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Poly(dimethylsiloxane) (PDMS)-based microdevices have enabled rapid, high-throughput assessment of
cellular response to precisely controlled microenvironmental stimuli, including chemical, matrix and
mechanical factors. However, the use of PDMS as a culture substrate precludes long-term culture and
may signiﬁcantly impact cell response. Here we describe a method to integrate polyurethane (PU),
a well-studied and clinically relevant biomaterial, into the PDMS multilayer microfabrication process,
enabling the exploration of long-term cellular response on alternative substrates in microdevices. To
demonstrate the utility of these hybrid microdevices for cell culture, we compared initial cell adhesion,
cell spreading, and maintenance of protein patterns on PU and PDMS substrates. Initial cell adhesion and
cell spreading after three days were comparable between collagen-coated PDMS and PU substrates (with
or without collagen coating), but signiﬁcantly lower on native PDMS substrates. However, for longer
culture durations (6 days), cell spreading and protein adhesion on PU substrates was signiﬁcantly
better than that on PDMS substrates, and comparable to that on tissue culture-treated polystyrene. Thus,
the use of a generic polyurethane substrate in microdevices enables longer-term cell culture than is
possible with PDMS substrates. More generally, this technique can improve the impact and applicability
of microdevice-based research by facilitating the use of alternate, relevant biomaterials while maintaining the advantages of using PDMS for microdevice fabrication.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Cellular function is regulated by several features of the external
microenvironment, including substrate, chemical, and mechanical
factors. Rapid progress is being made in developing highthroughput experimental approaches to study cellular response to
various stimuli: growth factors, chemical cues and culture parameters [1], mechanical forces [2–5], extracellular matrix proteins [6],
gradients in chemical stimuli [7], and co-culture conditions [8].
These approaches are building towards techniques to determine
the integrated cellular response to combinations of stimuli, thereby
improving understanding of fundamental cell-microenvironment
interactions and guiding developments in biomaterial design and
tissue engineering.
Advances in many high-throughput methods can be attributed
to the development of microfabricated technologies. Speciﬁcally,
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soft lithography fabrication of polydimethylsiloxane (PDMS)
microdevices shows great promise in developing miniaturized
systems to study cell biology. PDMS is an excellent material for
microfabrication: it is elastomeric, transparent, non-toxic, gas
permeable, inexpensive, chemically stable, can be cured at low
temperatures, and can retain micropatterned features during processing [9]. The availability of this material has been an important
factor in driving microdevice development.
Multilayer soft lithography [10] has been used to form more
complex PDMS structures, and has led to fully integrated devices
capable of systematically, combinatorially and rapidly probing
biological systems. However, many multilayer soft lithography
systems are limited to culturing cells directly on a PDMS substrate
[1–4,11–17]. PDMS is poorly suited for and rarely used in standard
cell culture experiments, particularly those requiring extended
culture periods of several days. The substrates on which cells are
grown can have a substantial impact on cellular function [18,19],
and using PDMS for this purpose is one factor that hampers the
adoption of microdevices as a mainstream technology for
biomedical research. Chemical modiﬁcation of the PDMS surface to
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improve cell culture is possible [20,21], but challenging and not
easily accessible to many research groups with expertise in
microfabrication.
The inability to use more common biomaterial substrates in
novel microdevices limits their utility for applications in cell
biology, biomaterials, and tissue engineering research. For example,
PDMS is a poor material for tissue engineering scaffolds because it
is highly resistant to degradation, has non-physiological mechanical properties, and is difﬁcult to fabricate into porous structures.
Biological results obtained using PDMS microdevice research
platforms may not be applicable to the systems for which the
studies are intended, because the substrate materials will, by
necessity, be different. Hence, there is a need to conduct these
microdevice studies on relevant culture substrates and biomaterials. The use of alternative materials to create hybrid devices [22],
or to completely replace PDMS with conventional biomaterials as
the primary structural material in microdevices [23–25] are
potential approaches; however, material properties and processing
requirements of these alternative materials can make complex
multilayer microfabrication difﬁcult.
To improve the relevance of biological results obtained using
such PDMS microfabricated platforms, we have developed a simple,
robust and easily accessible method to integrate polyurethane (PU)
substrates into the multilayer PDMS soft lithography process. The
PU class of polymers was selected based on the ease with which it
can be chemically tailored for a speciﬁc application, as well as its
widespread use in implantable medical devices [26,27] and tissue
engineering scaffolds [28–31]. Thus, our approach retains the
advantages of using PDMS in microfabrication while enabling
studies with a well-established, clinically-relevant biomaterial. In
this paper, we describe and characterize the process to integrate
TecoﬂexÒ, a generic formulation of PU, into multilayer PDMS
microdevices. In addition to the general advantages of being able to
conduct cellular experiments on substrates relevant to clinical
applications, we have quantitatively demonstrated speciﬁc
improvements in long-term cell culture conditions when using PU
over PDMS as a culture substrate in microdevices.
2. Materials and methods
Unless otherwise stated, all chemicals and reagents for cell culture were
purchased from Sigma–Aldrich (Oakville, ON, Canada); ﬂuorescent dyes from Invitrogen (Burlington, ON, Canada); and all other materials from Fisher Scientiﬁc
Canada (Ottawa, ON, Canada).
2.1. Polyurethane ﬁlm preparation
Polyurethane ﬁlms were formed by dip-coating handling slabs into a solubilized
polymer. TecoﬂexÒ aliphatic PU pellets (SG-80A; Lubrizol Corporation; Wickliffe,
OH, USA) were dissolved in tetrahydrofuran (THF) at concentrations ranging from 2
to 10 wt%, in preparation for dip-coating. PDMS was used to make the handling
slabs, as it is ﬂexible, and the PU ﬁlms were easily released from this silicone
material. Sylgard 184 PDMS (Dow Corning, purchased through A.E. Blake Sales Ltd.,
Toronto, ON, Canada) was mixed in a standard 10:1 curing ratio and poured into an
Omniwell tray (Nunc; Rochester, NY, USA). The PDMS was then degassed in
a vacuum chamber to remove air bubbles, before curing overnight at 80  C. The
PDMS was then peeled from the tray and cut to size. This handling slab was then dipcoated in the PU solution. THF causes the PDMS to swell, so the immersion time was
minimized to less than 2 s. After dip-coating, samples were quickly transferred to
a beaker, stored vertically, covered and left to dry for at least 2 h at room temperature. Drying the samples in a container was critical, as excessive airﬂow was shown
to cause rough, opaque surfaces. A Wyko optical proﬁlometer (Veeco Instruments
Inc., Woodbury, NY, USA) was used to characterize the dip-coated PU ﬁlms. A section
of the ﬁlm was cut and peeled away, and the step-height and surface roughness were
measured for each of the solution concentrations used in the dip coating procedure
(n ¼ 3). A concentration of 5% PU in THF was used in all subsequent experiments.
2.2. Integrating PU ﬁlms into PDMS microfabrication
Integration of a PU ﬁlm into microfabricated PDMS devices was achieved using
a ‘mortar layer’ of partially cured PDMS as an intermediary layer [32] between a fully

