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We describe a microfluidic immunoassay device that permits sensitive and quantitative multiplexed pro-
tein measurements on nano-liter-scale samples. The device exploits the combined power of integrated
microfluidics and optically encoded microspheres to create an array of approximately 100-um? sensors
functionalized with capture antibodies directed against distinct targets. This strategy overcomes the need
for performing biochemical coupling of affinity reagents to the device substrate, permits multiple proteins
to be detected in a nano-liter-scale sample, is scalable to large numbers of samples, and has the required
sensitivity to measure the abundance of proteins derived from single mammalian cells. The sensitivity of

the device is sufficient to detect 1000 copies of tumor necrosis factor (TNF) in a volume of 4.7 nl.

© 2008 Elsevier Inc. All rights reserved.

Immunoassays are one of the most commonly used biochemical
techniques for measuring protein abundance in both research and
clinical settings. The high selectivity of antibody capture reagents
allows direct and quantitative measurements of protein abundance
from complex samples such as serum. The fundamental limit to the
achievable sensitivity of immunoassays is determined by the bind-
ing affinity of the capture reagents and is typically in the nanomo-
lar range [1]. Conventional 96-well microtiter plate format assay
volumes are in the 10- to 100-pl range and have sensitivities
approaching 10 pg/ml. For a typical cytokine (e.g., tumor necrosis
factor [TNF]," MW ~ 26 kDa) secreted at a copy number of approxi-
mately 10° per cell, this corresponds to a detection sensitivity of
2 x 107 molecules, requiring a culture of approximately 200 cells.
Detecting the cytokine output from a single cell requires an increase
in sensitivity of two orders of magnitude.

Microfluidic systems that allow for the facile manipulation of
cells and reagents in nano-liter volumes have enormous poten-
tial for enabling measurements of proteins secreted from iso-
lated single cells. The four to five orders of magnitude
reduction in sample volume (from 10-100 pl to nano-liter vol-
umes) should cause a commensurate reciprocal increase in ana-
lyte concentration such that protein expression by single cells
should be easily detectable.

Single cell analysis is becoming more critical as investigators in
a wide variety of fields are becoming increasingly aware of, and

* Corresponding author. Fax: +1 206 732 1253.

E-mail address: diercks@systemsbiology.org (A.H. Diercks).

! Abbreviations used: TNF, tumor necrosis factor; PDMS, polydimethylsiloxane;
CXCL2, CXC chemokine ligand 2; IL-6, interleukin 6; IL-1b, interleukin 1b; BSA, bovine
serum albumin; PBS, phosphate-buffered saline; FBS, fetal bovine serum; FWHM, full-
width at half-maximum; SGIV, Singapore grouper iridovirus.

0003-2697/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.ab.2008.12.012

concerned about, cellular heterogeneity. Two examples from
immunology are illustrative. First, intercellular communication be-
tween rare leukocytes is critical for a complete understanding of
autoimmunity. Second, molecular fingerprints of individual
responding immune cells are critical in defining correlates of pro-
tective immunity during vaccination. In both cases, a comprehen-
sive analysis of single cells is necessary. Although flow cytometry
has been useful in identifying and measuring cell surface markers,
no existing scalable methodology can analyze multiple analytes se-
creted by individual live cells. Beyond single cell applications, min-
iaturization and parallelization of immunoassays within a
microfluidic format offers obvious advantages in the consumption
of reagents, automation, and reproducibility.

The recent development of fabrication techniques using poly-
dimethylsiloxane (PDMS), especially the dense integration of ac-
tive microvalves [2], has solved many of the miniaturization and
automation challenges of microfluidic immunoassays. Although
PDMS provides excellent mechanical and optical properties, it pre-
sents challenges to implementing robust surface functionalization
for the attachment of biomolecules. One obstacle to achieving the
full potential of PDMS immunoassay devices is the need for devel-
opment of stable and robust capture reagents that are compatible
with the fabrication processes. Although there have been numer-
ous surface chemistries developed for PDMS, the majority of these
require an activation step (typically exposure to oxygen plasma)
that is difficult to control and degrades over time, making subse-
quent attachment of antibodies irreproducible and inefficient. In
addition, previous work has shown that the surface of a sample
of cured PDMS is chemically labile, resulting in the effective loss
of surface-bound molecules [3,4].

