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BIOMICROFLUIDICS 8, 014107 (2014) @ G

Laminated microfluidic system for small sample protein
analysis

Sara Saedinia,"® Kent L. Nastiuk,?® John J. Krolewski,>® G. P. Li,"® and
Mark Bachman™®

'University of California, Irvine, 3317 Engineering Gateway, Irvine, California 92697, USA
2University of Rochester Medical Center, 601 Elmwood Ave., Box 626, Rochester,

New York 14642, USA

(Received 9 October 2013; accepted 2 February 2014; published online 13 February 2014)

We describe a technology based on lamination that allows for the production of
highly integrated 3D devices suitable for performing a wide variety of microfluidic
assays. This approach uses a suite of microfluidic coupons (“microfloupons”) that
are intended to be stacked as needed to produce an assay of interest. Microfloupons
may be manufactured in paper, plastic, gels, or other materials, in advance, by
different manufacturers, then assembled by the assay designer as needed. To
demonstrate this approach, we designed, assembled, and characterized a
microfloupon device that performs sodium-dodecyl-sulfate polyacrylamide gel
electrophoresis on a small sample of protein. This device allowed for the
manipulation and transport of small amounts of protein sample, tight injection into
a thin polyacrylamide gel, electrophoretic separation of the proteins into bands, and
subsequent removal of the gel from the device for imaging and further analysis.
The microfloupons are rugged enough to handle and can be easily aligned and
laminated, allowing for a variety of different assays to be designed and configured
by selecting appropriate microfloupons. This approach provides a convenient way
to perform assays that have multiple steps, relieving the need to design highly
sophisticated devices that incorporate all functions in a single unit, while still
achieving the benefits of small sample size, automation, and high speed operation.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4865675]

. INTRODUCTION

Microfluidics, which enables the manipulation of very small volumes of fluids in small
devices, is seen as a promising technology for advancing areas of bio-analytical chemistry such
as genomics and proteomics. Microfluidics offers the potential for shorter reaction times, lower
reagent consumption, higher throughput, portability, versatility in design, and the possibility of
integration with other systems.'~® Significant problems with microfluidic technology include the
difficulty for manufacturing products that have dissimilar materials and technologies integrated
in a single device, and for utilizing 3D designs. Manufacturing microfluidics tends to be mono-
lithic and planar, requiring the development very clever or complex methods for building inte-
grated devices.”'” Indeed, in most cases, additional functionality (such as pumping, filtering,
imaging, electronics, etc.) is added externally to the chip since it is too difficult to integrate the
required components on-chip.''™'* Fluids are moved primarily in the plane of the device and
assays tend to treat the device as a two-dimensional system. Moreover, chips tend to be com-
pletely sealed so that their assays must be predetermined at time of manufacture and cannot
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readily accommodate changes at the time of the assay or transport of material from one chip to
another. These types of devices have been used with some success to replicate standard bench-
top assays. In many cases, the assays have been cleverly and significantly redesigned so that
they may work within the manufacturing limitations of the microfluidic system.'>'®

This shortcoming in microfluidics manufacturing limits the types of assays that can be
readily addressed. Assays that require a variety of different materials, processes, and transfer of
analytes are particularly hard. An example of such as assay is the Western blot.'” This assay
starts with proteins prepared in a solution, which are then transferred to a gel medium for elec-
trophoretic separation, and which are then blotted onto a solid membrane for immunochemical
analysis. Since this assay is difficult to design and manufacture as a microfluidic system, clever
workarounds have been developed such as embedding antibodies within the separation gel.'®!

Gel-based separations®> and blotting may benefit from miniaturization to microfluidic
scales. In particular, for applications that produce very small quantities of sample material, a
small-sized assay is needed. An ideal Western-style micro-scale assay would be able to manipu-
late small volumes of sample, efficiently inject analytes into a very small zone, perform electro-
phoretic separations, allow separated species to be immobilized, and transferred to another
system for further analysis such as immunostaining, high sensitivity imaging, or harvesting.
Further, it would be useful if the details of the assay (such as staining antibodies, protocol, gel
density, etc.) could be readily changed without the need for a completely new device.

To address this need, we propose a different approach to the design and production of
microfluidic systems. In our approach, we produce microgels, microfluidics, and other func-
tional microcomponents on thin paper carriers that are then laminated together to form a stack
that can perform an assay (see Figure 1). We refer to each thin carrier as a “microfluidic cou-
pon” or “microfloupon” for short. Microfloupons are typically manufactured on paper (although
any material may be used). Paper is an ideal material for many microfloupons since paper is
inexpensive, easy to modify, and cut, and has reasonable mechanical strength to enable han-
dling. Moreover, the fibrous, porous nature of paper makes it convenient for embedding materi-
als such as gels or polymers. For specialized functions (such as electronics or optics), microflo-
upons may be made differently from materials, such as polymers and metals. In the
microfloupon approach, each microfloupon may be manufactured separately (provided by sepa-
rate manufacturers if appropriate), then stacked together as needed to produce an assay of
interest. If needed, the stack may be separated, and one or more of the microfloupons can be
transferred to a new stack for further processing.

