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Microfluidics has emerged as a valuable tool for the high-resolution patterning of biological probes
on solid supports. Yet, its widespread adoption as a universal biological immobilization tool is still
limited by several technical challenges, particularly for the patterning of isolated spots using three-
dimensional (3D) channel networks. A key limitation arises from the difficulties to adapt the
techniques and materials typically used in prototyping to low-cost mass-production. In this paper,

we present the fabrication of thin thermoplastic elastomer membranes with microscopic through-
holes using a hot-embossing process that is compatible with high-throughput manufacturing. The
membranes provide the basis for the fabrication of highly integrated 3D microfluidic devices with
a footprint of only 1 x 1 cm?. When placed on a solid support, the device allows for the
immobilization of up to 96 different probes in the form of a 10 X 10 array comprising isolated
spots of 50 x 50 pm”. The design of the channel network is optimized using 3D simulations based
on the Lattice-Boltzmann method to promote capillary action as the sole force distributing the
liquid in the device. Finally, we demonstrate the patterning of DNA and protein arrays on hard
thermoplastic substrates yielding spots of excellent definition that prove to be highly specific in

subsequent hybridization experiments.

1. Introduction

The immobilization and patterning of biological probes on
solid supports is central to numerous biological assays.'?
DNA and protein microarrays, for example, offer the
possibility to study concurrently the interaction between a
target sample and a large number of probes, which makes
them indispensible for many areas including drug discovery,**
clinical diagnostic,>® and gene sequencing.*’ However,
microarrays still largely depend on detection techniques such
as fluorescence labeling or surface plasmon resonance which
are difficult to apply to point-of-care applications. Recently,
new detection techniques involving arrays of integrated

sensors with microfabricated biosensing elements have
emerged,8 including: nanowires,” ' field-effect-
transistors,'>'* optical waveguides,'>'’ and electrochemical

sensors.”’ This new generation of microfabricated biosensor
arrays creates a pressing need for the development of
techniques that allow various biological probes to be
immobilized with high positional accuracy on micron-size
sensing elements.

The immobilization of DNA, proteins, cells or other
biological probes on a solid surface can be achieved by a
number of techniques' including pin spotting,*'* inkjet
printing, 2+ microcontact printing, > and

Industrial Materials Institute, National Research Council, 75 de
Mortagne, Boucherville, QC, J4B 6Y4, Canada. E-mail:

Daniel Brassard@imi.cnrc-nre.ge.ca;

Tel: +1-450-641-5821

9
S

a

=]

Py

microfluidics.'®'*?** Among these techniques, pin spotting
has become the standard fabrication technology for DNA
microarrays due to its relative simplicity and the possibility to
produce a vast number of spots in an automated fashion."?
Pin spotting employs a set of metallic micropins to deliver
minute amounts of liquid upon contact with a surface.
However, accurate positioning and registration of the spots
between each successive printing cycle are difficult to control
and require costly and sophisticated tools. Also, the rapid and
uncontrolled drying of liquid can lead to non-uniform spots
and denaturation of sensitive material, especially when the
dimensions of the spots are decreased below ~80 pm.'**%
Microfluidics provides a simple and convenient path to
control the immobilization conditions as well as the
dimension, positioning, and uniformity of the deposited
features.'®'*?**7 To this end, microfluidic immobilization
devices typically consist of a network of channels patterned in
poly(dimethylsiloxane) (PDMS), a thermoset elastomer that
can create reversible conformal sealing upon contact with a
planar solid support. The network is filled with a solution
comprising the biological probes followed by incubation and
washing, which leads to an immobilized pattern matching the
geometry of the channels. For example, line features with
excellent uniformity spanning several centimeters in length
and few micrometers in width have been achieved with this
technique.*'*? On the other hand, simple microfluidic devices
having a 2D network of channels are inherently limited to
pattern continuous features and cannot be used to form an
array of isolated spots, as it would be required for the
immobilization of biological probes only on the sensing

This journal is © The Royal Society of Chemistry 2011
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elements of a microfabricated biosensor array.lg

