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We describe a method for multiplexed analysis of proteins using fluorescently encoded
microbeads. The sensitivity of our method is comparable to the sensitivity obtained by
enzyme-linked immunosorbent assay while only 5 pl sample volumes are needed. Streptavi-
din-coated, 1 pm beads are encoded with a combination of fluorophores at different intensity
levels. As a proof of concept, we demonstrate that 27 microbead populations can be readily
encoded by affinity conjugation using three intensity levels for each of three different biotiny-
lated fluorescent dyes. Four populations of encoded microbeads are further conjugated with
biotinylated capture antibodies and then combined and immobilized in a microfluidic
flow cell for multiplexed protein analysis. Using four uniquely encoded microbead popu-
lations, we show that a cancer biomarker and three cytokine proteins can be analysed
quantitatively in the picogram per millilitre range by fluorescence microscopy in a single
assay. Our method will allow for the fabrication of high density, bead-based antibody
arrays for multiplexed protein analysis using integrated microfluidic devices and automated

sample processing.
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1. INTRODUCTION

The analysis of human serum for different biomarkers
holds promise for the early detection, diagnosis and
treatment of a variety of diseases, such as cystic fibrosis,
arthritis and multiple types of cancer. Serum bio-
markers can be used as indicators of the state of
disease progression or simply as indicators for the func-
tioning of normal biological processes within the human
body. Ultimately, these biomarkers can monitor the
progress of therapy [1,2]. For routine analysis of only
one or a few analytes, the enzyme-linked immunosor-
bent assay (ELISA) remains the workhorse method
for protein analysis in basic research and clinical diag-
nostics. Owing to increasing efforts in recent years in
biomarker discovery [3,4], many high-quality antibodies
with high specificity and affinity are becoming available
to these markers and to entire proteomes [5—8] for basic
research, early detection of cancer and other medical
diagnostics [9,10].

Mass spectrometry has emerged as a powerful tool
for comprehensive protein analysis in recent years
[11-14]. However, no more than a few samples can be
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analysed at a time with this methodology. In addition,
lower sensitivity for the detection of low-abundance or
small proteins compared with ELISA and lengthy
sample preparation accompanied with the risk of
protein degradation present further challenges for the
utility of this method [1].

Antibody microarray technology enables the minia-
turization and parallelization of immunoassays and is
now becoming a powerful tool for multiplexed protein
analysis [10,15—18]. Conventionally, antibody arrays
can be fabricated using a variety of robotic spotting
and printing techniques for the immobilization of anti-
bodies on a chip surface [19-22]. The typical spots for
each antibody type on a conventional microarray are
relatively large (2500—10 000 MmQ). These spot sizes
are not suitable for protein analysis of small sample
volumes such as those from single cells [19,23]. Fortu-
nately, these issues can be resolved by conjugating
antibodies to encoded microbeads that are subsequently
deposited onto a surface [24—28]. The surface area occu-
pied by each particle is three to four orders of magnitude
smaller (approx. 1 wm?) than the typical antibody spot
size, thus allowing for higher multiplexing on arrays
with much smaller footprints. In addition, the anti-
body-conjugated microbeads can be stored in a buffer
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solution prior to assembly of the microfluidic device,
thereby reducing the risk of denaturation of the
immobilized antibodies. Antibodies capable of detect-
ing a wide range of antigens can be coupled
individually to encoded microbeads prior to use and
the combination of these antibody-conjugated microbe-
ads can be customized depending on the target
proteins. Antibody-conjugated microbeads can also be
used in the so-called ‘suspension bead array’ platform
such as the Luminex system where assays are performed
in suspension in microwell filter plates, and flow cyto-
metry is used to decode the microbeads and quantify
the fluorescence signal [29-31].

There are many commercially available microbeads
with a wide range of surface chemistries suitable
for antibody conjugation and they can be encoded
by a variety of techniques [32]. A large number of
microbeads can be encoded using various combinations
of fluorescent dyes or quantum dots with different
emission wavelengths and intensity levels usually
by entrapping the fluorescent moieties in the interior
of the microbeads [33—36], or by covalently attaching
the dyes onto the surface of the microbeads [33,37].
Up to 500 distinct 5.6 wm microbeads that are
encoded using three colours and different levels of
intensity are available from Luminex Corporation. By
combining the bead-based immunoassays with a
dedicated flow cytometer for signal detection
and instruments for automated fluidic handling, very
high-throughput multiplexed protein analysis is now
feasible [31,38].