To illustrate the potential for microfloupons in microfluidic assays, we demonstrate the
first half of a Western blot assay, sodium-dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), using small quantities of protein. This demonstration uses microfloupons to (1)
manipulate a small sample of proteins, (2) inject them into a small zone, (3) perform gel elec-
trophoretic separation, then (4) remove the gel from the system for imaging and further
processing. The demonstration utilizes some features that are difficult to produce using
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FIG. 1. General illustration of microfloupon laminate device. Multiple functional microfloupons form layers in a stack, allow-
ing for 3-D integration of many dissimilar components. Microfloupons may contain microfluidics, thin gels, sieves/filters,
electronics, optics, etc. Microfloupons may be mixed and matched as necessary to produce an assay, and may be moved from
one stack to another.
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conventional microfluidic technology. These include the use of an externally manufactured
thin membrane to filter and hold proteins, the use of the vertical direction as a viable part of
the assay, the use of a very thin acrylamide gel slab, and the ability to remove the gel after
separation for further processing of the sample. All microfloupons used in the assay device
were inexpensive and easy to manufacture.

Il. EXPERIMENTAL
A. Chemicals, reagents, and materials

Pre-labeled Alexa Fluor 532 goat anti-rabbit IgG (composed of heavy and light chain pro-
teins, S0kDa and 25kDa, respectively, lot#:1241449) and BenchMark™ fluorescent protein
standard (12kDa, 23kDa, 33kDa, 41 kDa, 65kDa, 100kDa, 155kDa lot#:1232327) were pur-
chased from Invitrogen (Carlsbad, CA, USA). Acrylamide/bis-acrylamide solutions (29:1) 30%
and 40%, 10x Tris—glycine—SDS buffer (25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS), SDS,
tetramethylethylenediamine (TEMED), and ammonium persulfate (APS) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Whatman track-etched membranes (0.1 um lot#:65691,
0.08 um lot#:49083, 0.015 um lot#:54821) were donated by GE Healthcare (Waukesha, WI,
USA). To make an appropriate polyacrylamide gel concentration (7), 30% and 40% (w/v)
acrylamide-bis acrylamide was diluted with 4x lower Tris SDS electrophoresis buffer and water
and when ready to use, proper amount of TEMED and APS were added to the total volume.
For micropatterning work, Shipley 1827 photoresist, SU-8 developer, 1-methoxy-2-propyl ace-
tate was obtained from Microchem Corp (Newton, MA). To produce 1002F resist, UVI-6976
photoinitiator (triarylsulfonium hexafluoroantimonate salts in propylene carbonate) was pur-
chased from Dow Chemical (Torrance, CA), and y-butyrolactone (GBL) solvent was purchased
from Sigma Aldrich (St. Louis, MO).

To build the apparatus and other parts of the device, poly methyl methacrylate (PMMA)
sheets were obtained from Anaheim Plastics (Anaheim, CA, USA) and polydimethylsiloxane
(PDMS) polymer and PDMS curing agent (Sylgard 184 A/B) were purchased from Dow
Corning (Elizabethtown, KY). For salinizing the surface of the glass, Sigmacote was purchased
from Sigma-Adrich (St. Louis, MO, USA).

B. Design

The goal for this study was to demonstrate that a microfloupon stack can be used to per-
form SDS-PAGE analysis on a small sample of proteins. This involves manipulating proteins
from a prepared sample, transport of the proteins into a small zone within a very thin polyacryl-
amide gel, electrophoretic separation of the sample in the thin gel, and removal of the gel with
proteins intact for analysis and further processing.

To accomplish this, a stack was designed containing a top and bottom plastic manifold
enclosure, and four microfloupons. These were (1) a thin polymer gasket/aperture microfloupon,
(2) a paper-gel microfloupon, (3) a thin track-etched filter microfloupon, (4) a second paper-gel
microfloupon. The design is shown in Figure 2. The details of the manufacturing of each com-
ponent are described in Sec. II C; here, we focus on the design and function of the device.

The microfloupon stack was designed to be used with a rigid plastic enclosure on the top
and bottom of the stack. The enclosure contained holes and channels machined in it and
allowed for pipetting of reagent and sample into the system, routing of fluidic channels, attach-
ment of electrical connections, and provided mechanical strength to the system. During opera-
tion, the entire stack (plastic enclosure and microfloupons) was placed in an aluminum fixture
to hold everything and press the stack together. Alignment pins were used to make sure the
microfloupons were aligned with respect to each other and the enclosure.

The system was designed to work as follows. Protein sample was pipetted into the top res-
ervoir in the housing. Voltage was applied to the top and bottom electrodes, forcing the sample
to be electrokinetically driven vertically from the reservoir through the top aperture microflo-
upon (1) into the running gel microfloupon (2). The current passed through the running gel,
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FIG. 2. Layout of microfloupons used for this study. The top enclosure had several holes and slots that were filled with
buffer to allow electrical connection to the gel. The middle reservoir was used to load the sample, as well as for electrode
access. The bottom enclosure also allowed electrical access through a hole and buffer; however, it was sealed to prevent
buffer from falling out. The footprint for the entire structure was 4.3cm x 7.0cm x 1.5 cm.

through the track-etched membrane (3), and through the waste gel microfloupon (4) to the bot-
tom of the device where the second electrode was placed. However, proteins were trapped by
the track-etched membrane. After a suitable time, the voltage was switched to different electro-
des, changing the electric field to a horizontal direction along the length of the running gel, and
a standard electrophoresis separation was performed in the running gel.

