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Abstract. A major impediment to the development of hybrid living/non-living materials is the design of structures that
maintain the stability of the interface between cell and substrate. In response to external stimuli, such as physical
adsorption, cells often modify the molecules on their cellular surface to promote new biological interactions.
Mechanisms must be found to allow living cells to be tethered to biopolymeric materials without compromising either
the physiological functions of the cells or the structural integrity of the substrate.

This study investigates the technique of tethering macromolecules in place. Using soft lithographic methods, micro-
patterns of Avidin were created by microcontact printing from a polydimethylsiloxane (PDMS) stamp onto a
biotinylated substrate. It is proposed that by biotinylating extracellular matrix (ECM) macromolecules (e.g type I
collagen, fibrin, laminin etc.) they may be tethered to biopolymeric substrates thus minimising modification of the
surface molecules and producing an in-vivo like model on which cell-subratum interactions may be analysed.
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1. Introduction

The past decade has witnessed enormous advances in our understanding of the molecular basis of cell behaviour.
For example, scientists, as well as the general public, are well aware of the spectacular success of the human genome
project and the consequent burgeoning interest in post-genomics. Tissues, within the body, are multi-component
systems consisting of several different cell populations (e.g. interstitial fibroblasts, vascular endothelial cells, lumen
endothelial cells, etc.) embedded within a complex biological system containing soluble regulatory factors (cytokines,
growth factors, hormones, etc.) and insoluble matrix macromolecules. The complexity of emergent functional
interactions between tissue cells and their environment is complicated by the fact that (i) the phenotypically distinct cell
sub-populations will respond differently to the stimulus (Singhvi et al., 1994, Patel et al., 1998), and (i) this cell
response to soluble regulatory factors is not invariant, but is critically modulated by the nature of the extracellular
matrix (ECM) (Mrksich, 2000). Previous studies by the authors in this area has revealed that the same soluble
regulatory molecule (e.g. - TGF-B1) can either stimulate or inhibit the migration of the same target cell population as a
function of relatively minor changes in the ECM to which the cells are attached ( Keatch et al., 2003, Schor et al., 2004)
It should further be noted that the temporal and spatial integration of cell behaviour at the tissue level is profoundly
affected by the 3-dimensional architecture and the micro-topological features of the supporting matrix, as well as tissue-
level parameters (e.g. electrochemical coupling between constituent cells and hydrodynamic shear (Hynes, 1992).

Despite the remarkable recent advances made in elucidating the molecular basis of cell behaviour, and the
structure/function of sub-cellular, supra-molecular complexes (e.g. the DNA transcription complex) involved in the
regulation of gene expression, cell proliferation, motility and metabolism, it is clear that existing biological techniques
are insufficient to adequately model the enormous degree of complexity operating at the tissue level. It is therefore
necessary to devise new techniques for fabricating matrices with more in-vivo-like characteristics, which will give a
more fundamental insight into how cells interact with their extracellular environment.
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2. Methods and Materials
2.1 Fabrication of SU-8(2075) micro-patterned template by photolithography.

Using photolithographic techniques adopted from the microelectronics industry very well defined miniature surface
topographies were fabricated as follows (Keatch et al.,2000). Standard 3-inch (100) SSP silicon wafers were washed in
acetone, rinsed in de-ionised water and dried with a stream of nitrogen. They were baked at 100°C for 3 minutes to remove
any traces of water. Approximately 2ml of NANO™ SU-8(2075) (Chestech, Rugby, UK) was poured onto the silicon
wafer and spun (1000r.p.m, 30seconds) to produce a planarised layer approximately 250pum thick. The sample was
transferred to a level hotplate and baked at 65°C for 5 minutes then at 95°C for 45 minutes to allow the cyclopentanone
solvent to evaporate and solidfy the film. The sample was allowed to cool to room temperature and then exposed to near-
UV light (365nm) for 25 seconds using an Optical Associates inc. Series 500 mask aligner system.

