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Thiolene-based microfluidic devices have been coupled with surface plasmon reso-
nance imaging (SPRI) to provide an integrated platform to study interfacial inter-
actions in both aqueous and organic solutions. In this work, we develop a photo-
lithographic method that interfaces commercially available thiolene resin to gold
and glass substrates to generate microfluidic channels with excellent adhesion that
leave the underlying sensor surface free from contamination and readily available
for surface modification through self-assembly. These devices can sustain high flow
rates and have excellent solvent compatibility even with several organic solvents.
To demonstrate the versatility of these devices, we have conducted nanomolar
detection of streptavidin-biotin interactions using in situ SPRI. © 2011 American
Institute of Physics. [doi:10.1063/1.3596395]

I. INTRODUCTION

Surface plasmon resonance imaging (SPRI) is a label-free detection technique that can pro-
vide real-time monitoring of spatially resolved refractive index changes that occur near a noble
metal surface.'™” SPRI devices use a CCD camera to monitor the reflected light, which is sensitive
to differences in refractive index (RI) and film thickness at the sensor’s interface. This technique
is extremely powerful in that real-time kinetic and thermodynamic analysis of surface and inter-
facial interactions can be monitored.> **'? It is also amenable to parallel analysis of adsorption
events in an array format.'>'* Rapid analyses of biomolecular interactions using SPRI arrays have
been investigated recently.ls_18 Coupling SPRI with microfluidics provides an integrated platform
for in situ biomolecular studies while greatly reducing the consumption of sample reagents.“’lg_22
Poly(dimethylsiloxane) (PDMS) is a widely used material in the fabrication of microfluidic de-
vices with aqueous systems due to its excellent optical properties, biocompatibility, air permeabil-
ity, and low cost.'***" However, PDMS devices perform poorly with the introduction of organic
solvents into the channels, resulting in solvent leakage or swelling.n’z&29 Swelling of PDMS can
lead to significant changes in the cross-sectional area of microchannels, which can alter the flow
rates and flow dynamics, leaching of uncured monomers from the sidewalls into the channel or
sensor surface, cross-contamination of adjacent microchannels, leakage of solvents, and, ulti-
mately, device failure. The incompatibility between PDMS and organic solvents also limits the

¥ Authors to whom correspondence should be addressed. Electronic mail: mao@uga.edu. Tel.: 1-706-542-1871. FAX:
1-706-542-3804 and Electronic mail: jlocklin@uga.edu. Tel.: 1-706-542-2359. FAX: 1-706-542-3804.
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FIG. 1. (a) The fabricated microfluidic devices with dime-sized imaging windows. (b) Mask design (top) and SPR image

(bottom) of straight channels. The SPR image compares channels filled with water (left) to isopropanol (right). The
difference in pixel intensity is due to the refractive index mismatch of two solutions. (c) Mask design (top) and SPR image
(bottom) of serpentine channel. SPR image was taken using PBS. The width of channels in (b) and (c) is 600 wm; the
thickness is 1000 wm.
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variety of chemical processes that can be performed in microfluidic devices, particularly when
interfaced to a gold substrate, where the adhesion is very weak. This is a limiting factor when
developing microchannels for SPRI applications, even for aqueous systems, since surface func-
tionalization of the channels typically starts with an organic-phase alkane thiol modification step.

Due to solvent incompatibility and adhesion difficulties between PDMS and Au substrates, an
alternative material is necessary to develop organic-phase-based microfluidic devices. Thiolene-
based optical adhesives are excellent candidates for these applications as they have provided
excellent versatility and solvent compatibility in both water and a wide variety of nonhalogenated
organic solvents.*¥ Rapid prototyping with commercially available thiolene resins allows simple
fabrication of microfluidic devices with feature sizes as small as 70 ,u,m.z&mf32 However, current
fabrication techniques of thiolene-based microfluidic devices present challenges for their integra-
tion with SPRI systems. Thiolene resins bind strongly to gold surfaces through free thiols, making
reproducible functionalization of gold sensor surfaces arduous. In this study, we have developed
an alternative strategy of fabricating thiolene-based microfluidic devices and successfully inte-
grated them with a SPRI system without contaminating the sensor surface. As a proof of concept,
we demonstrated the reproducible functionality of the sensor surface using a common binding
assay of biotinylated monolayers and streptavidin (SA). The devices were also able to sustain high
flow rates with very limited swelling effects and no solvent leakage in several organic solvents.
Samples of finished microfluidic devices are shown in Fig. 1(a). Figures 1(b) and 1(c) depict
representative mask designs of microfluidic channels and the corresponding SPR images of sol-
vents within the channels.