cured PDMS sheet and the PU coated on the handling slab. Brieﬂy, the process
(schematic outlined in Fig. 1A) involved preparation of PDMS in the standard 10:1
ratio, and spin-coating a 15 mm ﬁlm of PDMS on a polyethylene surface (Ink-jet
transparency, Grand & Toy; Toronto, ON, Canada). This thin PDMS ﬁlm was partially
cured for 10 min at 80  C. The PDMS device layer and the partially cured PDMS ﬁlm
were treated with oxygen plasma (corona discharge treatment, Electro-Technic
Products; Chicago, IL, USA), and placed in contact with each other. The sandwich was
cured for an additional 10 min at 80  C, and the transparency was peeled away,
leaving a partially cured ‘mortar layer’ of PDMS adhering to the fully cured PDMS
device layer. This mortar PDMS layer and the PU ﬁlm (mounted on the handling slab)
were then treated with oxygen plasma and placed in contact with each other, for
a further 10 min at 80  C. The handling slab was then peeled from the PU–PDMS
structure, which was then fully cured for 4 h at 80  C.
2.3. Multilayer microfabrication of PU–PDMS structures
A simple microchannel device, which mimics the fabrication process for
a complex multilayer PDMS system while maintaining experimental simplicity, was
formed from two layers of PDMS (Fig. 1B–D). In this study, the channels were
fabricated with widths of 1500 mm and lengths of 35 mm. An upper layer with
a rectangular channel relief pattern was formed by replica molding on microfabricated SU-8 masters. Brieﬂy, the channel patterns were drawn in AutoCAD, and
printed on a transparent ﬁlm using a high-resolution laser plotter (City Graphics;
Toronto, ON, Canada). SU-8 25 photoresist (Microchem; Newton, MA, USA) was
spin-coated at 1000 RPM on pre-cleaned 300  200 glass slides. The slides were prebaked, exposed to UV light through the printed ﬁlm, post-baked and developed,
using parameters outlined by the resist manufacturers. The resulting SU-8 structures were optically proﬁled and determined to be 50 mm high. PDMS was then
mixed, poured, degassed, cured, and peeled from the SU-8 master.
Fully cured sheets of unpatterned PDMS were also prepared for the base layer of
the microchannel, and both layers were then cut to size. For devices without PU
ﬁlms (Fig. 1B), the PDMS channel and base layers were bonded to each other and
then to a clean glass slide, by treating the surfaces with oxygen plasma. For
microchannels with PU culture substrates (Fig. 1C), a PU ﬁlm was bonded to the
PDMS base layer using a mortar layer as described in Section 2.2. The process was
then repeated with the upper channel layer: a partially cured PDMS ﬁlm was
transferred to the upper channel layer, plasma-treated, and placed in contact with
the PU–PDMS structure before completing the curing process.
To test the adhesion strength between PU and PDMS using this bonding method,
a test structure was fabricated, consisting of a PU membrane suspended over a hole
cored into a PDMS slab (Fig. 1E and F). The base was formed from a fully cured PDMS
slab with holes cored in it using a 5 mm disposable biopsy punch (Sklar Instruments;
West Chester, PA, USA). The PU–PDMS structure was formed by ﬁrst applying
a partially cured PDMS mortar ﬁlm (on a polyethylene sheet) to the PDMS base.
Because the PDMS mortar ﬁlm had not fully solidiﬁed, the mortar did not form
a suspended membrane over the cored PDMS slab and remained on the polyethylene surface in these regions. The PU ﬁlm was then bonded to the PDMS base.
The PDMS base was then plasma-treated and sealed to a glass slide. To visualize the
resulting structures, the suspended membranes were coated with 15 nm of platinum and imaged in a scanning electron microscope (Hitachi). To test the adhesion
strength between the PU and PDMS, increasing pressure was applied across the PU
membrane by connecting the PDMS cavity to a tank of compressed nitrogen via
a pressure regulator, and visually observing membrane distention at various
pressures.
2.4. Evaluation of cell response to PU versus PDMS substrates
In addition to the general advantages of being able to integrate a clinicallyrelevant biomaterial into the microfabrication process, the demonstrated incorporation of the TecoﬂexÒ material into PDMS devices may yield speciﬁc technical
advantages in improving device utility and biological relevance, particularly for
long-term culture. To test this hypothesis, we compared cell adhesion, spreading,
and initial attachment strength to native PDMS and PU substrates. Because cell
adhesion to PDMS substrates is often promoted by adsorption of extracellular matrix
proteins prior to cell seeding, we also compared cell adhesion to plasma-treated
PDMS coated with type I collagen (PDMS þ ECM) and plasma-treated PU coated with
type I collagen (PU þ ECM). Tissue culture-treated polystyrene (TCP) was used as
a positive control substrate in some experiments.
2.4.1. PAVIC isolation and cell culture
Primary porcine aortic valve interstitial cells (PAVICs; a ﬁbroblast-like cell) were
used as model primary cells. Cells were isolated by enzymatic digestion as described
[33] and used between passage 2 to 6 for all experiments.
2.4.2. Adhesion and spreading measurements
Cell adhesion and spreading were measured on coupons of PDMS and PU–PDMS
cut to size and placed in 12-well plates. The substrates were soaked in 70% ethanol,
air-dried, and exposed to UV light for 30 min to sterilize them. Samples to be coated
with matrix proteins were exposed to oxygen plasma and incubated with 50 mg/mL
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Fig. 1. (A): Fabrication process ﬂow to bond a PU ﬁlm to a PDMS slab. (i) The PDMS layer is placed in contact with a partially cured ‘mortar layer’ of PDMS. (ii) The PDMS is peeled
away, retaining the partially cured PDMS in the regions of contact. (iii) The PDMS is then brought in contact with a dip-coated PU ﬁlm, (iv) which is subsequently peeled away from
the handling slab. (B and C): Schematic cross-sections of multilayer PDMS microchannels with (B) a PDMS culture surface and (C) a PU culture surface. (D): Fabricated microchannel
with integrated PU culture surface. The channel was ﬁlled with a red dye to allow easy visualization. (E and F): Scanning electron micrographs of a PU membrane suspended over
a cored PDMS slab.