Challenges in surface functionalization of microfluidic devices
are further aggravated in cases where multiplexed protein detec-
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tion is desired due to the requirement that multiple distinct cap-
ture antibodies be spatially separated on the solid support over
as small an area as possible to minimize sample volume. Most
microfluidic immunoassay devices demonstrated to date use the
fluidic network itself to distribute and isolate different species of
capture antibodies using independent channels or microvalves
[5-8]. The antibodies are then coupled to the surface of the chan-
nels either covalently or by passive adsorption [5]. In addition to
requiring plumbing dedicated exclusively to functionalization,
the size of the surface functionalized, and hence the area over
which a single protein species is subsequently captured, is con-
strained by the dimensions of the microfluidic channel. Pin-spot-
ting [9,10], piezo-jet [11], and laser-jet [12] print technologies
can generate spots with diameters comparable to the typical size
of a microfluidic channel (50-100 pm) but require that the micro-
fluidic device subsequently be aligned and bonded to the spotted
substrate, typically using baking steps at elevated temperatures
that are likely to denature spotted proteins. Devices in which the
capture antibodies are patterned at the time of fabrication cannot
be reconfigured to measure alternate analytes. This limitation is of-
ten inconvenient in a research setting.

Recently, numerous types of functionalizable, optically distin-
guishable microparticles have been developed to facilitate high-
throughput biochemical assays [13,14]. The possibility of combin-
ing this technology with microfluidic sample handling was re-
viewed recently by Derveaux and coworkers [15]. We have
developed a multiplexed protein detection strategy using prefunc-
tionalized microparticles that offers an easy and flexible approach
to multiplex detection and eliminates the difficulties in directly
functionalizing PDMS microfluidic devices. The critical element in
our approach is the use of a set of optically distinguishable micro-
particles, each of which is functionalized with an antibody against
a protein of interest. Because these particles are significantly smal-
ler (5.6 pm diameter) than the typical size of a microfluidic chan-
nel (100 um), a collection of different beads, each bearing a
unique capture antibody, can be flowed into a channel, trapped
within an isolated chamber at high-density, and then incubated
with the sample. The particles do not need to be precisely posi-
tioned within the chamber because their identity, and hence the
identity of the captured target material, is determined by imaging
after the assay is complete.

This approach offers several advantages over microfluidic
immunoassay devices that have been demonstrated to date. The
number of measurements possible on a nano-liter-sized sample
(10° um?) is increased dramatically because tens, or even hun-
dreds, of different particles could be loaded into a single chamber,
each with an affinity capture reagent against a different target mol-
ecule. In this format, the multiplexing capacity is limited by the
availability of capture reagents. The approach is flexible and effi-
cient because the collection of microparticles loaded, and hence
the targets assayed, can be varied by each user depending on the
particular application and requires the use of only those capture
antibodies that are essential to the experiment. The attachment
of the antibodies to the beads is performed in bulk before the beads
are loaded into the device, avoiding the need to perform surface
chemistry on PDMS or the need to design additional plumbing to
handle construction of the array. Because the fluorescently labeled
analyte is concentrated on the surface of the bead (~ 100 um?)
rather than being spread over the entire surface of the fluidic
chamber (~ 10* pm?), detection sensitivity, which is generally lim-
ited by autofluorescent background, is increased significantly. The
sample volume is defined precisely by the closed geometry of the
microfluidic channels, in contrast to “flow-through” designs that
perfuse the sample continuously through the detection volume
to increase sensitivity and, therefore, require precise control of
the sample flow rate to ensure accurate quantification.

Materials and methods
Device design

The chip design is shown in Fig. 1. The device incorporates eight
independent sample chambers (4.7 nl volume each) that are
loaded and operated in parallel. Uniform loading and washing is
accomplished by delivering all samples through equal-length input
lines and by delivering wash solution through a high-volume
(65 x 200 pm) “fluidic bus”. Each sample chamber consists of a
recirculating ring (13 pm channel height) divided by two sets of
three “trap channels” (2.5 pm channel height) that prevent the
passage of 5.6-pm-diameter capture microspheres while allowing
passage of fluid (Fig. 1B). The width of the trap channels was re-
duced to 30 pm so as to maintain an approximately 12:1 (width/
height) aspect ratio and prevent collapse during fabrication. Three
trap channels are placed in parallel to achieve sufficient fluid flow
through the recirculating ring. Capture microspheres, as well as re-
agents for the sandwich immunoassay, are delivered through a
common input line to all of the sample chambers.

