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Abstract

We present a novel micro-macro hybrid soft-lithography master (MMHSM) fabrication technique
where microdevices having both microscale and macroscale features can be replicated with a single
soft-lithography step. A poly(methyl methacrylate) (PMMA) master having macroscale structures
was first created by a bench-top milling machine. An imprinting master mold having micro-scale
structures was then imprinted on the PMMA surface through a hot-embossing process to obtain a
PMMA master mold. A poly(dimethylsiloxane) (PDMS) master was then replicated from this
PMMA master through a standard soft-lithography process. This process allowed both microscale
(height: 3-20 pm, width: 20-500 pm) and macroscale (height: 3.5 mm, width: 1.2—7 mm) structures
to co-exist on the PDMS master mold, from which final PDMS devices could be easily stamped out
in large quantities. Microfluidic structures requiring macroscale dimensions in height, such as
reservoirs or fluidic tubing interconnects, could be directly built into PDMS microfluidic devices
without the typically used manual punching process. This significantly reduced alignment errors and
time required for such manual fabrication steps. In this paper, we successfully demonstrated the
utility of this novel hybrid fabrication method by fabricating a PDMS microfluidic device with 40
built-in fluidic interfaces and a PDMS multi-compartment neuron co-culture platform, where
millimeter-scale compartments are connected via arrays of 20 um wide and 200 um long microfluidic
channels. The resulting structures were characterized for the integrity of the transferred pattern sizes
and the surface roughness using scanning electron microscopy and optical profilometry.
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1 Introduction

Microfluidic devices have emerged as key components in next generation bio/medical
applications due to their various advantages over conventionally used devices, such as small
sample/reagent volume, faster response/analysis time, and portability (Han et al. 2007; Han
and Frazier 2006; Nevill et al. 2007). Many microfluidic systems, including miniaturized
biosensors, microfluidic screening systems, and microfluidic cell culture platforms, have been
developed for lab-on-a-chip applicaions in silicon, glass and various polymer materials (Cho
et al. 2009; Han et al. 2006; Koltay et al. 2004; Vickerman et al. 2008). Although most fluidic
components can be seamlessly integrated into a single system using variety of microfabrication
techniques, some critical components cannot be easily fabricated using these technologies and
require additional fabrication steps or complicated designs. Two such examples are world-to-
chip fluidic interfaces and fluidic reservoirs, where the fabrication challenges are primarily
due to their millimeter-scale dimensions in heights.

Poly(dimethylsiloxane) (PDMS) is one of the most commonly used materials in bio/medical
microdevices because of the easy fabrication process, biocompatibility, and low cost (Jose et
al. 2006; Sia and Whitesides 2003; Xia and Whitesides 1998). Fluidic interfaces or reservoirs
are typically made in a replicated PDMS device through a manual punching process, using
either blunt needles or punch bits (Morales et al. 2008; Park et al. 2006, 2009). The soft material
property of PDMS makes it easier to punch holes on these devices compared to other materials
such as silicon, glass or other hard polymers. Although this manual process is simple and does
not require any sophisticated tools, poor alignment and time consumption make this step a
bottleneck when accurate alignment or many fluidic interfaces/reservoirs are needed. This is
a critical drawback, especially for screening or cell culture applications where tens or even
hundreds of devices are routinely used for each experimental run, as well as for massively
parallel fluidic circuit devices where several tens of fluidic interconnects are required (Blazej
et al. 2006; Hong and Quake 2003).

Integrated fluidic reservoirs in microfluidic devices need to hold a certain volume of reagents,
samples, or buffers. Therefore, they typically require millimeter scale dimensions not only in
the planar direction, but also in the vertical direction, which is a challenging size-scale for most
microfabrication techniques. In the case of integrated world-to-chip interfaces, millimeter-
scale structures have to be embedded to be able to directly integrate tubings that are typically
millimeters in sizes. Methods such as attaching tubes or pins on the microstructure patterned
master molds to define reservoirs or fluidic interfaces in the replicated PDMS devices have
been introduced previously, but the processes were still manual and time consuming (Hong et
al. 2008; McDonald et al. 2000). Other inter-connection techniques, such as bonding gasket
structures for connecting tubings on the devices as wells as assembling PDMS microfluidic
devices on an electric circuit-like substrate with pre-defined fluidic interconnections, have been
developed (Brivio et al. 2006; Choi et al. 2001; Quanglio et al. 2008), but these methods are
complicated and do not solve the poor alignment issue. Another proposed method involves
clamping PDMS devices with custom-designed brackets to fluidic tubes for strong connection
and accurate alignment, but it involves complicated preparation steps and still requires the
manual punching process (Bhagat et al. 2007; Krulevitch et al. 2002; Zhu et al. 2004).