type I rat-tail collagen (Becton Dickinson, Mississauga, ON, Canada) overnight at
4  C. The substrates were then washed three times in phosphate-buffered saline
(PBS) before seeding PAVICs at 3000 and 10,000 cells/cm2 for spreading and adhesion experiments respectively, and incubating at 37  C, 5% CO2. To assess initial
adhesion, the samples were washed with PBS 12 h after seeding and ﬁxed in 10%
neutral-buffered formalin. They were then stained with Hoechst 33342 nuclear dye
and imaged with a 10 objective under a ﬂuorescent microscope (Olympus IX71;
Olympus Microscopes; Markham, ON, Canada) with a CCD camera (Retiga 2000R;
QImaging; Surrey, BC, Canada). The number of adhering cells was counted manually
in ﬁve ﬁelds of view for each condition and repeated at least three times.
To determine spread area, samples were cultured for three and six days, washed
in PBS, ﬁxed and stained for 10 min in 1% (w/v) crystal violet stain solubilized in
100% ethanol. They were then washed thoroughly in water and imaged using brightﬁeld microscopy. Cell spread area was measured using ImageJ (NIH) and determined
in at least three ﬁelds of view, for four samples per condition.
2.4.3. Microﬂuidic adhesion strength assay
The strength of cell adhesion to the various substrates was measured in
microchannels using a shear assay, as described by Young et al. [5]. Microchannels
with and without PU layers were fabricated as described, mounted to glass slides,
and assembled with polyethylene tubing as inlet ports for ﬂuid injection and
withdrawal. Channels were sterilized by ﬂushing them with 70% ethanol for 10 min
and with sterile PBS for an additional 10 min. Sterile air was ﬂushed through the
device to evacuate the channels. Channels were dried by placing them on a hotplate
at 50  C for 20 min. For those channels to be treated with oxygen plasma before
collagen coating, the tip of a corona discharge unit was inserted into the inlet port of
the microchannel. The plasma was observed to traverse the channel, and this
treatment was maintained for 30 s. To coat the channels with an ECM protein, type I
collagen was ﬂushed into the channels at a concentration of 50 mg/mL and incubated
at room temperature for 30 min. Sterile PBS was used to displace the collagen, and
the channels were rinsed three times.

