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ABSTRACT: We describe a multiplexing technology, named Evalution,
based on novel digitally encoded microparticles in microfluidic channels.
Quantitative multiplexing is becoming increasingly important for research
and routine clinical diagnostics, but fast, easy-to-use, flexible and highly
reproducible technologies are needed to leverage the advantages of
multiplexing. The presented technology has been tailored to ensure (i)
short assay times and high reproducibility thanks to reaction-limited binding
regime, (ii) dynamic control of assay conditions and real-time binding
monitoring allowing optimization of multiple parameters within a single
assay run, (iii) compatibility with various immunoassay formats such as
coflowing the samples and detection antibodies simultaneously and hence
simplifying workflows, (iv) analyte quantification based on initial binding
rates leading to increased system dynamic range and (v) high sensitivity via
enhanced fluorescence collection. These key features are demonstrated with
assays for proteins and nucleic acids showing the versatility of this technology.

Diagnosis of complex diseases and response to treatments
are often associated with multiple biomolecules rather

than a single identifiable biomarker. Therefore, understanding
disease progression or therapy response requires interrogating a
set of biologically relevant biomarkers. In contrast to
conventional techniques, multiplexing technologies have
rendered this task much more efficient. Within a single assay,
tens to thousands of different biomolecules, e.g., proteins or
nucleic acids, can be measured from a single sample using
identical conditions.1,2 The power of these technologies has
massively increased the density of information per sample
volume and consequently decreased the cost per data point.
Multiplexing technologies also enable studies that are difficult
to perform with traditional single analyte or low-plexing
techniques, e.g., ELISA, standard qPCR, due to limited sample
availability.1,3

These undisputed advantages have made multiplexing
technologies ubiquitous to many research laboratories and
clinical settings.
Various multiplexing technologies are commercially available

or at proof-of-concept level. Each technology can be classified
according to its specific encoding strategy.4 Bead-based
technologies (xMAP5,6 and digital ELISA7,8) are based on
spectral encoding in which the color and intensity allows
discriminating each bead population. Planar arrays9,10 rely on
x−y-coordinates of the capture spots. Nanostring11 encodes
reporter probes via strings of fluorescent segments where the
position and color of each fluorescent segment constitutes a

barcode corresponding to a unique target molecule. Alter-
natively, barcodes have also been embedded into carriers
supporting the capture molecules. For example, stop-flow
lithography uses UV to polymerize hydrogel enabling
simultaneous particle synthesis, functionalization and barcoding
in a single step.12,13 Barcodes have also been applied to metallic
microrods,14 magnetic and polymer-based particles.15,16

Each encoding strategy generally requires dedicated setups
for reaction and/or readout. Each system has inherent
performance limitations such as multiplexing level, sensitivity,
encoding robustness, operation complexity and reproducibil-
ity.9,17,3,4 The most popular commercially available multiplexing
technologies are bead- and array-based.1,18 Due to their wide
adoption and ability to measure proteins and nucleic acids these
two technologies are discussed in further details.
High spot densities of planar arrays are ideal tools for

screening thousands of biomolecules on a single slide. They
have been proven to be valuable for gene expression profiling19

or identifying autoantibodies20 and numerous other applica-
tions. However, irrespective of the spot density, the panel of the
capture molecules needs to be predefined before array
manufacturing, making the system inflexible to assay developers
who require testing of many probe variants for optimization
and with a rapid iteration cycle. Heath et al. proposed a method

Received: July 11, 2014
Accepted: January 7, 2015
Published: January 7, 2015

Article

pubs.acs.org/ac

© 2015 American Chemical Society 1582 DOI: 10.1021/ac502741c
Anal. Chem. 2015, 87, 1582−1589

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

pubs.acs.org/ac
http://dx.doi.org/10.1021/ac502741c
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


of DNA-encoded antibody libraries that may improve flexibility
of array usage.21,22 In contrast, bead-based technologies have
proven to be highly flexible and scalable. They allow users to
couple different capture molecules on different bead sets and
mix the selected populations to easily adapt the multiplex panel
to their specific needs.13 However, the currently available bead-
based systems are designed to run cost-effectively in batches
(typically 96 wells) and the need for waiting on sufficient
samples to fill the plate can slow down the turnaround time
(time-to-result) in routine clinical testing.
Furthermore, both technologies (planar arrays and bead-

based systems) suffer from slow binding kinetics, as they are
mainly driven by diffusion.23 This usually imposes long sample
incubation times (from several hours to overnight) even when
agitation is used to speed up the process. In addition, diffusion-
limited binding regime can also contribute to reported high
intra- and interassay variations.3,13,24,25