Three valves (labeled p1, p2, and p3 in Fig. 1B) permit pumping
of the sample and the immunoassay reagents over the beads, sig-
nificantly improving capture efficiency through enhanced sample
interaction with the sensing elements and greatly reducing the as-
say time over what would be possible by diffusive mixing alone.
We found that blockages due to inadvertent trapping of beads in
partially constricted channels could be eliminated by avoiding con-
trol layer “cross-overs” of channels in the fluidic network that car-
ry capture microspheres.
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Fig. 1. Chip design. (A) Overview of immunoassay chip. Control channels are shown
in red (23 pm height), and flow channels are shown in blue (13 pm height) or green
(65 pm height). The scale bar shown is 5 mm. (B) Detail of one recirculating sample
chamber. Control channels are shown in red (100 um width), and flow channels are
show in blue (13 pum height) or light blue (2.5 pm height). The three valves forming
the recirculating peristaltic pump are labeled p1, p2, and p3. The total volume of the
recirculating chamber is 4.7 nl. Sample is loaded into a 2.7-nl segment of this
chamber.
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Device fabrication

The PDMS microfluidic device was fabricated using multilayer
soft lithography [2,16]. Complete fabrication details are given in
the supplementary material.

Device control

Pressure to the pneumatic control lines was switched between
0 and 24 psi by microsolenoid valves (Fluidigm) that were driven
by a custom 32-channel breakout box and via a DIO-32HS board
(National Instruments) with software written in LabVIEW (Na-
tional Instruments).

Device operation

Fluorinert FC-40 (Sigma) was used to fill the control lines. All of
the active regions were incubated with blocking solution (see “Re-
agents” section below) and subsequently washed before detection
microspheres and sample were loaded into the chip. Two detection
microspheres for each of four analytes (TNF, CXC chemokine ligand
2 [CXCL2], interleukin 6 [IL-6], and interleukin 1b [IL-1b]) were
then individually loaded into the recirculating sample chambers
and positioned against the traps by peristaltic pumping, and the
number in each chamber was verified by inspection. We found that
diluting the microspheres to approximately 0.01 nl~! significantly
reduced the presence of clumps and allowed precise control of
the loading process. A precise volume of sample, defined by the
geometry of the fluidic network (2.7 nl), was then loaded into half
of the recirculation chamber on the side opposite to the trapped
beads. The sample loading time was short enough (~1 s) that dif-
fusion of protein analytes beyond the loading volume was insignif-
icant. An active valve located behind the microsphere trapping

region prevented backflow and loss of beads into the common in-
put line as the PDMS channels expanded and contracted with fluid
pressure changes during operation. The recirculating ring was
pressurized to 5 psi, and the peristaltic pumps were activated to
pass the sample over the detection beads for 2 h. Pressurization
of the recirculating ring increases the achievable pumping speed
by increasing the restoring force on each of the valves used as ele-
ments of the peristaltic pump. Using 1-pum-diameter microspheres
as tracers, the flow rate around the recirculating ring was mea-
sured to be approximately 1.5nl/s. The recirculating chamber
was then washed, the pooled biotinylated secondary antibody mix-
ture was introduced into the common input line, and the pump
was activated again for 1 h. The recirculating chamber was then
washed again, the streptavidin-Alexa 488 labeling reagent was
introduced into the common input line, and the pump was acti-
vated for 30 min. Finally, both sides of the ring were washed, and
each detection chamber was imaged by confocal microscopy to
identify each detection bead and quantify the amount of each pro-
tein present in the sample. A schematic of the assay procedure is
depicted in Fig. 2.

Reagents

Purified recombinant murine protein standards were purchased
from R&D Systems and combined at the following concentrations:
TNF, 4.9 ng/ml; CXCL2, 7.0 ng/ml; IL-6, 15 ng/ml; and IL-1b, 35 ng/
ml. This mixture was diluted with 1% bovine serum albumin (BSA)
in phosphate-buffered saline (PBS, pH 7.3) (diluent solution) to cre-
ate the test samples. The active parts of the chip were blocked with
a solution of 1% BSA (Pierce) and 5% fetal bovine serum (FBS, Hy-
Clone) in PBS (blocking solution) to minimize nonspecific binding
of both protein analytes and microspheres. The active parts of
the device were washed between each step with 0.05% Tween 20