Successful operation of the device relied on two phenomena: (1) shaping of the electric
field lines within the running gel and (2) trapping the proteins at the surface of the track-etched
membrane. For efficient operation, field lines had to be properly shaped to move the proteins
into a small region of the gel without allowing dispersion to occur due to diverging field lines.
Following focusing and injection of the proteins, the field lines were switched to run parallel to
the running portion of the gel to allow for electrophoretic separation of the proteins.

Electric field lines are determined by the location of current sources and drains, and the
arrangement of conductive and insulating media in the system. Figure 3 shows electric field
simulations using 3D finite element analysis (COMSOL, Burlington, MA). Two configurations
are shown. The first is a simple design containing a negative electrode in the reservoir and a
second electrode below the gel to drive the proteins from the reservoir into the gel membrane.
The second is the case where three negative electrodes were used with one positive electrode.
In the gel microfloupon, gel was impregnated in both the main component of the paper and
also in open lanes cut into the paper. The electrical impedance of the gel-filled paper was meas-
ured to be half that of the open gel regions, and this was used in the simulation of the electric
field. Wide reservoirs at the electrode ends, and a parallel and symmetric design of the gel
lanes is needed to ensure that field lines are parallel in the lanes.
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FIG. 3. Slice of 3D finite element analysis (COMSOL) simulation of electric fields on a representative electrophoresis de-
vice. Image (a) shows simulation results of field lines achieved using one electrodes with —300 V applied at the top and a
grounded electrode at the bottom. Note the diverging of the field in the center of the gel. The second image (b) shows the
concentration of electric field lines using three electrodes with —300 V applied to the top and sides and a grounded elec-
trode the bottom.

A track-etched polycarbonate membrane was used to filter proteins while allowing ions and
current to pass through. The membrane used 15 nm nanopores which appeared to block proteins
in laboratory tests. Despite the large pore size of the membrane compared to typical protein
size, our results show these to be reasonably effective in blocking the proteins. This may be
due to the fact that polycarbonate is known to carry negative surface charge, which repels nega-
tively charged SDS-coated proteins.”’

C. Fabrication

The device consisted of a top and bottom plastic manifold enclosure, and four microflo-
upons: (1) a thin polymer gasket/aperture, (2) a paper-gel microfloupon, (3) a thin track-etched
polycarbonate filter microfloupon, (4) and a second paper-gel microfloupon.

The plastic manifold enclosures (top and bottom) were cut from of slabs of PMMA
(Anaheim Plastics, Anaheim, CA). Each piece was 4.3cm x 7.0cm x 6.35 mm thick. Holes, res-
ervoirs, and channels were routed in the plastic using standard computer numerically controlled
machining (CNC). Each enclosure had four precision through holes cut for alignment pins.
These were used to align the top and bottom enclosures as well as the microfloupons between
them. The plastic enclosures were used to provide a mechanical-fluidic enclosure, provide a flat
surface to firmly hold the microfloupons together, and to allow easy electronic and fluidic
access to the device through embedded the channels and reservoirs. The bottom manifold was
sealed with a thin acrylic sheet to prevent fluid from falling out of the bottom channels. Acrylic
was chosen for both enclosures because it is inexpensive, strong, easy to machine, and transpar-
ent in the visible range.**

The first microfloupon (“gasket/aperture”) consisted of a thin polymer patterned with holes
to let protein and electric current pass through from a reservoir in the top manifold to the acryl-
amide gel below it at a specific location. The polymer was a photo-definable epoxy,
Photostructurable Resin PSR 1002F,* which allowed it to be manufactured as a thin film using
standard photolithography. To manufacture the aperture layer, the uncured 1002F epoxy mate-
rial was spun to a thickness of 100 um on a glass surface. Spin speed was 500 rpm for 10 s fol-
lowed by 30 s at 1200 rpm. The resin was then soft baked at 65 °C for 30 min to evaporate the
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solvent. Using a computer generated photomask that defined small open regions, the material
was exposed to UV light at 6 mW/cm? for 7 min to crosslink the polymer. SU-8 developer
(MicroChem, Newton MA) was then used to remove the unexposed areas and develop the
pattern. The film was removed from the glass surface by soaking it in distilled water (DI) water
for 2-3 h. This film was then used as the first microfloupon in the stack, and could be aligned
with the manifold by alignment notches placed in the plastic and in the microfloupon. The key
feature of the gasket/aperture microfloupon was a small opening (100 um x 100 um) in the PSR
1002F, which allowed sample and electric current to pass into the running gel.

The second microfloupon (“running gel”) was a polyacrylamide gel filled paper coupon
designed to perform the function of collecting the proteins from the sample, then separating
them along the length of the gel slab. This microfloupon was made from blot absorbent filter
paper (Bio-Rad, Hercules, CA), 300 um thickness. Four lanes, each 2 mm x 36 mm, were cut in
the paper using a computer controlled CO, laser cutter (Versa Laser Systems, model VL200,
Universal Laser Systems, Ltd, Scottdale AZ).