We set out to develop the Evalution system, a flexible
technology amenable to mass-production and addressing the
above limitations as well as providing means to shortening assay
development time. These goals steered the development of
three key features: A novel type of digitally encoded
microparticles for robust and flexible multiplexing. An assay
plate with an adaptable throughput (no batching required)
composed of independent microfluidic channels26,27 for
reproducible28 and fast binding kinetics.23 An instrument
interfacing the assay plate and providing dynamic control
over assay conditions and real-time data processing and display.
This paper first describes the encoded microparticles, the

fluidic cartridge and the integration with the instrument
functionalities. In the Results section, we demonstrate binding
in reaction-limited regime corresponding to maximal achievable
binding rates and accountable for short assay time. A number of
multiplexed protein and nucleic acid assays are quantified in
end point or in kinetic mode to demonstrate the flexibility
(dynamic assay control and real-time readout), sensitivity and
reproducibility of this technology.

■ EXPERIMENTAL SECTION

The challenges in technology transfer from proof-of-concept to
industry products can arguably be measured by the discrepancy
between the number of publications on lab-on-chip systems
and commercially available platforms.26 A fundamental require-
ment for the development of this technology was therefore that
the components (particles, cartridges and instrumentation)
would be amenable to mass-production processes.

Encoded Microparticles. The central components of the
Evalution technology are the disc-shaped digitally encoded
silicon microparticles (Figure 1A,D,E). The periphery is
dedicated to the encoding using 10 binary bits (presence or
absence of a hole). This encoding strategy is robust, as the
holes physically go through the microparticle thickness and
thus cannot be altered by light-induced damage or chemical
degradation.
The encoded particles act as solid support for tethered

capture molecules such as antibodies, antigens, peptides,
nucleic acid probes or other biomolecules. Fluorescence is
used for readout. The particles are coated with an optical
enhancement layer inducing constructive interference of the
fluorophores emitted light.29,30 Multiple particles sharing an
identical code form a population and provide measurement
redundancy for statistical confidence. The Supporting In-
formation provides details about manufacturing and particle
redundancy.

Microfluidic Cartridges. The cartridge, or assay plate
(Figure 1B), features 16 microscale channels hosting the
microparticle mixes and enabling running from 1 to 16 samples
simultaneously or sequentially (i.e., at different dates). Each
channel connects an inlet well (for input volumes between 5
and 130 μL) and a waste reservoir (200 μL). The volume of a
channel is approximately 700 nL. Each microchannel is 400 μm
wide and includes a filter structure to restrain the microparticles
in the detection zone. The height of the channels (16 μm) is
optimized for efficient microparticle loading and tiling. The

Figure 1. Schematics of the technology. (A) The digitally encoded microparticle are silicon discs (diameter of 40 μm and thickness of 10 μm) with
10 binary coding bits on their periphery enabling 1024 (210) different codes. An “L” shaped mark is used for particle orientation and decoding
starting bit. The arrow indicates the decoding direction and is done via automated detection of the presence or absence of a hole at the 10 possible
locations. The central area is dedicated to fluorescence intensity measurement (approximately 1800 pixels per particle). (B) The cartridge is
composed of 16 independent microfluidic channels. The instrument interfacing the cartridge enables temperature control between 25 and 95 °C in 3
zones: the inlet wells, the transit and the detection zone. Samples and all necessary reagents are delivered (premixed or sequentially) from the inlet
wells to the capturing particles by a pressure differential (0−2000 mbar) enabling fast binding kinetics. The particles are retained static in the
microchannel by a filter structure allowing the samples and reagents to flow over and around while keeping them static. A single or multiple channels
can be optically scanned during the assay either as a time lapse or end point acquisition. Images are processed on-the-fly providing real-time data
display. (C) Stitched bright-field images of a channel filled with a monolayer of approximately 3000 microparticles (corresponding to a plug of 12
mm scanned with 14 fields of view). (D) Section of a bright-field (BF) image used for automated decoding. The transparent circular feature is a
supporting post to guarantee accurate channel height. (E) Corresponding fluorescent image used for automated analyte quantification.
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shallow channel height prevents microparticles from over-
lapping each other.
The monolayer arrangement of microparticles in the channel