Fig. 2. Device operation. (A) Detection microspheres (5.6 um diameter) localized in a 13-um-high channel (dark blue overlay) by 2.5-um-high trap channels (light blue
overlay). (B-G) Illustration of various fluid handling steps for performing an immunoassay. x, closed valves; e, valves operating as elements of a peristaltic pump.
Microspheres and labeling reagents (green) are loaded into the top of the recirculating ring (B) and distributed by peristaltic pumping (C). Wash solution (pink) is introduced
independently into each side of the ring (D,E), exchanging the volume approximately 10 times during each wash cycle. Sample is introduced into the right side of the
recirculating ring (F) and flowed over the detection microspheres by peristaltic pumping (G).
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(Acros) in PBS (wash solution). Microspheres functionalized with
capture antibodies against murine TNF, CXCL2, IL-6, and IL-1b were
purchased as individual kits (R&D Systems) and diluted 1:10 (v/v)
with 0.1% BSA in PBS before being loaded into the chip. The TNF, IL-
6, and IL-1b antibodies were monoclonal, whereas the CXCL2 anti-
body was polyclonal. The biotinylated secondary antibodies from
each kit were combined in diluent solution to a final dilution of
1:10 (v/v). Streptavidin conjugated to Alexa 488 (Invitrogen) was
diluted 1:10 (v/v) in diluent solution and used to label the biotin-
ylated secondary antibodies. All reagents, except the microspheres,
were passed through a 0.22-pm filter before being introduced into
the device.

Imaging

Each chamber on the chip was imaged on a Leica TCS-SP2 con-
focal microscope to determine the identity of each capture bead
and quantify the amount of captured protein. Images were ac-
quired using a 40x NA =0.55 objective with the diameter of the
output confocal pinhole adjusted to 600 pum. With these settings,
the full-width at half-maximum (FWHM) of the point spread func-
tion on the z direction was approximately 10 pum, ensuring that
quantification of fluorescence emission from the 5.6-pm detection
beads was relatively insensitive to focus position. The emission
intensity in each channel was digitized at 8-bit resolution. The
embedded “coding fluorophores” in each bead were excited at
633 nm using a He-Ne laser, and the emission intensity in two
passbands (649-679 and 711-741 nm) was used to identify each
of the four bead types and, thereby, the capture antibody-coupled
to each of their surfaces. Simultaneously, to quantify the amount of
protein captured, the beads were illuminated at 488 nm using an
argon ion laser to excite the Alexa 488 fluorophore conjugated to
the streptavidin detection reagent, and the emission was measured
in a third passband (500-560 nm).

Image analysis

Images of each detection chamber were quantified using Image]
(http://rsb.info.nih.gov/ij). The background level in each image was
determined by averaging the mean pixel intensities in five 5.5-um
circular apertures (1162 pixels total area) selected manually to be
free of any objects. The fluorescent intensity of each bead in each
channel was determined by measuring the total intensity in a
5.5-pm circular aperture and subtracting the background level of
the image. The aperture size was chosen to be slightly smaller than
the diameter of the beads so as to minimize cross-talk between
beads that were touching. Image analysis was straightforward gi-
ven that the beads were confined by the channels to a single plane
and do not overlap (Fig. 3).

Results and discussion

We tested the sensitivity and reproducibility of the device using
a mixture of four recombinant murine protein standards (TNF,
CXCL2, IL-6, and IL-1b). Two of the concentrations were assayed
in duplicate using independent chambers on the chip. The range
of concentrations (~ pg to ng/ml) was chosen to match those ex-
pected to be secreted by murine bone marrow-derived macro-
phages maintained in culture at a typical cell density. All four
proteins were detected down to concentrations approaching
approximately 100 pg/ml, and TNF was detected at 33 pg/ml
(0.6 pM) in a 27.—nl volume (Fig. 4). This corresponds to detecting
the presence of approximately 1000 molecules (~ 2 zmol) of TNF in
the recirculating chamber, although we cannot directly measure
the actual number of molecules bound to the surface of the beads.

Fig. 3. Detection microspheres after completion of sandwich immunoassay. (A)
Transmitted light image showing detection beads and trapping channels. False color
fluorescent images: (B) coding channel 1 (633 nm excitation, 649-679 nm emis-
sion); (C) coding channel 2 (633 nm excitation, 711-741 nm emission); (D)
detection channel (488 nm excitation, 500-560 nm emission). Emission in the
649-to 679-nm and 711- to 741-nm passbands, which arises from fluorophores
impregnated into the plastic microspheres, was used to identify the species of
capture antibody attached to the surface of each bead and, thereby, the species of
captured protein. Emission in the 500- to 560-nm passband (steptavidin-Alexa 488
labeling reagent) is used to quantify the amount of target protein on the surface of
each bead.