In this study, we describe the proof of concept of a
method for rapid encoding of 1 wm beads for multi-
plexed protein analysis using an integrated microfluidic
device. Here, smaller microbeads are more desirable
for the assembly of very high-density arrays and effi-
cient epifluorescence imaging with high numerical
aperture objectives [23,39—41]. Instead of the internal
encoding strategy, which involves swelling of the
microbeads with organic solvents and the entrapment
of fluorescence moieties, we use an external encoding
strategy, similar to the one reported by Fergusson
et al. [33]. We make use of commercially available
1 wm superparamagnetic microbeads that have been
pre-functionalized with streptavidin on the surface for
rapid encoding and conjugation of antibodies. Various
combinations of fluorescent dyes with well-separated
excitation and emission spectra and intensity levels
thereof are used to encode the beads. Once encoded,
the microbeads are conjugated with biotinylated anti-
bodies and then assembled onto a glass surface. We
immobilize the microbeads on derivatized glass cover-
slips using a permanent magnet and a carbodiimide
coupling chemistry. The immobilization and all down-
stream processes are performed within a flow cell that
is formed between the glass coverslip and a silicon diox-
ide-coated aluminium plate using a pre-cut gasket. The
custom-built aluminium plate has tapped ports that
allow for tubing connections. Samples and reagents
are introduced into the channel using a computer-
controlled syringe pump. This design allows for auto-
mated, high throughput and multiplexed protein
analysis. Figure 1 illustrates the protein assay procedure
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(figure 1la) and an exploded view of the device
(figure 1b).

2. METHODS
2.1. Microbead encoding

Streptavidin-coated polystyrene microbeads (Dyna-~
beads MyOne Streptavidin C1, Cat. no. 650-01,
Invitrogen Corp.) were encoded with three different bio-
tinylated fluorophores (Alexa Fluor 488 biocytin, Cat.
no. A-12924, Alexa Fluor 594 biocytin, Cat. no.
A-12922, Invitrogen Corp., and Atto 680-Biotin, Cat.
no. 55819, Sigma-Aldrich Corp.). More specifically,
10, 30, and 100 pmol of each fluorophore were used
per microgram of microbeads to encode the three inten-
sity levels of each dye. The combinations of fluorescent
dyes and intensity levels were chosen such that 27
different microbead populations could be uniquely
identified. Three different amounts of Alexa Fluor 488
were diluted in PBST (phosphate-buffered saline
(PBS) plus Tween 20: 137mM sodium chloride,
2.7 mM potassium chloride, 10 mM sodium phosphate
dibasic, 2 mM potassium phosphate monobasic, 0.05%
Tween 20, pH 7.4) to give a final volume of 600 .l
Coupling was performed by adding each fluorophore
solution to a microbead suspension (30 pg in 150 pl
PBST). After the addition of each aliquot, the suspen-
sions were vortexed to mix the dyes thoroughly with the
microbeads. Next, three Alexa Fluor 594 solutions were
prepared as described above. Each solution was divided
into three aliquots and subsequently added to one third
of each microbead suspension, yielding nine different
encoded microbead suspensions of 10 g each. The
third fluorophore was conjugated to the beads in a simi-
lar way. Each bead suspension was again divided into
three aliquots and three different amounts of Atto 680
fluorophore were added to the aliquots. Following the
addition of the last aliquot, the microbeads were incu-
bated under rotation for 15 min at a final microbead
concentration of 20 wgml™'. The microbeads were
separated magnetically, washed twice with PBST and
stored at 4°C.

2.2. Biotinylation of antibodies and conjugation
of antibodies to encoded microbeads

Four different antigens together with matching anti-
body pairs were used as a model system for
multiplexed protein detection. These included a mono-
clonal antibody (anti-PSA, Cat. no. 304-01, Fujirebio
Diagnostics, Inc.) against human prostate-specific anti-
gen (PSA, Cat. no. 1344SE, R&D Systems, Inc.),
monoclonal antibodies (Cat. nos. MAB206 and
MAB208, R&D Systems) against human interleukin-6
and human interleukin-8 (IL-6, Cat. no. 206-IL
and IL-8, Cat. no. 208-IL, R&D Systems), and a mono-
clonal antibody against human tumour necrosis
factor-a (anti-TNF-a, Cat. no. 13-7349 and TNF-a,
Cat. no. 14-8329, eBioscience, Inc.). The monoclonal
antibody against TNF-a was biotinylated by the
supplier. Prior to using this protein combination for
multiplexing, we performed our assays using two



1106 Encoded microbeads for protein analysis N. Theilacker et al.

(@)

detect

| glass coverslip | |

streptavidin-coated }E
microbead

# biotinylated fluorescent .
# labels

(b

biotinylated S
capture antibody \f

protein analyte

polyclonal detection
antibody

fluorescently labelled
secondary antibody

<—— aluminium plate with connection ports
<—— double-sided adhesive silicone gasket