Here, we present a simple micro-macro hybrid soft-lithography master (MMHSM) fabrication
method that enables fabrication of PDMS microfluidic devices having both macroscale (height:
3.5 mm, width: 1.2-7 mm) and microscale (height: 3-20 pm, width: 20-500 um) structures by
asingle PDMS soft-lithography process without any manual punching step. The hybrid master
mold was first fabricated by defining macroscale reservoirs or fluidic interfaces on a poly
(methyl methacrylate) (PMMA) block using a bench-top computer numerical control (CNC)
milling machine. Other rapid prototyping equipments such as a stereolithography tool could

Biomed Microdevices. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Park et al.

Page 3

also be used, however, they are expensive and only a few research labs have access to such
equipments. On the other hand, a CNC milling process can be easily done at an extremely low
cost in machine shops available in almost all academic institutes. Micrometer-scale structures
were fabricated in glass or metal through a glass etching or copper electroplating process, and
then hot-embossed against the PMMA block. This process resulted in macroscale and
microscale components coinciding within a single PMMA mold. A PDMS replica was then
stamped out from the PMMA mold by a soft-lithography process, and was used as the PDMS
master mold for the final PDMS device replication. This novel method allowed fabrication of
PDMS microfluidic devices with integrated reservoirs or fluidic interfaces, eliminating
misalignment issues or design limitations associated with conventionally used manual
punching processes. Also, it significantly reduced the fabrication time since all parts of the
microdevices, either micro or macro, could be fabricated by a one-step PDMS replication
process.

The utility of this novel hybrid fabrication method was demonstrated by making a PDMS
microdevice with 40 builtin microfluidic interfaces and two reservoirs as well as a microfluidic
multi-compartment neuron co-culture platform with seven macroscale compartments
connected via arrays of microfluidic channels. The microdevice with forty integrated fluidic
interfaces was an example to show that the process is capable of fabricating large number of
integrated fluidic interfaces at once. However, the developed MMHSM technology is not
limited to this specific application and can be applied to any microfluidic components that
require fluidic interfaces, including pneumatic valve actuation layers or multiplexer devices
(Grover et al. 2006; Marcus et al. 2006). Even in those devices where only several fluidic
interfaces are needed, most biological experiments using microfluidic devices require large
number of devices. The manual punching process will result in inconsistent devices from batch
to batch that can significantly impact the performance of the devices, one example being
microfluidic gradient generators. The presented MMHSM technology overcomes such
shortcomings.

2 Materials and methods

2.1 Design and fabrication

Most microfluidic devices for bio/medical applications are composed of microscale channel/
chamber components and macroscale reservoirs or fluidic interfaces. Two different devices
with such components have been fabricated to demonstrate the utility of the proposed hybrid
fabrication process. The first device, a PDMS microfluidic device having integrated fluidic
interfaces and reservoirs, was fabricated to show the validity of the method for a one-step
integrated world-to-chip interface fabrication process. The device (50x50x3.5 mm3) was
composed of 40 sets of 1.2 mm diameter fluidic interfaces for connection with commonly used
1.58 mm diameter polymer tubings, and two 6 mm diameter reservoirs connected through 500
um wide and 20 um high microfluidic channels (Fig. 1(a)).

