increasing
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stripe height. These data indicate that surface
chemistry is the main cue responsible for
lymphatic endothelial cell guidance. When
surface chemistry of stripes promotes cell
adhesion as well as that of the substrate,
topographical parameters become prevalent.
Micropatterns with defined chemical and
topographical properties may contribute to
the design of new platforms for controlled cell
growth in tissue engineering of lymphatic
vessels.

After lengthy experimentation in vitro
and in animal models (1), tissue engineered
blood vessels have entered surgical practice
and have proved of great value particularly
in pediatric patients for their capability to
remodel during childhood growth (2,3). The
construction of an artificial lymphatic vessel
mimicking a real one is hampered by small
dimensions and fragility of the wall, which
would render its manipulation and insertion
into the recipient a challenge. In our opinion,
a more practicable strategy would be to
reconstruct interrupted lymphatic routes by
guiding the new growth of adjacent lym-
phatic vessels. We have previously reported
that microstructured surfaces containing
geometrically defined bio-adhesive and non-
adhesive domains, i.e., alternating stripes of
aminosilanized glass and Hyaluronan (Hyal),
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are effective in attaining the alignment and
growth of cultured lymphatic endothelial cells
in the desired direction (4).

We here report a comparative study in
which lymphatic endothelial cells have been
plated on micropatterned surfaces with
stripes of different width (from 50 to Spm)
and height (from 35 to 250nm) obtained by
the photoimmobilization of Hyal and its
sulphated derivative HyalS on aminosilanized
glass in order to understand whether the
response of lymphatic endothelial cells
correlated with surface-chemistry and/or
topography. Cell behavior on unpatterned
surfaces of the same polysaccharides was
also evaluated.

Hyal is a high molecular weight
polysaccharide made of alternating N-acetyl-
D-glucosamine and B-D-glucuronic acid
residues. It is highly hydrophilic because of
its large number of hydroxyl and carboxyl
groups. Hyal is one of the glycosaminoglycan
components of the extracellular matrix (5-7).
It is produced at the plasma membrane level
by Hyal synthetase and extruded from the
cell (8). Its synthesis increases during cell
migration (9), mitosis (10), and cancer
invasion (11). Hyal binds to cells by direct
interaction with cell surface receptors (12).
The cell-signaling function is mediated by
CD44 receptor in blood (13) and LYVE-1 in
lymphatic endothelial cells (14).

Purified Hyal has been employed as a
structural material in tissue engineering
because of its high molecular weight and
capability to form tridimensional networks.
The properties of this macromolecule may be
molded by chemical modifications. One of the
most interesting is the insertion of sulphate
groups on the hydroxilic groups of the
polysaccharide, which gives the macromole-
cule heparin-like activity. In this work, a
HyalS polymer containing about 3.5 sulphate
groups for each repeat unit, which has been
demonstrated to provide the greatest
anticoagulant properties (15), has been used.

Very little information is available on the
biological activity on cell behavior of HyalS
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or other sulphated glycosaminoglycans.

Most of the data concern their antithrombotic
effect (16), which is not as relevant in
lymphatic as in blood vessels.

We have investigated how the different
chemistry of Hyal and HyalS affects
lymphatic endothelial cell (LEC) behavior.
The effect of surface topography has also
been investigated. Surfaces with the same
chemistry, but containing different topo-
graphical features, have been demonstrated
to influence cell behavior in different ways
affecting cell shape and functionality (17,18).
Finally, we raise the question: is lymphatic
endothelial cell behavior influenced more by
surface chemistry or topography?

MATERIALS AND METHODS
Polysaccharides

Hyaluronan sodium salt (MW 240000)
was provided by Biophyl S.p.A. (Germany).
Sulphated Hyaluronan was obtained by the
insertion of sulphate groups in the oxidrilic
groups of Hyal. The sulphation degree, which
theoretically ranges from one to four, was
controlled by varying the Hyal/sulphating
agent molar ratio. The synthesis and the
characteristics of HyalS have already been
described (19). The HyalS polymer used in
this study contained 3.5 sulphate groups.