To overcome this limitation, more complex designs based
on a 3D channel configuration have been proposed. In these
designs, the channels are typically embedded inside the
microfluidic device and the liquid is brought in contact with
the substrate only on the desired locations using open
through-holes (ie., “vias” Joal channels  oriented
perpendicularly to the substrate, or hydrodynamic flow
confinement.'®%* A 3D microfluidic immobilization device
has first been demonstrated by Chui et al. using a thin PDMS
membrane with open through-holes to make connections
between two levels of channels.*® Juncker e al. have also
reported the fabrication of 3D microfluidic devices by etching
open through-holes in silicon using deep reactive ion
etching.***° It is finally worth mentioning the recent work of
Gale’s and Myszaka’s groups who designed a multilayer 3D
patterning system based on channels oriented perpendicularly
to the substrate allowing up to 48 independent biological
probes to be immobilized on isolated spots that are ~400 pm
in width and length.***¢

Despite these developments, many challenges must still be
solved before microfluidics can be accepted as a universal
biological patterning tool. The most critical issue arguably
arises from the intrinsic need to use microfluidic devices only
once to avoid cross-contamination issues, which demands for
materials and techniques that promote high-throughput
fabrication at low cost. However, almost all designs of
microfluidic patterning devices have relied on PDMS,'®!%3!-
3740-99 which is not very amendable to low cost mass-
production.”®* PDMS is also an hydrophobic material,™
which favors the trapping of air bubbles in the channels and
prevents the use of capillary action to fill the devices.
Although the surface of PDMS can be made temporarily
hydrophilic using O, plasma treatment, it will recover its
hydrophobic state within few hours, which is problematic for
3D devices assembled from multiple layers.*'**** Moreover,
many of the 3D microfluidic designs proposed to date require
the alignment of elastomeric layers over large areas in
conjunction with costly and lengthy post-processing
procedures to punch the numerous access holes and cut the
devices to their final shape.’®4!¢

Herein, we demonstrate a new fabrication technique for 3D
microfluidic systems that can alleviate several of the
shortcomings encountered in previous configurations. We
have recently identified commercially available thermoplastic
elastomers (TPE) that can adapt to other surfaces through
conformal contact in a similar way than PDMS, while
providing the appealing ability to be processed using
conventional thermoforming methods such as hot embossing
lithography (HEL) or injection molding.****>3¢ In this
paper, we extend this work by demonstrating the rapid and
reliable patterning of open through-holes and channels in thin
TPE membranes using a method based on HEL. We then
discuss the design of a TPE-based 3D microfluidic patterning
device that permits the immobilization of up to 96 different
biological probes in a 10 x 10 array format of 50 x 50 pm?
spots. We also present an optimization of the channel
geometry using 3D Lattice-Boltzmann numerical simulations
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to ensure the complete filling of the devices using only

o0 capillary forces. We finally validate the performance of the

device by immobilizing high-quality arrays of DNA and
proteins on plastic substrates.

2. Design and fabrication

The microfluidic devices described in this paper were
fabricated in Versaflex® CL30, a melt-processable styrene-
ethylene/butylene-styrene block copolymer. Throughout this
paper, the term TPE thus refers to Versaflex® CL30, although
other commercially available thermoplastic elastomers would
also be compatible with the fabrication techniques and fluidic
operations described herein.

2.1. TPE membranes with open through-holes

We have developed a method that allows microscopic, high
aspect-ratio open through-holes in a thin sheet of TPE to be
produced in a reliable and efficient manner with virtually no
modification to standard hot-embossing schemes.’’ This
contrasts with the patterning of open through-holes in most
hard thermoplastics for which sophisticated setups, alignment
procedures, and post-processing steps are typically required.®
As illustrated in Fig. 1a, a pre-extruded sheet of TPE is placed
between a mold and a flat counter plate. The TPE sheet has a
thickness that matches or slightly exceeds the height of the
features on the mold. The stack is heated and exposed to
elevated pressure until the features of the mold nearly reach
the counter plate, typically leaving a thin residual TPE layer
between them. When thin enough (e.g., <1 um), the residual
layer detaches from the membrane upon disassembly of the
stack, thus giving rise to open through-hole features. We
applied different surface treatments to both the mold and
counter plate (see Section 5) to ensure that the TPE membrane
remains adhering to the counter plate during the demolding
process. The mold can thus be reused immediately for another
embossing cycle, while the counter plate provides a carrier to
facilitate the manipulation of the membranes in subsequent
post-processing steps. As illustrated in Fig. 1a, this technique
also permits the cutting of the membranes during the hot
embossing step by placing a wall around each fluidic unit on
the mold. Using a mold of 4” in diameter, we were able to
routinely pattern and precisely cut up to 32 open through-hole
membranes of 1 x 1 cm? in a single step.

