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Abstract

A fabrication technique has been developed that uses a novolak-based positive photoresist, SPR-220, for fabrication of channels i
poly(dimethylsiloxane) (PDMS) that are up to fain deep. Like methods relying on SU-8 (an epoxy-based negative photoresist), the
new method enables rapid design and fabrication of microfluidic devices but avoids possible incompatibilities with standard cleanroom
processes. The utility of devices fabricated with this technique is demonstrated for use with surface plasmon resonance spectroscopy (SPF
Two microfabricated flow cells having volumes of 336 and 73 nl were used to detect an analyte in bulk solution and deposition of proteins
on a surface.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction aluminum micromachinind11], or solid object printing
[12]. By far the most widely used technique, however, is the
1.1. Microfluidics process of forming masters directly from thick photoresist

patterng4-6,13,14] known as “soft lithography.”

Since microfabricated channels were first used for cap- The photoresist used for the majority of soft lithogra-
illary electrophoresigl] in the early 1990s, microfluidics  phy methods is the photocurable epoxy SU-8 (MicroChem
has become an increasingly popular technology for chem- Corp., Newton, MA)4—6]. SU-8 is a negative resist that can
istry and biology[2,3]. The advantages of microfluidics be deposited at thicknesses up to 2®0. It does not suffer
include reduced scale and reagent use, and the potentiafrom swelling like other negative resists, and it can be used
for “lab-on-a-chip” integration. Originally, glass was the to pattern features with very high aspect rafibS]. Unfor-
substrate of choice for microfluidics; however, the ardu- tunately, it adheres strongly to many substrates, and very
ous efforts required to fabricate such devices have led tofew solvents can strip cured SUEB5]. Thus, SU-8 is some-
the development of alternative fabrication methods using times forbidden for use in cleanroom processing equipment
soft materials, such as polymer substrates. One substratethat has not been dedicated for use with epoxy photoresists.
poly(dimethylsiloxane) (PDMS}—14], has been the most Regnier and coworkef43,14]have demonstrated the use

popular polymer for microfluidics. of a different photoresist, SPR-220 (Shipley Microelectron-
PDMS is widely used because of its compatibility with the ics, Marlborough, MA), to make masters with features that
rapid fabrication technique of “replica molding4—6]. In are 10um tall for soft lithography. In contrast to SU-8,

this technique, PDMS is cast against a positive-relief master, SPR-220 is a standard novolak resin-based positive photore-
which results in a negative-relief pattern on the surface of sist, which is compatible with all conventional photolitho-
the PDMS after curing. Because this process requires onlygraphic processes. In the present work, SPR:224s used

a few hours, fabricating new devices is primarily dependent to make masters with features from 16 to gt tall. As

upon how quickly the masters can be made. Methods for far as we are aware, the microfluidic devices formed from
fabricating masters vary considerably, including standard these masters are the deepest channels ever created using

wet etchind7-9] or deep reactive ion etchifgO] in silicon, a positive photoresist for soft lithography. It is anticipated
* Corresponding author. Tek:1-650-723-3062; fax}1-650-725-0259. 1 The abbreviation for surface plasmon resonance, SPR, and the pho-
E-mail address: zare@stanford.edu (R.N. Zare). toresist used for soft lithography, SPR-220, are not related.
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that this method may be useful for those who do not have may be useful for a variety of techniques that would benefit
access to equipment compatible with epoxy-based negativefrom the use of low-volume flow cells.
photoresists.

The novel soft lithography fabrication method presented
in this work was developed in response to Stanford Nanofab- 2. Experimental
rication Facility (SNF) restrictions on the use of SU-8. It ]
is anticipated that this new method will be useful as a 2.1 Materials
complementary tool to SU-8-based soft lithography meth- _ ) _
ods for those who face similar restrictions. Microfluidic ~ All chemicals were purchased from Sigma (St. Louis,
flow cells fabricated using the new technique were demon- MO) and used without modification unless otherwise
strated for use with surface plasmon resonance spectroscopyioted. RTV 615 PDMS was from GE Silicones (Waterford,

(SPR). NY). Shipley Microelectronics SPR-220 photoresist and
LDD-26W developer were purchased from MicroChem
1.2. Surface plasmon resonance spectroscopy Corp. (Newton, MA). Stock solutions of sodium borate