Fabrication of Micropatterned Hyal and
HyalS surfaces

Micropatterned surfaces with different
chemical and topographical heterogeneities
were obtained by photoimmobilization of
Hyal and HyalS on silanized glass coverslips
in the presence of a chromium-quartz photo-
mask with features of defined dimensions
and geometry. The polysaccharide works as
a negative photoresist which, upon exposure
to UV light, remains grafted to the surface.
The whole process (Fig. 1) consists of the
four following steps: 1) Conjugation of the
polysaccharide (Hyal or HyalS) with a
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Fig. 1. Scheme of the photoimmobilization process by spin-coating (left) and casting (right). Note the different
height of the polymer stripes obtained. Hyal-N; and HyalS-N; = Hyal and HyalS conjugated with azidoaniline.

photoreactive moiety (4-azido-aniline) to
make it reactive to U.V. light (20). 2)
Aminosilanization of the glass substrate (21).
The silanized glass is hereafter referred to as
glass-NH,. 3) Deposition of the photoreactive
polysaccharide solution on glass-NH, either
by casting or spin-coating. In the casting
procedure, a defined volume of a 0.1% w/v
polysaccharide solution is deposited on the
surface and allowed to dry in dark
conditions. A thick, non-homogeneously
distributed layer of polysaccharide is
obtained. Environmental factors such as
humidity and temperature affect the results.
Spin-coating gives more reproducible results.
Briefly, 50pl of a 1% w/v of aqueous
polysaccharides is spin coated onto the
surface at 2500 rpm for 30sec. 4)
Photoimmobilization of the polysaccharide on
the substrate by irradiation with a UV light in
the presence of a chromium-quartz
photomask containing stripes of different
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dimensions (50, 25 and Spm wide) followed
by washing with double distilled water to
remove any unbound polysaccharide.
Homogeneous, unpatterned Hyal or HyalS
surfaces were realized with the same
procedure without using the photomask.

Surface Topography and Chemistry

Hyal and HyalS micropatterns were
analyzed by Atomic Force Microscope (AFM
Thermo Microscope, Veeco Instruments,
France). AFM images were obtained in
different areas of the samples by operating in
non-contact mode in air, using a silicon tip.
Surface roughness was measured in 5x5pm?
scans with the help of SPLM-Lab version 5.01
software.

Lymphatic Endothelial Cells

LEC were obtained from bovine thoracic
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duct by collagenase treatment as previously

described (22) and cultured in DMEM with

20% Fetal Bovine Serum (FBS), 2mM

glutamine, 100pg/ml endothelial cell growth

supplement and 50pg/ml gentamycin. At
confluence, cells were trypsinized,
resuspended in DMEM with 10% FBS and
gentamycin and seeded at the density of
1.5x10* cells/100pl onto each of the following
ethanol sterilized samples:

- micropatterns of Hyal or HyalS (obtained
by spin-coating or casting) on glass-NH,
coverslips

- unpatterned Hyal or HyalS on glass-NH,
coverslips

- glass-NH, coverslips.

Once the cells had adhered to the surface,
900p1 of medium was added.

Identification of Cells by Acetylated LDL
Uptake

Cells were identified as endothelial by
their capacity to uptake and internalize
acetylated low density lipoproteins labeled
with a fluorescent probe, 1,1’-dioctadecyl-
3,3,3’3’-tetramethylindo-carbocyanine
perchlorate (Dil-Ac-LDL, Biomedical
Technologies Inc, Stoughton, MA, USA) (23)
according to the manufacturer’s instructions.
Nuclei were counterstained with Hoechst.

Double Labeling of Integrins and Focal
Adhesion Kinase

Immunohistochemical studies were
performed on cells cultured on Hyal/glass-
NH, micropatterns and on HyalS/glass-NH,
obtained by spin-coating but not by casting
because the latter tended to detach during
the numerous passages of the double labeling
procedure.

Cells were fixed with cold acetone for
10 min. at -20°C, washed with Phosphate
Buffered Saline (PBS) containing 0.5%
Bovine Serum Albumin (BSA, Sigma) and
0.1% Triton-X-100 (hereafter referred to as
buffer) and permeabilized for 40 min. with
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PBS containing 0.1% Triton and 3% BSA to
block unspecific binding sites. Cells were then
incubated overnight at 4°C with a polyclonal
antibody to o-v integrins (Chemicon) diluted
1:15 in buffer, washed and incubated with a
FITC conjugated goat anti-rabbit secondary
antibody for 2h. Prior to the second labeling,
unspecific binding sites were again blocked
with PBS containing 3% BSA and 5% goat
serum for 40 min. Cells were then incubated
with a monoclonal antibody to focal adhesion
kinase (FAK, Chemicon) diluted 1:20 in
buffer for 2h. After washing, cells were
incubated with a TRITC conjugated
secondary antibody for 2h. Coverslips were
mounted upside down with DABCO (Sigma)
and viewed with a Nikon ECLIPSE E600
fluorescence microscope.

