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Abstract: The development and growth of microfluidics has been mainly based on various novel
fabrication techniques for downsizing and integration of the micro/nano components. Especially, an
effective fabrication technique of three-dimensional structures still continues to be strongly required
in order to improve device performance, functionality, and device packing density because the
conventional lamination-based technique for integrating several two-dimensional components is
not enough to satisfy the requirement. Although three-dimensional printers have a high potential
for becoming an effective tool to fabricate a three-dimensional microstructure, a leak caused by
the roughness of a low-precision structure made by a 3D printer is a critical problem when the
microfluidic device is composed of several parts. To build a liquid-tight microchannel on such a
low-precision structure, we developed a novel assembly technique in which a paraffin polymer
was used as a mold for a microchannel of photo-curable silicone elastomer on a rough surface.
The shape and roughness of the molded microchannel was in good agreement with the master
pattern. Additionally, the seal performance of the microchannel was demonstrated by an experiment
of electrophoresis in the microchannel built on a substrate which has a huge roughness and a joint.
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1. Introduction

Microfluidic devices have become key tools in many fields, including analytical chemistry, life
sciences, and medicine, in conjunction with the ongoing development and increased utilization
of labs-on-a-chip and micro total analysis systems (WTAS) [1-5]. This growth has primarily
been based on various novel fabrication techniques [6-8] for downsizing and integrating all
of the micro/nanocomponents necessary for a given function, such as a reaction or analysis.
These components include both fluid-control elements (pumps, valves, etc.) and functional elements
(heaters, separation structures, and so on). Bioanalytical devices for DNA sequencing and protein
analysis were the first major application of microfluidic devices [9-12], but these devices have
been rapidly adopted in other scientific areas, especially in collaborations between medicine and
engineering [13]. The current trend is growth in point-of-care, personalized medicine and medical
implant devices, and an expanding range of component materials [8,14,15].

In this context, basic studies regarding microprocessing technologies and materials that will
enable effective fabrication of three-dimensional (3D) microchannel structures are required to improve
the performance, functionality, and packing density of these devices [5,16-19]. In some cases,
two-dimensional microchannels have been patterned on substrates made of glass or polymeric
materials, including heat-curable silicone elastomers. These substrates are typically laminated together
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to obtain the desired three-dimensional structures. However, lamination is insufficient to satisfy the
requirements of all three-dimensional structures because the extensibility of such structures is limited
to the direction parallel to the substrate surface.

Recently, it has been reported that 3D channel structures can be rapidly fabricated using 3D
printers, which have become popular as they represent convenient manufacturing tools. Additionally,
the specific functions of microfluidic systems can be easily expanded based on both the lamination
of two-dimensional microfabricated substrates and the assembly of 3D parts made of more than one
material. Examples include transparent microchannels made of glass to allow for observations, high
conductivity surfaces made of metals and acting as electrodes, and flexible structures made of silicone.
Despite these advantages, fluid leaks originating at the joints between rough surfaces remain a critical
problem associated with microfluidic devices composed of several parts and with imprecise structures.

In the present study, we developed and investigated a novel fabrication technique to address
this challenge. A paraffin-based polymer and a photo-curable silicone elastomer were employed to
fabricate a liquid-tight microchannel on a rough surface, with the paraffin polymer serving as a mold
for the microchannel, which was made of silicone elastomer. The shape transfer capability of the
paraffin polymer mold was assessed by evaluating the surface roughness of the finished product.
Additionally, the performance of the liquid-tight microchannel between the microchannel substrate
made of silicone elastomer and the bottom substrate made of acrylonitrile butadiene styrene resin
(ABS) resin was verified with a demonstration of electrophoresis in the microchannel.

2. Materials and Methods

To verify the proposed fabrication technique, we demonstrated electrophoresis in a microfluidic
device made by the technique shown in Figure 1. This device incorporated a straight microchannel
with a height of 90 um, a width of 500 pm and a length of 3 mm. The lower surface of the channel was
composed of two ABS resin blocks, each 30 x 30 x 5 mm? and fabricated using a 3D printer (Mojo 3D
printer, Stratasys Inc., Eden Prairie, MN, USA). A 50-um-thick copper sheet was used as the electrode
during electrophoresis, sandwiched tightly between the blocks using two nuts and two bolts.
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Figure 1. Schematic of the microfluidic device used during the leak test. The silicone substrate had a
microchannel with a height of 100 um, a width of 400 um and a length of 3 mm. The bottom surface of
the channel was composed of two ABS resin blocks and a copper sheet sandwiched between the blocks
using two nut and bolt pairs.