The second device demonstrated was a 3.5 mm thick PDMS multi-compartment neuron co-
culture platform composed of one 7 mm diameter circular soma compartment (approximately
90 wl) and six square-shaped satellite axon/glia compartments (approximately 25 pl) that were
200 pum apart from the soma compartment (Fig. 1(b)). These compartments were connected
via arrays of micro-fluidic channels that were 20 um wide and 3 um in height. Punching 3.5
mm deep millimeter-scale reservoirs that are only 200 um apart was not achievable through
the conventionally used manual punching process. This microfluidic neuron co-culture
platform was designed to isolate axonal layers from its neuronal soma and dendrites. Shallow
micro-fluidic channel arrays confine neuronal soma only inside the soma compartment while
allowing axons to grow into the neighboring axon/glia compartments (Fig. 1(b)—upper right
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inset). Such devices can be used to conduct localized neuron and glia interaction studies in a
controlled in vivo like environment (Park et al. 2009; Taylor et al. 2005).

Macroscale structures were first cut into a 76.2 mmx 76.2 mm PMMA block (McMaster-Carr,
Atlanta, GA) using a bench-top CNC milling machine (MDX 40, Roland, Irvine, CA). The
PMMA block was then sonicated in isopropyl alcohol (IPA) (Sigma Aldrich, St. Louis, MO)
for 10 min and dried with N gas to remove residual debris from the milling process. The hot-
embossing master for fluidic interface application was fabricated by electroplating copper on
a 3-inch diameter silicon wafer. Photoresist patterns with width of 500 pm (thickness: 50 um)
were created on a Cu seed layer deposited silicon wafer with a negative photoresist
(NR4-8000P, Futurrex, Inc., Franklin, NJ) using standard photolithography. Electroplating was
performed at a current density of 10 mA/cm? for 120 min, followed by removal of the
photoresist in acetone. This resulted in an imprint master with 500 um wide and 20 um high
ridge structures. The imprint master was then aligned and hot-embossed againsta PMMA block
having CNC machined interfaces and reservoirs to transfer the micro-channel patterns. The
hot-embossing process was conducted at 115°C with 1,082 kPa of pressure for 5 min using a
temperature controlled hydraulic press (Specac Ltd., London, UK). A PDMS master was then
replicated from this PMMA master by pouring PDMS pre-polymer on the master (10:1 mixture,
Sylgard® 184, Dow Corning, Inc., Midland, MI), followed by curing at 85°C for 60 min. The
final PDMS device with integrated fluidic interfaces and reservoirs was replicated from the
PDMS master by a single soft-lithography process, same as described above, and assembled
on a cleaned glass substrate after oxygen plasma treatment (Plasma cleaner, Harrick Plasma,
Ithaca, NYY). Finally, 1.58 mm diameter Teflon FEP tubings (Upchurch Scientific, Inc., Oak
Harbor, WA) were inserted directly into fluidic interfaces on the PDMS device. Figure 2 shows
the overall MMHSM fabrication process.

For the multi-compartment neuron co-culture platform application, a wet-etched glass slide
was used as the embossing mold. Microridge patterns were created on a cleaned glass substrate
with a positive photoresist (S1818™, Micro-Chem Corp., Newton, MA) followed by wet
etching of the glass substrate in buffered oxide etch (BOE) (J. T. Baker, Phillipsburg, NJ) at
room temperature for 5-7 min to obtain 20 um wide and 3 um tall glass ridge structures. The
photoresist layer that served as the etch mask was then removed in acetone.

2.2 Scanning electron microscopy

PMMA masters, PDMS masters, and PDMS devices fabricated by the MMHSM process were
sputter coated with 100A of Au/Pd in argon plasma. Images were acquired at 12 kV acceleration
using a scanning electron microscope (SEM) (JEOL 6400, JEOL Ltd., Tokyo, Japan).

2.3 Surface profilometry

Surface roughness and average sizes of the microchannel arrays on the PMMA masters, PDMS
masters, and PDMS devices were analyzed using an optical surface profilometer (Veeco
NT9100, Veeco, Plainview, NY) to look for any pattern distortion or significant shrinkage that
might have occurred during the fabrication process.