(100 mM boric acid) were prepared from deionized wa-

The principles of SPRhave been explained in detail else- t€r and brought to pH 9 with sodium hydroxide. Benzyl
where[16,17] for the purposes of this work, it is enough alcohol sqlunons were prepared in borate buﬁe(. B|ot|ny-
to know that SPR is a phenomenon that enables label-freglated bovine serum albumin (B-BSA), streptavidin, and
detection of analytes based on their refractive indices (RI). biotinylated protein A were purchased from Pierce (Rock-
The SPR signal is strongest when measuring Rl near theford, IL), reconstituted, aliquotted, and stored according to
surface of a sensor; thus, it is often used to detect surfaceth® vendor's instructions. Prior to use, B-BSA (2g/ml),
binding characteristics of biomoleculf7]. streptavidin (5Qug/ml), blotlnylated_protem A (1Q.g/ml),

To increase the availability of analytes at a sensor’s sur- @d human 1gG (10g/ml) were diluted into Dulbecco’s
face, SPR is often used in conjunction with flowing streams Phosphate buffered saline (PBS) purchased from Invitrogen
of analytes. This technique often requires prohibitive use (Carlsbad, CA).
of large volumes of expensive reagents; to avoid this prob-
lem, techniques have been developed to limit the detection
volume. The BlAcore system (Biacore AB, Uppsala, Swe-
den) [18-20] which has been commercially available for
the last decade, utilizes a microfluidic flow chamber tha

encloses (including dead volume) a few hundred nanoliters 91 - ! o
[20]. Others[21-24] have used microfluidic flow cells cou- Were silanized with hexamethyldisilazane (HMDS) and
pled to table-top SPR setups, requiring lasers, detectors, andPin coated with SPR-220 photoresist (1000 RPM, 405s). Up
rotation stages. Each of these options requires a fairly larget© three coats of SPR-220 were applied to achieve greater
laboratory “footprint.” thicknesses; between each step, the wafers were baked on a
A third option for SPR is the Spreeta (Texas Instruments, hotPlate (90C, 605s). After the final coat, the wafers were
Dallas, TX)[25,26] This device is approximately 40 ms postbaked in two steps, on a hotplate followed by being
40mm x 15mm and thus requires a comparatively small Placed in an oven (face up). The spin coating and postbake
footprint to the other options for SPR. Unfortunately, the conditions, along with the final feature thicknesses, are
Spreeta is equipped with a relatively large flow celigin- found in Table 1 After coating and baking, wafers were
cluding dead volumg27]), which increases the reagent con- €t t0 sit overnight before processing.
sumption for analysis of flowing analytes. In response to this _ Vafers were exposed (16 mW/ §Mhrough transparency
problem, wel28,29] have previously employed smaller flow f!lm masks.m soft contact m.ode,lln intervals. The exposure
cells (3.5u1 and 400 nl) for use with the Spreeta SPR detec- times for different photoresist thlcknesses can be found in
tor. The present work is an extension of these efforts—we 1aPIe L After exposure, wafers were immersed in LDD-26W
have combined the Spreeta detector with microfabricated 9€Veloper and agitated until development (confirmed visu-
flow cells formed from PDMS. ally). The dimensions of the photopatterned features were
measured with profilometry. The photopatterned lines were

2.2. Microfluidic device fabrication

Reusable masters for soft lithography were constructed
¢ from patterns of photoresist on silicon using standard mi-
crolithography techniques at SNF. Briefly, silicon wafers

Chinowsky et al]30] has recently reported the develop-
ment of a second generation Spreeta, the “Spreeta 2000.”
In describing the operation of the device, Chinowsky et al. Table1
mention use of a 100-nl flow cell; however, no description Master fabrication parameters

of the fabrication method or materials is reported. In the Channel depth  # Coats Hotplate ~ Oven Exposure

present work, the methodological details, materials, and di- (*™) (°Cs) (°C min) time (s)

mensions of an easy-to-fabricate PDMS flow cell for use 16 1 90, 60 90, 55 2 30

with the Spreeta SPR detector is reported. SPR is merely® 2 90, 120 90, 75 4 30
3 90, 180 90, 90 5 40

an example; we anticipate that the new fabrication method
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50 mm
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Fig. 1. Schematics (a and c) and pictures (b and d) of Spreeta with microfabricated flow cell. Spreeta, 1; gold sensing surface, 2; PDMS flow cell, 3;
clamp, 4; inlet and outlet capillaries, 5; microfluidic channel, 6; inlet/outlet holes, 7.