<«— glass coverslip with immobilized,
encoded, antibody-conjugated microbeads

Figure 1. Assay strategy and fluidic device for protein analysis with antibody-conjugated, encoded microbeads. (a) Strategy and
procedure. Biotinylated capture antibody is conjugated to the encoded microbead and covalently coupled to the glass surface.
Then the protein solution is introduced into the flow cell. After the protein analyte has been captured, a polyclonal detection
antibody is added to the sample. A fluorescently labelled secondary antibody specific to the polyclonal detection antibody is
used to quantify the protein analyte by fluorescence imaging. (b) Fluidic device. Shown is an exploded view of the device
with 10 channels consisting of an aluminium plate (top) with ports for fluidic connectors, a double-sided adhesive silicone
gasket with 10 channel cutouts (middle) and a derivatized glass coverslip (bottom).

cancer markers, human epidermal growth factor recep-
tor 2 (ErbB2) and cysteine-rich secretory protein 3
(CRISP3), and their corresponding monoclonal anti-
bodies (Cat. no. 2397-CR and MAB2397 for CRISP3
and Cat. no. 1129-ER and MAB1129 for ErbB2, R&D
Systems) instead of IL-6 and IL-8. Unconjugated
monoclonal antibodies were covalently labelled with
N-hydroxysuccinimide (NHS) ester-activated biotin
molecules via a long polyethylene glycol (PEG) linker.
The antibodies were biotinylated by mixing 1.35 pl
of a 4.95 mM NHS-PEG;,—biotin solution (Cat. no.
21312, Pierce Biotechnology, Inc.) in dry N, N-dimethyl-
formamide with 50 pl of a 1 mg ml~" antibody solution
in PBS. The mixture was allowed to react at room
temperature for 30 min. Unconjugated biotin molecules
were then removed using spin columns as described
by the manufacturer (Cat. no. 89882, Pierce
Biotechnology, Inc.).

Biotinylated monoclonal antibodies were conjugated
to encoded microbeads by adding the microbead sus-
pension (20 wg microbeads in 380 wl PBST) to the
antibody solution (4 pg antibody in 20 pl PBST) step-
wise in ten 38 pl aliquots to prevent the aggregation of
the beads. After the addition of each aliquot, the
suspension was vortexed to mix the antibodies
thoroughly with the microbeads. Following the addition
of the last aliquot, the microbeads were incubated under
rotation for 30 min at room temperature, separated
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magnetically, washed four times with PBST and then
stored at 4°C.

2.3. Activation of glass coverslips and
immobilization of encoded microbeads

The flow cell used for immobilization and subsequent
imaging of the encoded microbeads consisted of a
carboxylated glass coverslip, a thin double-coated
adhesive silicone gasket with 12 cutouts for the flow
channels, and an aluminium plate with ports for
tubing connection to a syringe pump (Cavro XR
Rocket Pump, Tecan Group, Ltd). To prepare the car-
boxylated substrates, 50 x 75 x 0.170 mm borosilicate
glass coverslips (Erie Scientific) were washed in batch
mode with a 2 per cent Micro-90 detergent solution
(Cole-Parmer) and rinsed with 18 MQ cm deionized
water (dH,0). They were then cleaned by soaking in
acetone and then in methanol for 30 min each in an
ultrasonic bath and rinsed once with dH,0O. Next, the
coverslips were cleaned in a 1:4 mixture of 68 per
cent HNOj : dH50O for 60 min followed by washes with
dH,O and then dipped in methanol for 1 min. After
the coverslips were dried at 110°C for 15 min in a grav-
ity convection oven and cooled to room temperature,
they were placed in a 2 per cent solution of 3-aminopro-
pyltriethoxysilane (Gelest Inc.) in 95 : 5 ethanol : dH,O
at room temperature for 5 min, rinsed three times with
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acetone and cured at 110°C for 10 min in a gravity con-
vection oven. The coverslips were then treated with a
250 mM solution of succinic anhydride (Thermo
Fisher Scientific Inc.) in dry N,N-dimethylformamide
with 250 mM triethylamine. After a 2 h incubation at
room temperature, the coverslips were rinsed three
times with acetone and once with methanol and then
dried in a vacuum desiccator.