enables the use of high resolution imaging for both decoding
and fluorescence quantification (see the Supporting Informa-
tion for details). Loading is performed in a semiautomated
fashion using a pumping device that interfaces with the
cartridge. Each channel can be loaded with up to 3000
microparticles corresponding to a total loading length of 12
mm (Figure 1C). A fully loaded channel enables a multiplexing
level of up to 150 with 20 particles per population (see the
Supporting Information for details). Cartridges are mass-
produced by injection molding of cyclo-olefin copolymer
(COC) and provide high quality optical properties as well as
minimal nonspecific biomolecule adsorption.31 The footprint
complies with microtiter plate format (SBS standards)
compatible with laboratory automation such as robotic arms
and liquid handling systems.
Instrument. The benchtop instrument has three main

functions: imaging the particles in bright field and fluorescence,
fluid actuation and temperature control.
The optical system is designed around a 10× long-working

distance objective (NA 0.3) and a high-sensitivity CMOS
camera to acquire bright field and epi-fluorescence images
(excitation at 640 nm). The objective is mounted on an
automated x-y-z stage for scanning each channel either during
the assay for real-time readout or in end point. The particles are
imaged from the bottom of the cartridge. Decoding is entirely
decoupled from the binding quantification as they are
respectively performed in bright field (Figure 1D) and
fluorescence imaging mode (Figure 1E). Bright field and
fluorescence images are taken consecutively so that the relative

position of each particle is the same in both images. Image
processing is performed in real-time to detect particles, read
codes, quantify fluorescence, compute aggregate values for each
population (see the Supporting Information for details) and
display data.
Liquids (sample, buffer and other assay reagents) are pushed

through the channels by application of a pressure differential
between the inlet and outlet wells. Moreover, both inlets and
outlets are pressurized above atmospheric pressure to provide
robust microfluidic operation and effectively prevent formation
of bubbles  an often encountered problem in microfluidic
systems. Each of the 16 channels is controlled individually for
pumping/no pumping state. However, the applied pressure
differential is the same for all channels. Flow rates are calibrated
for pressure difference and number of particles via a simple
linear function of the pressure and fluidic conductance (see the
Supporting Information for details).
Temperature is controlled with Peltier elements in 3

independent zones, and each can be set independently between
25 and 95 °C (Figure 1B and the Supporting Information): (i)
the detection zone containing the particles where the binding
reaction is measured (hybridization or affinity capture), (ii) the
transit zone typically used for in flow denaturation of double-
stranded nucleic acids and (iii) the inlet wells that can be used
as a controlled reaction vessel prior to capture on the
microparticles. Each temperature zone can be modulated in
time according to a user-defined protocol. This flexibility
enables running melt-curve analysis or nonstandard test
protocols.

Software User Interface. Each subsystem of this
technology (i.e., imaging, thermal and fluidic) is controlled by
a single interface, allowing user-friendly and flexible edition of

Figure 2. Reaction-limited regime vs mass transport-limited regime for 2 model assays. (A) Fluorescence signal increase in function of time for
different flow rates in the case of an antibody detection in a coflow format as described in panel B. Coflow assay format: the sample-containing
analyte, here an antibody (goat antirabbit IgG), is premixed with the fluorescently labeled detector antibody (Dylight647 donkey antigoat IgG) prior
to be flowed in the channel. Panel C represents double-stranded nucleic acid (RSVA) detection as illustrated in panel D. For both assays (antibody
capture and DNA hybridization), the kinetic curves in panels A and C overlap when a certain flow rate threshold is past. Operating above the
threshold implies reaction limited regime where binding rate is maximal and becomes independent of flow rate. Below the threshold, reactions
become slower and display an undesired dependency with flow rate. The threshold for reaction limited regime in panel A is at approximately 13 nL/s
and approximately 6 nL/s in panel C. A total of approximately 250 particles (i.e., 1 mm plug length) was loaded per channel, and the applied
differential pressures ranged from 10 to 200 mbar. The relationship between the total number of particles, the applied pressure and the resulting flow
rate can be found in the Supporting Information.
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run protocols. The protocols can be modified during the
execution of an assay enabling efficient optimization of assay
parameters (temperature, binding/wash time, buffer, image
acquisition variables) within a single experimental run.
Acquired images are processed “on-the-fly”, allowing data to
be displayed in real-time, enabling immediate assessment on
the impact of the changed assay parameters.
Multiplexed Biological Assays. The panel is prepared by