Fig. 1b shows a scanning electron microscopy (SEM)
image of an array comprising square-shaped holes that are 30
pm in width and 90 pum in depth patterned in TPE using a
silicon/SU-8 mold. The features are well defined and no
residual TPE layer or deformation is apparent for the through-
holes. By using a TPE sheet of appropriate thickness as
starting material, we found that open through-holes can be
obtained in less than 10 min embossing time by applying a
force of 10 kN to the 4” mold. Although shorter dwell times
could be achieved at higher embossing forces, this relatively
low force limits damage of the SU-8 features and permits a
mold to be reused multiple times (thus eliminating the need
for the preparation of costly metallic molds).

2 | Lab Chip, 2011, [vol], 00-00
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Fig. 1 (a) Schematics of the HEL process developed for the fabrication of TPE membranes with open through-holes. (b) SEM image (cross-sectional
view) of a TPE membrane with open through-holes. (¢)—(g) 3D CAD schematics showing the design of the microfluidic immobilization device developed
in this work. (c)—(d) Both top and bottom membranes are aligned and placed in contact to form a 3D microfluidic system (see text for details). (e) Close-
up view of the inlets and outlets of the device. (f) The central part comprises an array of spotting holes arranged in a 10 x 10 configuration. (g) Each
spotting hole can be addressed individually through a set of incoming and outgoing supply channels.

The technique described herein shares similarities with the
process developed for the fabrication of membranes with open
through-holes in PDMS.3%4%%  However, the use of
thermoplastics rather than thermoset polymers such as PDMS
presents several advantages for the fabrication and use of the
membranes. For example, the starting material (i.e., either
pellets or an extruded sheet of TPE) can be stored for
extended periods of time and used on demand. Thermoset
materials, on the other hand, require timely and elaborative
preparation that involves mixing, degassing, and casting of
liquid prepolymer components. These steps, combined with
the time required for curing of the prepolymer complicate the
use of thermosets in mass-production of microfluidic devices.
The cost per kg of most TPEs is also considerably lower than
that of PDMS, which would lead to very significant savings in
a mass production process.”> Moreover, thin membranes
fabricated from standard PDMS formulations (e.g., Sylgard®
184) are relatively fragile, which makes their handling non-
trivial and limits the scope of possible applications. The co-
polymer structure of TPE can provide superior mechanical
characteristics as reflected by the relatively large elongation at
break (e.g., 780% for CL30 vs. ~140% for PDMS®’), which
minimizes the risk of damage during removal from the mold
and thus provides better margins to scale both vertical and
lateral dimensions of the features. Finally, if required,
permanent bonding of two TPE membranes can be achieved
conveniently by exposing them to elevated temperature after
alignment.> For PDMS, O, plasma treatment needs to be
performed immediately before aligning the membranes and
pressing them together.>***

2.2. Design of the 3D microfluidic immobilization device
immobilization device

The layout of the microfluidic
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developed in this work is depicted in Figs. 1c—g. The device is
based on two open through-hole membranes. The top
membrane defines 96 inlets and 96 outlets while the bottom
membrane is patterned with both a 10 x 10 array of 50 um
spotting holes in the centre part and a set of 96 independent
supply channels that connect the spotting holes with the
corresponding inlet and outlet reservoirs. The microfluidic
device is thus designed as a fluidic concentrator which
mediates the transport of liquid from macroscopic entry ports
to micron-size regions defined by the spotting holes in the
centre of the device. The dimensions of the devices are kept to
1 x 1 cm? in order to increase the production throughput and
facilitate their integration with detection systems that have a
relatively small footprint (e.g., a microfabricated biosensor
chip).

