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We have developed an integrated microfluidic immunoassay
chip for high-throughput sandwich immunoassay tests. The
chip creates an array of reactive patterns through mechanical
protection by actuating monolithically embedded button
valves. We have demonstrated that this chip can achieve highly
sensitive immunoassay tests within an hour, and requires only
microliter samples.

Immunoassays, including enzyme-linked immunosorbent assays
(ELISAs) and other related assays, are important techniques for
biochemical analysis and diagnostic detection.? Traditional
immunoassay experiments, carried out on multi-well plates, take
several hours to complete because of the hour-long incubation
time for most steps. Consumption issues also remain a challenge
for tests with precious samples and antibody reagents. In addition,
immunoassays usually require sophisticated instruments and
skilful operations to obtain reliable results. Recently, the rapid
development of microfluidic technologies, also known as “lab-on-
a-chip” technologies, has enabled the miniaturization of various
chemical or biochemical reactions onto tiny devices.** For
immunoassays, microfluidic devices present great advantages,
including decrease of consumption, reduction of experimental
time, increasing of throughput, and convenient operation.>
Methods utilizing capillary electrophoresis,” spinning CD-like
disks,® and magnetic beads® have been reported to perform high-
throughput immunodetection.

Poly(dimethylsiloxane) (PDMS) has become the most popular
material with which to fabricate microfluidic devices for
bioanalysis as this low-cost elastomer is easily molded into
complex liquid channels and monolithically embedded valves for
flow control.' Several PDMS devices have been applied to
immunoassays. Detection using fluorescence images,'! label-free
surface plasmon resonance'> or confocal imaging!® provides
excellent sensitivity but requires complicated or expensive
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instrumentation. Highly sensitive detection of HIV and other
antigens from multiple samples can be achieved in parallel through
PDMS slabs with microchannels and proper substrate material for
protein adsorption.'*!?

Surface patterning is a practical and popular method that can
easily be applied to many high-throughput and small-volume
biological applications to create functional surfaces for control-
lable chemical reactions,'®!” microarrays or spots of biomole-
cules,'®! and well orientated single molecules.® Many patterning
approaches, including widely-used micro-contact printing,®' >
have been reported to create colonies for cell culture and
coculture,”** cell transfection,®?’ drug screening,24 stem cell
differentiation,”® and many other studies based on single cells.”’
However, for most of these methods that pattern openly-accessible
surfaces with limited integration and automation, careful opera-
tions are essential to eliminate contaminations.

Here we report a novel method to pattern the microfluidic
channels through mechanical blocking in situ. With the simple and
robustly-created patterns, our integrative microfluidic chip per-
forms high-throughput fluorescence sandwich immunoassays
using less than 1 pl antibody solution and with a detection limit
lower than 10 pg ml™! for clinical samples.

The device, shown in Fig. 1, contains 32 reaction chambers for
immunoassay detection in parallel. The volume of each chamber is
2 nl. The chip is made from PDMS through multi-layer soft
lithography® on an epoxide glass slide. Each chamber has a round
shape button valve, the critical component for chip function
originated from the “MITOMI” chips.*! The chambers are formed
by segmenting microfluidic channels with a series of embedded
pneumatic valves. These isolation valves can be divided into two
major groups, longitudinal valves and horizontal ones. Each
chamber is formed by two pairs of valves that isolate the button.
When pressure is applied to the button, the deformable PDMS
membrane will partially cover the channel since the button
diameter is smaller than channel width. The activation of buttons
does not block the liquid flow in the microfluidic channels
completely. Therefore, only certain area in the channel is
mechanically blocked, preventing liquid access. We have designed
multiple inlets with gating valves to introduce common reagents,
including washing buffer, blocking buffer, capture antibodies, and
detecting antibodies. Samples are brought into the chip through
another set of inlets. Each reaction chamber needs only a few
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Fig. 1 The microfluidic immunoassay chip and the construction of the
button valves. (a) The microphotographs of a chip with inlets for
introducing reagents and samples. Normal valves are used to create the
small reaction chambers, while the button valves are used to pattern the
epoxide surface. The chip is filled with dyes to illustrate different layers. (b)
The layered structure of the device. (c) The top-view and side-views of a
reaction chamber unit.

nanoliter solutions for each step of the experiment, with a total
consumption of antibody solution less then 1 pl for most reactions.