The sample was post-expose baked to selectively cross-link the exposed portions of the SU-8(2075). A two-step
contact hotplate process was used with the sample baked at 65°C for 3 minutes and then at 95°C for 15 minutes. The
sample was then allowed to cool to room temperature before being developed in EC solvent (MicroChem Corp, Newton,
MA, USA). A two-step development process was used, with the sample first immersed in cyclopentanone (Chestech) for 1
minute with moderate agitation, followed by immersion in EC solvent for 20 minutes again with moderate agitation. The
sample was then rinsed in isopropanol and dried under a gentle stream of nitrogen.

2.2 Fabrication of PDMS stamp using soft lithography.

Having produced an accurate master using photolithography, a replica used for transferring the avidin can be cast using
a soft elastomer (PDMS). The SU-8(2075) template is used as a mould into which the PDMS stamp is cast using
approximately 9 ml of Syndev®1 (BDH Lab Supplies, Poole, UK) mixed with 5 ml of toluene (Fisher Scientific, UK). The
PDMS-toluene casting mixture was allowed to cure in a fume cupboard at room temperature for 8 hours. Once cured, the
PDMS stamp was carefully peeled away from the SU-8(2075) template, trimmed and mounted on a glass block, which
acted as a mechanical support for the PDMS stamp.

2.3 Synthesis of a Biotinylated Surface.
The biotinylated film on which the micropattern could be replicated was synthesised using the following methods:

Avidin-Fluorescein Isothio-cyanate micro-patterning onto Biotinylated films. In order to produce a micropattern
on the biotinylated film, the PDMS replica was selectively coated with Avidin and then applied with pressure to the
substrate. To achieve this the PDMS stamp was washed with undiluted ethanol, then hexane (Acros), then rinsed with
deionised water and finally air-dried at room temperature. A 500pg/ml (1mg in 2ml) solution of Avidin-FITC (Sigma-
Aldrich Ltd., Dorset, UK) in distilled water was made up. The mixture was a pale yellow liquid at this concentration.

Avidin-FITC was applied with a sterile dropper onto the regions of interest on the upturned surface of the micro-
patterned PDMS stamp. The PDMS stamp was the left in a biological cabinet for 30 minutes. Excess Avidin-FITC was
removed with a sterile dropper and transferred to a Sterilin tube for storage at -18°C. Any non-specifically adsorbed
Avidin-FITC was then washed away with distilled water and the PDMS stamp again air-dried at room temperature.
Once dry, the regions of interest on the PDMS stamp with adsorbed Avidin-FITC were placed in conformal contact
with the biotinylated film. Contact was maintained for 5 minutes. The Avidin-FITC patterns were then imaged with an
Olympus IX70 fluorescence microscope. FITC has an absorption maximum at 495nm and emits at 520nm.

2.4 Cellular inoculation

To analyse cell adhesion to our micropatterned structure, anchorage dependent cells were selected. These human
FF44 cells were maintained in Eagle’s Minimum Essential Medium (MEM) (Sigma) supplemented with 15% (v/v) of
200mM donor calf serum (DCS), 1% (v/v) C-glutamine, 0.5% penicillin and 0.5% streptomycin. The cells were
passaged by trypsinisation every 7 days just before reaching confluence; the medium was renewed every 48 hours on
average.

2.5 Tethering Collagen Type I to Biotinylated film
In an attempt to analyse the behaviour of cells in more in-vivo like conditions collagen was tethered, in its native

conformation, to the stamped Avidin micropattern. Native collagen type I was obtained from a stock solution provided
by The Cell and Molecular Biology Unit at Dundee University. To a sterile tube containing 2ml of this solution
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(2.2mg/ml, 4°C), 1mg of Sulfo-NHS-LC-Biotin was added and the mixture shaken well for 2 minutes. The mixture was
incubated at 5% CO, and 37°C for 30 minutes, then introduced to a 60mm biotinylated culture dish and micro-patterned
with Avidin-FITC. The sample was incubated for 24 hours. F,F44 confluent cells (approx. 1.5 x 10%) were trypsinised
from a stock culture and introduced to the sample, which was then incubated with serum-free MEM for a further 24
hours. The procedure was repeated and the second sample incubated in 15% DCS-MEM for 48 hours.