Prior to use, one coverslip was attached to the
custom-built aluminium plate using a double-sided
silicone tape (no. 702, Scapa Group) with pre-cut chan-
nels (figure 1b). The channels were designed with a
computer-aided design program and cut out of the
approximately 100 pm thick tape using a cutting plot-
ter (CC200-20, Graphtec Corp.). Each channel was
15 mm long and 5 mm wide with 1 mm diameter inlet
and outlet ports creating a total volume of about 5 l.
The aluminium plate contained 24 threaded boss
ports for connecting each flow channel to a syringe
pump via 062 MINSTAC fittings (The Lee Co.).
To immobilize the encoded microbeads covalently,
each channel was incubated for 20 min with 50 mM
2-( N-morpholino)ethanesulphonic acid (MES) buffer
at pH 5 containing 100 mM 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (EDC) and 10 mM sulpho-
NHS and then washed with 50 mM MES buffer. A
10 pl aliquot of the antibody-conjugated microbead sus-
pension (50 pg ml~" in PBST) was introduced into each
channel and a permanent magnet was briefly dragged
along the back side of the coverslip to direct the rapid
coupling of the microbeads onto the activated surface.
Unbound microbeads were washed away with PBST.

2.4. Multiplexed immunoassays

Four encoded, antibody-conjugated microbead popu-
lations (50 pgml™') were pooled and then
immobilized onto the channel surface as described
above. Stock antigen solutions were diluted in PBS
with 1 per cent bovine serum albumin (BSA) or directly
in foetal bovine serum to the desired concentrations.
One per cent BSA in PBS or foetal bovine serum
served as controls for non-specific binding and back-
ground subtraction. After the beads were blocked
using a solution of 1 per cent BSA, 5 per cent sucrose,
0.01 per cent NaN3 in PBS, pH 7.4 for 20 min and
washed with 50 ul PBST, a 10 pl aliquot of the antigen
sample or control was introduced into each channel.
The antigens were allowed to bind to the microbeads
at room temperature for 90 min. The channels were
then washed with PBST. Polyclonal detection anti-
bodies (Cat. nos. AF206, AF208, AF1344, R&D
Systems and Cat. no. ab9635, Abcam Inc.) were diluted
to 1 pgml™! each in PBS with 1 per cent BSA and
introduced into the channels. After a 60 min incu-
bation, the channels were washed again with PBST
and a 10 pl aliquot of secondary antibodies labelled
with Alexa Fluor 680 (Cat. no. A21084 and Cat. no.
A10 043, Invitrogen Corp.) diluted to 2 pgml ™' in 1
per cent BSA in PBS was introduced into each channel.
After a 30 min incubation at room temperature, the
channels were washed with PBST and quantitative
fluorescence imaging was performed.
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2.5. Enzyme-linked immunosorbent assay

ELISAs were performed to compare the sensitivity of
our multiplexed system with that of a conventional
sandwich immunoassay. Monoclonal capture antibodies
were diluted in PBS (2 pg ml™") and added to the wells
of a microtitre plate. The plate was then incubated
overnight at 4°C. Each well was washed five times
with PBST and blocked for 60 min with the same block-
ing solution used in the microbead assay. Stock antigen
solutions were diluted in PBS with 1 per cent BSA or in
foetal bovine serum to the desired concentrations. One
per cent BSA in PBS or foetal bovine serum served as
controls. The plate was washed again and 100 pl of
the samples were added into each well. The antigens
and control sample were allowed to bind at room temp-
erature for 90 min. After another washing step, the
polyclonal detection antibody (1 pg ml~ " in PBS with
1 per cent BSA) was added into the wells and incubated
for 60 min. The plate was washed again with PBST and
secondary horseradish peroxidase conjugated antibody
(Cat. no. 25-787-278475 or Cat. no. 25-787-278487,
Genway Inc.) was added. After a 60 min incubation at
room temperature, the plate was washed with PBST
and 100 pl of tetramethylbenzidine solution was
added to each well. To stop the enzymatic reaction,
50 wl of a 1M HySO, solution was added and the
absorption of the product was measured at a wave-
length of 450 nm using a plate reader.