The workflow of immunoassay on-chip is shown in Fig. 2. For
sandwich immunoassay, we first activated the buttons to protect
the reaction spots, and then incubated the whole channel with
bovine serum albumin (BSA) based blocking buffer. In the
blocking buffer accessible region, the proteins reacted covalently
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Fig. 2 Workflow of the device and pattern formation. (a) Under
pressure, the bottom PDMS membrane of the button deforms and
partially blocks the channel. When the BSA blocking buffer is introduced
into the channel, the uncovered surface will be blocked. (b) After releasing
the button, the previously protected pattern becomes reactive sites. (c)
During the sandwich fluorescence ELISA, the mechanically patterned
reaction area is modified with capture antibody for antigen binding. (d)
The detecting antibody selectively binds to antigen, leading to detectable
fluorescence signal.

with epoxide to prevent further chemical modification on the slide.
The excess blocking buffer was then flushed away by phosphate-
buffered saline (PBS), the washing buffer. After releasing the
buttons, the protected regions with intact epoxide groups were
exposed. We bonded the capture antibody to the mechani-
cally patterned spots by incubating with antibody solution
(500 pg mi~ ") for 15 min. After another PBS washing, we added
the sample for binding. We employed the Fluorescein isothiocya-
nate (FITC)-conjugated detecting antibody and detected the
fluorescence signal coming out of the patterned spots. We carried
out our detection using a fluorescence microscope equipped with a
CCD camera. Excited with blue light at 490 nm, the green
emission (520 nm) of the chip was imaged and then analyzed with
Image J.2 The intensity of the serum-blocked areas, generated
from non-specific binding, was used for background subtraction.
Compared with previous approaches using controllable micro-
fluidic devices, the major advantage of our design is that the
patterned spots provide identical reaction conditions for all tests
on-chip, with fixed location of each spot for signal detection and
the adjacent area for background correction.

The buttons are circular in design so that pressure is distributed
symmetrically. The size of the reaction area patterned by the
buttons is mainly decided by the pressure applied (Fig. S1t). Over-
pressurized (>0.25 MPa) buttons will interfere with liquid flow,
while under-pressurized (<0.05 MPa) buttons block insufficient
portions of the channels and the patterning is less stable, leading to
low sensitivity and reproducibility.

Protein-surface binding is a key factor for sandwich immu-
noassays. Although physical adsorption of protein molecules on
PDMS surface have been applied to immunodetection,'* we find
that epoxide-reactive glass substrates are still the optimal choice.
We use FITC-conjugated human IgG to compare the binding
performances of PDMS and that of epoxide glass substrates (Fig.
S2at). PDMS offers similar detection limits as the epoxide slide
does, but the irreversible covalent attachment of proteins on the
epoxide surface provides better robustness and controllability than
the reversible van der Waals interactions between proteins and the
PDMS surface.****

During the patterning process, blocking buffer covers whole
surface except the patterns protected by actuated buttons.
Formulation of the blocking buffer affects the fluorescent back-
ground. We have tested four formulas: PBS, PBS with 1% BSA,
PBS with 1% BSA and 10 mM Tris buffered saline, and PBS with
1% BSA and 20% polyethylene glycol (PEG-2000). We incubated
the micro-channels with blocking buffer for 10 min, and then with
FITC-labeled goat anti-human IgG for 15 min. Fluorescence
images show that BSA indeed blocks the surface and Tris is
essential to facilitate the blocking performance and to lower the
background (Fig. S2bt). We found that the reaction buffer is also
critical to the performance of sandwich immunoassays. Carbonate
buffer solution (CBS, pH 9.6) ensures stable coupling between
proteins and epoxide glass slides (Fig. S2ct) and generate more
stable conditions for immunoassays. We found that 15 min is
sufficient for stable binding between proteins and substrates. Over-
adsorption may introduce artifacts into the concentration
determination (Fig. S2d¥). The concentration of capture antibody
is highly related to the detection limit in our sandwich
immunoassay (Table S17). The higher the concentration of
capture antibody, the lower the detection limit. Therefore, we
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can design the proper protocol to match the sensitivity and
dynamic range required for detecting specific antigens. We chose
500 pg ml ™' capture antibody and reached the detection limit as
low as 0.02 ng ml~".