Figure 2 summarizes the proposed technique for the creation of a liquid-tight microchannel.
The initial microchannel structure on the silicone substrate is made using a conventional lithography
technique [20]. Although the structure on the substrate is typically employed directly as the
microchannel, it is important to consider the possibility of liquid leaks in the case that the bottom
substrate contains joints between various parts or exhibits significant roughness (Figure 2a).
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Figure 2. Schematic of the liquid-tight microchannel fabrication process. (a) The microchannel substrate
made of silicone elastomer on a structure composed of a copper sheet and ABS resin blocks; (b) The
injection of liquid paraffin polymer into the microchannel at 85 °C; (¢) Demolding of the microchannel
substrate after cooling to room temperature (25 °C), at which point the paraffin polymer is a solid; (d)
Filling with the photo-curable silicone elastomer following by exposure to UV radiation at 935 mJ/cm?;
(e) Removing the liquid paraffin polymer (molten after heating to 85 °C) after curing the elastomer.

In the first step of the proposed technique, a paraffin polymer (Hayashi Pure Chemical Ind. Co.,
Ltd., Osaka, Japan) is heated to 85 °C and injected into the microchannel mold, which is sealed at its
base by the bottom substrate, as shown in Figure 2b. A key point here is that the microchannel mold
must be held down tightly on the substrate using a rubber band prior to injecting the paraffin. After
cooling the paraffin polymer to room temperature, the microchannel substrate is peeled away from the
substrate as in Figure 2c. The microchannel structure is now transferred to the paraffin polymer on the
substrate used to help form the microchannel, even if the substrate includes joints or has significant
roughness. As shown in Figure 2d, the photo-curable silicone elastomer (X-34-4184, Shin-Etsu Silicone,
Tokyo, Japan) is then cast into the mold to seal any possible spaces that could result in leaks along the
bottom substrate. This elastomer is subsequently cured without the application of high temperature,
by UV light irradiation at an energy of 0.94 J/cm?, using a low-pressure mercury lamp (Multilight:
ML-251, Ushio Inc., Tokyo, Japan) equipped with a 365 nm wavelength bandpass filter [21]. This low
temperature fabrication process maintains the shape of the microchannel structure formed by the low
melting point paraffin polymer. Additionally, gaps between the elastomer and the bottom surface
caused by distortion of the elastomer are avoided owing to the unique low-shrinkage characteristics
of the elastomer. Following 30 min of light exposure, the paraffin polymer in the microchannel is
removed by heating the apparatus to 85 °C (Figure 2e).

3. Experimental Section

To verify the applicability of the proposed technique for microfabrication, the shape transfer
capability of the fabricated microchannel was evaluated as an indicator of the accuracy of this process.
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This was accomplished by assessing the shape and roughness of the paraffin polymer mold and the
channel using laser microscopy (VK-X210, Keyence, Osaka, Japan).

Additionally, to estimate the sealing performance of the fabricated microchannel, we performed
the electrophoresis of a fluorescent molecule (fluorescein, F1300, Molecular Probes, Inc., Eugene, OR,
USA) dissolved in distilled water at 10 pg/mL. The fluorescent emission of the fluorescein, as assessed
using a fluorescent microscopy system (Microscope: IX 73, Olympus, Tokyo, Japan; Camera: DP72,
Olympus), was used to visualize leakage of the solution from the microchannel. During these leak tests,
the fluorescein solution was injected into the microchannel at a rate of 10 mL/min via a syringe pump
(Kd Scientific, Holliston, MA, USA) and a voltage of 20 V was applied to initiate electrophoresis. The
negative terminal of an electronic power supply (P4K-80M, Matsusada, Shiga, Japan) was connected
to the copper sheet of the device, while the positive terminal was connected to a wire placed in the
outlet of the channel, as shown in Figure 3.
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Figure 3. Schematic of the imaging system used during electrophoresis. The device was placed upside
down on the microscope stage and the negative terminal of an electronic power supply was connected
to the copper sheet, while the positive terminal was connected to a wire in the outlet of the channel.
The resulting fluorescence was obtained as eight-bit tiff images.

4. Results and Discussion

Figure 4 shows microscopy images of the channel structure fabricated by the proposed technique,
applying a master pattern with a width of 496.3 um and a height of 90.3 pm. Although the dimensions
of the molded paraffin presented in this figure are 0.8%—-2.2% smaller than the master pattern, the
completed microchannel on the silicone elastomer was in good agreement with the master pattern,
and the difference is 0.1%-0.4%. It is therefore likely that the apparent difference in the paraffin pattern
dimensions was simply a measurement error.

