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Abstract
The SlipChip is a microfluidic device designed to perform multiplexed microfluidic reactions without
pumps or valves. The device has two plates in close contact. The bottom plate contains wells
preloaded with many reagents; in this paper plates with 48 reagents were used. These wells are
covered by the top plate that acts as a lid for the wells with reagents. The device also has a fluidic
path, composed of ducts in the bottom plate and wells in the top plate, which is connected only when
the top and bottom plate are aligned in a specific configuration. Sample can be added into the fluidic
path, filling both wells and ducts. Then, the top plate is “slipped”, or moved, relative to the bottom
plate so the complementary patterns of wells in both plates overlap, exposing the sample-containing
wells of the top plate to the reagent-containing wells of the bottom plate, and enabling diffusion and
reactions. Between the two plates, a lubricating layer of fluorocarbon was used to facilitate relative
motion of the plates. This paper implements this approach on a nanoliter scale using devices
fabricated in glass. Stability of preloaded solutions, control of loading, and lack of cross-
contamination were tested using fluorescent dyes. Functionality of the device was illustrated via
crystallization of a model membrane protein. Fabrication of this device is simple and does not require
a bonding step. This device requires no pumps or valves and is applicable to resource-poor settings.
Overall, this device should be valuable for multiplexed applications that require exposing one sample
to many reagents in small volumes. One may think of the SlipChip as an easy-to-use analogue of a
preloaded multi-well plate, or a preloaded liquid-phase microarray.

Introduction
This paper describes the SlipChip, a microfluidic device for carrying out multiplexed solution-
phase experiments in a simple format. Multiplexed experiments are common, especially in
applications that require screening. Miniaturization and simplification of these experiments
are attractive to minimize both sample volume and labor costs and to improve efficiency.
Various microfluidic systems have been developed to perform multiplexed experiments on the
nanoliter scale.1–18 Sophisticated approaches have used valve-based systems4 to route the
sample to many reaction chambers that can in turn be loaded with many different reagents.
These systems required external equipment for hydraulic control and used gas-permeable
materials for dead-end filling, which made storing reagents on-board difficult.19,20 Compact-
disc (CD)-based microfluidic devices based on fluidic control with electroosmotic flow,21

pneumatic valves11 or centrifugal force combined with capillary burst valves1,14 have been
developed, which have performed several hundreds of parallel assays on one CD. However,
the fabrication of CD-based-systems is complex, and high-precision mechanics is required for
control of flow and for detection. Microplate-based-systems22 are very attractive due to their
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easy fabrication and high throughput, but these systems face a number of technical hurdles,
such as storing nanoliter solutions in microwells, controlling humidity, and limitations of
parallel low volume liquid-dispensing technologies.12,17 Plug-based systems,23–25 in which
the sample volumes are surrounded by an immiscible carrier fluid, can also be used to perform
multiplexed experiments. They are especially attractive because they simplify control of
surface chemistry, which is important for experiments on the microscale. They replace the need
to control the surface chemistry of the device–sample interface with a simpler task: controlling
the carrier fluid–sample interface. When fluorinated carrier fluids are used, the fluorous–
aqueous interface can be controlled by using fluorinated amphiphiles;26 this approach has been
recently further optimized.27 The control of surface chemistry allows reducing non-specific
adsorption.26,28,29 Plug-based hybrid approaches also screen both reagents and their
concentrations30 and require external pumping control. Pre-formed cartridges of plugs simplify
the experiment for the user by requiring only a single source of pressure to combine the sample
with the pre-made cartridge.31–33 Coalescence of the sample stream with the plugs is well
understood and can be controlled,34,35 but such devices have not yet been mass-produced.