Proper concentration of detecting antibody is determined by
checkerboard titration (Fig. S3t). The concentration should be
high enough to boost the sensitivity of the immunoassay.
However, high concentration will directly lead to high background
intensity, resulting in unreliable measurement of antigen at low
concentration. We found that 125 pg ml™!' detecting antibody
solution provided proper balance between sensitivity and back-
ground intensity.

Through these trials the final experimental protocol has been
optimized. The whole experiment is performed at 25 °C. We first
blocked non-reactive areas with blocking buffer (PBS with 1%
BSA and 10 mM Tris buffered saline) for 10 min with the button
activated. After PBS washing, the buttons were inactivated and the
unprotected button area is treated with 500 pg ml~' capture
antibody for 15 min. After another PBS washing, we introduced
the sample and incubated for 15 min. We then washed the
channels with PBS, and incubated the channels with 125 pg ml™!
detecting antibody for 10 min. The images were taken after the
final PBS washing.

The performance of the chip is firstly evaluated by FITC-
conjugated human IgG through a direct binding assay. After the
blocking step, all buttons were released and the proteins with
different concentrations were injected into channels to react with
the pattern with epoxide groups exposed. The linear relationship
between the spot intensity and the FITC-IgG concentration is
shown in Fig. 3, with a dynamic range over 10*. Since direct
binding assay was usually not reliable enough for immunodetec-
tion, we then tested the performance of sandwich immunoassay
using this device by coupling the mouse anti-human IgG
monoclonal antibody onto the epoxide spots, capturing human
IgG (antigen) with different concentrations, and then using FITC-
conjugated rabbit anti-human IgG polyclonal antibody as the
detecting antibody to measure the fluorescence intensity of each
spot (Fig. S4+). The chip could perform with a detection limit as
low as 1 pg ml™!, with a linear dynamic range from 1 pg ml™" to
10 ng ml™! (Fig. 3c). This range is ideal for many biomarkers
detection at physiologically relevant concentrations.

We designed an improved version of the device, with more
reaction chambers (Fig. S57), for sandwich immunoassay detection
of carcinoembryonic antigen (CEA) from human serum samples.
Elevated CEA levels in human serum (>2.5 ng ml™ ') can serve as a
diagnostic marker for colon, lung and breast cancers.> Fast and
sensitive measurement of CEA level can facilitate the early
detection of cancers. We chose mouse anti-human CEA mono-
clonal antibody as capture antibody, and rabbit anti-human CEA
polyclonal antibody as detection antibody. Results (Fig. 4) show
the linear dynamic range from 10 pg ml~' to I pg ml~". Six serum
samples from patients were used for analyzing CEA level with our
immunoassay chip. Fig. 4b shows the images of button spots and
different samples had different fluorescence intensities. The result
of our approach agrees very well with the control experiments
performed with conventional sandwich immunoassay using
microwell-plates. The error bars of our chip-based measurement
are smaller than those of conventional method, indicating the
excellent robustness and reproducibility of this chip-based device
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Fig. 3 The immunoassay result using model systems. (a) The fluores-
cence images of FITC-human IgG coupled onto the mechanically
patterned substrate. The upper row is the original images and the lower
row is the corresponding color map of the intensity. Scale bar is 100 pm.
(b) The fluorescence intensity is linearly related to IgG concentration (n =
3). (c) The fluorescence sandwich immunoassay detection of human IgG
antigen (n = 3) at different concentrations. The data presented in (b) and
(c) are background subtracted.