2.6. Fluorescence imaging and microbead
decoding

Fluorescence imaging of the encoded microbeads was
performed on an epifluorescence microscope (Axio-
Observer.Z1, Carl Zeiss, Inc.) with a 20x /0.8 NA dry
objective. The excitation light was provided by an
instrument with a 300 W xenon arc lamp and
high-speed wavelength-switching capability (Lambda
DG-5, Sutter Instrument Co.) in combination with
filter cubes matching the three different excitation
and emission wavelengths of the fluorophores (FITC-
3540B for Alexa 488, TXRED-4040B for Alexa 594,
Cy5.5-A for Alexa 680 and Atto 680, Semrock Inc.).
The microscope was also equipped with a motorized
stage with linear encoders (BioPrecision 2, Ludl Elec-
tronics Products, Ltd) and an EMCCD camera with
1004 x 1002 pixels with a pixel size of 8 x 8 pm for
ultra-sensitive fluorescence imaging (iXon+ 885, Andor
Technology, PLC). Precise focusing was achieved and
maintained using an autofocusing system (Definite
Focus System, Carl Zeiss, Inc.), which uses an 835 nm
light-emitting diode to reflect light off the surface of
the coverslip for focus feedback. For each field of view,
images were taken using the appropriate filter cubes in
all three fluorescence channels. Quantitative fluorescence
imaging was fully automated with custom software.
Image analysis was automated using a custom macro
written for IMAGEJ, a Java-based software program [42].
First, the images of both encoding channels were
merged. Then a mask was created by applying the
Otsu thresholding filter to the image [43]. This mask
was later used to identify the positions of the
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microbeads in each field of view. Microbead doublets,
aggregates or other artefacts were located by particle
size analysis and removed from the mask. Microbeads
with a significantly lower intensity could not be
identified by applying the Otsu thresholding filter.
Therefore, another mask that included microbeads
with high fluorescence intensity and aggregates was cre-
ated and the pixel-values of this mask were set to zero.
The original image was then multiplied with the zero-
mask. This operation removed microbeads with high
fluorescence intensity levels and aggregates from the
image, and allowed for the identification of microbeads
with low fluorescence intensity. The masks of high- and
low-fluorescence intensity microbeads were subsequently
merged and used to obtain the fluorescence intensities
of each single bead in all three channels. Further data
processing was performed using Matlab (The Math-
Works, Inc.).

3. RESULTS AND DISCUSSION
3.1. Combinatorial microbead encoding

To demonstrate our strategy for microbead encoding
and subsequent protein detection, four microbead
populations were encoded with a combination of the
two fluorophores Alexa Fluor 488 and Alexa Fluor
594 at two intensity levels. The intensities of the four
bead populations in both fluorescent channels are
shown in figure 2a. Each colour represents one popu-
lation of approximately 1000 beads with one dot
representing one microbead. These distinctive combi-
nations of fluorophores can be used to encode a
unique antibody-conjugated microbead population for
future use in the pool of antigen-capturing microbeads
for multiplexed protein assays. In such assays, only
one type of capture antibody is conjugated to a given
encoded microbead population. We conjugated IL-8
capture antibodies to the bead population labelled no. 1
in figure 2a, and TNF-a, PSA and IL-6 capture anti-
bodies to populations nos. 2—4, respectively.

To demonstrate the ability for higher multiplexing,
we used a combination of three fluorophores, Alexa
Fluor 488, Alexa Fluor 594 and Atto 680, at three
intensity levels (approx. 6000, 20 000 and 60 000 fluoro-
phore molecules per microbead) to encode 27 different
bead populations. The fluorophores occupied between
1.2 and 12 per cent of the biotin-binding sites on each
microbead, leaving sufficient binding sites for conju-
gation of biotinylated antibodies on the microbead
surface. According to the manufacturer, one single
microbead can bind up to 1.5 million free biotin mol-
ecules, but only about 90000 antibody molecules. A
maximum of 12 per cent (180000, 60000 molecules
each of all three different dyes) of the binding sites
are occupied by the biotinylated dye molecules used
for encoding. Hence, theoretically 1.32 million binding
sites for free biotin molecules are still available on
the microbead surface and this amount is probably
enough to bind the maximum number of antibodies
(90 000), even after the microbeads have been encoded
with biotinylated fluorophores. The fluorescence inten-
sities of the three dyes encoding the 27 microbead
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populations are illustrated in three dimensions in
figure 2b. Each axis represents one fluorescent channel
and each colour represents one population of approxi-
mately 250 encoded beads. For clarity in visualization,
the data are presented with two selected axes in
figure 2¢,d. It is apparent that the clusters, each repre-
senting different bead populations, are well separated
and can be distinguished easily.

Theoretically, the maximum number of distinctly
encoded microbead populations is determined by the
number of fluorescent dyes with distinguishable emis-
sion wavelengths (m) and fluorescence intensity levels
(n), with the total number of unique combinations
being n". The number of encodings that can be practi-
cally created depends on the potential variations in the
fluorescence intensity, and our ability to quantitatively
measure the intensity levels of the fluorophores with
different emission characteristics. As indicated by the
scattered intensities of each bead population in figure 2,
there is a slight variation in the fluorescence intensity
among the beads of the same population. Ideally, each
population of uniquely encoded microbeads should
occupy only a very tight spot in intensities if all
microbeads had exactly the same size, number of
biotin-binding sites and equal number of bound fluoro-
phores. The observed variation in intensity could be
due to several factors, including the non-uniformity
of the microbeads in terms of bead size and number
of biotin-binding sites on each microbead, and the
stochastic variation in fluorophore binding to the
microbeads during the encoding process. We found
that the variation in the encoding procedure can be
reduced by adding a relatively large volume of fluoro-
phores stepwise to a small volume of microbeads.
Such a procedure allows for even distribution of the
fluorophore molecules among the microbeads.