As shown in Fig. 1f, a rather high density of channels is
required to address each spotting hole independently, which
imposes channel dimensions and inter-channel spacing in the
range of 5 to 10 um. Note that four of the 96 channels are
connected to two spotting holes to compensate for the smaller
number of inlets. To facilitate the manual filling of the
devices, the 96 inlets are kept as large as possible (i.e.,
500 pm in diameter) and dispersed evenly across the surface
of the device, while the 96 outlets (150 um in diameter) are
distributed along the periphery of the device. The design has
been optimized to drive the liquid through the channels by
capillary action only, which represents a far more practical
option than interfacing such a highly-integrated device with
an external pumping system. The channel segment placed
below each inlet has been patterned in a “star-shape”
configuration (Fig. le) to ensure proper filling of the device
by capillary action in the eventuality that the dispensed liquid
is not distributed evenly in the inlet. The shape of the

This journal is © The Royal Society of Chemistry 2011
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Fig. 2 SEM images illustrating the fabrication of the microfluidic device.
(a) SU-8 embossing mold used for the fabrication of the bottom TPE
membrane. (b) Upper and (c) lower side of the bottom TPE membrane.
(d) SU-8 mold used for the fabrication of the top TPE membrane. (e)
Overview and (f) close-up view of the top TPE membrane. Scale bars in
the insets of (a), (b), (c) and (d) correspond to 50, 20, 10 and 200 pm,
respectively. The images shown in (d) and (e) were assembled from
several SEM micrographs to achieve the desired field of view.

channels around the spotting holes (Fig. 1g) has also been
optimized to facilitate the filling of the holes by capillary
action (see Section 3.2 for details).

In previous 3D microfluidic immobilization devices,
isolated spots were typically obtained by transferring back and
forth the liquid from channels embedded inside the device to
channels in contact with the substrate via open through-
holes.*****! This geometry implies that the area patterned on
the substrate is larger than the through-holes, as two “vias”
are required to create each isolated spot. The immobilization
of biological probes on small areas thus depends on the
fabrication of very small open through-holes, which is
technically challenging. The practical realization of such a
device also requires accurate alignment to properly register
the two layers of channels, which is particularly difficult for
clastomeric materials.*® In this paper, we rather propose a
design based on a single layer of channels where the
biomolecules are immobilized directly by filling the open
through-holes (Fig. 1g). With this layout, the accuracy
required for alignment between the top and bottom
membranes of the device is greatly relaxed as the registration
between the channels and “vias” is performed directly during
the fabrication of the mold (Fig. 2a). The tolerance for
alignment between the two TPE membranes is ~70 um while
accuracy in the range of 5 to 10 um would have otherwise
been required with previous layouts. Also, with this new
design, a spot size of 50 um can be achieved without the need
for punching open through-holes of smaller dimensions.
Hence, the proposed layout greatly facilitates the fabrication

5o and assembly of the device, which is important when
production at low cost is being considered. On the other hand,
a rather obvious disadvantage of the proposed design is the
possibility to trap air bubbles above the spotting holes during
the assays. We show in section 3.2 how this problem can be

35 addressed by applying an appropriate design to the channel
segment around the spotting holes.

2.3. Fabrication and assembly of the TPE membranes

Fig. 2a shows SEM micrographs of a silicon/SU-8 mold used

for the fabrication of the bottom membrane. The mold consists
40 of two SU-8 layers: an 8-um-thick layer defines the channels

and a 100-um-thick layer patterned in a 10 x10 array of pillars
creates the open through-holes. Figs. 2b and 2¢ show images
of the corresponding TPE membrane after hot embossing.