J-actin Staining

B-actin, a typical cytoskeletal protein of
endothelial cells, was evaluated in LEC
cultured on Hyal/glass-NH, and HyalS/glass-
NH2 micropatterns obtained by spin-coating.
It was stained with phalloidin-FITC (Sigma)
according to the manufacturer’s instructions
following fixation with formalin and
permeabilization with Triton. Double labeling
of actin (stained with phalloidin-TRITC) and
av integrins was performed on LEC cultured
on Hyal/glass-NH, micropatterns.

Cell Counts

To evaluate whether lymphatic
endothelial cells preferentially adhered to
HyalS or to glass-NH,, the number of
adherent cells was determined under phase
contrast microscopy with a 16x objective at
different times of culture (4, 24, 48 hours).
Cells were counted in 5 randomly selected
photographic fields/sample (0.47mm? each).
Three samples were counted for each
experimental condition, and each experiment
was repeated at least three times.

Statistical analysis was performed using
Microcal™ Origin® (Microcal Software, Inc.
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Fig. 2. AFM scans of HyalS micropatterns with stripes of 25um obtained by: a) spin-coating and b) casting.
The different height of stripes is shown in the section profile (bottom).

Northampton, Massachusetts, USA). The
significance of the reported means was
determined using the two population t-test
comparing each sample type with the two
control surfaces (glass-NH, and unpatterned
polysaccharides). Data were expressed as
meanzstandard error (SE).

SEM Analysis

Micropatterned surfaces were fixed with
2.5% glutaraldehyde, dehydrated in ethanol,
desiccated overnight, gold sputtered with an
automatic sputter coater (BAL-TEC SCD
050, Balzers, Germany) and then observed by
scanning electron microscopy (SEM) (XL20
Philips, The Netherlands) operating at 15kV.

RESULTS

Surface Topography and Chemistry
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AFM was used to check the surface
topography of Hyal and HyalS micro-
patterned surfaces. Fig. 2 shows AFM scans
of HyalS micropatterns with 25pm wide
stripes obtained by spin-coating and casting.
The stripes were easily visible, and their
width and separating space corresponded to
the dimensions of the mask used in the
photoimmobilization. The edge of the stripes
was not sharp, and rather showed a gentle
slope of a few nanometers due to the softness
and mobility of the polysaccharide. The step
height was about 30nm for Hyal and HyalS
patterns prepared by spin-coating and about
200-250nm for polysaccharide patterns
prepared by casting.

The top part of the stripes was smooth,
with mean roughness values Ra of 3.30 =
0.75nm for Hyal stripes and of 4.10 + 0.74nm
for HyalS ones in a dry state. Upon exposure
to water, surface roughness of Hyal and
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Fig. 3. Light micrographs of LEC stained with Giemsa 48h after seeding. LEC adhere to glass-NH, (a) and
unpatterned HyalS (c), but not to unpatterned Hyal (b). Orig.mag. x10.

HyalS increased to 5.95 + 0.51 and 6.3 +
0.65nm respectively while that of glass-NH,
did not vary (data not shown).

ToF-SIMS imaging demonstrated a good
surface chemical contrast between Hyal or
HyalS and the glass domains as previously
reported (24); thus a micropatterned
polysaccharide surface with a defined
chemical pattern has been obtained.

Pattern Stability

AFM analysis showed that when the
micropatterns were kept in culture medium
for a week, no changes either in the
morphology or dimensions occurred in the
thinner stripes prepared by spin-coating,
whereas polysaccharide swelling with
widening and thickening of the stripes and
eventually detachment from the substrate
was observed in the thicker patterns prepared
by casting.