The microfloupon paper and the slots were filled with 12% polyacrylamide gel. Briefly,
30% acrylamide monomer (667 ml), SDS 4x lower buffer (500 ul), water (825 ul), and chemical
initiators TEMED (1 pul), and APS (25 ul) were mixed together. This mixture was poured onto a
paper microfloupon with pre-cut slots and allowed to soak into the paper. To ensure a flat gel
of uniform thickness, the saturated paper microfloupon was placed between two clean glass
surfaces and the polyacrylamide gel mixture was allowed to cure. To improve removal of the
gel from the glass, the glass was first salinized by dipping in silicone solution (Sigmacote,
Sigma-Aldrich, St. Louis, MO) for 15 min, rinsing and allowing to dry. The result after casting
and pressing the polyacrylamide gel in the paper was a smooth, flat paper microfloupon that
was impregnated with polyacrylamide gel. The slots contained thin slabs of pure polyacryl-
amide gel, approximately 300 um thick, with almost no air bubbles or defects. Moreover, the
microfloupon could be handled and easily assembled in the laminate stack without tearing the
gel membrane.

The third microfloupon (“membrane/aperture”) was a paper coupon impregnated with sili-
cone PDMS and small openings in the center to allow current and ions to pass through to the
bottom layer. A polycarbonate Whatman track-etched membrane (Whatman, Kent, UK) was
patterned with photoresist to allow passage of current through a very small region and placed
on the PDMS microfloupon before the PDMS had cured. When the PDMS cured, it held the
membrane securely in place, while providing a good seal against leakage out the bottom and a
transparent region for imaging.”®

The track-etched membranes were 25 mm in diameter, 6 um thick, and contained nanopores
15nm in size. The membrane was prepared in order to produce a tiny region for the electrical
current and ions to pass. It was first placed on a silicon wafer and held in place by polyimide
tape. The wafer was then spin-coated using Shipley 1827 photoresist (MicroChem Corp,
Newton, MA) for 40 s at 4000 rpm. After spinning, the membrane was baked at 95°C on a hot
plate for 3 min. A negative mask containing a pattern of 100 um x 100 um squares was placed
on top of the membrane. The photoresist coated membrane was exposed to UV light (365 nm)
at 11 mW/cm? intensity though the mask for 40 s. The membrane was then submerged in tetra-
methylammonium hydroxide (TMAH) developer for 40 s to develop the resist pattern, resulting
in a precise opening that was patterned on the nanoporous membrane. After patterning, the pho-
topolymer was fully cured by baking at 120°C for 30 min. The non-exposed region of the
membrane remained covered with the polymerized photoresist, thus sealing the pores every-
where except at the small aperture. To remove the membrane from the wafer, the wafer was
soaked in DI water overnight. Figure 4 shows the results of this process.

The fourth microfloupon (“waste gel”) was a paper coupon with a small opening that held
29% polyacrylamide gel in small openings, 2.5mm in diameter. The percentage of the poly-
acrylamide gel was chosen to be over 22% which has the molecular weight (MW) cutoff of
~10 kDa.*’ The waste gel was chosen to be higher density to significantly slow down the
migration of proteins leaving the system, thus allowing them to be imaged. This helped to
understand the efficacy of the membrane for filtering the protein sample. This microfloupon
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FIG. 4. Details of track-etched membrane patterned with photopolymer to define small apertures. (a) Microfloupon contain-
ing four apertures with membranes. (b) Scanning electron micrograph of aperture defined by photopolymer, enabling place-
ment of precision opening on the membrane. (c) Close-up image of nanopores in the track-etched membrane.

also contained a PDMS coating, which was manually applied and cured that served to act as a
bottom gasket for the system. The purpose for this microfloupon was to provide an electrically
conductive path to the bottom enclosure, and to capture any proteins that might have passed
through the membrane. This floupon was made in a similar manner to the running gel. A small
amount of gel solution was pipetted into the holes and allowed to cure using the same protocol
as the running floupon. The gel easily impregnated part of the paper, providing a secure holding
for the gel after it cured.

The bottom plastic enclosure had holes drilled to correspond with the openings in the waste
gel microfloupon. These holes led to a channel that in turn led to a large cavity that contained
a platinum electrode, which was inserted and sealed through a hole in the side of the enclosure.
The channel was filled with running buffer, which provided electrical connection from the
microfloupon gel to the electrode. The cavity contained a small pore to allow fluid loading and
to let air escape if electrolysis occurred during operation.

The entire stack, consisting of two plastic enclosures and four microfloupons, was placed
in a fixture to press all the layers together, forming a single multi-structured device that could
be used to perform loading, concentrating, and electrophoretic separating of proteins. After
completing the separation step, the stack could be separated and any of the microfloupons
removed for further processing.