PAVICs were ﬂuorescently labeled with a vital nuclear dye prior to loading them
into the microchannels by incubating with Hoechst 33342 (2 mg/mL in fully supplemented DMEM) for 30 min at 37  C, 5% CO2. They were then washed with PBS
and maintained in fully supplemented media for at least 30 min. Cells were trypsinized from the culture ﬂasks and re-suspended in supplemented media at
a concentration of 10  106 cells/mL. Using a syringe, 200 mL of the cell suspension
was injected into each of the microchannels, and incubated for 2 h at 37  C, 5% CO2
to allow initial cell adhesion and spreading on the microchannel substrate.
A multi-channel syringe pump (Cole-Parmer, Montreal, QC, Canada) was used to
clear the microﬂuidic channels of non-adhered cells by ﬂushing them with supplemented DMEM at a rate of 3 mL/h for 2 min. To investigate initial adhesion
strength, cells were subjected to shear treatments for 2 min each at rates of 30 mL/h
and 60 mL/h. These ﬂow rates translate into shear levels of 98 and 195 dynes/cm2,
respectively [5].
The number of cells in each channel was determined before and after shear
treatments by imaging the nuclei at ﬁve marked locations along the channel length,
using a ﬂuorescent microscope (Leica; Wetzlar, Germany) and camera (Hamamatsu
Photonics; Hamamatsu, Japan). These experiments were repeated for two to four
channels per condition.
2.5. Assessment of protein pattern maintenance in long-term culture
Maintaining the ECM protein microenvironment in cell culture conditions is an
important requirement for long-term cell culture. In order to assess the maintenance of ECM protein patterns on PU and PDMS substrates, protein pattern ﬁdelity
was monitored over time. PDMS samples were prepared by bonding a thin PDMS
sheet to a glass substrate. PU samples were prepared by dip-coating a silane-coated
glass slide (Sigma) in 5% PU solution. An elastomeric stencil [34,35] was used to
pattern proteins into an array of 300 mm diameter circles. The stencil was constructed by exclusion molding [36] to create a thin ﬁlm of PDMS with through-holes
which was then bonded to a thick PDMS gasket. The sample and stencil were then
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sterilized by exposure to UV light for 2 h. The stencil was carefully placed on the
substrate where it formed a conformal contact. The sample was then plasma-treated
through the stencil, and 50 mg/mL of FITC-labelled bovine type I collagen (Exalpha
Biologicals Inc.; Watertown, MA) was incubated in the gasket for 2 h at room
temperature. The protein was aspirated, and the sample washed with sterile PBS,
before peeling away the stencil. The sample was then washed with 3% bovine serum
albumin (BSA) in PBS to block the non-patterned regions on the substrate.
The patterned substrates were incubated with DMEM supplemented with 10%
FBS, and ﬂuorescently imaged at several time points over the course of four weeks.
At each time point, the media was aspirated and samples were washed with sterile
deionized water. A consistent exposure time of 500 ms with a gain of 10 was used to
ensure an appropriate intensity comparison between samples. To quantify protein
pattern ﬁdelity, the total ﬂuorescent intensity was measured inside and outside the
patterned circles (n ¼ 20), and the results scaled to the ratio of the measured areas.
The ratio between the ﬂuorescing pattern and the background was recorded and
normalized to the ratio for that pattern at day zero.
2.6. Statistical analyses
Data was analyzed using one and two-way ANOVA, as appropriate. Post-hoc
pairwise comparisons were conducted using the Student–Newman–Keuls method.
All statistical analyses were performed using SigmaStat 3.5 (Systat Software Inc., San
Jose, CA, USA). Graphical results are plotted as means  one standard deviation.

Table 1
Contact angle measurements for native and oxygen plasma treated polyurethane
(PU) and polydimethylsiloxane (PDMS) surfaces. Measurements are based on the
contact angles of drops of deionized water (5 mL) pipetted onto the material surface
(n ¼ 5).

PU
PDMS

Native substrate

O2 plasma treated

61.6  1.8
104.4  6.7

38.0  3.6
3.1  2.8

solvent (Fig. 2B). The variation in roughness across each sample
increased dramatically at concentrations higher than 6 wt%. The
surface of the PU ﬁlm was smooth and free of defects. Visual
inspection conﬁrmed the thickness of the ﬁlms determined via
surface proﬁlometry (Fig. 1E and F). Qualitatively, we found that ﬁlms
less than 6–7 mm thick were more prone to pin-hole defects, due to
dust particles in the immediate environment. The surface wettability
of native and plasma-activated PU were determined by water contact
angle measurements (Table 1) and compared to the wettabilities of
PDMS. The results indicated that plasma-activated PU and PDMS are
more hydrophilic than native PU and PDMS substrates.

3. Experimental results
3.1. Polyurethane ﬁlm characterization
PU ﬁlm thickness was found to increase for increasing concentrations of solubilized polymer (Fig. 2A). For concentrations ranging
from 2 to 10 wt%, ﬁlm thickness increased from 4.6  1.2 mm to
40.4  3.6 mm. The increase was not linear over the range of
concentrations tested, but increased sharply at concentrations
greater than 6 wt%. Surface roughness was found to increase from
56  18 nm to 202  91 nm with higher concentrations of PU in the

3.2. Integrated PU ﬁlms in microfabrication
PU culture surfaces were successfully integrated into multilayer
microchannels (Fig. 1A–D) using the mortar layer method, and
were tested at ﬂow rates of up to 7 mL/min, at which they maintained structural integrity and did not leak. On testing the adhesion
strength between the PU and PDMS ﬁlms in the suspended
membrane structure (Fig. 1E and F), the PU membranes underwent
elastic deformation up to pressures of w35 kPa without peeling
away from the PDMS. At w70 kPa, the membrane integrity was
compromised before exceeding the adhesion strength at the
interface of the two materials. The PU–PDMS structures were
stored under PBS in a humidiﬁed incubator for three days, and this
did not affect the bond strength.

3.3. Initial cell adhesion
Signiﬁcant differences were found in the number of cells
initially adhered to each of the substrates (p < 0.001; Fig. 3). The
number of cells that adhered initially to the PU, PU þ ECM and
PDMS substrates was signiﬁcantly lower than that of the TCP
control (p < 0.01). No statistically signiﬁcant difference was found
between initial adhesion to TCP and PDMS þ ECM. Plasma treatment and collagen coating of PDMS improved initial cell adhesion
signiﬁcantly over native PDMS (p < 0.01). No differences were
found between the PU, PU þ ECM and PDMS þ ECM substrates; or
between the PU, PU þ ECM and PDMS substrates.

Fig. 2. Characterization results for dip-coated polyurethane on a PDMS handling
substrate. (A) Polyurethane ﬁlm thickness and (B) surface roughness, measured as
a function of the concentration of solubilized polyurethane (PU) used in the dipcoating process.