mixing different populations of microparticles, each coupled
with a capture molecule of interest (details on coupling
protocols can be found in the Supporting Information).
Particles from each population are mixed together in equimolar
ratios from aliquots containing 20 000 particles of a single
population. The mix is then loaded into the microfluidic
channel using the dedicated loading device with a multi- or
single-channel pipette or a liquid handling system. The
cartridge is then inserted into the instrument, and the user-
defined protocol is executed.
The procedure for a typical real-time coflow immunoassay or

DNA amplicon detection is as follows: Particles are scanned
before assay start for determining background fluorescence;
buffer is removed from the inlet wells and replaced with
samples containing fluorescently labeled detector antibodies or
amplicons. This solution is then flowed into the channels and
fluorescent signal on microparticles is recorded at repeated time
intervals (i.e., kinetically). Procedure for a typical end point
sandwich immunoassay, and details about the reagents, assay
conditions and bleaching characterization can be found in the
Supporting Information.
In Flow Denaturation of Double-Stranded DNA. The

temperature controlled transit zone enables in flow double-
stranded DNA denaturation32 (Figure 1B). This feature
fundamentally contrasts with a closed system (i.e., microwells
or microarrays) in which denaturation and hybridization occur
within a common location and therefore under a unique
temperature. In flow denaturation is advantageous, as the
melted double-stranded products flow to the capture probes
(detection zone in Figure 1B) within seconds of melting. The
reduced time between melting and hybridization limits the
extent of reannealing.32 For further details about in flow
denaturation, please see the Supporting Information.
Data Analysis and Statistics. Each microparticle

fluorescence value is computed from the camera recorded
pixels located in the featureless central disc of each micro-
particle (Figure 1A). The arithmetic mean of microparticles
from a population is used to estimate the microparticle
population fluorescence (see the Supporting Information for
more details).

■ RESULTS AND DISCUSSION
Reaction Limited Regime for Optimal Binding

Kinetics. The active flow through the microfluidic channels
provides arguably the most efficient capture environment: The
flow guarantees a continuous supply of analytes to the capture
molecules and thus largely compensates sample depletion due
to surface binding.23,24 We demonstrate that for different types
of analytes displaced at a sufficient velocity the maximum
binding rate is achieved; this is known as reaction limited
regime as opposed to mass transport limited regime (also often
referred to diffusion limited regime). Figure 2A,C illustrates the
effect of flow rate on kinetic binding curves on two
representative model assays: a modified antibody capture
assay in a coflow format (Figure 2B) and a direct DNA

hybridization assay (Figure 2D). By increasing the flow velocity,
the binding rates become higher until curves overlap to a
maximum kinetic. The lowest flow rate at which the curves
become indistinguishable (i.e., at which curves overlap) defines
the smooth transition between reaction- and mass transfer-
limited regimes (an alternative view of this regime transition
based on the Damköhler number33 is available in the
Supporting Information). Note that both assay types display
similar flow rate thresholds for reaction limited regime,
demonstrating that the flow rate requirements in this
technology can be matched for a variety of analytes (proteins
and NA). Operating in the reaction limited regime enables
maximum capture rate but it is also critical for analyte
quantification. In the reaction limited regime, the fluorescent
signal is exclusively dependent on the concentration, allowing
quantitation based on fluorescence values. This also releases
important technical constrains on the fluidic system in which
the need for accurately controlling flow rates is avoided. It is
noteworthy that the reaction limited flow rate threshold is
independent of the analyte concentration but varies with the
molecule affinities and the capture probe surface density.23,33

An increased affinity (or probe density) increases the flow rate
threshold for reaction limited regime. Therefore, when new
assays are being developed one should experimentally verify
that the applied flow guarantees reaction limited regime
conditions.