The arithmetic average of the roughness (Ra) over a 300 x 300 um? region of each of these patterns
was less than 1 um, which was the minimum value of roughness resolution in the measurement system
employed. Although we consider that additional evaluation depending on the intended application
will be necessary in future, the roughness resolution obtained in the present study was sufficient for
the purposes of our demonstration. These results indicate that the master pattern was successfully
transferred to the paraffin polymer and subsequently to the silicone elastomer, the dimensions of
which were in good agreement with those of the master pattern.

Figure 5 presents images of the actual substrates during this process. Figure 5a shows the bottom
substrate, composed of a copper sheet and an ABS resin block, the surface of which had a net-like
morphology with a Ra of 62 um over a 1.4 x 1.1 mm? area. The gap at the joint between the copper
sheet and the resin block was 175 um wide and 219 um deep. The master pattern on the bottom
substrate was transferred to the silicone elastomer through the molded pattern of the paraffin polymer,
as shown in Figure 5b—d.
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Figure 4. Dimensional and roughness data for a microchannel pattern. The leftmost image is a
photograph of the master pattern on the silicon elastomer. The right table shows 3D images at the
various stages, the height and width of each structure, and the arithmetic average of the roughness (Ra)

over a 300 x 300 um? area.
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Figure 5. Photographic images of the experimental substrates. (a) The bottom substrate composed of
ABS resin block. Red squares show magnified images of the surface with a Ra of 62 pm and the joint
between the copper sheet and ABS resin blocks; (b) The master pattern on the bottom substrate; (c) The
transferred mold pattern on the paraffin polymer; (d) The completed microfluidic device composed of

a microchannel in a silicone elastomer with an electrode.

50f8

Electrophoresis was demonstrated utilizing the microchannel of the fabricated device. In the case
of a microchannel substrate made using a conventional technique, it would be impossible to confirm
any structures, including the boundaries of the microchannel, because the significant roughness of
the bottom substrate would have resulted in leaks of the injected solution. In the present device,
however, the fluorescent image of the fluorescein in the microchannel clearly indicated the boundary
of the channel surface in the microchannel made by this new technique, as shown in Figure 6. In these
images, the variable intensity in the microchannel indicates a difference in depth resulting from the
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roughness of the bottom substrate. Although a small amount of fluorescein was confirmed to have
leaked to the exterior of the channel (as indicated at the sites labeled al, a2 and a3 in Figure 6), the
fluorescent intensity and apparent flow of the fluorescein in the microchannel demonstrate that there
was negligible dead end space.

Microchannel

Figure 6. Fluorescent images of a fluorescein solution in the microchannel. The boundary of the
channel surface is indicated by the white dotted lines. The relatively small amounts of the fluorescein
at al, a2 and a3 indicate negligible dead end space.

Figure 7 presents the result of the electrophoresis of fluorescein in the microchannel. The change
in the signal intensity, which was obtained by subtracting a background, was measured for 15 s after
applying a voltage to the line between b and b’ indicated in Figure 6. Over the first 5 s, the intensity
rapidly decreased in the vicinity of the copper sheet due to electrophoresis. It is evident from this result
that the proposed technique has the potential to fabricate unique structures using several different
materials for various applications.
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Figure 7. Result of the electrophoresis of fluorescein in the microchannel over 15 s. The y-axis shows
signal intensity while the x-axis indicates the distance from the copper sheet after applying voltage.

5. Conclusions

As a means of improving the 3D construction of microfluidic devices, we developed a novel
technique for fabricating liquid-tight microchannels between two different device components. Using
this method, a microchannel was formed using a photo-curable silicone polymer and was tightly sealed
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against a bottom substrate which had both joined parts and significant roughness. From measurements
of the microchannel dimensions and the roughness of the transferred structure, it was evident that the
master pattern was successfully transferred first to the paraffin polymer with a 0.8%-2.2% difference
and then to the silicone elastomer with a 0.1%-0.4% difference, which was in good agreement with
the dimensions of the master pattern. A liquid-tight microchannel of photo-curable silicone was
successfully fabricated on this very rough substrate (Ra = 62 um). As the operation example of a
microfluidic device which has a three-dimensional structure composed of several parts such as an
electrode of copper, a bottom substrate of ABS resin and a microchannel of silicone, an experiment of
electrophoresis in the microchannel was demonstrated.

We believe that the microfabrication technique presented in this paper will have a wide range of
applications regarding the construction of unique structures composed of several different materials
for various end uses.
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