Fig. 3. Initial adherent cell density to tissue culture polystyrene (TCP), polydimethylsiloxane (PDMS), collagen-coated PDMS (PDMS þ ECM), polyurethane (PU)
and collagen-coated PU (PU þ ECM) 12 h after seeding (*p < 0.01).
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3.4. Initial cell adhesion strength
To determine the strength of initial cellular adhesion to various
substrates and treatments, cells were introduced into the microﬂuidic channels (Fig. 1D) and sheared by ﬂuid ﬂow. The proportion
of cells remaining after two levels of shear (Fig. 4A) provided
a quantitative measure of adhesion strength for the various
substrates and treatments.
The number of cells remaining after shear depended signiﬁcantly on the substrate material (p < 0.001) and the shear level
(p ¼ 0.022) but there was no interaction between these factors
(p ¼ 0.901), by two-way ANOVA (Fig. 4B). The PDMS substrate
retained fewer cells than any other substrate (p < 0.001), and there
were no signiﬁcant differences in the number of cells remaining
after shear on the PU, PU þ ECM or PDMS þ ECM substrates.
3.5. Cell morphology and spreading area
The morphology of PAVICs seeded on TCP is typically wellspread with long processes. For the ﬁrst 12 h after seeding, there
was no signiﬁcant difference between cell areas on each of these
substrates. However, after three days in culture, cells were signiﬁcantly less spread on PDMS than any of the other substrates
(p < 0.01). Furthermore, cells seeded on the PDMS þ ECM substrate
exhibited a signiﬁcantly smaller spread area than those on the TCP
control (p ¼ 0.023). Cells on the PU, PU þ ECM and TCP control
samples spread similarly (data not shown). By day six (Fig. 5), cell
spreading areas remained similar on TCP, PU and PU þ ECM, and
each case exhibited signiﬁcantly better spreading than on the
PDMS and PDMS þ ECM substrates (p ¼ 0.036).
3.6. Protein pattern maintenance
The maintenance of extracellular matrix protein (type I
collagen) on plasma-treated PDMS and PU substrates was
compared in culture conditions (Fig. 6). The protein patterns
degraded quickly on PDMS substrates, such that by day six in
culture, the ﬂuorescently labeled patterns on PDMS were undetectable. In contrast, protein patterns were maintained for at least
26 days on PU substrates (after an in initial drop to 30% of the
original level over the ﬁrst 12 days). The normalized contrasts were
statistically different based on both substrate material (p < 0.001)
and culture time (p < 0.001), and showed a strong interaction
between these two factors (p < 0.001). The pattern ﬁdelity was
signiﬁcantly reduced on the PDMS substrate as compared to the PU
substrate for every time point after the ﬁrst 24 h (p < 0.001). After
day 8, there were no signiﬁcant reductions in pattern ﬁdelity on the
PU substrate.
4. Discussion
The ability to answer many complex questions in cellular
biology is signiﬁcantly facilitated by the utility and availability of
microfabricated devices for cell culture applications. These
microdevice-based approaches can have a substantial impact on
ﬁelds such as tissue engineering, drug discovery, and fundamental cell biology. However, in many multilayer microfabricated
systems, cells must be cultured on PDMS substrates, which can
signiﬁcantly impact their function. To address this issue, we have
developed a technique to integrate PU, a well-established, clinically relevant class of biomaterials, into the PDMS microfabrication process, and have demonstrated this using a generic
formulation of PU as a model biomaterial. Thus, we maintained
the advantages of using PDMS as a structural material in microfabrication while (1) improving long-term cell culture potential
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of soft microdevices and (2) enabling the use of alternative
biomaterials in microfabricated systems, thereby improving the
applicability of microdevices in cell biology and biomaterials
science.
Polyurethane elastomers are easily customizable and can be
designed for speciﬁc biomedical applications [26,37]. TecoﬂexÒ
solution-grade PU has excellent physical properties as a cell
adhesion substrate [38], and can be processed by a variety of
techniques. For this application, dip-coating was the most suitable for several reasons. Without expensive equipment or materials, dip coating rapidly and reproducibly forms PU ﬁlms with
thicknesses and optical properties consistent with those typically
used in microfabrication. Surface roughness can be easily minimized by isolating the sample from airﬂow during drying. Dipcoating also allows ﬂexibility in the type of handling slabs used,
which can be particularly important in the microfabrication
process. In this case, a ﬂexible PDMS handling slab was used to
facilitate peeling away from the rigid glass–PDMS–PU device
layer. If the device layer is ﬂexible, a glass slide can be used as the
handling slab, and produces more uniform PU ﬁlms. However, the
adhesion between bare glass and PU is stronger than that of dipcoated PDMS to PU. Hence, this requires greater experimental
skill to complete the ﬁlm transfer, and was not used in this study.
When transferred to the PDMS substrate, the PU ﬁlm is complete
and free of wrinkling, and the bond strength between the two
materials is sufﬁcient for most microfabricated devices, as
demonstrated by bulge testing and the operation of hybrid PU–
PDMS microﬂuidic channels.
We found that native PDMS is a poor substrate for culture of
adherent cells, as it was signiﬁcantly worse than the control TCP,
matrix-coated PDMS, bare PU and matrix-coated PU in terms of
initial cell adhesion, adhesion strength, and cell-spreading area.
This is likely due to the strong surface hydrophobicity, which has
a demonstrated negative impact on cellular adhesion and function
[39]. In microdevices in which cells are cultured on PDMS, the
substrate is often coated with an ECM protein to improve cellular
adhesion. Several methods to coat PDMS with matrix protein exist
[40–42]. Wipff et al. [42] compared several techniques of coating
PDMS with ECM and found signiﬁcantly improved cellular response
for their multi-step PDMS preparation process over other more
common techniques. However, they did not compare their method
with protein adsorption to plasma-activated PDMS surfaces, which
can potentially impact the activity of the adsorbed matrix protein
and is commonly used when conducting biological experiments on
microfabricated PDMS platforms [43]. Though it has been demonstrated that greater quantities of collagen adhere to hydrophobic
surfaces [44] such as native PDMS, there are concerns that matrix
proteins adsorb to these surfaces in different conformations,
depending on surface wettability [45–47]. These conformational
differences can affect cellular adhesion and function. In the case of
ﬁbronectin and vitronectin, adsorption to a hydrophobic surface
has been shown to signiﬁcantly reduce the bioactivity of the
molecule [45–47]. Whether this applies to collagen speciﬁcally has
not been addressed. For the purposes of this study, we elected to
deposit proteins on plasma-activated substrates, based on lower
cell spreading areas and adhesion strengths observed on matrix-coated
hydrophobic PDMS, as compared to matrix-coated hydrophilic
PDMS (data not shown). Furthermore, others have demonstrated
that protein adhesion to plasma-activated PU is covalent [48],
which was supported by our observation that protein patterns
survived for close to four weeks in culture conditions on plasmaactivated PU substrates. Characterization of surface wettability by
contact angle measurements indicated that plasma-activated PU is
more hydrophilic than native PU (Table 1). Since covalent ECM
binding on PU is associated with plasma-activated, hydrophilic
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Fig. 4. Results of the microﬂuidic shear assay to determine initial cellular adhesion strength to various substrates. (A) Representative images of Hoechst nuclear-stained cells
remaining in microchannels after increasing shear treatments. (B) Comparison of cells remaining on each substrate following two shear treatments, normalized to the number of
cells adhered in the static condition (*p < 0.001 compared to other substrates).
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Fig. 5. A comparison of cell spreading areas on different substrates, six days after seeding. (A–E): Representative pictures of cells under these conditions. (F): comparison of cell
areas across the samples (*p < 0.05; between all conditions in each group).
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Fig. 6. Assessment of protein pattern ﬁdelity over time in culture conditions. (A): Evolution of a single protein spot patterned on PDMS and PU substrates. (B): Normalized contrast
of the patterns (n ¼ 20 for each time point) over 26 days.