Here we describe the SlipChip, a device and method for performing multiplexed experiments
that preserves the control of surface chemistry provided by plug-based systems, while
simplifying fabrication and operation. The SlipChip is similar to the preloaded plate-based
method previously described.7,12 In one such system,12 operated by the PDMS microchannel
degassing method, different reagents were loaded into the wells in one microwell plate, the
sample was loaded into wells in another microwell plate, and the two preloaded plates were
brought together so that the wells in the top and bottom plates could contact each other, inducing
mixing of reagents and the sample. The SlipChip also consists of two plates, but in contrast to
the previous methods, the two plates are designed to be in contact and are not separated during
use (Fig. 1, see also ESI movie S1†). The bottom plate contains an array of wells. In the device
described in this paper, these wells were preloaded with reagents (Fig. 1a). In addition, the
bottom plate contains an array of disconnected ducts that are involved in loading (Fig. 1a). The
top plate serves as a lid for the wells of the bottom plate (Fig. 1b) and also contains an array
of wells that 1) are complementary in pattern to the array of wells in the bottom plate and 2)
connect the ducts of the bottom plate into a continuous fluidic path. The user receives the chip
in the assembled form (Fig. 1b). The sample is added through the fluidic path provided by the
ducts and wells (Fig. 1 c,d). To expose the sample wells to all of the corresponding reagent
wells simultaneously, the top plate is slipped relative to the bottom plate (Fig. 1e). Mixing
takes place, and the results of the experiments are read out (Fig. 1f). Sliding two pieces of a
device is common in devices that regulate fluid flow, from a standard HPLC valve to more
sophisticated microfluidic devices.36–38 In addition, sliding has been used to induce
reactions5 and to induce shear flow in shear-driven chromatography.39,40 The SlipChip builds
on these advances, and the advances in plug-based microfluidics, to provide a platform that
delivers controlled volumes of samples to many reaction wells in a simple and functional
format.

Experimental
Fabricating the SlipChip

Soda-lime glass plates with chromium and photoresist coating were used for fabricating
devices. Microchannels and wells on the glass plates were made by using standard
photolithographic and wet chemical etching techniques.41 The dimensions of the wells were
320 µm × 320 µm laterally and 60 µm in depth. The surfaces of the etched glass plates were
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cleaned and subjected to an oxygen plasma treatment, and then the surfaces were rendered
hydrophobic by silanization in a vacuum desiccator as described.42 Access holes were drilled
with a diamond drill bit 0.030 inches in diameter. The plates were rinsed clean with ethanol,
blown dry with nitrogen gas, and kept in clean Petri dishes.

Preloading the SlipChip with reagents
A piece of Teflon tubing containing the plugs (Fig. 2 a–c, see ESI methods for procedure†) of
solutions of reagents was connected to a 5 cm-long piece of Teflon tubing (I.D. 370 µm), which
was connected to a 10 µL syringe. Using a micro-manipulator to drive the syringe, the reagent
plugs were deposited into the designated wells on the bottom plate of the Slip Chip, each plug
into one well. The deposition was performed under FC-40 to prevent evaporation. First the
bottom plate (500 µm thick), with the wells and ducts facing up, was placed in a 3.5-inch Petri
dish containing 2–3 mm deep FC-40. To facilitate the loading process, the open end of the
Teflon tubing was aimed at the well of deposition from an angle 45 degrees, with one side of
the tube pushing against the bottom of the well. One plug was then pushed out using the micro-
manipulator. We found the droplet did not float up easily even though the density of the solution
in the droplet (~1 × 103 kg m−3) was smaller than FC-40 (1.9 × 103 kg m−3). Presumably, the
aqueous solution was pinned to the surface of the well. However, if the open end of the tubing
was lifted during loading, the droplet would float. Once the droplets were deposited, they did
not float. 48 wells were loaded with three different dyes in a repetitive pattern of blue-yellow-
red (Fig. 2d). The whole preloading process took less than 10 minutes. After preloading, each
well contained ~5 nL of blue, yellow or red dye solution.

Assembling the SlipChip
Under FC-40, the top plate was placed onto the bottom plate, which contained preloaded
reagent solutions (see above). The ducts in the bottom plate were overlapped with the empty
wells in the top plate, forming a continuous fluidic path for loading of the sample (Fig. 3b,c).
The two halves of the device were secured by using two small binder clips. Since the surfaces
of both plates were hydrophobic and fluorophilic, we expected a thin layer of FC-40 to be
trapped between both plates, filling any small defects. In addition, FC-40 has a boiling point
of 158–173 °C and a low vapor pressure of 398 Pa, so evaporation was not an issue, especially
when the device was stored under FC-70.

Loading a sample into the SlipChip by pipetting
A 10 µL pipettor tip containing sample solution was inserted into the inlet of the fluidic path
in the assembled SlipChip (Fig. 3a). The solution was dispensed into the ducts and sample
wells by pushing the button of pipettor manually (Fig. 3d,e). If during storage any evaporation
of FC-40 happened from the device, air bubbles would form in the fluidic path. In that case,
~10 µL of FC-40 could be pushed into the fluidic paths to purge the air bubbles. Evaporation
and formation of air bubbles could be avoided by storing devices under FC-70.