D. Experiment

To test the device, a standard SDS-PAGE assay was performed using a protein ladder in
one of the four lanes. Two studies were performed, as illustrated in Figure 5. The first study
(loading and injection) demonstrated that proteins could be injected into a small region within
the acrylamide gel. The second study (separation) demonstrated that proteins could be electro-
phoretically separated in a thin microfloupon gel and that the microfloupon could be removed
from the lamination stack with gel and protein undisturbed, and that fluorescent analysis could
be done on the microfloupon directly.

For both studies, prior to the experiments, the microfloupons were stacked and sandwiched
between the plastic enclosures. The top and bottom reservoirs and channels were filled with 1x
SDS buffer (pH 8.3), taking care to avoid formation of bubbles. For the bottom enclosure, a sy-
ringe was used to fill the enclosed channel and cavity through a small hole in the side. This
hole was also used to insert a bottom platinum electrode wire. Electrodes were connected to a
high voltage power supply HP6209B (Hewlett-Packard, Palo Alto, CA).

The first study looked at the protein loading and injection and is illustrated in Figure 5. For
this study, 10ng Alexa Fluor 532 labeled goat anti-rabbit IgG(H + L) protein was added to
200 pl of running buffer in the top reservoir. A platinum electrode was placed in the reservoir,
as well as two electrodes in the side openings for field shaping purposes. —330 V was applied
to the top electrodes with respect to the bottom ground electrode. The electric field was applied
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FIG. 5. Basic procedure for studies. For the loading study (top), labeled protein sample was loaded into reservoir above
gel. After electric field was applied, protein sample was allowed to electrophoretically migrate into the running gel. After
loading, running gel and waste gel were imaged for proteins. For separation study, after loading, the voltages were switched
to electrodes at the ends of the running gel and protein sample was allowed to separate. After separation, the running gel
microfloupon was removed and imaged. Drawings are for illustration only. Components are not to scale, and gel thick-
nesses have been exaggerated for clarity.

for 2 min, 6 min, 8 min, and 12 min allowing the proteins to electromigrate into the gel layer.
After each experiment, the gel microfloupon was removed, then imaged under an Olympus
IX71 inverted microscope equipped with fluorescein isothiocyanate (FITC Ex (494 nm)-Em
(518 nm)) filters. In addition, the gel was cut using a surgical blade to reveal the cross section
of the gel where the migration of the protein was expected. The gel was sandwiched between
plastic blocks and turned up for imaging under the same microscope. This procedure allowed
cross sectional images to be taken. Together the images indicated the ability of this system to
focus proteins into a small plug suitable for electrophoretic separation.

To determine if the loading and injection process was efficient, the same imaging proce-
dure was performed for the waste gel to determine how much of the protein passed through the
membrane and left the main gel. Presumably, after some time, proteins may have migrated out
of the running gel and passed through the track-etched membrane, thereby reducing the loading
efficiency in the running gel. However, those proteins should be trapped within the acrylamide
waste gel that was below the membrane, allowing them to be imaged.

In addition, after each experiment, the fluid in the reservoir was removed and analyzed for
remaining protein. To do this, nitrocellulose (NC) blotting membrane along with filter papers
were soaked in tris-buffered saline and Tween-20 (TBS-T) solution and placed in a Bio-Rad 96
well bio-dot apparatus (microfiltration vacuum blotting device). The apparatus was sealed using
vacuum pressure. As a control, a 10 ng protein sample diluted in 200 ul running buffer was dis-
pensed into one well of the bio-dot apparatus. The liquid samples collected from each experi-
ment were similarly transferred, and all wells were washed with TBS-T solution to ensure that
all of the protein in the sample was adsorbed on to the NC membrane. Using vacuum, the lig-
uid contents of the wells was filtered through the NC and the wash repeated three times. The
NC membrane was then air-dried in the dark and imaged using a fluorescent microscope
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(Olympus IX71) to quantitate the amount of protein sample left in the injection reservoir during
the loading and injection steps. To account for background noise, the signal derived from an image
of a well with no protein sample was subtracted from all of the results, including the control.

The second study examined protein separation and imaging. This proceeded in the same
manner as the first study, except that after loading, the electrodes were moved to the ends of
the device, and the central electrode was not used. At this time, —100 V was applied between
the first electrode and the second electrode. This initiated electrophoretic migration along the
length of the running gel.

lll. RESULTS AND DISCUSSION
A. Protein loading and injection

Injection experiments were performed for 2, 6, 8, and 12 min. A constant voltage of
—330V was applied to force proteins into the gel, and current was monitored during the injec-
tion. The highest power consumption was 67.4 mW and it dropped to 33.7 mW after 12 min.
Heating effects were not observed during the trials. Figure 6 shows the imaging results from
the loading and injection study.

Cross-sectional images in Figure 6 clearly show the movement of the proteins into the run-
ning gel, with the highest concentration starting at the top and advancing to the bottom of the gel
over time. During injection, the protein front appeared to move in a well behaved manner, consist-
ent with the known electric field geometry. One can see that the plug shape matches the expected
shape from the electric field simulations, as shown in Figure 7. Furthermore, at long injection time
(30 min) the proteins appeared to pile up on the membrane at the bottom of the gel.

Most of the protein was driven out of the loading reservoir and into the gel membrane.
Results of analysis of the reservoir solution are shown in Figure 8. By 8 min, very little of the
loaded protein could be detected in the reservoir by quantitation of filtration adsorption (Figure
8, lower panel), suggesting that most of the proteins had left the solution.