Il. DEVICE FABRICATION

Standard photolithographic techniques require ultraclean environments and typically involve
negative master molds. The method used in this work utilizes standard office equipment to pro-
duce a variety of microfluidic designs that do not require a master mold for replication nor clean
room facilities. Figures 2(a)-2(e) show the materials and fabrication process of thiolene-based
microfluidic devices.

Masks of microfluidic devices were drawn to scale using AUTOCAD (Autodesk Inc., San
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FIG. 2. [(a)—(e)] Thiolene microfluidic device fabrication scheme. Transparency printed mask was taped to a BK7 glass
slide before being placed onto thiolene filled PDMS reactor. Exposure to UV light photopolymerized the thiolene resin and
formed the microfluidic channels. A gold-coated SF10 slide was used to cap the channels. (f) The experimental setup
followed the Kretschmann configuration where the SF10 prism and device were coupled using refractive index matching
fluid. Images are collected using a CCD camera.

Rafael, CA) and printed on laser transparency films with a commercial laser printer (HP LaserJet
1022, 1200 DPI). The transparency mask was taped to a glass slide for selective photopolymer-
ization of thiolene resin (NOA 81 optical adhesive, Norland Product Inc., Cranbury, NJ), which
occur under ultraviolet (UV) light exposure. Polymerization occurs where the UV radiation passes
through the mask, the channels formed from masked areas where the radiation is blocked. The
microfluidic channel thickness depends on the UV light penetration into liquid thiolene. It has
been observed previously that the maximum penetration depth is 63.5 cm.*> A PDMS “reactor”
was used to cure the thiolene because of very poor adhesion between thiolene and PDMS. The
reactor was formed from a mixture of silicone elastomer base and curing agent (Sylgard 184 Kit,
Dow Corning, Hemlock, MI) in a 10:1 mass ratio. Degassed PDMS is poured over a glass slide or
silicon wafer, 1.0 mm and 0.5 mm thick, cut to the desired reactor size, and cured at 70 °C for 2
h. Once cured, the spacer slide is removed, leaving a uniform reactor. The PDMS reactor can be
filled with thiolene resin, as shown in Fig. 2(a).

During device fabrication, the mask was attached to a BK7 glass (RI of 1.515 at \
=632.8 nm) slide and lowered into contact with the thiolene resin filled PDMS reactor, as shown
in Fig. 2(a). An UV light source was used to photopolymerize the thiolene resin with
200 uwW/cm? power for 4.5 min [Fig. 2(b)]. After exposure, the thiolene resin was cured onto the
glass slide and separated from the PDMS reactor to form microfluidic channels. The channels
were first rinsed with ethanol to remove any uncured material and then rinsed with acetone,
followed by ethanol again before drying with a moderate flow rate of nitrogen gas. A secondary
curing of the thiolene resins was performed with 1 min UV exposure at 200 wW/cm? power. A
thin film of thiolene was then carefully sprayed over cured thiolene patterns with a thin layer
chromatography sprayer, providing a curable surface to bind to a gold-coated SF10 glass slide (RI
of 1.723, A=632.8 nm). This is shown in Fig. 2(d). The gold layer on the SF10 glass slides was
deposited by thermal evaporation using 1 nm thick chromium and 47 nm thick gold. The gold-
coated SF10 glass slide was pressure sealed against the thiolene microfluidic channels on the BK7
glass slide and UV cured to form the final device [Fig. 2(e)]. Needles are then inserted and sealed
at channel openings by applying thiolene resin and exposing to UV at 3 mW/cm?. Exposing at a
higher power setting ensures complete polymerization and reduces the amount of residual mono-
mer in the completed device. The final device is heat cured at 50 °C for 12 h. Overall, the device
design and fabrication is low cost and can be completed within several hours.