Dynamic Control of the Assay Environment and Real-
Time Binding Monitoring of Single vs All Targets. Figure
3 illustrates how the dynamic control of the hybridization

Figure 3. Dynamic control of the hybridization environment with real-
time binding monitoring of individual targets vs all targets. Four
channels ran in parallel, each loaded with the same 3 microparticle
populations. The following protocol was used to demonstrate the
ability to change “on-the-fly” assay temperature and buffer while
monitoring in real-time hybridization of fluorescently labeled products:
(i) 700 s of hybridization at 50 °C monitored in real-time (red
background), (ii) subsequent temperature change from 50 to 45 °C
while continuously flowing the targets (gray background) and (iii)
wash step (i.e., buffer exchange) at ∼30 min of total assay time at
constant temperature (green background). Single target experiments
were used to determine specificity. Double-stranded targets were at 10
nM in 3× SSC buffer and input volumes 60 μL, particle plug length 1
mm and applied pressure difference 200 mbar.
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environment can help determining optimal assay conditions
within a single assay run. To exemplify this system flexibility, we
modified “on-the-fly” the hybridization temperature (50 to 45
°C) followed by a buffer change (here a wash step). All changes
in binding behaviors were monitored in real-time and multiplex
kinetic responses recorded. The DNA probes were designed for
detecting the respiratory syncytial virus (RSV), a major cause of
lower respiratory tract infections. The target sequences for
RSVA, RSVB and IEC (internal extraction control) were
adapted from literature.34 The three DNA capture probes were
designed for similar probe-target free energies using Visual
OMP (DNAsoftware, USA).35 See the Supporting Information,
Table S-2 for computed thermodynamic values and assay
details.
Parallel channels were used to measure either all targets

flowed simultaneously or the individual ones. Fluorescence
values were found to be very similar for “all targets” and
individual targets, suggesting minimal cross-hybridization. This
is supported by small off-target signals or, equivalently, high
signal-to-noise ratios (SNR) observed in the single target
formats. The SNR was computed as the ratio between the
specific signal and the highest nonspecific signal (i.e.,
fluorescence measured from the off-target particles) when
only one target was flowed. At 50 °C, the SNR range from
approximately 30 for RSVB to approximately 170 for RSVA.
When the temperature was decreased from 50 to 45 °C, a
moderate loss of specificity was observed for RSVA (SNR45 °C =
110), whereas no SNR change was observed for the other two
species. Such kinetic experiments are by nature in nonwash
conditions but nonetheless display high SNR and low
fluorescence background.
Differences in reaction rates between the three probe-target

pairs can readily be identified on the multiplex kinetic curves
(Figure 3, “All targets”). RSVA rapidly reaches equilibrium,
whereas RSVB and IEC display a residual positive slope at 700
s, indicating that the reactions have not yet reached equilibrium.
Such kinetic plots also allow easy identification of probes that
should undergo design iteration; depending on the required

assay performances one may want to increase for example the
affinity of RSVB.
Lowering the temperature to 45 °C while still flowing the

targets induces a shift toward a new equilibrium with increased
binding affinity and consequently higher fluorescent signals and
limited effect on specificity.
The experimental fluorescence values obtained for the 3

targets near equilibrium are, from highest to lowest, IEC, RSVA
and RSVB. This ranking was predicted by the computed
hybridization free energies indicating a concordance between
in-silico and experimental results. The demonstration protocol
was finalized with a wash step at 45 °C (green area in Figure 3)
highlighting the possibility to access dissociation constants. The
kinetic wash can also be used for optimizing the buffer
stringency and wash time for achieving the desired specificity.

Human Cytokine Panel, End Point Sandwich Immuno-
assay. Herein, we demonstrate the straightforward porting of
antibodies selected for ELISA assays (see the Supporting
Information). Titration, sensitivity and cross-reactivity data are
presented.

Multiplexed titrations. We assembled a 9-Plex human
cytokine panel with off-the-shelf ELISA antibodies. To evaluate
the dose−response relationship, we performed end point
multiplexed titrations ranging from 0.048 pg/mL to 50 000
pg/mL (Figure 4A). As expected, each cytokine has a different
dose−response curve, e.g., IL-1β and IFN-γ show saturation at
high concentrations whereas IL-6 and IL-10 display no
saturation plateau over the range tested. The fluorescence
interassay coefficient of variation (CV) over 4 independent
repeats (4 cartridges, reagents were freshly prepared each time,
and on different days) was found to be as low as 4.8% for TNF-
α and 11.9% for IL-2 as average across all tested concentrations
including blanks. The interassay CV of the 7 other cytokines
were within the above range.