roughly trapezoidal: the “top” of each feature was often = SPR measurements were performed using a Spreeta
~20% more narrow than the “base.” sensor (Texas Instruments, Dallas, TX). The combined ap-
Fluidic devices were prepared from RTV 615 PDMS us- paratus (PDMS flow cell and sensor) was held together
ing soft lithography[4—6,13,14] Briefly, base and curing  with a custom-machined clamp, and tightened with screws
agent were mixed (10:1, by weight) and then degassed in an(seeFig. 1). The combined apparatus was approximately
evacuated chamber00 Torr, 1 h). A master was silanized 50 mmx 40 mmx 15 mm—a very small laboratory footprint.
with trimethyl chlorosilane (TMCS) vapor (5 min), and then Flow through the cells was driven with pressure from
PDMS was poured onto it. After curing (8C in an oven for a Harvard Apparatus Model 11 Syringe Pump (Holliston,
3h), the PDMS slab was peeled from the master, trimmed, MA), mated to a fused silica capillary (50 cm, 3661 o0.d.,
and inlet holes were punched with a blunt 25-gauge needle150pm i.d., Polymicro Technologies, Phoenix, AZ). To seal
(Small Parts, Inc., Miami Lakes, FL). The finished product the capillary into the flow cell inlet, stainless steel 25 gauge

(not attached to the Spreeta) was mmx 25 mmx 5mm. sleeves were affixed with glue encircling the capillary outlet.
Refractive Index data was collected at 1.2 Hz and recorded
2.3. Experimental set-up and collected into a PC. Data was plotted as a function of

time using LabView software (National Instruments, Austin,

The PDMS flow cells were trimmed to fit onto the TX). For protein immobilization studies, a two-position,
Spreeta’s gold surface (ségg. 1). Each flow cell had a  six-port Cheminert switching valve (VICI, Houston, TX)
single 6 mm long channel running down the center of the was used.
device; the channel was designed and aligned to enclose the As a reference for characterizing the microfluidic flow
active region of the sensor. Three different channel widths cells, the performance of a 3.% flow cell [28,29]was also
were fabricated: 200, 500, and 10061. Versions of each  evaluated.
device were created with three different depths: 16, 39, and
61pm. As far as we are aware, this is the first example of 2.4. Experimental procedure
using a conventional positive photoresist to create “deep”
microfluidic channels (>1Aim) using soft lithography. All Prior to use, and between runs, the Spreeta’s gold surface
data shown in this work were collected with the | &h was cleaned by gently wiping with a cotton swab or Kimwipe
deep channels, with widths of 1000 or 206 (366 or soaked in 1% sodium dodecy! sulfate solution followed by
73nl, respectively; these volumes are approximate, givenrinsing with distilled water. The surface was allowed to dry
the nonrectangular profile). in air. PDMS flow cells were cleaned with methanol and
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clamped onto the sensor. Capillaries were then inserted intodesign on the master might yield >100 flow cells per batch.
the inlet holes, and methanol (followed by aqueous buffers) Additionally, it was straightforward for one experimenter to
was pumped through the flow cell until stable SPR signal create 2—3 batches simultaneously. Clearly, this method is
was observed. Itis well known that wetting and filling PDMS  appropriate for high volume fabrication of flow cells for use
microchannels without air bubbles is a challenge becausewith chemical sensing.

of the hydrophobic walls. This challenge was overcome in  Surface plasmon resonance was used as a model technique
these experiments by wetting the channels with methanolto characterize the utility of the flow cells. Two methods
prior to using aqueous solutions (as has been previouslywere tested: detection of injections in bulk solution, and

reported[8]). detection of binding of sequential layers of protein.
In order to avoid leaks, the flow cells had to be clamped
tlghtly, which sometimes CO"apSEd the “shallow” 0161 3.1. |njectionsin bulk solution