The system relied on the use of a track-etched membrane to block proteins at the surface,
while simultaneously allowing current and ions to pass through. However, since the pores were
15nm, it is possible that proteins (which are typically smaller than this), would not be stopped
by the membrane but rather pass through the pores. Some blocking of the proteins may be
expected since the polycarbonate membranes are negatively charged. A 29% polyacrylamide
gel microfloupon was placed under the track-etched membrane microfloupon to capture proteins
that passed through the membrane. Figure 9 shows the results of imaging of these gels after

Top image of running gel

Cross sectional image

FIG. 6. Imaging of protein sample after loading and injection into the running gel. Results from the 4 loading durations (2, 6,
8, and 12 min) are stitched together, from left to right, respectively. The running gel microfloupon as removed from the stack
and imaged after each experiment. Cross sectional image was obtained by cutting the protein gel and imaging the side.
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FIG. 7. Comparison of finite element analysis of field lines (taken from Figure 3) with cross sectional image of proteins
during injection (taken from Figure 6). The experimental results indicate the field shaping causes the proteins to pinch to-
gether in the gel. Also shown at far right is a cross-sectional image taken after 30 min of injection. In this case, most of the
protein migrated to the bottom of the gel.

Control Background

.

N\
\
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Control 60% 60% 90% 90% Background

FIG. 8. Analysis of fluid remaining in reservoir after loading into running gel. Top panel: Image of protein remaining in the
loading well, adsorbed onto NC. Bottom panel: Most of the proteins are missing from the reservoir after 8 min of injection
(imaging is close to background). These results are mostly qualitative, but indicate that the electromigration of proteins out
of the well is reasonably efficient.

Top image of waste gel

Cross section image

FIG. 9. Imaging of waste gel (under track-etched membrane) after loading and injection into the running gel. The waste gel
microfloupon was removed from the stack and imaged after each experiment. Cross sectional image was obtained by cut-
ting the protein gel and imaging the side. After 8 min, some protein was seen to pass through the membrane into the gel
below.
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FIG. 10. Imaging of running gel after separation experiment. All seven bands of the protein ladder are visibly separated in
the gel. The intensity of the small proteins appears lower than the other proteins which may be an indication that the smaller
proteins are leaking through the track-etched membrane, and being depleted from the injection plug. This separation
occurred within 7 mm.

different injection times. After 8 min of injection, the proteins can be seen in the gel indicating
that some proteins had indeed passed through the membrane. Thus, while the track etched
membranes may have been effective and slowing down the rate of protein loss, they did allow
a small fraction of proteins to pass through. Therefore future assays that wish to use this strat-
egy would need to use smaller pore membranes, other ionic membranes, or use careful timing
of the injection step to ensure efficient injection of the proteins into the gel.

B. Protein separation

The second study looked at the ability for a microfloupon system to perform a protein
separation and to image the proteins in their microfloupon, out of the device. To do this test, a
separation experiment was performed using a “ladder” containing 7 fluorescently tagged pro-
teins ranging in size from 12kDa to 155kDa. A 500 nl protein sample was loaded into the
injection reservoir and injected for 12 min using the method described. Then the voltages on
the electrodes were changed, switching the direction of electric field to the horizontal direction,
resulting in electrophoresis of the sample. During separation mode, the anode and cathode elec-
trodes were connected to wide conductive paths at each end (Figure 2). This feature, combined
with the symmetric and parallel design of the gel lanes, resulted in parallel electric fields along
the length of the gel microfloupon, despite the fact that the gel lanes have higher conductivity
than the gel filled paper. This was confirmed with full 3D analysis of the electric fields. Thus,
no cross-talk in the current between lanes was expected.

The electrophoresis was run for 3 min, the running gel microfloupon was removed from
the stack and imaged. Since the microscope field of view was not wide enough to capture all
the protein samples in a single image, the microfloupon was imaged at different points and the
image was merged. Figure 10 shows the 7 protein bands of the known standards, indicating
that proteins as small as 12kDa can be collected on the membrane and separated along the gel
of the microfloupon, using the SDS-PAGE microfloupon device.

All seven protein bands were clearly identified in the gel, indicating that the system was
well behaved and that the protein separation worked according to expectations. Moreover, since
the microfloupon was readily removed from the device, it could be readily imaged using con-
ventional imaging tools such as a fluorescent microscope. The gel microfloupon was easy to
handle and was not torn or distorted during disassembly or transport, despite being approxi-
mately 300 um thin. For example, the gel microfloupon containing the proteins could be placed
on a blotting device, if desired, or placed in a high sensitivity imager.

IV. CONCLUSION

In this study, we demonstrated the development and utility of a general-purpose laminate
technology that utilizes microfluidic coupons to integrate multiple materials and technologies
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together into a small platform for doing micro-scale assays. The microfloupons are manufac-
tured separately, then laminated together to form a final integrated device that can perform a
bioassay on a small size scale. In this work, our microfloupons were made from gel and paper,
silicone rubber, track-etched membrane, and photo-sensitive polymer, resulting in low cost lam-
inates with high functionality. We demonstrated this technology for a gel-based application (gel
electrophoresis). Gels are typically difficult to integrate into microfluidic devices, and layer-to-
layer functionality is particularly difficult. However, with the microfloupon approach, gels are
readily integrated, and functionality between layers (such as use of apertures, electrical vias, fil-
tration) is readily included.