3 Results and discussions

Figure 3(a—c) shows SEM images of the PMMA master, PDMS master, and PDMS device for
the 40 fluidic interfaces integrated microdevice fabricated by the MMHSM process. Figure 3
(d) shows the PDMS multi-compartment neuron co-culture device showing millimeter-scale
compartments connected via arrays of 3 um high microchannels. It can be seen that microscale
channels and macroscale fluidic interfaces were successfully transferred to the final PDMS
device.
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The PDMS master was easily released from the PMMA master after the soft-lithography
process without any surface treatment of the PMMA master. However, the final PDMS devices
firmly adhered to the PDMS master after the curing process and could not be peeled off without
damaging the microstructures when no coating was used. In order to facilitate the release
process, the PDMS master was vapor coated with (tridecafluoro-1,1,2,2-tetrahydrooctyl)
trichlorosilane (United Chemical Technologies, Inc., Bristol, PA) for 10 min and rinsed with
IPA to remove excessive coating residues. Chemical treatment of the PDMS master solved the
adhesion issue, but the high aspect ratio of the PDMS walls separating reservoirs and fluidic
tubing interfaces still posed a challenge, and careful attention had to be paid when designing
the reservoirs or fluidic interfaces on the PMMA master. When reservoirs or fluidic interfaces
were too close to each other compared to the final thickness of the PDMS device, for example
when the aspect ratio of the PDMS wall was 17.5: 1, the wall part of the PDMS was torn during
the PDMS device replication process. For the multi-compartment neuron co-culture platform,
the soma compartment and the axon/glia compartments were only 200 um apart and it was
challenging to replicate a 3.5 mm thick PDMS device from its master without damaging the
device. Therefore, the design of the soma compartment was modified from a cylinder shape
into a truncated cone shape with sidewalls tilted 20° toward the center (Fig. 1(b) lower left
inset). This modified structure not only strengthened the PDMS walls separating the
compartments, but also facilitated the release of the device. Using this method, no damage to
the final PDMS devices was observed. In case of the PDMS device with integrated fluidic
interfaces, the highest aspect ratio of the PDMS wall separating two macroscale structures was
1.06 : 1, so no damage was observed during the fabrication process. However, the bottom part
of the 1.2 mm diameter pillars was enlarged to 1.8 mm to make it more mechanically robust

(Fig. 3(b)).

Fluidic interfaces and reservoirs on the PMMA master were engraved using a 0.8 mm square
end mill (Roland, Irvine, CA). Only the area where macroscale structures, such as the fluidic
interfaces or reservoirs, exist was engraved with the CNC milling machine. The rest of the
PMMA surface was left intact to preserve the smooth and polished surface to obtain PDMS
devices with smooth surfaces. Average surface roughness of the PMMA master and the imprint
master before the hot-embossing process was 9.89+0.88 nm and 14.14+ 1.06 nm respectively.
After the hot-embossing process, surface roughness of the PMMA master changed to 14.19+
2.44 nm, showing that no significant changes had been made to the surface roughness during
the hot-embossing process other than due to the imprint master surface roughness. This result
matches well with recent results reported by Desai et al. that multiple self-replications, making
a new master from a master fabricated by a soft-lithography process, have little effect on the
surface roughness and dimensions of the final replica (Desai et al. 2009). SEM images of the
sample surfaces showed smooth surface profiles (Fig. 3), and the final PDMS devices did not
show any fluidic seal failure between the device and polystyrene cell culture substrates even
for reversible PDMS bonding. This was confirmed by assembling a PDMS multi-compartment
neuron co-culture device on a poly-d-lysine (PDL) coated polystyrene culture plate after
treating it with oxygen plasma followed by 30 min sterilization in 70% ethanol. The fluidic
seal was tightly maintained through 4 weeks of neuron culture without any leakage. The imprint
master used in this paper was fabricated by electroplating copper on a silicon wafer or by wet
etching a glass slide, but any imprint master can be used. For example, a glass or silicon imprint
master fabricated by a deep reactive ion etching (DRIE) process could also be used.

In order to confirm that the original geometry of the pattern was not distorted during the
MMHSM fabrication process, average width/depth of microchannels from the PMMA master,
the PDMS master, and the PDMS device were compared using SEM images and optical surface
profile measurements (Fig. 4). The average width and depth of channels changed from 515.8
5.9 um (PMMA master, n=10) to 515.74+2.7 ym (PDMS device, n=4) and from 21.3+0.8 ym
(PMMA master, n=8) to 21.7+£0.8 um (PDMS device, n=6), respectively. The dimension
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changes were less than 1.88%, showing that almost no changes had been made during the
replication process and that this process is very reliable.