lll. SURFACE PLASMON RESONANCE IMAGING

A SPRI system (SPRImager IT, GWC Technologies, Madison, MI), which is consist of a white
light source with a 800 nm narrow band pass filter, polarizer, and a CCD camera, was used for the
in situ experiments. The finished thiolene-based microfluidic device was attached to the rotating
stage of the SPRI system with a custom-made holder in the Kretschmann conf1guration.5’7’9‘34 The
light source of the SPRI system excited surface plasmon resonance at an angle intrinsic to the
metal and substrate layers, as shown in Fig. 2(f). A peristaltic pump was used to control the rate
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FIG. 3. (a) Streptavidin (75 M) binding to biotin functionalized monolayers on glass surface. SPR images (b) and
difference images (c) taken before and after streptavidin flow in the recycle mode. Unbound streptavidin was removed by
PBS rinse at 65 min. (d) A low concentration of streptavidin (150 nM) injected over biotin functionalized monolayers on
gold surface. Unbound streptavidin was removed by PBS rinse at 20 min.

of fluid flow through the microfluidic device. The system was set up to recycle fluid from the
outlets back into the inlets, reducing the required volume to that of the microfluidic channel and
connected tubing, totaling to 1.0 ml for each solution. Upon changing solutions, the system was
taken out of the recycle mode. The SPR signal intensity changes when the new solution passes
across the sensor; from the flow rate and the remaining tubing volume the time to place the system
back into recycle mode can be calculated preventing cross-contamination of the solutions.

The binding of SA to a biotinylated monolayer was used to determine the working parameters
and detection limits of the microfluidic device with the SPRI system. Streptavidin has a tetrameric
structure with high affinity to biotin.** A thiolene microfluidic device with 600 wm X 1000 wm
(aspect ratio: 1.67) was fabricated for the SA sensing. In order to coat the gold surface with biotin,
a self-assembled monolayer was first deposited onto the gold by flowing 10 mM 11-
mercaptoundecanoic acid (11-MUA) solution in ethanol through the microfluidic channels for 1.5
h. The channels were rinsed with ethanol, followed by isopropanol and de-ionized water for 30
min. Phosphate buffer solution (PBS) was flowed through the channels to ensure that any solvent
mixing and the resulting refractive index change were minimized. A mixture of 0.2M 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride and 0.05M N-hydroxysuccinimide was used
to activate the carboxyl groups for reaction with amine terminated biotin. Finally, a solution
containing 1 mg/ml amine-PEG3-biotin in PBS was flowed through the device at 3 ul/s for 1.5
h to coat the gold surface with biotin. Finally, streptavidin in PBS was flowed through the device
at 3 ul/s and the binding events were monitored in real-time by the SPRI system.

During the final PBS rinse, a thiolene microfluidic device attached on the rotating stage was
adjusted to find the SPR minimum and then shifted 1°-2° to the left for the optimal imaging angle.
Reference images are taken and regions of interest were selected, covering the channel for kinetics
tracking. Subsequent SPR images are compared to the reference images from which the change in
percent reflectivity (A%R) due to a binding event is monitored by difference image analysis.

IV. RESULTS AND DISCUSSION

A thiolene microfluidic device consisting of 600 wm wide channels was used to evaluate the
binding kinetics of 75 uM streptavidin with a biotinylated monolayer, as depicted in Fig. 3(a).
The initial 500 s of the plot was PBS flow prior to streptavidin injection. The reflectivity difference
before and after streptavidin injection clearly demonstrated that the gold surface was successfully
functionalized with biotin, and the streptavidin was able to bind to biotin on the gold surface.
Figure 3(b) compared a SPR image taken before streptavidin injection to an image taken after
streptavidin flow for 100 min in recycle mode. Streptavidin-biotin binding shifted the SPR mini-
mum to a larger angle, resulting in a clear reflectivity change as demonstrated by the pixel
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TABLE 1. A swelling ratio (S=W/W,) describes the amount of swelling or
delamination due to solvent-thiolene interaction, a value of 1 denotes no
change. S¢ denotes microfluidic channel swelling after 2 h. S#, solvent
swelling on 2 mm squares of thiolene after 24 h. Thiolene swelling ratios are
compared to PDMS’s swelling ratio previously reported, S?, for 24 h. For
channel swelling, S¢, the initial width is larger than the final width, resulting
in values less than unity.