Fig. 2b depicts the top side of the TPE membrane where both
45 channels (that will be embedded inside the final device) and

the top of the spotting holes are visible. Fig. 2c¢ shows a TPE

membrane that has been flipped to reveal the openings that

will be in contact with the substrate during the immobilization

process. Both channels and spotting holes were replicated
so very accurately. We found that the elastomeric nature of the
TPE facilitates demolding and prevents the formation of
defects resulting from undercut features, sidewall roughness,
or shrinkage (which are commonly observed for HEL with
hard thermoplastic substrates®®). Fig. 2d shows one of the 32
units that we implemented on the silicon/SU-8 mold to pattern
the top TPE membrane of the device. In addition to the pillars
used to define inlets and outlets, the SU-8 wall surrounding
each of the individual units is also visible. Figs. 2e and 2f
show the corresponding open through-hole TPE membranes.
These images highlight how the developed technique can be
used not only to pattern microscopic “vias” and spotting
holes, but also to punch a large number of inlets and outlets in
a highly parallel manner and to effortlessly cut each of the
individual membranes with very high accuracy.

After the patterning by HEL, the bottom and top TPE
membranes were exposed to O, plasma to render their surface
hydrophilic. This treatment was performed while the
membranes were still attached to the hard counter plate, thus
allowing numerous membranes to be treated simultaneously
with a minimum of manipulation. Alignment of the top and
bottom membranes was realized using an optical microscope
equipped with an additional x-y-z translation stage that was
placed on top of the movable sample platform. The top
membrane was placed face-down on a transparent Teflon®
sheet attached to the x-y-z manipulator, while the bottom
membrane was placed on a substrate that was deposited on the
microscope stage. When acceptable alignment was achieved,
the manipulator was lowered until the two membranes were
touching one another. Due to the rather weak adhesion force
between TPE and Teflon®, the top membrane could be easily
transferred and attached to the bottom membrane. No other
bonding steps were necessary to operate the devices due to the
watertight (yet reversible) sealing capability of TPE.
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3. Fluidic operation and immobilization

ss 3.1. General operation
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Fig. 3 Photographs of an assembled 3D microfluidic immobilization
device (a) before and (b) after filling with solutions of a red and green
dye. (c) Optical microscope image of the resulting red-green pattern
obtained on the central region of the microfluidic device.

Fig. 3a shows an assembled 3D microfluidic immobilization
device attached to a transparent plastic substrate. The device
in Fig. 3b was charged entirely with two solutions containing
either a red or green colored dye. Here, the dyes have been
arranged in the form of a red-green chessboard pattern as
revealed in Fig. 3c, thus demonstrating the possibility to
address individually the spotting holes. Since the liquid tends
to align itself on the cavities formed by the inlets, the
dispensed droplets can be placed quite accurately on the
surface of the devices despite the positional error introduced
by manual pipetting (Fig. 3b). However, we found that it is
relatively challenging to precisely control the amount of
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liquid dispensed at each position as the volume required to fill
the inlets (e.g., ~50 nl) is outside the range of what can be
accurately dispensed with most pipettes. We also noticed that,
if the humidity of the ambient is not controlled properly,
significant evaporation of the dispensed liquid takes place
during the time (~15 min) required for filling the 96 inlets of
the device. On the other hand, because the devices are filled
by capillary action and have precisely positioned
microfabricated inlets, they could be easily interfaced with
automated, robotic-based dispensing systems to achieve better
control over the volume dispensed and evaporation. Finally,
due to the relatively high density of channels in this design,
cleanliness of the environment during the assembly and
monitoring of defects are important to prevent channel-to-
channel leakage during fluidic operation.