Slipping to mix a sample with reagents
The top plate was then moved relative to the bottom plate again to align the sample-containing
wells in the top plate with the dye-containing wells in the bottom plates. Since the wells from
both plates shared the same pattern and shape, all the wells in the top plate fully overlapped
those in the bottom plate. Once the SlipChip was aligned, the sample (green dye) and reagents
(blue, yellow, and red dyes) in both plates mixed by diffusion (Fig. 3f,g).
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Crystallization of reaction center on the SlipChip
The protein sample of photosynthetic reaction center (RC) from Blastochloris viridis consisted
of 36 mg mL−1 RC in 0.07% (w/v) LDAO, 7% (w/v) 1,2,3-heptanetriol, 4.5% (w/v)
triethylamine phosphate (TEAP), 17 mM Na2HPO4/NaH2PO4 pH 6.0.

Arrays of plugs with 24 formulations (listed in Table S1†) were prepared. These plugs each
constituted an individual crystallization trial. Next, the two top rows (rows 1 and 2) in the
bottom plate of a SlipChip were loaded with these 24 arrays, one plug in each well. The two
bottom rows (rows 3 and 4) were loaded with the plugs from the same arrays to create a replicate
set of wells. The SlipChip was then assembled as described in the dye experiment. 1 µL of the
RC sample was loaded into the SlipChip, followed by slipping to generate 48 crystallization
trials. The trials were stored under FC-70 in the dark at room temperature (~23 °C). After two
hours, crystals appeared. Microphotographs under dim light were taken of the fully assembled
SlipChip and then of the wells in the SlipChip (Fig. 6a,c).

Results and discussion
We tested the idea of the SlipChip by fabricating one in glass with wells of ~6 nL volume (Fig.
2d) and silanizing it with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane to render the
surface of the glass hydrophobic and fluorophilic. We loaded the bottom plate by first forming
5 nL plugs,23 using flow-focusing geometry in a PDMS device,43 of blue, yellow and red food
dyes (Fig. 2 a–c), and then depositing these plugs into the wells of the bottom plate while the
plate was submerged in the fluorocarbon lubricating fluid (Fig. 2d). Hundreds of plugs with
precise volumes could be formed in a matter of a few minutes, sealed and stored for over a
month.30 The droplets could float up in the denser fluorocarbon; if so, the filling would need
to be done with the plate upside down. Whether the droplets remained in the wells was a
function of both the shape of the wells and the details of the surface treatment. The ducts located
on the bottom plate were not filled (Fig. 2d).

We assembled the device by adding the top plate and using a fluorinated fluid FC-40 as a
lubricating layer between the two plates, using this fluid to fill all of the empty fluid elements
(Fig. 3). We designed the channels to produce sufficient back pressure during filling to reduce
the effects of capillary pressure.44 The ducts were empirically designed to improve filling.
After the SlipChip was assembled (Fig. 3b,c), 0.5 µL of a solution of a green food dye was
pipetted into the inlet to fill both the sample wells and the ducts (Fig. 3d,e). Slipping the top
plate relative to the bottom plate disconnected the sample wells from the ducts, which became
visible individually, and exposed the sample wells to the reagent wells (Fig. 3f,g). The slipping
process took less than 10 s. No cross-contamination among wells during storage of the device
or during slipping was observed due to the fluorocarbon fluid providing barriers among the
wells, in a manner similar to the role of fluorocarbon carrier fluid preventing cross-
contamination in preloaded cartridges of plugs.31–33

To evaluate cross-contamination among preloaded wells of the SlipChip with higher
sensitivity, we loaded a green fluorescent dye (Alexa-488), buffer (10 mM Tris pH 7.8), and
blue fluorescent dye (MPTS) into the wells in the same pattern as the food coloring in Fig. 3.
To characterize possible cross-contamination, we measured the fluorescent intensity of
solutions in the wells after 12 hours. We could not detect any cross-contamination: no blue dye
was detected in the wells filled with the green dye (Fig. 4a), neither green nor blue dye could
be detected in the wells filled with buffer (Fig. 4b), and no green dye was detected in the wells
filled with the blue dye (Fig. 4c). Cross-contamination, if any, was less than 0.2% given the
signal-to-noise ratio and the detection limit in this experiment. These solutions could be stored
on the SlipChip for 772 hours (32 days) without significant changes in intensity. The coefficient
of variation for intensity measured during storage was 4%, the overall change from the first
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time point to the final time point at 772 hours was less than 4% (see ESI methods and Fig.
S1†).