Additional variation in intensity levels is due to a
slight non-uniformity in excitation and other optical
effects across the field of view in fluorescence imaging.
Image processing may also introduce some variation.
For example, the images of different fluorescent channels
from the same field of view are aligned prior to analysis.
This alignment only allows for shifts in increments of
full pixels. If the actual image is shifted a fraction of a
pixel, the correct bead position is compromised, resulting
in deviations in intensity measurements. To minimize this
potential deviation, we use a slightly larger number of
pixels for each bead to ensure that the intensity of each
bead is fully accounted for. However, depending on the
variation of the residual background intensity of the
image following background subtraction, the back-
ground pixels included in the analysis region of a
particular bead can contribute noise to the calculated
intensity. This limitation could potentially be alleviated
by using an additional fluorescent dye as a standard to
normalize the intensities of the other fluorophores. The
distribution of fluorescence intensity of each microbead
population as observed in figure 2 is still relatively
tight. As more populations are added, the clusters will
get closer and eventually overlap, making decoding diffi-
cult or impossible. It is, however, clear that more than 27
microbead populations could be encoded and decoded.
With our imaging system, six organic fluorophores with
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Figure 2. Encoding of microbeads using a combination of different fluorophores at various intensity levels. The mean intensity of
each bead in one fluorescence channel is plotted against the second fluorescence channel (coloured dots). Each colour represents
one microbead population. (@) Encoding of four microbead populations using two fluorophores at two intensity levels.
(b) Twenty-seven microbead populations encoded with three fluorophores at three intensity levels. Fluorescence intensities in
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different fluorescence wavelengths can be spectrally
resolved. If one colour is reserved for protein detection,
the other five colours can be used for encoding. This
means that using only three intensity levels of fluoro-
phores, 243 (=3°) distinct encodings could be generated
with our current instrument. Further work will be
required to demonstrate the full encoding capability.

3.2. Multiplexed protein immunoassays
and sensitivity

To demonstrate the utility and sensitivity of our
method for protein analysis, we used four different
encoded and antibody-conjugated microbead popu-
lations to perform immunoassays of four proteins.
These include 1L-6, IL-8 and TNF-a, which are used
as biomarkers to monitor a variety of diseases, and
PSA, a marker for prostate cancer. As shown by the
standard curves in figure 3, we demonstrated the feasi-
bility of quantifying four antigens in multiplexed
protein assays. We used a mixture of the four encoded
microbead populations shown in figure 2a, each conju-
gated to a specific capture antibody to assay the four
proteins individually while simultaneously monitoring
the background signal of the three other microbead
populations. All assays were performed in both 1 per
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cent BSA and serum. The fluorescence signal obtained
from microbeads incubated with the control sample
(no antigen) was used to standardize the signal. More
specifically, the fluorescence signal of the control was
set to one, and the relative fluorescence intensity (the
y-axis value in figure 3a—c) was calculated as the
ratio between the mean fluorescence signal of micro-
beads incubated with antigen and the control without
antigen. We also obtained standard curves for the anti-
gens spiked into 1 per cent BSA and serum using
ELISA. Table 1 summarizes the limit of detection
(LOD) and coefficient of variation (CV) of the multi-
plexed bead assays and ELISAs. The LOD was
calculated by adding two standard deviations to the
measured value of the control. All R* values obtained
by the 5 parameter logistic fit (5-PL fit) [44] are greater
than 0.99. The LOD in our bead assay can be as low as
1 pg ml~! for IL-8 in 1 per cent BSA in comparison with
a LOD of 5 pg ml™* for ELISA. For IL-6 and PSA, the
detection limits of the bead assays are similar or slightly
higher than those obtained by ELISA.