Finally, 40 Teflon FEP tubings (& 1.58 mm) were inserted into the PDMS device with
integrated fluidic interfaces (Fig. 5(a)). Fluids were introduced through the 40 fluidic inlets
and were successfully collected at two reservoirs without any leakage at the interface. To
further investigate the robustness of the fluidic interface, a pressure threshold experiment was
conducted. Schematic illustration of the experimental setup is shown in Fig. 5(b). A PDMS
device with the integrated fluidic interfaces was bonded on a glass substrate after oxygen
plasma treatment, followed by Teflon tubing insertion. Water droplets were applied around the
inserted tubings to observe leakage while applying pressure to the fluidic interface. The fluidic
interface did not show any leakage for applied pressure of up to 345 kPa. Although some fluidic
connections using clamps provide stronger pressure tolerance (Bhagat et al. 2007), most bio/
medical microfluidic experiments do not require high pressure. The pressure tolerance of 345
kPa obtained through our fluidic interface is comparable to other widely used press-fit type
fluidic interfaces (Christensen et al. 2005; Thorsen et al. 2002). The MMHSM fabrication
process presented in this paper is not limited to fluidic interfaces or reservoirs, and can be
widely used for a broad range of applications requiring both micro and macro scale structures
in a single system.

4 Conclusions

We have developed a novel fabrication technique where PDMS microdevices with micro and
macro scale structures can be fabricated by a single step soft-lithography process. The
processing step is simple and significantly reduces the fabrication time. Also, it eliminates
misalignment or fluidic interface integration issues associated with the widely used manual
PDMS punching process, hence enabling high-throughput microdevice fabrication with good
batch-to-batch quality control. Forty fluidic interfaces showing no leakage were successfully
integrated into a PDMS micro-fluidic system. Millimeter-scale compartments only 200 um
apart were also successfully fabricated and replicated using this process. We believe that this
simple MMHSM fabrication technique can be widely used to mass fabricate various high-
throughput bio/medical PDMS microdevices at low cost and reduced time.
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Fig. 1.

Schematic illustrations of PDMS microdevices fabricated by the MMHSM fabrication process.
(a) A PDMS microfluidic device with 40 integrated fluidic interfaces and two reservoirs. (b)
A PDMS multi-compartment microfluidic neuron co-culture platform. (Inset 1: Illustration
showing the isolation of axonal layer inside the axon/glia compartment from neuronal soma
and dendrites by the microfluidic channels, Inset 2: Cross-sectional view showing truncated

cone shaped soma compartment)
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Fig. 2.

Fabrication and assembly steps to create a PDMS microdevice having two integrated
macroscale reservoirs and 40 fluidic interfaces
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Fig. 3.

SEM images of (a) PMMA master, (b) PDMS master, and (c) PDMS device showing
microchannels connected to millimeter-scale fluidic interfaces (Insets: Enlarged view of 500
um wide channels). Scale bars, 200 pm. (d) Bottom-side of the PDMS multi-compartment
neuron co-culture device showing arrays of 3 um deep and 20 um wide microfluidic channels
connecting the soma compartment and the axon compartment. Scale bar: 50 um
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Average height and width of the microchannels in the PMMA master, PDMS master and final
PDMS device fabricated through the MMHSM process

Biomed Microdevices. Author manuscript; available in PMC 2011 April 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Park et al.

(@

(RNERRRRRRRRARARARN}

Fig. 5.

Page 12

(b) ‘ Air pressure

«— Pressure gauge
Reservoir

/

Microfluidic Channel

Teflon Tubing

o Water droplet PDMS device

Fluidic
Interface

Glass Substrate

(a) A photographic image of a 3.5 mm thick PDMS microfluidic device (50x50 mm?2) with 40
Teflon tubings connected to the integrated fluidic interfaces. Four different color dyes were
used for visualization. (b) Schematic illustration showing the pressure threshold experimental

setup
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