Cross-Reactivity. Cross-reactivity was determined for the 9
cytokines at a clinically relevant concentration (100 pg/mL).
Figure 4B shows signal over blank ratio generated by each
particle population upon flowing individual cytokines followed

Figure 4. Multiplex cytokine immunoassay in end point format. (A) 9-Plex standard curves across a 5 log concentration range. Error bars represent
interassay standard deviations. (B) Cross-reactivity data from the 9 individual cytokines at 100 pg/mL. (C) Subpanel with only 3 cytokines flowed
over the 9 particle populations. Dashed lines correspond to the computed limits of detection (mean of blanks+3SD). (D) Limits of detection
determined for 9 cytokines flowed simultaneously (independent quadruplicates and 20 blanks) and the subpanel of 3 cytokines (6 independent
replicates and 12 blanks). The loaded microparticle plug length were approximately 1.8 mm. 120 μL of cytokine standard mix was flowed for 60 min
followed by 30 min of 50 μL biotinylated detector antibodies cocktail (40 nM) and 5 min of 35 μL Alexa647-conjugated streptavidin (75 nM).
Applied pressure difference was 300 mbar and temperature controlled for 25 °C.
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by a mix of 9 detector antibodies. Cross-reactivity was found to
be very low; Signal to blank ratios ranged from ∼30- to 250-
fold for IL-2 and IL-1β, respectively. This highlights the good
specificity of the antibody pairs and the nonfouling properties
of the microparticles.
Sensitivity. Limit of detection (LOD) was determined for

the 9-Plex panel and a subpanel of 3 cytokines: TNF-α, IL-1β
and IL-6. Figure 4C shows the fluorescent response of the
subpanel at low concentrations (SNR plots can be found in the
Supporting Information). The similar limits of detection for
both data sets (Figure 4D) indicate that the performance of the
assay is not significantly biased by the presence or absence of
each analyte. Overall, the resulting sensitivities are better or
similar (depending on the cytokine) to values published for
competing multiplex technologies.36−41 However, the results
on the present technology were obtained with significantly
shorter time-to-results: approximately 90 min as opposed to
typically 5 h (note that for traditional systems overnight
incubations are often recommended for optimal performance).
Additionally, the hands-on time was only about 30 min. A wide
range of complex samples matrices such as serum, saliva and
CSF have been used to demonstrate compatibility on
Evalution’s microfluidic technology (results will be presented
in separate communications).
Kinetic Read-out Expands System Dynamic Range. In

a multiplexed environment, analytes are generally present at
widely different concentrations and display a range of affinities.
Such differences naturally generate a range of signals: typically
high fluorescence from highly abundant species and faint
signals from molecules at lower concentrations. This potentially
large range of signals can in some cases be greater than the
sensor dynamic range. In practice, this problem is often solved
by measuring multiple dilutions of the sample, so that all
analytes have a data point falling within the sensor’s dynamic

range. However, this approach is tedious and can only be
applied if sufficient sample volume is available, which often
defeats the purpose of multiplexing. Matrix interference is also
likely to be dilution dependent and may give rise to undesirable
dilution bias. To address this limitation we show that (i) the
unknown analyte concentration can be determined based on
the initial rate of the signal build-up42,43 and (ii) that this
approach can increase the system dynamic range. Figure 5A
displays kinetic data of a model assay in which 14
concentrations of goat antihamster IgG were coflowed with
DyLight647-conjugated donkey antigoat antibodies. The
dilution series spanned over 3 orders of magnitude (1000 to
0.5 pM), yielding a range of kinetics. The assay was performed
in a 5-Plex format, but for readability, each analyte was plotted
in a separate figure (Figure 5B). The initial binding rate can be
estimated from the slope of the progress curve in its early linear
range. For this purpose, a linear fit on the first data points
(here, 5 first time points) was performed and the resulting
slope extracted. Figure 5C depicts the initial binding rates (i.e.,
slopes) in function of analyte concentrations which constitute
the “kinetic” calibration curves.
Quantification from kinetic curves can be advantageous as it

can expand the dynamic range of the system: A high titer
sample, e.g., 1000 pM, Figure 5A, under the given assay
conditions, leads to camera saturation within minutes (>255
au). As an example, if the assay binding time required for
detecting low concentrations is approximately 1000 s (Figure
5D) then the same assay read in an end point format (at 1000
s) would lose the ability to quantitate the analytes between 140
and 1000 pM, as they would saturate the camera and render the
data unusable for quantification (Figure 5A). Therefore, in the
present assay, quantitating the concentrations with the initial
binding rate increases the dynamic range by approximately 1
log. Figure 5E illustrates the specificity of the system through