CXCL2 was detected at similar levels. A negative control, consisting
of diluent solution with none of the recombinant proteins present,
yielded no measurable signal on any species of detection
microsphere.

In this device, the ultimate sensitivity is limited by fluorescence
of the plastic itself as well as by the red “coding fluorophores”
impregnated within each microsphere. The set of commercially
available microspheres (Luminex 100 system) used in our device
consists of 100 different mixtures of two labeling dyes. Each code
differs in brightness by a factor of two from the nearest code. These
intensity differences are more than sufficient to uniquely identify
the code on each bead by imaging. The sensitivity of detection
would be enhanced by using beads with the lowest intensity codes
so as to minimize cross-talk from the coding fluorophores into the
detection channel.

The small numbers of target molecules typically present in
nano-liter-scale samples place stringent requirements on detection
sensitivity. The optical path length through the samples (10-
100 wm) is generally too short to make absorptive dyes effective;
therefore, most devices demonstrated to date have used fluores-
cent detection. Detection of small numbers of surface-bound fluo-
rescent molecules is typically limited by the autofluorescence of
the substrate itself. Therefore, it is advantageous to localize the
capture antibodies over as small an area as possible. In addition,
the large surface area-to-volume ratio in microfluidic channels
compared with microtiter plates requires stringent control of non-
specific binding both to reduce background and to limit sample
loss. The rate of analyte capture by surface-bound antibodies can
be very slow because flow in microfluidic devices is nearly always
laminar and mixing occurs only by diffusion.
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Fig. 4. Detection of four proteins in a 4.7-nl chamber. A mixture of TNF, CXCL2, IL-6, and IL-1b was serially diluted, introduced into the device, and processed as described in
the text. Error bars indicate the spread in intensity between two identical beads in the same chamber. Duplicate points for the same protein plotted at the same concentration

represent measurements taken in distinct chambers.
Conclusion

Several other groups have used functionalized microparticles to
perform immunoassays in microfluidic devices. Murakami and
coworkers described a device with sufficient sensitivity to detect
a single analyte, FK506, at 10 pg/ml in 5 pl, corresponding to
approximately 50 fg [17]. Klostranec and coworkers employed
quantum dot-labeled microparticles to perform multiplexed pro-
tein detection of picomolar concentrations using relatively large
(100 pl) sample volumes [18]. Using a single channel and a mem-
brane filter etched into a silicon substrate to trap functionalized
microspheres, Liu and coworkers achieved a sensitivity of 22 ng/
ml for Singapore grouper iridovirus (SGIV) particles in a 100-pl
sample [19]. We have demonstrated a microfluidic device that
can simultaneously measure multiple proteins at picogram/millili-
ter concentrations in nano-liter volumes rather than microliter vol-
umes. This corresponds to an absolute sensitivity of approximately
0.09 fg (~2 zmol) of TNF. To our knowledge, this exceeds by several
orders of magnitude the sensitivity of any previously published
bead-based microfluidic immunoassay device. The ability to
achieve this sensitivity in such small volumes will be critical for
applications that require detection of the protein content of indi-
vidual cells.

By using optically identifiable microparticles functionalized
off-chip with affinity reagents, we have eliminated the need to
perform chemical coupling to PDMS in the device, thereby
decoupling the device fabrication process from the surface chem-
istry required to functionalize the detection elements. Although
the current design uses antibody-coupled polystyrene micro-
spheres that are labeled with embedded fluorophores, the con-
cept can be applied to any microparticle types that are

optically distinguishable and can be localized by mechanical,
electrical, or magnetic forces applied within a fluidic network.
Our device architecture is ultimately scalable to several hundred
chambers per square centimeter that can be operated in a highly
parallel fashion, making it well suited for automated protein
quantification of multiple samples. Achieving very high levels
of integration will require further development of methods for
distributing functionalized particles to each detection volume.
Optical tweezers, hydrodynamic trapping, or addressable micro-
fluidic arrays with upstream sorting fluidics [20] may provide
a solution to this challenge, although integrated microfluidic par-
ticle handling on this scale has not been demonstrated. The
method presented here has the sensitivity to measure proteins
at absolute copy numbers that are typically expressed or se-
creted from single cells. We anticipate that this technology,
when integrated with additional fluidics for single cell handling,
will find broad applicability.
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