Unpatterned Hyal and HyalS Surfaces:
Same Topography, Different Surface
Chemistries

Unpatterned layers of Hyal and HyalS
have been utilized to evaluate the effect of
surface chemistry on cell behavior. LEC
rapidly adhered to and proliferated well on
HyalS layers just as on glass-NH, (Fig. 3).
Conversely, no adhesion was found on
photoimmobilized Hyal surfaces even after
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7 days of culture. Considering that surface
roughness in wet conditions is more or less
the same, surface chemistry due to the
introduction of sulphated groups might be
responsible for cell response.

Hyal and HyalS Micropatterns

LEC plated on Hyal micropatterned
substrates avoided the Hyal domains and
adhered only to the glass-NH, ones as
previously reported (4). Cell growth was
guided along the micropattern direction: cells
assumed an elongated shape and polarized
along the main longitudinal axis of the stripe
(Fig. 4). They arranged in 3-4 parallel rows in
50pm wide stripes, in 2 rows in 25pm wide
stripes, in a single row in 5pm wide stripes.
With insufficient space to spread in Spm wide
stripes, LEC remained elongated, packed and
prominent (Fig. 4c). They often came in
contact with neighboring cells in the adjacent
stripe forming groups bridging more than one
stripe. This behavior was particularly evident
when the culture time was protracted for
several days.

LEC cultured on HyalS/glass-NH,
micropatterns obtained by spin-coating were
not guided by the surface patterns and
randomly distributed both on glass-NH, and
polysaccharide domains with a polygonal
flat shape (Fig. 4d, e and f) without any
polarization. No significant influence of the
stripes step was revealed; cells passed over
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Fig. 4. Light micrographs of LEC stained with Giemsa 48h after seeding. LEC adhering to Hyal micropatterns
(a-c), HyalS micropatterns obtained by spin-coating (d-f) and HyalS micropatterns obtained by casting (g-i) with
stripes 50 (a, d, g), 25 (b, e, h) and 5 (c, f, i) pm wide. On Hyal micropatterns with wide stripes (a-b) LEC exclusively
adhere to the glass-NH, domains avoiding the polymer and align parallel to the stripes; on 5 um Hyal micropatterns
(c) all cells align along the stripes but some form groups extending over several stripes (asterisks), others arrange in
rows on glass-NH, stripes. On HyalS micropatterns obtained by spin-coating (d-f), LEC do not align and are
randomly scattered on the polymer and on glass-NH, .On HyalS micropatterns obtained by casting (g-i), most of
LEC preferentially adhere to the polymer and some align on the stripes edges. Orig. mag. x20.

the stripes step, perfectly adhering to them. culture, cells preferentially adhered to the

On wider stripes, cells sometimes aggregated stripe edge and started to elongate along it.

in colonies covering several adjacent stripes. The most remarkable effect was noticed on
In order to investigate whether HyalS 25pm wide stripes where many round cells

micropatterns with a higher thickness were first adhered to the edge and eventually

able to affect cell response, HyalS micro- polarized along the stripe direction (Fig. 4h).

stripes with the same width were prepared After 48h of culture, many cells were still

by casting. Following this procedure, polarized along stripe edges, but several

microstripes with a step height ranging from others moved towards polysaccharide

200 to 250nm were obtained. After 24h of domains and spread on them as shown in
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Fig. 5. Dil-Ac LDL uptake by LEC cultured on Hyal (a) and HyalS (b) micropatterns with 25um wide stripes. Nuclei
Hoechst counterstaining shows that all cells are positive for this endothelial marker. Orig. mag. x40.

Fig. 6. Double labeling of o-v integrins and FAK in
LEC cultured on Hyallglass-NH2 micropatterns
with 25um wide stripes. Integrins (a) and FAK (b) co-
localize along cell borders and at the leading edge of
migrating cells as shown by merge (¢).Orig. mag. x40.

Permission granted for single print for individual use.

50pm wide stripes (Fig. 4g). On Spm striped
surfaces (Fig. 4i), cells were very sensitive to
the surface topography: in fact, most cells
lined up along the stripes, and some spread
with a flattened star-like morphology due to
several pseudopodia which branched out
from the cell body sticking on the stripe edge.

Acetylated LDL Staining

LEC cultured on Hyal or HyalS
micropatterns stained brightly and uniformly
with Dil-Ac-LDL (Fig. 5). Acetylated LDL
appeared as a punctate red fluorescence in
the cytoplasm particularly around the
nucleus. Nuclear Hoechst counterstaining
demonstrated that virtually all cells were
positive for this endothelial marker.