deep) channels. Under these conditions, stable SPR sig-

nal could only be achieved by pumping at high flow rates  Thjs work was motivated by efforts to use the Spreeta as
(~ml/h). The channels with larger aspect ratios of depth to 5 detector for separations such as capillary electrophoresis
width (39 or 61um) were observed not to suffer from this (CE) [29]. For such applications, a “plug” of sample is in-
problem. When using these flow cells, flow rates as low as jected into the inlet of a separation column and then detected
20ul/h were feasible without leaking or channel collapse. near the outlet of the column. In these experiments, to mimic
All data shown was collected with the fn deep channels.  chromatographic peaks, hydrodynamic injections of benzyl
For peak detection experiments, plugs of benzyl alcohol zicohol were pushed with a syringe pump through a capil-
(0.4% in 100 mM borate buffer, pH 9) were introduced into |ary attached to the flow cell. As eluent moved through the
the column inlet by hydrodynamic injection (30cm, 10S) flow chamber, refractive index was plotted as a function of
[31]. The capillary was then mated to the syringe pump, time to mimic a chromatogram. Typical results for four flow
and the plug was pushed toward the detector at one of fourrates, using a home-built 3.5 flow cell, are foundFig. 2
flow rates: 1 ml/h, 500, 100, and p@h. For each flow cell It is apparent fronfig. 2that peaks injected and detected
and flow rate, at least three replicate injections were made.in this manner are not ideal for chromatography. At the
Data were processed with Igor Pro software (Wavemetrics, faster flow rates (1 mi/h and 5Q0/h), the detector responds
Lake Oswego, OR). Data were first Fast Fourier Transform {oo slowly to measure the full refractive index change. At
(FFT) notch filtered to remove periodic noise caused by the slower flow rates (100 and H0h), the peaks show
the syringe pump, and then smoothed with a running av- considerable tailing, and are extremely broad. These slower
erage (every five points). This procedure was observed notfiow rates (which translate to linear velocities in the cap-
to affect peak heights, shapes, or widths. Data were thenijjlary of 1.57 and 0.78 mm/s, respectively) are particularly
baseline subtracted and normalized, and a variety of param-mportant because they are “typical” velocities for CE. A
eters were calculated including area, variance, and Skew,primary reason for this peak broadening is the mismatch in
using home-written code based on “statistical moments” cross-sectional areas (X-A) between the capillary and the
[32]. Peak width, defined as six times the square root of the fiow cell (seeTable 9. Although the volumetric flow rate
variance, was also calculated. is constant between the column and the flow cell, the lin-
For protein deposition experiments, the syringe pump ear velocity (proportional to X-A) is not. In this case, the
pushed PBS to the Spreeta through polyethylene tubing. Af-yelocity in the flow cell is expected to be3% of the ve-
ter stable SPR signal was established, protein solutions injocity in the capillary. As the injected plug leaves the faster

PBS were loaded sequentially into a 1@Dsample loop on moving solution in the capillary and spreads into the slower
the switching valve, and then injected into the flow stream. moving solution in the flow cell, the peak broadens. As

During the protein layering steps, the solution flow rate was
1.2 ml/h, such that each protein solution was in contact with
the gold SPR surface for 5min. The 20t x 61 um flow

. 1.3384 1 " Al
cell (73 nl) was used for these experiments. ' / \
! 'l ———— 1 ml/hr
1.33821 . " \ [ p o 500 pL/hr
_ . B 1o - - --100 pL/hr
3. Results and discussion o 1.3380 [ - I \— - s0uLr
i by
The flow cells were fabricated with soft lithography as 1.3378- h ‘\, ! \ N
described irSection 2.2 Fabrication of the master required o ) RO RN -
parts of two days’ work in the cleanroom. Fabrication of a 1.3376 T T T T T
batch of flow cells (from one master) required a few hours; O 200 400 600 800 1000 1200

each master was used multiple times to create many batches. Time (s)
With the present device, 20 flow cells were formed from Fig. 2. Four injections of 0.4% benzyl alcohol at four different flow rates
each batch; it is estimated that a more efficient use of the with a 3.5l flow cell.
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Table 2 by skew >0 (data not shown) was best for the 366-nl flow
Flow cell dimensions cell, but the skew of peaks generated with the 73-nl flow
Device Length Width  Depth  Volume  X-A cell was similar to that from the 3.kt flow cell.