2.6 Plating of cells onto micro-patterned films

As an intermediated method for determining whether the biotin ligands on the collagen have maintained their
reactivity and ability to bind avidin, cells were introduced onto the sample. 90 mm dishes of pre-confluent human FF 4
cells at a concentration of approximately 20x 10* cells/cm? were used. The medium was removed from the stock culture
and the remaining cells washed twice with 4-5 ml Hank’s Balanced Salts solution (Sigma). 2ml of trypsin (10X solution
of 2.5g porcine trypsin powder/100ml) (Sigma) was added to each 90mm dish and left to incubate at 37°C for about 8-
10 minutes until the cells were seen to round and detach from the dish. 3ml of 15% DCS-MEM per dish were then
added to neutralize the trypsin and the mixture pipetted up and down to detach all the cells. The cells floating in the
trypsin/DCS-MEM solution were then transferred to Sterilins and centrifuged at 900rpm for 5 minutes. The cells
formed a pellet at the bottom of the tubes and the trypsin/DCS-MEM was removed after which 10ml of DCS-MEM per
tube was added and the mixture pipetted up and down to re-suspend the cells. The FFy4 cells suspended in DCS-MEM
were then transferred to a 90mm dishes previously coated with biotinylated collagen on micro-patterned Avidin-FITC.

3. Results & Discussion
3.1 Microengineering

SU-8 (2000) (cyclopentanone solvent) is an epoxy based negative photoresist. Standard formulations are available
which produce a wide range of film thicknesses greater than 200um (figure 1). This research used SU-8 (2075) resist with
a high optical transparency and sensitive to near-UV light. Although the process guidelines are clear much fine- tuning was
required to produce structures of sufficient height for soft lithography purposes as well as more complex multiplayer
structures (figure 2). Once cured, the SU-8 (2075) structures were highly resistant to the reagents used in soft lithography
and cell culture. It also had excellent thermal stability, making it suitable for soft lithographic applications where an
elevated temperature is necessary to accelerate curing of the elastomer.

Figure 1: Height of SU-8 (2075) structure > 200um
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Figure 2: Two-layered micropattern of SU-8 2075

3.2 Soft Lithography

Due to its highly viscous nature the reproduction of micro-patterned features in PDMS was found to be problematic.
This was initially resolved by the addition of toluene, as a solvent, to reduce the viscosity of the PDMS. This introduced
further complications with the formation of bubbles due to solvent outgassing. However, this could be overcome by

curing the PDMS under vacuum thus allowing well defined micro-patterned stamps to be produced as shown in figure
3.

Figure 3: Good feature replication from SU-2075 master (top) to PDMS stamp (below). (100micron wide features)
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3.3 Avidin Microcontact Printing

PDMS is biocompatible, permeable to gases, optically transparent and can be used for cell culture. Its elastomeric
properties enable it to contact non-planar surfaces conformally and it has the ability to concentrate Avidin onto its
surface without irreversibly adsorbing it (Bernard et al., 2001). This allows the Avidin to be released upon contact with
the biotinylated surface (Patel et al., 2000). Avidin-FITC adsorption to PDMS was not uniform firstly because the top
surface of the elastomer structures was uneven (figure 4) and secondly because the Avidin-FITC itself formed
aggregates when the solvent (water) was evaporated.

Avidin-FfTC adsorbed to
surface.of PDMS lines

!

Figure 5: Avidin-FITC transfer of 200um lines on PDMS stamp (above) to biotinylated film (below).
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While complete Avidin-FITC transfer was not possible, an acceptable level of greater than 60% was achieved as
shown in Figure 5 and further detailed below.