Immunostaining of Integrins and Focal
Adhesion Kinase

The distribution of o.-v integrins and
FAK in LEC cultured on Hyal micropatterns
with 50pm wide stripes is shown in Fig. 6.
The fluorescent dashes of integrin clusters
and FAK co-localized along cell borders of
isolated cells, at the leading edge of migrating
cells and where cells came in contact with
each other, all probable sites of focal adhesion
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Fig. 7. Double labeling of o-v integrins (a) and
p-actin (b) in LEC cultured on Hyallglass-NH,
micropatterns with 25um wide stripes. Actin stress
fibers terminations on cell membrane correspond to
integrin dashes (c) which apparently condition their
orientation. Orig. mag. x40.

formation. Double staining for ov integrin
and B-actin (Fig. 7) indicated that integrin
dashes were localized at the end of actin
fibers.

J-actin staining

B-actin staining was performed on cells
cultured on micropatterns with 25 and Smm
wide stripes. On Hyal micropatterns, actin
fibers arranged in bundles parallel to the
stripe direction (Fig. 8a and c) whereas on
HyalS micropatterns, they did not sense the
topography (Fig. 8b and d), and their
organization did not differ from that of cells
grown on unpatterned glass-NH,.
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Cell Number

The number of adhering cells was
evaluated after 4, 24 and 48h of culture on
unpatterned glass-NH,, unpatterned HyalS
and micropatterned HyalS/glass-NH,
surfaces obtained by spin-coating and casting,
to ascertain whether cells preferentially
adhered to HyalS or glass-NH, and which
surface better promoted their proliferation.
No cells were ever detected on Hyal stripes.

Cell counts on unpatterned HyalS
surfaces compared with unpatterned glass-
NH, substrates are reported in Fig. 9. On
unpatterned glass-NH, substrates, cell
number rapidly increased in the first 24h,
remaining constant thereafter. On
unpatterned HyalS surfaces, cell number
increased with time with a different trend:
gradually on surfaces obtained by spin-
coating, rapidly from 24 to 48h on those
obtained by casting.

Cell number on micropatterned surfaces
of wide dimensions is reported in Fig. 10. The
number of cells adhering inside the thinner
HyalS microdomains obtained by spin-
coating was higher than that of cells adhering
on the thicker stripes of the same polysac-
charide obtained by casting. Taking into
consideration that the area covered by HyalS
is the same for both surfaces, there is no
apparent reason for such a great difference in
cell number. On micropatterned surfaces of
50 pm obtained by spin-coating (Fig. 10a),
cell number increased on glass-NH, and
HyalS domains with the same trend, and no
cells aligned along the edge. On micro-
patterned surfaces of 50 pm obtained by
casting, some cells lined up along the stripe
edge and their number increased with time
(Fig. 10b) while the number of cells adhering
on glass-NH, domains decreased, and that of
cells adhering on HyalS increased. This
observation may signify either that cells
moved from glass-NH, towards HyalS
domains or that cell proliferation on HyalS
was greater than on glass-NH,. Overall cell
adhesion was higher on surfaces obtained by
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Fig. 8. -actin staining of LEC cultured on Hyal (a and c) and HyalS (b and d) micropatterns with 25 (a and b) and
5 (c and d) pm wide stripes. Actin stress fibers align parallel to the stripes on Hyal (a and c) but not on HyalS (b

and d) micropatterns. Orig. mag. x40.

spin-coating, and cell proliferation was higher
on surfaces obtained by casting.

On micropatterns consisting of stripes
S5pm wide (Fig. 11), it was not possible to
distinguish cells adhering to HyalS from
those adhering to glass stripes; accordingly,
the parameter evaluated was the total
number of aligned cells (irrespective of
whether they adhered to HyalS or glass-NH,)
compared with the number of non-aligned
cells. On micropatterned surfaces obtained
by spin-coating (Fig. 11a), only a small
number of cells aligned and their number
remained constant with time, whereas the
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number of non-aligned cells, which were the
majority, increased with time. On micro-
patterns obtained by casting (Fig. 11b), most
cells lined up along the microstripes but their
number did not increase significantly with
time. The total number of adhering cells was
much higher on micropatterned surfaces
obtained by spin-coating than by casting.