(mm)  (em)  (em)  (nl) (nm?) Fig. 3makes it clear that selecting columns and flow cells
Capillary - - - - 17671 with matching X-A is important for these kinds of appli-
Macro-flow cell 6 1500 390 3510 585000 cations. It should be noted that the design and fabrication
Micro-flow cell 6 1000 61 366 61000 . . . .
Micro-flow cell 6 200 61 73.2 12200 method described iBection 2.2s very easy; many different

flow cells with many different dimensions can be fabricated
rapidly to match the X-A’s of a variety of columns.

shown inFig. 2 this is especially apparent at slower flow
rates. 3.2. Protein deposition

With this in mind, PDMS microfluidic flow cells were
developed for use with the Spreeta detector. Two flow cells  Although comparing the detection of plugs of bulk solu-
were usedTable 2summarizes their dimensions. Hydrody- tion is useful to characterize the performance of the devices,
namic injections of benzyl alcohol were used to character- SPR is most often used to characterize chemical dynamics
ize these flow cells. As with the 3,5} flow cell, refractive on surfaces, such as protein binding. In the present work,
index change responses were collected for a variety of flow microfluidic PDMS flow cells were used to enable SPR
rates. A comparison of peak shapes for the {130 flow detection of a four-step protein binding assay, represented
rate is depicted irFig. 3 The differences are obvious; the schematically irFig. 5. Biotinylated bovine serum albumin
width of the peak generated with the 3ubflow cellismuch  (B-BSA), which nonspecifically adhered to the gold surface,
larger than that of the microfluidic flow cells. This was true was deposited first. B-BSA was followed by successive de-
for all flow rates, as summarized Fig. 4. Interestingly, the  positions of streptavidin, biotinylated protein A, and human
peak tailing, observed graphically Fig. 3, and quantified  |gG, all of which bound specifically to the preceding layer.
As these solutions flowed through the device, refractive
index was plotted as a function of time, as can be seen in

Fig. 6.
_. 0.8 — — 3.5-pL flow cell A change in refractive index was observed with the bind-
5 """" 366-nL flow cell ing of each protein: BBSA, 625 x 10~%4, streptavidin,
8061 4 ik — 73nLflowcel 3.44x 1073, protein A, 476 x 1074, 1gG, 207x 103, This
g 044 ! S agrees well with data we collected previously using a larger
g ! . flow cell [29]. One expected challenge was nonspecific ad-
0.2+ ,’ ~ . sorption of proteing33] to the hydrophobic surface of the
0.0 S~ PDMS flow chamber. With the high protein concentrations
' 0 100 200 300 used, this was not an issue; however, at low concentrations
Time (s) and flow rates, the amount of protein binding to the PDMS

may compete with the binding to the gold SPR surface. In

Fig. 3. Three injections of 0.4% benzyl alcohol at 10 into three these cases. the PDMS could be pretreated with EBQ
different flow cells: 3.5ul, 366 and 73.2nl. Only the peaks are shown; b . P
to prevent protein adsorption.

they have been normalized and offset horizontally such that the center of
each peak was positioned a& 0.

o oo Y

S
4009 100 uL/h flow rate } P

Y Y Y
o 200 } sp
% 4041004 IS
s I | I

500 pL/h flow rate sp
4
© 30
&
B-BSA % } ns
20
1 mL/h flow rate
L Gold Surface
10

500 1000 1500 2000 2500 3000 3500 . ) . o
Flow Cell Volume (nL) Fig. 5. Schematic of deposition of layers of biotinylated BSA (B-BSA),

streptavidin (S), biotinylated Protein A (B-PA), and 1gG (IgG). The first
Fig. 4. Peak width as a function of flow cell volume. Error bars are binding event is nonspecific adsorption (ns); the other events are specific
+1S.D. Each point represents at least three replicate measurements.  molecular recognition (sp).



A.R. Wheeler et al./Sensors and Actuators B 98 (2004) 208-214

1.3414
1.3404
1.3394

1.338+

Refractive Index

1.3374

1.3361

T T
1000 15600

Time (s)

T
0 500

Fig. 6. Sensorgram of biotinylated BSA, streptavidin, biotinylated Protein
A, and human IgG. Solutions in PBS were pushed through a 73.2-nl flow
cell at 1.2ml/h.

4. Conclusion

A new soft lithography fabrication method is reported
for making microchannels up to @im deep in PDMS.
Like other soft lithography methods, the new method was
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Devices formed in this manner were demonstrated for use
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