3.2. Filling of the spotting holes by capillary action

The spotting holes need to be filled by capillary action
without the trapping of air bubbles. This is particularly
challenging as the deep wells formed by the spotting holes
naturally act as capillary valves that block the liquid front.
The layout of the channels has thus been designed and
optimized with the help of 3D numerical simulations based on
the Lattice-Boltzmann method.®®* Fig. 4a shows the various
steps by which the liquid enters the spotting holes while
Fig. 4b shows a Lattice-Boltzmann simulation for a channel
with a similar geometry. The width of the channel has been
increased from 10 to 60 pm just before the 50 um spotting
hole is reached. The larger width of the channel permits the
liquid to surround the spotting hole, which reduces the radius
of curvature of the liquid front in the plane of the device.
This, in turn, increases the force exerted by the capillary
action, which helps filling the spotting holes.®’ On the other
hand, both simulations and experiments indicate that it takes
considerably longer to fill the spotting holes than the
surrounding channels. Consequently, air bubbles are trapped if
the liquid in the surrounding channel is not held in place until
the hole is properly filled. As shown in Figs. 4a and 4b, a
sudden narrowing of the channel on the right-hand side of the
hole ensures that the liquid cannot enter the exit channel
before the hole is completely filled with liquid. The shape of
the exit channel creates a capillary valve that stops the liquid
on both sides while allowing air to be evacuated during the
filling process. Figs. 4c and 4d illustrate how air bubbles are
being trapped when the width of the channel is reduced
gradually (rather than abruptly) after the spotting hole,
preventing the liquid from entering the cavity. An example
demonstrating this effect is shown on the bottom left corner of
Fig. 3c. These results show that a careful design of the
channels is required for proper filling of the spotting holes by
capillary force. Without this optimization, about 30 min of
incubation time is necessary before the air bubbles disappear
and the holes are completely filled with liquid. A more
detailed numerical analysis of the filling of 3D channels by
capillary forces based on the Lattice-Boltzmann method is
available elsewhere.®’

This journal is © The Royal Society of Chemistry 2011
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Fig. 4 (a) Sequence of optical micrographs and (b) Lattice-Boltzmann numerical simulations showing the filling process of the spotting holes by capillary
forces. (c) Optical micrograph illustrating the effect of channel geometry on the trapping of air bubbles. (d) Lattice-Boltzmann numerical simulations
using a channel design that leads to air bubbles being trapped above the spotting holes.

pattern amino-modified Cy5-labeled DNA probes on an
s activated Zeonor substrate (see Section 5 for details). As
shown in Fig. 5a, some of the channels have been filled
selectively with the DNA solution to pattern the letters “IMI”
while the other channels were left empty. Fig. 5b shows a
fluorescence image of the Zeonor substrate after
10 immobilization, removal of the microfluidic device, and
washing. The 50 um Cy5-labeled DNA spots corresponding to
the spotting holes that have been filled during the assay are
faithfully revealed. The edges of the spots are sharply defined
and their relative positioning is controlled very accurately.
Figs. 5c and 5d reveal that the uniformity of each spot is
excellent, providing a root mean square (rms) variation in
fluorescence intensity of only 2% on average. This result
contrasts with the uniformity typically obtained by other
techniques such as pin spotting, for which high spot
20 uniformity is challenging to achieve at this scale."** As
revealed by the example in Fig. 5b, spot-to-spot variation of
fluorescence intensity was on the order of 20% rms when the
same analyte was used to pattern each spot. We believe that
this variation primarily arises from partial evaporation of the
»s immobilization solution during the filling process and the
difficulties in controlling precisely the volume dispensed in
each inlet. Better control over the spot-to-spot uniformity
could therefore be obtained by using an automated dispensing
system placed in a humidy- and temperature-controlled
30 environment. It is also noteworthy that no correlation was
found between spot intensity and the length of the channel
connecting the inlets to the spotting holes, indicating that
absorption of DNA on TPE is small enough not to affect the
immobilization process.
35 An immobilization and hybridization assay performed with
proteins is shown in Fig. 6. Here, solutions of unlabeled

3.3. Immobilization of biological probes

Fig. 5 shows an example of a typical DNA immobilization
assay in which a 3D microfluidic device has been used to

@

PN 200 pm
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-50 0 50
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Fig. 5 Patterning of Cy5-labeled DNA probes on a Zeonor substrate using
a 3D microfluidic immobilization device. (a) Optical microscope image

showing a set of channels filled with the DNA solution. (b)—(c)
Fluorescence microscope images of DNA spots on the Zeonor substrate.
(d) Fluorescence intensity profile of the spot shown in (c).

mouse and rabbit IgG (at a concentration of 5 mg/ml each)
were dispensed in selected portions of the device according to