The LOD for TNF-«a in the multiplex bead assay is
two to three orders of magnitude higher in comparison
with ELISA. We also observed that microbeads coupled
with TNF-a capture antibody displayed a high overall
fluorescence signal as shown in figure 3d. To investigate
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Figure 3. Multiplexed immunoassay performance. Sensitivity assays were performed using the proteins (a) IL-6, (b) IL-8, (¢) PSA
and (d)TNF-q, diluted in PBS with 1% BSA or in foetal bovine serum. The data in (a—c) are standardized. In (d), the raw data
without background subtraction are shown to indicate the high background fluorescence owing to non-specific binding of IL-6 and
IL-8 detection antibodies to the TNF-a capture antibody. (a—d) Solid lines, 5PL fit; blue circles, IL-8; green diamonds, TNF-a;
red triangles, PSA; inverted black triangles, IL-6.

this large discrepancy, we performed an ELISA using
TNF-a capture antibody to coat the wells, different
dilutions of TNF-a in 1 per cent BSA and the detection

antibodies against I1.-6 and IL-8 in combination with
their respective secondary antibodies. As indicated in
figure 4a, we observed that both the detection
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Table 1. Comparison of protein detection limits using ELISA
and multiplexed encoded microbeads.

multiplexed bead

ELISA (pgml™') assay (pgml™")

in 1% BSA in 1% BSA

in serum in serum
antigen (CV)* (CV) (CV) (cv)
1L-6 4.3 2.2 16.7 22.3
(4.0%) (3.0%) (10.9%) (14.0%)
IL-8 4.5 15.0 1.1 7.8
(5.9%) (6.6%)  (11.3%) (12.3%)
PSA 15.8 36.3 81.1 212.3
(5.7%) (2.7%) (13.7%) (16.2%)
TNF-a 26.3 13.0 1700 (9.9%) 3210
(7.4%) (2.7%) (17.3%)
273.8" 371.2°
(16.3%) (15.4%)

“Coefficient of variation (CV), which is the ratio of the
standard deviation to the mean value. In the table, the
mean of all CVs of one experiment is given. For ELISA,
the CV corresponds to the mean of eight CVs from the
measurements of eight different antigen concentrations. For
the microbead assay, the CV corresponds to the mean of 24
CVs for each bead experiment (four bead populations at six
different antigen concentrations).

P Assays were performed in the presence of all four encoded
microbead populations, with one bead type conjugated to a
specific monoclonal antibody against CRISP3, ErbB2, PSA
and TNF-a, respectively.

antibodies for IL-6 and IL-8 bind non-specifically to the
capture antibody against TNF-a. We noticed that there
is also some non-specific binding of serum proteins to
the microbeads conjugated with IL-8 capture antibody,
which is not observed when the assay is performed in
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the presence of 1 per cent BSA (figure 3d). We had
performed other multiplexed protein assays prior to
using the current combination of antigens and capture
microspheres. We were able to detect TNF-a at concen-
trations of 270 and 370 pgml~ ' in 1 per cent BSA and
serum, respectively, in the presence of three other bead
populations with capture antibodies against ErbB2,
PSA and CRISP3, all of which did not show a significant
background (figure 4b,c¢). Therefore, it is feasible to detect
TNF-« in a multiplexed protein assay using a compatible
combination of capture and detection antibodies.

The detection limit of each protein depends on the
quality of the antibody pairs as well as the assay con-
ditions, in particular, the concentration of detection
antibodies, and incubation times and temperatures.
Even though we do not use enzymatic signal amplifica-
tion and our sample volume is much smaller than that
of the ELISA (5 pl per channel versus 100 wl per well),
we are able to detect protein analytes in a concentration
range similar to ELISA using fluorescently labelled
antibodies and a highly sensitive EMCCD camera.
The ultimate sensitivity is likely to be limited by the
quality of the antibodies used and the background flu-
orescence from non-specific binding of analytes and
antibodies to the surface of the microbeads. Higher sen-
sitivity may be possible through further optimization of
the assay conditions and the use of an objective with a
higher numerical aperture. The greatest limitation of
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0 1 10
concentration of TNF-¢;in BSA (ng ml™1)

Figure 4. Cross-reactivity and detection of TNF-a in a multi-
plexed protein assay using a compatible combination of
capture and detection antibodies. (a) Assessment of the
non-specific binding of IL-6 and IL-8 detection antibody to
TNF-a capture antibody by ELISA. (b,¢) Multiplexed immu-
noassay performance using the proteins CRISP3, PSA, ErbB2
and TNF-a, diluted (b) in PBS with 1% BSA or (¢) in foetal
bovine serum. (a) Filled diamonds, pAb TNF-q; filled circles,
pAb IL-8; inverted black triangles, pAb IL-6. (b,¢) Solid lines,
5PL fit; filled circles, CRISP3; filled diamonds, TNF-q; filled
triangles, PSA; inverted black triangles, ErbB2.