(CV = 10%). Moreover, in contrast with the conventional 20 pl
sample consumption for a single test and 6 h experimental time,
our method requires less than 1 pl serum for four experimental
replicates in parallel, and finishes the assay within 1 h. This
reduction of experimental time, due to the highly confined volume
of reaction, greatly facilitates the sandwich immunoassay applica-
tion in clinical diagnostics and point-of-care testing, and it has the
potential to become a routine, rapid biochemical analysis
technique.

In conclusion, we have developed a novel microfluidic device to
perform high-throughput ELISA measurements with mere 1 pl of
each sample for four repeats, and a 1 h total experimental time.
The reaction pattern created by mechanical protection efficiently
binds the capture antibodies, offering reliable and robust substrate
to perform sandwich fluorescence ELISA. We have achieved a
linear dynamic range over 5 logs and the detection limit at
10 pg ml~! for CEA measurement. Applying our method to serum
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Fig. 4 The sandwich immunoassay of CEA. (a) The sandwich
immunoassay of standard CEA samples with different concentration. (b)
The fluorescence images (upper row) and processed color maps (lower
row) of 6 patient serum samples. Scale bar is 100 pm. (c) The measured
CEA concentration using both chip-based and conventional sandwich
immunoassays (n = 3).

samples from patients, we have reached comparable results with
conventional assays, with improved reproducibility and greatly
reduced sample consumption. The dynamic range, the detection
limit, the low consumption of sample and reagents, as well as the
short time needed for measurement of this chip-based method
meet the general requirements of clinical diagnostics. We envision
that this method has great potential for high-throughput
immunoassays and controllable surface pattering.
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Experimental Section

Fabrication of micro-immunoassay chip. We fabricated micro-immunoassay chips using multi-layer soft
lithography technology. In brief, we fabricated the molds for the fluidic channels and control channels
through photolithography. The mold of the control channels was made from 20 pum-thick negative
photoresist (SU8-2010, MicroChem, Newton, MA, USA) patterned on a silicon wafer. The mold of fluidic
channels was made from positive photoresist (P4620, AZ Electronic Materials, Branchburg, NJ, USA). The
fluidic channel was rounded after reflow and its height was about 14 um. We used PDMS (Sylgard 184,
Dow Corning, Michigan, USA) to fabricate the chips. All molds were exposed to chlorotrimethylsilane
(TMCS) vapor for 10 min before PDMS casting. The control layer was made from the PDMS with
component ratio of 5:1, while the fluidic layer was made of the PDMS with component ratio 23:1. These two
layers were bonded together by baking at 80 °C for 30 min in an oven. The assembled two-layer structure
was finally placed on an epoxide glass slide (CEL, Arrayit, USA) and then baked in an oven at 80 °C

overnight to strengthen bonding.

Materials. Human IgG, Goat anti Human IgG labeled with FITC, polyclonal rabbit anti Human IgG,
monoclonal mouse anti Human IgG and polyclonal rabbit anti Human CEA were purchased from Bioscience.
Tris-base, BSA and PEG2000 were obtained from Sigma. Monoclonal mouse anti Human CEA and Human

CEA standard sample were purchased from Fizrald.

Condition optimization. When we identified blocking buffers’ effect to the background signal, we treated
each channels with different blocking buffer in parallel using a single chip. After incubating for 10 min, we
washed those channels thoroughly with PBS, and then filled the channels with FITC-labeled goat
anti-human IgG and incubated for 15 min. After another PBS washing step, we captured the fluorescence

images of the channels for analysis. In this process we did not press the buttons for any assays.

Sample preparation and immunoassays. We tested the patient sera in 2X serial dilution using PBS and
found that when the sample is diluted once (1:1) the signal-to-noise ratio was the best. We introduced PBS
with 1% BSA and 10 mM Tris buffered saline into the microchannels as the blocking buffer, and
incubated for 10 min at 25 °C to block the non-reactive area. We then washed all the channels with PBS for

3 min while kept the button activated. We then released the button valves to expose the unprotected patterns,
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and filled the channels with 500 pg ml™" capture antibody, incubated for 15 min at 25 °C. After the reaction,
we washed the channel again with PBS buffer for 3 min. The samples were then loaded into the
microchannels and incubated for 15 min at 25 °C. We later washed the channels with PBS for 3 min. Finally,
we filled the channels with 125 pg ml" detecting antibody and incubated for 10 min at 25 °C. After PBS

washing for 3 min, we took fluorescence images for quantitative analysis.