6 | Lab Chip, 2011, [vol], 00-00
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Fig. 6 Immobilization and hybridization of proteins on a Zeonor substrate. (a) Optical microscope image showing the channels filled with rabbit and
mouse IgG solutions. The letters M and R indicate the respective segments of the array that were used for incubation with either mouse or rabbit IgG
solution. (b) Fluorescence microscope images of the Zeonor substrate after hybridization with Cy5-labeled goat anti-rabbit IgG and (c) after subsequent
hybridization with Cy3-labeled sheep anti-mouse IgG. Red and green colors denote the Cy5 and Cy3 channels of the fluorescence microscope.

the layout shown in Fig. 6a for the immobilization on an
activated Zeonor substrate. As these biological probes were
unlabeled in this assay, the Zeonor substrate showed no
significant fluorescent signal after immobilization of the IgG
s proteins (data not shown). The substrate was sequentially
exposed to Cy5-labeled goat anti-rabbit IgG (10 pg/ml) and
Cy3-labeled sheep anti-mouse IgG (10 pg/ml). Fig. 6b shows
the fluorescence signal recorded after hybridization with only
the Cy5-labeled goat anti-rabbit IgG. As expected, a strong
10 Cy5 fluorescence signal is recorded on the spots patterned
with rabbit IgG. Relatively high hybridization selectivity was
obtained: the measured Cy5 fluorescence intensity was ~150
times lower on the mouse IgG spots than on those modified
with the complementary rabbit IgG. Fig. 6¢ shows a Cy3
15 (green) and Cy5 (red) combined fluorescence image obtained
after subsequent hybridization of the Zeonor substrate with
Cy3-labeled sheep anti-mouse IgG. Hybridization of the anti-
mouse IgG was also highly selective with significant Cy3
fluorescent signal detected only on the mouse IgG spots.
20 These results confirm the integrity of the immobilized protein
array and show that the 3D microfluidic device can be used to
immobilize high quality arrays.

4. Conclusions

We have developed a 3D microfluidic immobilization device
s using materials and techniques compatible with mass
production. We demonstrated a technique based on HEL to
pattern micron-size open through-holes in thin membranes
made of commercially available TPE. The TPE membranes
provided the basis for the fabrication of microfluidic devices
;0 capable of immobilizing up to 96 biological probes
independently on a 10x10 array of isolated features that are
50 um size. By using Lattice-Boltzmann numerical
simulations, we proposed an optimized channel geometry that
permits the use of capillary action to reliably fill the devices
35 despite a complex 3D layout. Using these devices enables
DNA and proteins to be immobilized with high spot
uniformity and excellent positional accuracy.
Although the ultimate resolution achievable with these

devices might not be competitive with that of scanning probe-
40 based approaches,62 they provide the interesting possibility to
achieve high quality immobilization of custom probes on
microfabricated biosensors in a point-of-care environment
without the need for specialized equipment. Herein, we only
presented examples of open-through membranes fabricated in
ss a particular grade of TPE (Versaflex® CL30), hence the wide
range of commercially available TPE materials could provide
a key advantage to resolve some of the longstanding issues
related to the integration of bioassays in microfluidics,
including  biocompatibility of  materials, fouling,
so hydrophilization of surfaces, replication at low cost, and
bonding, among others. We thus believe that the concepts
emphasized within this paper provide a new toolset not only
for the immobilization of biological probes at the micron-
scale, but also for the high-throughput fabrication of advanced
ss 3D microfluidic devices at low cost.