surfaces, we made the PDMS surfaces hydrophilic as well, in order
to minimize experimental differences caused by conformational
changes in collagen, and to accurately compare cellular response
based on substrate material properties alone.
In terms of initial cell adhesion and adhesion strength, there
were no signiﬁcant differences between collagen-coated PDMS,
PU and collagen-coated PU, suggesting that these substrates are
interchangeable in terms of suitability for short-term cell
culture. It should be noted however, that some polyurethanes
have been designed or modiﬁed speciﬁcally for cell adhesion. For
example, Dennes and Schwartz reported a method to modify the
TecoﬂexÒ PU with RGD peptide, achieving a several-fold increase
in cellular adhesion [49]. Techniques have been reported to
improve and optimize initial cell adhesion to generic polyurethanes by modifying the surface with oxygen plasma prior to
seeding [50]. For this study, PU was neither designed nor optimized for cell adhesion, and these modiﬁcations can only further
improve this polymer’s desirability as a culture substrate over
PDMS.
For longer-term cell culture, there are notable differences in
cell response for the PDMS and PU materials. Cell spreading area
is a measure of cellular response to a substrate, and has
a demonstrated impact on cellular function [51]. After three days
in culture, cells grown on the PDMS and PDMS þ ECM substrates
were signiﬁcantly less spread, while cell spreading area on the PU
substrates was comparable to those on TCP. After six days in
culture, cells on the PU substrates remain similar in spreading