3.4 Determination of optimum Avidin-FITC transfer conditions

The transfer of Avidin-FITC from the PDMS stamp to the biotinylated film was observed under varying conditions.
In particular the Avidin-FITC-to-PDMS adsorption time (A), the Avidin-FITC-to-biotinylated film release time (B) and
the PDMS-to-biotinylated film contact force (C) were varied. It was found that as ‘A’ increased from 5 to 30 minutes,
Avidin-FITC to biotinylated film transfer improved. The same trend was not apparent as ‘B’ was increased and an
‘optimum’ Avidin-FITC-to-biotinylated film release time was 1 minute. A definite improvement in Avidin-FITC-to-
biotinylated film transfer was noted as the contact force ‘C’ was increased from 0.49N to 6.37N. The Avidin-FITC
concentration was constant in all experiments at 1 mg/ml.

Figure 6,7 and 8 illustrate the improvement in Avidin-FITC transfer as A, B and C were varied.

Figure 6: A=30min, B=1min, C=4.9N

Figure 7: Best Avidin-FITC transfer was at: A=30min, B=1min, C=6.37N
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Figure 8: Stamp deformation occurred above C=7.35N (A=30, B=1)
The high affinity between Avidin and biotin should enable rapid formation of a stable complex between the Avidin-
FITC and the biotin labelled collagen.
3.5 Cell attachment to tethered native collagen

For the purpose of studying cell behaviour in its more native ECM environment, FF,, cells were observed on
tethered native type I collagen as shown in figure 9.

it

Fn-1-5F (mouse) TrM
cell aggregates

Collagen type | fibres

Figure 9: FFu4cells attached to tethered collagen type I after 48H incubation in 15% DCS-MEM
Conclusions

3.6 PDMS Suitability

PDMS is durable, inexpensive, optically transparent, permeable to gases, biocompatible and its flexibility enables it
to contact surfaces conformally. Stamp dimensions, application pressure, deposition time and stamp surface pre-
treatment can be optimised for maximum efficiency of Avidin transfer to the PLA-PEG-Biotin films (Branch et al.,
1998). The elastomeric nature enables the contact of two surfaces over an extended area on a molecular scale and this is
essential for micro-contact printing (Bernard et al., 2001, Delamarche et al., 1997). These factors all combine to make it
an ideal soft lithographic tool for cell culture applications. The greatest advantage of PDMS to this study is its ability to
concentrate Avidin onto its surface without irreversibly adsorbing it (Singhvi et al., 1994, Kane et al., 1999). This is due
to the strength of the non-covalent bond Fy;yg being greater than the covalent link Fepen, (Florin et al., 1994). Therefore,
removing the PDMS stamp from the biotinylated film will disrupt the weaker link of the system: Fepem (figure 10).
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Figure 10: Relative strength of the chemical bonds involved in micro-patterning of Avidin-FITC

3.7 Avidin Transfer

Uneven adsorption of Avidin-FITC to the PDMS stamp was observed. This can be attributed to the surface
topography of the microstructures as well as the formation of aggregates of Avidin-FITC on the PDMS surface after
evaporation of the solvent. While complete transfer from elastomeric stamp to biotinylated surface was not attained, the
degree of Avidin transfer was high enough to generate recognisable micro-patterns. Edge definition of the elastomeric
structures was greatly improved by the use of toluene as a solvent to reduce the viscosity at the casting stage. Micro-
contact printing of Avidin using PDMS as an elastomeric stamp has shown itself to be simple, reproducible and
inexpensive.

3.8 Future Work

Cellular adhesion receptors termed integrins play an important role in the interaction of cells with the ECM during
wound healing. Previous studies have found that cells adhere to denatured collagen through the a,f; integrin and this
interaction is inhibited by an RGD containing peptide. It has also been suggested that RGD sites in type I collagen may
be masked and that they become exposed upon denaturation of the molecule. Wounding of the ECM may expose RGD
sites in collagens that facilitate the interaction of cells with damaged ECM through RGD binding integrins (Davis,
1992).

It is envisaged that tethering biotinylated extracellular matrix macromolecules such as collagen type I in its native
and denatured conformation will determine the influence of the RGD motif in the sequence of events leading to wound
healing.
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