our methodology, like that of many multiplexed protein
immunoassays, is the availability of highly specific
antibody pairs with minimal or no cross-reactivity.
In our multiplexed assays, we use a total of 10 different
antibodies (four capture antibodies, four detection
antibodies and two different fluorescently labelled sec-
ondary antibodies) to interrogate four antigens spiked
into serum and BSA. The reliable and high-sensitivity
multiplexed protein detection is highly dependant
on the quality of all the reagents, in particular, the
antibodies.
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Compared with other methods for immunoassays using
optically encoded microbeads [23,27], our method has sev-
eral advantages. First, our encoding strategy is scalable
and very easy to implement with readily available high-
quality microbeads. Once the microbeads are encoded,
any type of biotinylated antibody can be conjugated to
them. A customized combination of encoded, antibody-
conjugated microbeads can be mixed together and
assembled on demand into arrays or deposited on deriva-
tized glass coverslips within seconds [24]. Second, our
assay format can be integrated into microfluidic systems
for automated sample processing and analysis. Third,
our flow cell is compatible with multiplexed sample pro-
cessing and ultra-sensitive fluorescence imaging using an
EMCCD camera and an objective with a high numerical
aperture (e.g. with a 40 x /oil NA 1.3 or 20 x /water NA
1.0 objective). The typical sample and antibody solution
volumes required for a standard ELISA range between
100 and 200 pl per well. Triplicate measurements of four
proteins with ELISA would require 1-2 ml of reagents
including capture, detection and secondary antibody.
Only 5 pl of reagents is needed for each flow channel in
our system. Therefore, only 15 pl of reagents is needed
for assaying many proteins since a very large number of
antibody-conjugated encoded microbeads can be accom-
modated in each flow channel. This significantly reduces
the cost of antibodies and other reagents while allowing
for the simultaneous interrogation of many proteins.

Recently, we have demonstrated that millions of
DNA- or protein-conjugated microbeads can be rapidly
assembled into high-density arrays on microfabricated
substrates [24,25]. We have also shown that microbeads
encoded internally with fluorescent dyes can be com-
bined with a spatial encoding strategy to enable even
greater multiplexing capability [26]. In this study, we
show that at least 27 unique populations of microbeads
can be encoded externally on the surface of the beads
using three different fluorescent dyes at three distinct
intensity levels. More significantly, we have demon-
strated the ability for sensitive detection of four
antigens spiked into serum using antibodies conjugated
to the microbeads in a microfluidic device. If 1 wm
beads encoded and conjugated with unique antibodies
are assembled into an array with a pitch of 2 pm, as
many as 2500 microbeads can be placed in a 100 x
100 pm area. If 10 encoded microbeads are used to
interrogate a protein species of interest to provide 10-
fold oversampling, 250 different protein species can be
analysed within this 100 x 100 pm area, the typical
size of one spot used in conventional printed microar-
rays [16,45]). Therefore, our method will enable the
integration of antibody array fabrication into microflui-
dic devices for sensitive multiplexed protein analysis
[23,39,41,46] and potentially for single cell analysis.

4. CONCLUSIONS

We have developed a method to encode 1 pm beads
by using a combination of fluorophores and intensity
levels. Readily available streptavidin-coated microbeads
were externally encoded using biotinylated fluorophores
and the encoded microbeads were further conjugated
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with biotinylated antibodies. As a proof of concept, we
have demonstrated the ability to encode and decode 27
populations of microbeads using three fluorescence col-
ours at three intensity levels each. We have also
developed a microfluidic device for capturing the
encoded, antibody-conjugated microbeads and for
protein analysis. Our device and assay format are com-
patible with automated sample processing and ultra-
sensitive fluorescence imaging. Using four populations
of encoded microbeads with each population conjugated
with an antibody against a specific protein, we
have demonstrated that four proteins can be detected
simultaneously and quantitatively via automated fluor-
escence imaging. Our detection limit is in the picogram
per millilitre range for IL-6, IL-8 and PSA and in the
low nanogram per millilitre range for TNF-a. Compared
with conventional printed microarrays and ELISA, our
method enables a much higher degree of miniaturization
for immunoassays. Our method and device will enable
highly multiplexed protein analysis with a single minia-
turized device with a throughput equivalent to hundreds
of immunoassays in an area as small as 100 x 100 pm.
This small footprint will be particularly useful for sensi-
tive multiplexed detection of proteins from very small
volumes and single cell lysates using integrated micro-
fabricated devices.

This work was supported in part by the National Institutes of
Health (RO1HG004804) and the National Science Foundation
(BES-0547193, a CAREER Award to X.H.). N.T. was
supported by Karlsruhe House of Young Scientists.
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