On micropatterns containing narrow stripes
(i.e., 5pm), the topographical cue apparently
played a key role in affecting cell behavior:
thicker stripes (obtained by casting) were
recognized by cells as an obstacle; accordingly,
cell alignment was promoted and cell
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micropatterns obtained by spin-coating did not align. a) **P< 0.001 vs aligned at the same time point, b) *P< 0.05
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Fig 12. SEM micrographs showing cell adhesion on Hyal micropatterns with a) 50 and b) 5um wide stripes and on
HyalS micropatterns with 25um wide stripes obtained by spin-coating c) and casting d). Arrows indicate pseudopodia.
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proliferation limited by the narrowness of
available space, whereas thinner stripes
(obtained by spin-coating) were not detected,
cells did not line up, and proliferation was
favored.

SEM Analysis

SEM analysis of LEC cultured on Hyal
micropatterns (Fig. 12a and b), confirmed
that cells lined up along substrate domains.
On micropatterns with Spm wide stripes
(Fig. 12b), several cells emitted small
pseudopodia which apparently “sensed” the
Hyal stripes edge. The narrowness of space
available for spreading probably induced cells
to attempt to expand in other directions.

On micropatterns of HyalS/glass-NH,
with stripes of wide dimensions obtained by
spin-coating (Fig. 12c), cells randomly distri-
buted on HyalS and glass-NH, with a spread
flat morphology. On HyalS micropatterns
obtained by casting, cells preferentially
adhered to the polysaccharide domains;
many cells aligned along the stripes’ edge
(Fig. 12d) with a polarized elongated shape.

DISCUSSION

The role of chemical cues in LEC
behavior was investigated by the use of
micropatterned surfaces with alternating
stripes of Hyal/glass-NH, and HyalS/glass-
NH,. LEC consistently avoided Hyal stripes,
as previously reported (4).

The reason why Hyal, which is one of the
main components of the extracellular matrix,
prevented cell adhesion may be the particular
conformation assumed by the polysaccharide
upon photoimmobilization (25). The covalent
bond to the surface may decrease the degree
of freedom of polymer chains hiding the
suitable tridimensional organization nece-
ssary for cell-receptor interaction. It is known
that CD44, a receptor highly selective for
Hyal and present on the plasmatic membrane
of several cell types including blood vessel
endothelial cells, requires a polysaccharide
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oligomer with at least 6 or 8 repeating units
to bind the polysaccharide (26,27). The
homologue of CD44 in lymphatic endothe-
lium is the lymphatic marker LYVE-1.
LYVE-1 binds hyaluronan with apparently
greater specificity than CD44. It is
structurally related to CD44 (28,29), with an
overall similarity of 43% and the greatest
homology in the hyaluronan binding domains
(“link” modules). We suggest that the
interaction between Hyal and its receptor
may become difficult when the polymer is
bound to the surface forming a tridimensional
network of several chains randomly oriented
and assuming, as it does at physiological pH,
a coil conformation. In this conformation, the
minimum size (hexa- or octasaccharide units)
required for receptor interaction becomes
unavailable. The conformation assumed by
HyalS at physiological pH, more stretched
than Hyal for the presence of negatively
charged sulphated groups, may conversely
render its interaction with its receptor easier.
Integrins are known to mediate cell-
substrate interactions. Integrin, FAK and
actin distribution was evaluated in LEC
cultured on Hyal/glass-NH, micropatterns to
ascertain whether alignment affected their
expression and orientation. The presence of
integrins and FAK at the leading edge of
migrating cells suggests that adhesion of cells
to the surface is integrin-mediated and
involves focal adhesion formation. Their co-
localization suggests that signal transduction
occurs from outside into the cell. It is known
that FAK activation induces actin reorgani-
zation (30). Actin fibers indeed formed
bundles parallel to the stripes in Hyal/glass-
NH, micropatterns of all dimensions. The
alignment of actin stress fibers in bundles
parallel to the stripes demonstrates that cells
adapt their shape to the micropattern
geometry. Double staining showed that they
terminated in correspondence of integrin
dashes, apparently guided by them. HyalS
promoted LEC adhesion and proliferation.
We have previously reported (31) that in
micropatterns obtained by laser ablation,
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TABLE 1