We evaluated the quality of filling of the wells in the SlipChip by doing a simple mixing
experiment. We preloaded half of the wells with a 44.8 µM solution of a fluorescent dye
Alexa-488 (wells 1–24), and the other half with the buffer (wells 25–48). We then filled the
ducts and the sample wells with the same solution of the dye (Fig. 5a). A slipping step exposed
sample wells to the preloaded wells, allowing mixing in 1 : 1 ratio solutions of either dye with
dye, or dye with buffer (Fig. 5b). After incubation the top plate was slipped back to its original
position, leaving behind the mixed solutions in the reagent wells of the bottom plate (Fig. 5c).
We measured concentration of the dye in these wells using fluorescence microcopy after
appropriate calibration experiments. Wells 1–24 served as the positive control and the
concentration of the dye was 44.7 µM with a coefficient of variation of 3.9% (n = 23). In the
remaining wells (25–48) the concentration of the dye was of 21.0 µM with the CV = 3.2%
(n = 22), confirming that on the SlipChip both filling and mixing of solutions takes place with
good accuracy and precision. For sufficiently thin wells brought into contact, mixing by
diffusion can be made rapid even for large biomolecules. For thicker wells that may be required
for some applications, especially those that rely on absorption measurements for detection,
mixing may need to be accelerated. Slipping of two wells together in the SlipChip generates
shear, and provides an attractive opportunity to design devices where shear can induce mixing
by chaotic advection.45,46 In addition, convection and mixing is likely to be induced when
slipping combines two liquids with contrasting densities, or contrasting surface tensions that
induce Marangoni convection.

Finally, we tested the SlipChip by performing a simple crystallization experiment with a model
membrane protein, the photosynthetic reaction center (RC) from Blastochloris viridis (Fig. 6).
We loaded the SlipChip with two sets of 24 precipitants containing different concentrations of
salts, polyethylene glycols, and buffers at different pH values (as in Fig. 3b). We then added
1 µL of the solution of the membrane protein to the sample wells via the ducts, as in Fig. 3d.
Slipping exposed the solution of the membrane protein to the precipitants as in Fig. 3f. We
picked this example for two reasons. First, we wished to test whether the SlipChip is capable
of handling a diverse set of solutions, such as membrane proteins containing high (above CMC)
concentrations of surface-active molecules. We found that both loading and slipping proceeded
smoothly with these solutions, without any apparent adhering to surfaces of the device.
Presumably the lubricating fluorocarbon layer helped isolate the solutions from the surfaces,
analogous to the fluorocarbons isolating solutions of membrane proteins in plug-based
microfluidic systems.30 Second, we wished to test the reproducibility of experiments on the
SlipChip at least qualitatively. We found remarkably similar patterns of precipitation and
crystallization for the two sets of precipitants (Fig. 6b). In both sets, crystals formed in the
expected conditions containing (NH4)2SO4 in NaH2PO4/Na2HPO4 buffer, and we also
observed the expected transition from single crystals, to multiple crystals, to precipitation as
the concentration of the precipitant was increased from 3.2 M to 4.0 M (Fig. 6c).

Conclusion
The SlipChip described in this paper provides a method of introducing a solution into many
wells preloaded with reagents (Fig. 1 and ESI Movie S1†). This approach preserves the control
of surface chemistry provided by plugs26–29 and operates reliably at the nanoliter scale with a
range of solutions, even with the diverse set used in protein crystallization. It is simple as it
requires no external pumping or equipment for operation. Establishing compatibility with cell-
phone based read-out47 is especially attractive for this simple device. It may be ideal for
experiments performed in resource-poor settings, such as diagnostics and evaluation of food,
water and air quality. Even in resource-rich settings such as a modern research laboratory, this
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platform is attractive for parallel analysis of very small volumes, such as those collected by
the chemistrode.48 The SlipChip requires no bonding during fabrication of chips and no valves
for operation, extending the range of materials and fabrication techniques that may be used
with this approach. Many additional applications and aspects of the SlipChip remain to be
optimized. These include organic32 chemistry, radionuclide chemistry,49 catalyst discovery,
isothermal and thermocycling approaches to amplification of nucleic acids, immunoassays,
microbial detection by stochastic confinement,50 reagent storage, inexpensive manufacturing
of the SlipChip in plastics, scalable methods of pre-filling SlipChips, and additional simple
detection methods suitable for the format. With these developments, the SlipChip may become
a valuable tool in both resource-poor and resource-rich settings and to a wide range of users,
from laboratory researchers and clinicians to users at home and in industry.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Step-by-step 3D schematic drawings with cross-sectional views that describe the operation of
the SlipChip. (a) Off-set view that shows the preloaded wells of the bottom plate, the ducts of
the bottom plate, and the wells of the top plate. (b) View of the device available to the user, in
which the top and bottom plates are aligned. (c) and (d) Loading of a single sample through
the overlapping ducts of the bottom plate and wells of the top plate. (e) Slipping of the top plate
relative to the bottom plate disconnects the sample wells of the top plate from the ducts of the
bottom plate, and then exposes the sample wells to the wells of the bottom plate containing
reagents. (f) The red well schematically shows a reaction taking place after mixing and
incubation (see also movie S1†).
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Fig. 2.
(a), (b) and (c) Microphotographs of plugs with uniform volumes of food dye solutions stored
in Teflon tubing. The plugs were formed in a flow focusing device in three separate
experiments. (d) Microphotograph of the wells in the bottom plate of a SlipChip. The wells
were loaded with plugs of the solutions of food dye in a repeating pattern.