S« Sh S”
H,0 1.01£0.02 1.01+0.00 1.00
Acetonitrile e 1.11£0.01 1.01
Ethyl Ether e 0.99+0.01 1.38
Acetone 1.02£0.03 1.12+0.01 1.06
Ethanol 1.03+0.03 1.000.01 1.04
Ethyl acetate 1.040.02 e 1.18
Hexane 1.03£0.04 1.00£0.01 1.35
Isopropanol 0.93+0.04 1.00%0.00 1.09*
Tetrahydrofuran 0.92+0.01 1.16%0.04 1.38
Dichloromethane e 1.27£0.03 1.22
Chloroform s 1.34+0.03 1.39
Toluene 1.02+0.02 1.31

“Value for 1-propanol.

intensity level. Demonstrated in Fig. 3(c) are the difference images from which kinetic data are
taken and provided ocular confirmation of the protein binding events allowing for high throughput
protein sensing.

The detection limit of streptavidin-biotin binding was characterized with a 150 nM streptavi-
din solution, as shown in Fig. 3(d). Buffer solution is used to determine baseline reflectivity values
prior to and after binding. After the initial SA binding, the peristaltic pump was stopped to allow
for diffusion-limited binding to take place. The characteristic binding curve demonstrates the
ability of thiolene-based microfluidics to detect 5.4 ng/mm? of protein with an approximate limit
of detection at 10 nM (0.4 ng/mm?) in this system.

Thiolene microfluidic devices are more versatile in solvent compatibility than PDMS. Solvent
compatibility can be expressed in terms of a swelling ratio, S=W/W,,, where W, is the initial
width and W is the width after solvent exposure.29 Various solvents were passed through the
thiolene microfluidic device for 2 h to monitor thiolene swelling or delamination, S¢ in Table I.
For channel swelling, values greater than 1 indicate delamination and values less than unity
indicate swelling. SPR images of the channel were taken before and after exposure to solvent and
the distance between the channel walls were measured using the number of pixels. A 24 h swelling
study on 2 mm square thiolene pieces, S#, was also performed to compare directly to PDMS
swelling ratios, S” found in Ref. 25. In the 24 h study, thiolene squares were imaged with a
microscope (Zeiss, AXIO Imager A2) using a 2.5X lens. For each solvent, three squares were
measured and the edge-to-edge distance was computed. Initial distances were determined from
images taken prior to solvent exposure. After 24 h, the squares were imaged while still in solution
to reduce the chances of deswelling associated with solvent evaporation. A value greater than 1
from the 24 h experiment indicates the increase in size due to swelling effects. With little variation
around unity for a majority of the solvents in Table I, the performance of the thiolene devices is
excellent for most organic solvents. For halogenated solvents dichloromethane and chloroform,
swelling causes the square to increase by 30% along any given Cartesian coordinate. Solvents
such as tetrahydrofuran can be used for limited time frames as indicated by the difference in S¢
and SP. Another important contrast is that thiolene microfluidic devices are compatible with
certain organic solvents that PDMS is not, such as hexane, toluene, and ethyl ether.
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V. CONCLUSIONS

A simple, low-cost thiolene microfluidic device has been designed and fabricated to allow
integration with SPRI systems with a wide range of solvents. Thiolene microfluidics is a robust
tool for applications where PDMS devices fail, such as high pressure or applications that involve
the use of organic solvents. These devices provide microfluidic channels with excellent adhesion
and leave the underlying sensor surface free from contamination. Thiolene devices can sustain
high flow rates and have excellent solvent compatibility even with several organic solvents. The
advantage of using organic solvents with negligible swelling effects or channel leakage is that it
further increases versatility and utility of these devices for sensor applications on the microliter
scale.
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