Cell Adhesion to Hyal, HyalS and Glass-NH, Substrates

Cell type Hyal HyalS Glass-NH,
LEC - + +
BAEC - + +
HGTEN - + -
313 - - +

HyalS promoted the adhesion of bovine aortic
endothelial cells and prevented the adhesion
of 3T3 fibroblasts. Cell adhesion and orienta-
tion on HyalS micropatterned surfaces seems
therefore to be related to cell type. We here
report that LEC adhere to HyalS just as
bovine aortic endothelial cells. In this case,
LEC and BAEC, which, in our experience,
do not always respond similarly to the same
stimulus (32), behaved similarly. The
importance of testing the endothelial line of
interest on a given surface is also highlighted
by a previous work of some of us on the
growth of an established endothelial cell line,
HGTEFN cells, on microstructured surfaces of
HyalS/glass-NH,. Interestingly, these cells
avoided glass-NH, and aligned along the
edge and on top of HyalS stripes. This
behavior strongly resembles that of LEC on
the Hyal/glass-NH , micropatterns used in
this study. What is similar in the two
different models is the alternation of stripes
that promote cell adhesion and stripes that
prevent it. In other words, alignment is
obtained when cells are forced to avoid
unfavorable chemical domains. In the same
study, cell adhesion was also tested on
microstructured surfaces of HyalS on a HyalS
substrate. HyalS stripes were obtained in this
case by photoimmobilization, in the presence
of a photomask, of HyalS on a homogeneous,
previously photoimmobilzed, HyalS layer.
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Under these conditions, in spite of the height
of stripes, cells behaved as if they were on a
homogeneous Hyal substrate equally
spreading on the substrate and on top of
HyalS stripes with random orientation.
Topographical cues apparently did not affect
the behavior of HGTFN cells. These data are
summarized in Table 1.

The influence of topographical cues on
LEC behavior was investigated here by
varying micropattern dimensions (width,
height). Alignment has been reported to be
inversely proportional to features width and
to correlate positively with groove depth
(18,33-35).

We previously reported (4,24,36) that the
Hyal micropatterns with thicker stripes (step
height ~ 200-250nm) obtained by casting
affect cell response and alignment exactly in
the same way as the thinner striped surfaces
obtained by spin-coating used in this work.
Thus, in the case of Hyal micropatterns, cell
alignment does not depend on the thickness
of the polysaccharide tracks but rather on
surface chemistry.

Stripe width proved also important in
affecting cell behavior: Spm wide stripes
seemed to be the limit for endothelial cells to
sense different adhesive and non-adhesive
alternating domains and to line up. This limit
probably depends also on cell dimensions;
for example, the nucleus of LEC, which is not
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dynamic and moldable as is the cytoplasm,
has an average diameter of 6-8pm, just
slightly bigger than the stripe width, so
stripes are not large enough to accommodate
the whole cell and part of it may fall over
adjacent stripes. Two different behaviors
were in fact observed for cells cultured on
Spm wide stripes: single prominent cells
aligned along the pattern and colonies of cells
with an elongated shape covering several
adjacent stripes.

On HyalS micropatterns with thinner
stripes (30-50nm) obtained by spin-coating,
cells spread over the surface without any
orientation, while on surfaces obtained by
casting that had thicker stripes (200-250nm),
cells reacted to the surface topography
aligning on the stripe edge in all the
micropatterns tested (50, 25 and Spm). In the
case of HyalS, the featured height thus plays
a key role in affecting cell alignment. What
attracts cells on the edge may be a merely
topographical effect which becomes evident
when the step is higher. HyalS micropatterns
showed a sort of competition between the
sulphated polysaccharide and glass-NH,
towards cell adhesion. By extending time in
culture, HyalS domains, however, attracted a
larger number of cells than glass-NH,.

In conclusion, Hyal micropatterns with a
stripe pattern design have been shown to be a
useful tool to guide LEC growth independently
of the stripe step height, which indicates that
surface chemistry affects LEC guidance more
than surface topographical cues. When
surface chemistry of stripes and substrate
promotes cell adhesion as in the case of
HyalS micropatterns, surface topography, in
particular the height of the stripes, becomes
the predominant factor responsible for LEC
behavior. Hyal micropatterned surfaces are
therefore preferable for LEC guidance and
HyalS ones when adhesion is the priority.
Much basic research is needed before a tissue-
engineered strategy can be defined to
overcome the great clinical challenge of
lymphedema following surgical or traumatic
interruption of lymphatic routes.
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