Du et al. Page 9

Lab Chip. Author manuscript; available in PMC 2009 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Operation of the SlipChip illustrated experimentally with food dyes. (a) A top-down schematic
drawing of pipetting sample into the SlipChip used in the experiments. (b) A top-down
microphotograph of a glass SlipChip with 48 reagent wells preloaded with red, blue, and yellow
solutions of food dyes. (c) A zoomed-in microphotograph of the device shown in (b). (d) A
top-down microphotograph of the SlipChip shown in (b) after the ducts and wells were filled.
Filling was done by pipetting 0.5 µL of a solution of green food dye into the inlet. (e) A zoomed-
in microphotograph of device shown in (d). (f) A top-down microphotograph of the SlipChip
shown in (d) after the top plate was slipped to expose the sample wells to the reagent wells.
Ducts filled with the solution of green food dye are visible. (g) A zoomed-in microphotograph
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of the device shown in (f). Scale bars for (b), (d) and (f) are 500 µm and for (c), (e) and (g) are
250 µm.
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Fig. 4.
No cross-contamination was detected in the preloaded SlipChip after 12 hours. Bright-field
microphotograph (top), fluorescent microphotograph through the green channel (exciter:
480/40 nm; emitter: 527/30 nm) and corresponding intensity profile, and fluorescent
microphotograph through the blue channel (exciter: 360/40 nm; emitter: 470/40 nm) and
corresponding intensity profile are shown for the wells filled with (a) Alexa-488 dye, (b) buffer
(10 mM Tris pH 7.8), and (c) MPTS dye.
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Fig. 5.
Filling and mixing of reagents on the SlipChip was consistent. (a) A schematic drawing of the
SlipChip in which the reagent wells were preloaded with buffer and a fluorescent solution,
with the same fluorescent solution added into the ducts and sample wells. (b) A schematic
drawing of the same device after the slip. (c) A schematic drawing of the device after the top
plate was slipped back to separate the sample from the well. (d) Fluorescent microphotograph
of a well of 100% Alexa-488. (e) Fluorescent microphotograph of a well of 50% Alexa-488.
(f) Concentration of the dye in wells 1–24 had a coefficient of variation of 3.9% (n = 23).
Concentration of the dye in the remaining wells (25–48) had a coefficient of variation of 3.2%
(n = 22), confirming accuracy and precision of both filling and mixing.
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Fig. 6.
The crystallization conditions of the photosynthetic reaction center from Blastochloris
viridis was screened against two sets of 24 precipitants in duplicate on the SlipChip. (a) A
microphotograph of the SlipChip containing 48 crystallization trials after incubation for two
hours. This image corresponds to the SlipChip after loading precipitants, adding solution of
the protein, and slipping (as in Fig. 3f). Different precipitants are labeled as 1 through 24.
Conditions 4 and 5 produced crystals in both sets of wells. (b) Side-by-side comparison of row
1 with row 3 and row 2 with row 4, illustrating reproducibility of the results between the
duplicate sets of experiments. (c) Microphotographs of conditions 4, 5, and 6, which contained
the same precipitant ((NH4)2SO4) with concentrations of 3.2 M, 3.6 M, and 4.0 M. As expected,
a transition from a single crystal, to multiple crystals, to heavy precipitation was observed with
the increase in precipitant concentration. The scale bar is 250 µm.
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