5. Materials and methods

Versaflex® CL30 (received in the form of pellets; GLS Corp.,
McHenry, IL) was extruded at a temperature of 165 °C to
form sheets that are several meters long, ~15 cm wide and
60 either ~140 or ~240 um thick. Molds for HEL were prepared
by photolithography using SU-8 photoresist (GM1060 and
GM1075; Gersteltec, Pully, Switzerland) on a 4" silicon
wafer.” Photoplotted Mylar films printed at a resolution of
65,000 dpi (Fineline Imaging, Colorado Springs, CO) were
os used as photolithography masks. After the patterning of the
SU-8 features, an anti-adhesive treatment was applied to the
molds by spin-coating a thin layer of Teflon® AF (DuPont,
Wilmington, DE) and post-annealing at 200 °C for 2 h. For
the fabrication of the microfluidic devices, a piece of TPE was
70 cut from the extruded sheet and placed between the mold and
a counter plate. The counter plate consisted of a silicon wafer
coated with either @) 1H,1H,2H,2H-perfluoro-
octyltrichlorosilane (Sigma-Aldrich, St. Louis, MO) deposited
from the vapor phase under reduced pressure or (ii) a thin
75 layer of PDMS (Sylgard 184; Dow Corning Corp., Midland,
MI) deposited by spin-coating a degassed pre-polymer
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mixture followed by curing at 200 °C for 2h. HEL was
performed using an EVG520 system (EV Group, Schirding,
Austria) at a temperature of 170 °C, an applied force of
10 kN, and a pressure of 102 mbar. Oxygen plasma treatment
(Plasmalabs 80plus; Oxford Instruments, Bristol, UK) was
performed for 4 min at a pressure of 50 mTorr and an O, flow
rate of 20 sccm. SEM images were acquired using a Hitachi S-
4800 (Hitachi High-Technologies Canada, Mississauga, ON).
Optical micrographs were taken with a Nikon Eclipse L150
microscope (Nikon Instruments, Melville, NY). The
microfabrication steps and device assembly were carried out
in a class 1000 clean room facility.

Numerical simulations were performed using a home-
developed code based on the Lattice-Boltzmann method with
a two-phase three-dimensional D3Q19 scheme driven by a
Shan—Chen-type mesoscopic potential.***** The contact
angle of the liquid with the surface was set to a value of about
56° by adjusting the solid-liquid interaction potential. No
external force was applied to the liquid. A more detailed
description of the numerical simulations is available
elsewhere. '

The protein and DNA immobilization assays were
performed on plastic substrates (25 mm in width, 75 mm in
length and 1 mm in height) that were fabricated from Zeonor
1060R (Zeon Chemicals, Louisville, KY) by an injection
molding process. Before the immobilization assays, the
Zeonor slides were subjected to an ozone treatment for
~15min using an Ozo 2vtt ozone generator (Ozomax,
Shefford, QC). They were then incubated with a freshly
prepared solution of 17 pM N-hydroxysuccinimide (NHS;
Sigma-Aldrich) and 42 puM  l-ethyl-3-[3-dimethyl-
aminopropyl]carbodiimide hydrochloride (EDC; Sigma-
Aldrich) in phosphate buffered saline (PBS, pH 7.4; Sigma-
Aldrich) for 90 min,® rinsed with de-ionized (DI) water and
dried with a stream of nitrogen gas. Amino-modified 27-mer
oligonucleotides labeled with a Cy3 or Cy5 fluorophore
(Integrated DNA Technologies, Coralville, IA) were dissolved
in DI water to obtain a 40 uM solution, which was diluted 1:1
(v/v) with dimethyl sulfoxide (Sigma-Aldrich) for the DNA
immobilization assays. Proteins were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA) and diluted
in PBS.

To perform immobilization, a 3D microfluidic device was
placed on a freshly activated Zeonor slide. The inlets were
each filled with ~50 nL of solution using a micropipette. After
2h of incubation in a humid environment at room-
temperature, the Zeonor substrate was immerged in a solution
of 0.1% sodium dodecyl sulfate (SDS; Sigma-Aldrich) in PBS
and the microfluidic device was peeled off the surface. The
Zeonor substrate was then washed with 0.1% SDS in PBS for
5 min and rinsed with DI water. Each microfluidic device was
used only once to avoid cross-contamination issues. Before
hybridization, the Zeonor substrate was blocked using a
solution of 1 mg/ml bovine serum albumin (BSA; Sigma-
Aldrich) in PBS for 15min at room-temperature.
Hybridization of proteins was done in a passive manner by
spreading 10 pl of the target solution on top of the Zeonor
substrate using a glass cover slip. After 30 min of incubation,
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the cover slip was removed and the Zeonor substrate was
rinsed with PBS and DI water. Fluorescence imaging was
done using an Eclipse TE2000-U inverted fluorescence
microscope (Nikon Instruments) equipped with an EM-CCD
camera (Hamamatsu, Bridgewater, NJ).
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