Image acquisition. An Olympus BX51 upright fluorescence microscope was used for observing and a
TuSen CCD (TCC-1.4HICE) was used to capture images. All data was analyzed using Image J and
MATLAB.

Table S1. The relationship between the concentration of capture antibody and the detection limit of

antigen using sandwich ELISA

Capture antibody concentration (ug ml”) Antigen detection limit (ng ml™)
0~31.25 >20
62.5 2~20
125 =>0.02
250~1000 <0.02
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Figure S1. (a) The illustration of blocking process. The blue button valve (blue circle) is activated to protect

reaction area. Blocking buffer (yellow solution) cannot access these spots. (b) The illustration of
antigen-antibody binding step. The button valve is inactivated and reaction is carried out on the
capture-antibody-patterned spots. (¢) The array of fluorescent spots from fluorescence ELISA reactions. (d)
The image processing of each reaction chamber. The central part of the fluorescent area is cropped with a
round-shape mask as the signal, and the non-reaction area is also cropped with the mask of same size for
background subtraction. The intensity of each spot was determined by integrating all pixels inside the circle,
to minimize the error generated from image noise. (e) The pear-shape fluorescence pattern when button is
over-pressurized. (f) The properly pressurized button valve generates a perfect circular reaction area. (g)

When the button valve is under-pressurized, the spot size will be reduced. Scale bar is 200 pm.
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Figure S2. (a) The signal intensity — antigen concentration working curves obtained from the identical
designed chips with different substrate. The fitting curve (blue line) for epoxide glass substrate has a high
R-square value, 0.99, while the fitting curve (red line) for PDMS substrate has a low R-square value, 0.87. (b)
The effect of different blocking buffer. The blocking buffer containing 1% BSA and 10 mM Tris buffered
saline shows the best performance. (c) The effect of reaction/dilution buffer. Antigen diluted with carbonate
buffer solution (CBS) appears in a normal rising with concentration increasing. This is probably because
CBS is slightly basic and hence facilitate the coupling reactions in the immunoassays. (d) The effect of
incubation time for immunoglobulin adsorption. The antigen-antibody conjugation is dynamic. Through the
experiments we found that 15-min incubation was a proper choice, and the data showed the correct tendency
with different concentrations. If the incubation time is too short or too long, the under- or over-adsorption
may introduce the artifacts, leading to false determination of the concentrations and large errors between the

replicates.
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Figure S3. The checkerboard titration for determining the proper concentration of detecting antibody. The
capture antibody is 500 pg ml"' mouse anti human IgG monoclonal antibody. The human IgG was diluted
from 1 pg ml™" to 1 pg ml". The concentrations of detecting antibody are 62.5 ug ml™" (blue), 125 pg ml’
(red), 200 pg ml" (green), and 400 pg ml" (purple). During titration we found that when the concentration
of Human IgG was too low (10 pg/ml or lower), the intensity difference between the button areas and the
background was hard to identify. The data points at this low-concentration range are majorly artifacts, as

shown in Fig. S3. In this experiment, 125 pg ml" detecting antibody has a detection limitation at about 100

pg/ml. With different experimental conditions and different antibodies, this limit may vary.
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Figure S4. The images of the sandwich ELISA reaction spots with different concentration of human IgG.

Capture antibody is 500 pg ml" mouse anti human IgG monoclonal antibody, and detecting antibody is 125
pg ml™ rabbit anti human IgG polyclonal antibody. The upper row is the original fluorescent pictures and the

lower row is the corresponding color maps. Scale bar is 200 um.
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Figure S5. An improved version of microfluidic immunoassay chip. This chip is designed for human CEA
detection. The green layer is the fluidic layer, and the black layer is the control layer. The left four inlets are
designed for introducing the common reagents, including washing buffer, blocking buffer, capture antibody
and detecting antibody. Sixteen inlets on the top part are designed for introducing unknown samples and

CEA standard samples.
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