area to those on TCP, and cell spreading area in this group was
signiﬁcantly larger than on the PDMS substrates. This could be
due to the dimethoxylsilane chains in PDMS migrating to reduce
the surface energy, thereby renewing the surface hydrophobicity
[52], or to a loss of adsorbed ECM protein from the surface. The
loss of protein pattern ﬁdelity on PDMS substrates (Fig. 6)
supports this hypothesis, although it is unclear as to whether
those proteins are being removed, or are being replaced in
competition with proteins in the supplemented media. The poor
cell spreading area observed on PDMS as early as three days after
seeding suggests that the proteins are not being replaced by
adhesion proteins in the serum-supplemented media (e.g.,
vitronectin), and the resulting functional differences could have
a signiﬁcant impact on cell function. The inability of PDMS to
maintain a controlled matrix environment under culture conditions, even in the absence of cells, demonstrates the unsuitability
of PDMS for well-deﬁned, long-term cell culture studies. The
TecoﬂexÒ PU substrates performed just as well as PDMS in shortterm culture conditions and showed signiﬁcant improvement
over PDMS for longer experiments. More generally, polyurethanes have a well-established chemistry and are already in
widespread use for implanted devices, tissue engineering scaffolds, and cell biology experiments. Hence, the integration of PU
into PDMS microdevices not only extends culture time, but also
enables the incorporation and control of clinically relevant
culture substrate conditions in multilayer microfabricated
research platforms.
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5. Conclusion
Polyurethane was successfully integrated into the PDMS
multilayer soft lithography fabrication process, so as to improve the
long-term cell culture capabilities of microdevices. While initial cell
adhesion, spreading and adhesion strength on PU and matrixcoated PDMS were similar, the PDMS surface was not able to
maintain matrix proteins and cell spreading in long-term culture.
Hence, integrating PU into PDMS devices maintains the advantages
of using PDMS in soft lithography, while improving the long-term
cell culture capabilities of these devices, thereby increasing the
overall impact, accessibility and applicability of microfabricated
devices in biomedical research.
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colour images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.05.066.
References
[1] Gomez-Sjoberg R, Leyrat AA, Pirone DM, Chen CS, Quake SR. Versatile, fully
automated, microﬂuidic cell culture system. Anal Chem 2007;79(22):8557–63.
[2] Kamotani Y, Bersano-Begey T, Kato N, Tung YC, Huh D, Song JW, et al. Individually programmable cell stretching microwell arrays actuated by a Braille
display. Biomaterials 2008;29(17):2646–55.
[3] Kim JY, Park H, Kwon KH, Park JY, Baek JY, Lee TS, et al. A cell culturing system
that integrates the cell loading function on a single platform and evaluation of
the pulsatile pumping effect on cells. Biomed Microdevices 2008;10(1):11–20.
[4] Tan W, Scott D, Belchenko D, Qi HJ, Xiao L. Development and evaluation of
microdevices for studying anisotropic biaxial cyclic stretch on cells. Biomed
Microdevices 2008;10(6):869–82.
[5] Young EWK, Wheeler AR, Simmons CA. Matrix-dependent adhesion of
vascular and valvular endothelial cells in microﬂuidic channels. Lab Chip
2007;7(12):1759–66.
[6] Flaim CJ, Chien S, Bhatia SN. An extracellular matrix microarray for probing
cellular differentiation. Nat Methods 2005;2(2):119–25.
[7] Keenan TM, Folch A. Biomolecular gradients in cell culture systems. Lab Chip
2008;8(1):34–57.
[8] Leclerc E, El Kirat K, Griscom L. In situ micropatterning technique by cell
crushing for co-cultures inside microﬂuidic biochips. Biomed Microdevices
2008;10(2):169–77.
[9] McDonald JC, Duffy DC, Anderson JR, Chiu DT, Wu H, Schueller OJ, et al.
Fabrication of microﬂuidic systems in poly(dimethylsiloxane). Electrophoresis
2000;21(1):27–40.
[10] Unger MA, Chou HP, Thorsen T, Scherer A, Quake SR. Monolithic microfabricated valves and pumps by multilayer soft lithography. Science
2000;288(5463):113–6.
[11] Leclerc E, Sakai Y, Fujii T. Cell culture in 3-dimensional microﬂuidic structure
of PDMS (polydimethylsiloxane). Biomed Microdevices 2003;5(2):109–14.
[12] Carraro A, Hsu WM, Kulig KM, Cheung WS, Miller ML, Weinberg EJ, et al. In
vitro analysis of a hepatic device with intrinsic microvascular-based channels.
Biomed Microdevices 2008;10(6):795–805.
[13] Frevert CW, Boggy G, Keenan TM, Folch A. Measurement of cell migration in
response to an evolving radial chemokine gradient triggered by a microvalve.
Lab Chip 2006;6(7):849–56.
[14] Leclerc E, Sakai Y, Fujii T. Microﬂuidic PDMS (polydimethylsiloxane)
bioreactor for large-scale culture of hepatocytes. Biotechnol Prog 2004;
20(3):750–5.