The application described in this paper was for injecting and separating proteins in a gel,
following the SDS-PAGE protocol. Injection was accomplished through the use of shaping elec-
tric fields, apertures built into the microfloupons, and a nanoporous membrane built into a
microfloupon. We demonstrated that 10ng of protein can be collected into a small plug in the
microfloupon with reasonable efficiency. We used a track-etched membrane, which slowed
down the protein transport in the gel, but ultimately did not capture all the proteins. However,
it did allow us to explore the use of protein injection using field shaping and lithographic pat-
terning of apertures, such as the use of a 100 um aperture patterned directly on the track-etched
membrane. Future versions of this strategy should use membranes with smaller pore sizes, or
use ionic membranes such as dialysis membranes—both of which are hard to integrate into con-
ventional microfluidics, but easy to incorporate into a microfloupon stack.

By changing the direction of the electric fields, we demonstrated that injection could be
followed by electrophoretic separation of the proteins, with protein masses ranging from 12 kDa
to 155kDa. The gel microfloupon was easily removed, handled, and transported to another sys-
tem for imaging. If desired, this gel microfloupon could be placed in a second cassette for elec-
troblotting, suggesting that this system can be designed for a full Western analysis with small
protein samples. A major benefit of the microfloupon approach is that different technologies
can be combined together as needed to produce an assay of interest.

This work demonstrates that a new paradigm can be pursued for integrating microfluidics
that is low cost, highly flexible, and easy to use. The microfluidic coupon approach greatly
simplifies manufacturing and integration of microfluidic devices, while still allowing for the
benefits of miniaturization. Moreover, microfloupons are relatively easy to manufacture by con-
ventional precision manufacturing approaches, and thus should scale nicely to mass production.

AKNOWLEDGMENTS

The authors gratefully acknowledge the financial contribution of the NSF IGERT LifeChips
Award #0549479, DOED GAANN in LifeChips Award #P200A 120220, and ARCS Foundation.
Also we would like to thank GE Healthcare for their generous donation of track-etched membranes.
We thank Richard Chang for experimental assistance and we thank Lily Wu for her help in this
research.

'P.-A. Auroux, D. Jossifidis, D. R. Reyes, and A. Manz, “Micro total analysis systems. 2. Analytical standard operations
and applications,” Anal. Chem. 74(12), 2637-2652 (2002).

2S.J. Lee and S. Y. Lee, “Micro total analysis system (micro-TAS) in biotechnology,” Appl. Microbiol. Biotechnol.
64(3), 289-299 (2004).

D. Janasek, J. Franzke, and A. Manz, “Scaling and the design of miniaturized chemical-analysis systems,” Nature
442(7101), 374-380 (2006).

“A. Pais, A. Banerjee, D. Klotzkin, and I. Papautsky, “High-sensitivity, disposable lab-on-a-chip with thin-film organic
electronics for fluorescence detection,” Lab Chip 8(5), 794-800 (2008).

Sp. Gravesen, J. Branebjerg, and S. J. Jensen, “Microfluidics-a review,” J. Micromech. 3, 168—182 (1993).

°E. Verpoorte, “Review microfluidic chips for clinical and forensic analysis,” Electrophoresis 23(5), 677-712 (2002).

"H. Wu, T. W. Odom, D. T. Chiu, and G. M. Whitesides, “Fabrication of complex three-dimensional microchannel sys-
tems in PDMS,” J. Am. Chem. Soc. 125(2), 554-559 (2003).

8S. K. Sia and G. M. Whitesides, “Microfluidic devices fabricated in poly(dimethylsiloxane) for biological studies,”
Electrophoresis 24(21), 3563-3576 (2003).

°J. Melin, G. Gimenéz, N. Roxhed, W. van der Wijngaart, and G. Stemme, “A fast passive and planar liquid sample micro-
mixer,” Lab Chip 4(3), 214-219 (2004).


http://dx.doi.org/10.1021/ac020239t
http://dx.doi.org/10.1007/s00253-003-1515-0
http://dx.doi.org/10.1038/nature05059
http://dx.doi.org/10.1039/b715143h
http://dx.doi.org/10.1088/0960-1317/3/4/002
http://dx.doi.org/10.1002/1522-2683(200203)23:5%3C677::AID-ELPS677%3E3.0.CO;2-8
http://dx.doi.org/10.1021/ja021045y
http://dx.doi.org/10.1002/elps.200305584
http://dx.doi.org/10.1039/b314080f

014107-13 Saedinia et al. Biomicrofluidics 8, 014107 (2014)

A, A. Werdich, E. A. Lima, B. Ivanov ef al., “A microfluidic device to confine a single cardiac myocyte in a sub-
nanoliter volume on planar microelectrodes for extracellular potential recordings,” Lab Chip 4(4), 357-362 (2004).