5249

[15] Lee HLT, Boccazzi P, Ram RJ, Sinskey AJ. Microbioreactor arrays with integrated
mixers and ﬂuid injectors for high-throughput experimentation with pH and
dissolved oxygen control. Lab Chip 2006;6(9):1229–35.
[16] Mehta G, Mehta K, Sud D, Song JW, Bersano-Begey T, Futai N, et al. Quantitative
measurement and control of oxygen levels in microﬂuidic poly(dimethylsiloxane)
bioreactors during cell culture. Biomed Microdevices 2007;9(2):123–34.
[17] Mai JY, Sun C, Li S, Zhang X. A microfabricated platform probing cytoskeleton
dynamics using multidirectional topographical cues. Biomed Microdevices
2007;9(4):523–31.
[18] Furth ME, Atala A, Van Dyke ME. Smart biomaterials design for tissue engineering and regenerative medicine. Biomaterials 2007;28(34):5068–73.
[19] Langer R, Tirrell DA. Designing materials for biology and medicine. Nature
2004;428(6982):487–92.
[20] Klenkler BJ, Grifﬁth M, Becerril C, West-Mays JA, Sheardown H. EGF-grafted PDMS
surfaces in artiﬁcial cornea applications. Biomaterials 2005;26(35):7286–96.
[21] Huang B, Wu HK, Kim S, Kobilka BK, Zare RN. Phospholipid biotinylation of polydimethylsiloxane (PDMS) for protein immobilization. Lab Chip 2006;6(3):369–73.
[22] Mehta G, Lee J, Cha W, Tung YC, Linderman JJ, Takayama S. Hard top soft
bottom microﬂuidic devices for cell culture and chemical analysis. Anal Chem
2009;81(10):3714–22.
[23] Piccin E, Coltro WKT, da Silva JAF, Neto SC, Mazo LH, Carrilho E. Polyurethane
from biosource as a new material for fabrication of microﬂuidic devices by
rapid prototyping. J Chromatogr A 2007;1173(1–2):151–8.
[24] Ling Y, Rubin J, Deng Y, Huang C, Demirci U, Karp JM, et al. A cell-laden
microﬂuidic hydrogel. Lab Chip 2007;7(6):756–62.
[25] Paguirigan A, Beebe DJ. Gelatin based microﬂuidic devices for cell culture. Lab
Chip 2006;6(3):407–13.
[26] Stokes K, McVenes R, Anderson JM. Polyurethane elastomer biostability.
J Biomater Appl 1995;9(4):321–54.
[27] Gunatillake PA, Martin DJ, Meijs GF, McCarthy SJ, Adhikari R. Designing biostable polyurethane elastomers for biomedical implants. Aust J Chem 2003;
56(6):545–57.
[28] Guelcher S. Biodegradable polyurethanes: synthesis and applications in
regenerative medicine. Tissue Eng Part B 2008;14(1):3–17.
[29] Grad S, Kupcsik L, Gorna K, Gogolewski S, Alini M. The use of biodegradable
polyurethane scaffolds for cartilage tissue engineering: potential and limitations. Biomaterials 2003;24(28):5163–71.
[30] Ramrattan NN, Heijkants RG, van Tienen TG, Schouten AJ, Veth RP, Buma P.
Assessment of tissue ingrowth rates in polyurethane scaffolds for tissue
engineering. Tissue Eng 2005;11(7–8):1212–23.
[31] Heijkants RG, van Calck RV, De Groot JH, Pennings AJ, Schouten AJ, van
Tienen TG, et al. Design, synthesis and properties of a degradable polyurethane scaffold for meniscus regeneration. J Mater Sci 2004;15(4):423–7.
[32] Satyanarayana S, Karnik RN, Majumdar A. Stamp-and-stick room-temperature
bonding technique for microdevices. J Microelectromech Syst 2005;14(2):392–9.
[33] Yip CYY, Chen JH, Zhao R, Simmons CA. Calciﬁcation by valve interstitial cells
is regulated by the stiffness of the extracellular matrix. Arterioscler Thromb
Vasc Biol 2009;29(6):936–42.
[34] Folch A, Jo BH, Hurtado O, Beebe DJ, Toner M. Microfabricated elastomeric
stencils for micropatterning cell cultures. J Biomed Mater Res 2000;
52(2):346–53.
[35] Ostuni E, Kane R, Chen CS, Ingber DE, Whitesides GM. Patterning mammalian
cells using elastomeric membranes. Langmuir 2000;16(20):7811–9.
[36] Jo BH, Van Lerberghe LM, Motsegood KM, Beebe DJ. Three-dimensional microchannel fabrication in polydimethylsiloxane (PDMS) elastomer. J Microelectromech Syst 2000;9(1):76–81.
[37] Santerre JP, Woodhouse K, Laroche G, Labow RS. Understanding the biodegradation of polyurethanes: from classical implants to tissue engineering
materials. Biomaterials 2005;26(35):7457–70.
[38] McDevitt TC, Woodhouse KA, Hauschka SD, Murry CE, Stayton PS. Spatially
organized layers of cardiomyocytes on biodegradable polyurethane ﬁlms for
myocardial repair. J Biomed Mater Res 2003;66(3):586–95.
[39] Fuard D, Tzvetkova-Chevolleau T, Decossas S, Tracqui P, Schiavone P. Optimization of poly-di-methyl-siloxane (PDMS) substrates for studying cellular
adhesion and motility. Microelectron Eng 2008;85(5–6):1289–93.
[40] Keranov I, Vladkova T, Minchev M, Kostadinova A, Altankov G. Preparation,
characterization, and cellular interactions of collagen-immobilized PDMS
surfaces. J Appl Polym Sci 2008;110(1):321–30.
[41] Langowski BA, Uhrich KE. Microscale plasma-initiated patterning (muPIP).
Langmuir 2005;21(23):10509–14.
[42] Wipff PJ, Majd H, Acharya C, Buscemi L, Meister JJ, Hinz B. The covalent
attachment of adhesion molecules to silicone membranes for cell stretching
applications. Biomaterials 2009;30(9):1781–9.
[43] Tan JL, Tien J, Pirone DM, Gray DS, Bhadriraju K, Chen CS. Cells lying on a bed
of microneedles: an approach to isolate mechanical force. Proc Natl Acad
Sci U S A 2003;100(4):1484–9.
[44] Ying PQ, Jin G, Tao ZL. Competitive adsorption of collagen and bovine serum
albumin - effect of the surface wettability. Colloids Surf B Biointerfaces 2004;
33(3–4):259–63.
[45] Grinnell F, Feld MK. Fibronectin adsorption on hydrophilic and hydrophobic
surfaces detected by antibody-binding and analyzed during cell-adhesion in
serum-containing medium. J Biol Chem 1982;257(9):4888–93.
[46] Altankov G, Groth T. Reorganization of substratum-bound ﬁbronectin on
hydrophilic and hydrophobic materials is related to biocompatibility. J Mater
Sci Mater Med 1994;5(9–10):732–7.

5250

C. Moraes et al. / Biomaterials 30 (2009) 5241–5250

[47] Steele JG, Dalton BA, Johnson G, Underwood PA. Polystyrene chemistry affects
vitronectin activity - an explanation for cell attachment to tissue-culture polystyrene but not to unmodiﬁed polystyrene. J Biomed Mater Res 1993;27(7):927–40.
[48] Li YH, Huang YD. Preparation of collagen-polyurethane composite ﬁlm and its
subcutaneous implantation in rats: the improvement of tissue compatibility.
J Appl Polym Sci 2006;99(4):1832–41.
[49] Dennes TJ, Schwartz J. Controlling cell adhesion on polyurethanes. Soft Matter
2008;4(1):86–9.

[50] Ozdemir Y, Hasirci N, Serbetci K. Oxygen plasma modiﬁcation of polyurethane
membranes. J Mater Sci 2002;13(12):1147–51.
[51] McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS. Cell shape, cytoskeletal tension, and RhoA regulate stem cell lineage commitment. Dev Cell
2004;6(4):483–95.
[52] Ng JMK, Gitlin I, Stroock AD, Whitesides GM. Components for integrated
poly(dimethylsiloxane) microﬂuidic systems. Electrophoresis 2002;23(20):
3461–73.