"E. T. Lagally, P. C. Simpson, and R. A. Mathies, “Monolithic integrated microfluidic DNA amplification and capillary
electrophoresis analysis system,” Sens. Actuators, B 63(3), 138—146 (2000).

2w, H. Grover, A. M. Skelley, C. N. Liu, E. T. Lagally, and R. A. Mathies, “Monolithic membrane valves and diaphragm
pumps for practical large-scale integration into glass microfluidic devices,” Sens. Actuators, B 89(3), 315-323 (2003).

BH. w. Hou, A. A. S. Bhagat, W. C. Lee, S. Huang, J. Han, and C. T. Lim, “Microfluidic devices for blood fractionation,”
Micromachines 2(4), 319-343 (2011).

"“M. Herrmann, E. Roy, T. Veres, and M. Tabrizian, “Microfluidic ELISA on non-passivated PDMS chip using magnetic
bead transfer inside dual networks of channels,” Lab Chip 7(11), 1546-1552 (2007).

'3G. J. Anderson, C. M. Cipolla, and R. T. Kennedy, “Western blotting using capillary electrophoresis,” Anal. Chem.
83(4), 1350-1355 (2011).

1A, 7. Hughes and A. E. Herr, “Microfluidic western blotting,” Proc. Natl. Acad. Sci. U.S.A. 109(52), 21450-21455
(2012).

7H. Towbin, T. Stachelin, and J. Gordon, “Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: Procedure and some applications,” Proc. Natl. Acad. Sci. U.S.A. 76(9), 4350-4354 (1979).

M. He and A. E. Herr, “Automated microfluidic protein immunoblotting,” Nat. Protoc. 5(11), 1844—1856 (2010).

YA, E. Herr, A. V. Hatch, D. J. Throckmorton et al., “Microfluidic immunoassays as rapid saliva-based clinical diag-
nostics,” Proc. Natl. Acad. Sci. U. S. A. 104(13), 5268-5273 (2007).

20G. Macbeath and S. L. Schreiber, “Printing proteins as microarrays for high-throughput function determination,” Science
289(5485), 1760-1763 (2000).

2D, M. Rissin, C. W. Kan, T. G. Campbell et al., “Single-molecule enzyme-linked immunosorbent assay detects serum
proteins at subfemtomolar concentrations,” Nat. Biotechnol. 28(6), 595-609 (2010).

22R. T. Swank and K. D. Munkres, “Weight with analysis sodium of oligopeptides gel sulfate by electrophoresis in poly-
acrylamide dodecyl,” Anal. Biochem. 39, 462-477 (1971).

2W. H. Keesom, R. L. Zelenka, and C. J. Radke, “A zeta-potential model for ionic surfactant adsorption on an ionogenic
hydrophobic surface,” J. Colloid Interface Sci. 125(2), 575-585 (1988).

%Y. Hu, S. Zhou, and L. Wu, “Surface mechanical properties of transparent poly(methyl methacrylate)/zirconia nanocom-
posites prepared by in situ bulk polymerization,” Polymer 50(15), 3609-3616 (2009).

2] -H. Pai, Y. Wang, G. T. Salazar et al., “Photoresist with low fluorescence for bioanalytical applications,” Anal. Chem.
79(22), 8774-8780 (2007).

26x Ren, M. Bachman, C. Sims, G. P. Li, and N. Allbritton, “Electroosmotic properties of microfluidic channels composed
of poly(dimethylsiloxane),” J. Chromatogr. B. Biomed. Sci. Appl. 762(2), 117-125 (2001).

2TAL V. Hatch, A. E. Herr, D. J. Throckmorton, J. S. Brennan, and A. K. Singh, “Integrated preconcentration SDS-PAGE of
proteins in microchips using photopatterned cross-linked polyacrylamide gels,” Anal. Chem. 78(14), 4976-4984 (2006).


http://dx.doi.org/10.1039/b315648f
http://dx.doi.org/10.1016/S0925-4005(00)00350-6
http://dx.doi.org/10.1016/S0925-4005(02)00468-9
http://dx.doi.org/10.3390/mi2030319
http://dx.doi.org/10.1039/b707883h
http://dx.doi.org/10.1021/ac102671n
http://dx.doi.org/10.1073/pnas.1207754110
http://dx.doi.org/10.1073/pnas.76.9.4350
http://dx.doi.org/10.1038/nprot.2010.142
http://dx.doi.org/10.1073/pnas.0607254104
http://dx.doi.org/10.1126/science.289.5485.1760
http://dx.doi.org/10.1038/nbt.1641
http://dx.doi.org/10.1016/0003-2697(71)90436-2
http://dx.doi.org/10.1016/0021-9797(88)90024-0
http://dx.doi.org/10.1016/j.polymer.2009.03.028
http://dx.doi.org/10.1021/ac071528q
http://dx.doi.org/10.1016/S0378-4347(01)00327-9
http://dx.doi.org/10.1021/ac0600454

	s1
	n1
	n2
	n3
	n4
	n5
	f1
	s2
	s2A
	s2B
	f2
	s2C
	f3
	s2D
	f4
	f5
	s3
	s3A
	f6
	f7
	f8
	f9
	s3B
	s4
	f10
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27