Figure 5. Use of the initial binding rate for determining antibody concentrations with increased dynamic range. The initial binding rates,
characterized by the slope of the linear fit (straight line fitting the first 5 data points), were determined on the following multiplex kinetic data: 14
concentrations run in parallel each as a 5-Plex mix of goat antibodies specific to (A) Hamster-IgG, (B) Chicken-IgG, Mouse-IgG, Rabbit-IgG and
Rat-IgG coflowed (i.e., premixed) with DyLight647-conjugated donkey antigoat antibody. (C) Standard (calibration) curves for analyte quantitation
based on the initial binding rates (color coding is used for each capture antibody population). (D) High resolution plot of (A) highlighting how
binding time increases discrimination between similarly low concentrations. (E) Cross-reactivity plot with goat anti-Hamster IgG (80 nM). Loaded
microparticle plugs were approximately 2.5 mm, pressure difference applied 500 mbar and temperature controlled for 30 °C.
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the coflow of a single analyte (goat antihamster IgG) together
with the labeled detector antibody. Note that cross-reactivity
was observed between mouse and rat due to species similarity.
System Reproducibility, Data Quality and Number of

Microparticles. Reproducibility is arguably the most impor-
tant aspect for generating reliable quantitative data. We
monitored the following 3 system variables: (i) stability of
the instrument, (ii) storage stability of the antibody-function-
alized microparticles at −20 °C and (iii) reproducibility of the
antibody coupling process. The intent was to characterize the
reproducibility of the whole system, i.e., hardware and
chemistry, while minimizing contribution from biological
variability. We therefore used a simple and robust antibody
model assay for minimizing the biological contribution to
variability. The total variation obtained when taking into
account the above 3 system variables results in a fluorescence
CV of 3.8% (a higher granularity in the data and assay
methodology can be found in the Supporting Information).
Such an overall low coefficient of variation translates into
excellent system reproducibility and can, in part, be attributed
to a number of technology choices spanning from manufactur-
ing (microparticles and cartridges), chemical coupling protocol
and instrument design, e.g., use of a stable laser, all focused
toward robustness.
Microfluidic environments are also known to provide well

controlled conditions, and thus contribute to the interexperi-
ment data robustness.28 The number of microparticles per
population is also to be considered in the context of
reproducibility. The minimum number of microparticles
required per population is chosen to ensure that the estimated
population fluorescence has a high precision and therefore a
narrow confidence interval.
The precision of the population fluorescence estimate

depends on two factors: microparticle fluorescence variability
in the population and the number of microparticles used to
compute the population fluorescence (see further details in
Supporting Information). From the observed experimental
variability across a population, we have concluded that, in
general, 10 measured particles per population suffice to obtain a
95% confidence interval for the population fluorescence that
has a half width of 12% of the estimated value. In this case, the
true population fluorescence is within ±12% of the estimated
fluorescence with a probability of 95%. If 50 microparticles are
used for the computation of population fluorescence, the 95%
confidence interval has a half width of 5% of the estimated
value. Therefore, the minimum number of particles required is
dependent on desired precision. We also identified that a
maximum number of microparticles per population should not
be exceeded in order to prevent the formation of a
concentration gradient along the channel owing to analyte
depletion. Susceptibility to form a gradient is largely dependent
on the affinity between the capture and the target molecule, the
flow rate and the capture probe surface density. Therefore, a
window ranging from 20 to 80 microparticles per population is
usually appropriate.

■ CONCLUSIONS
By leveraging silicon microfabrication techniques and polymer
injection methods we developed a mature microfluidic-based
multiplexing technology amenable to mass-production.
We demonstrated that with this technology the analyte

capture rate is maximized through the use of microfluidic
channels operated in the reaction limited regime. This leads to

shorter assay times with competitive analytical sensitivities
compared to other multiplexing technologies. Note that the
results presented here were generated on a prototype
instrument. The system is currently being modified as a
commercial system in which a 532 nm laser is installed for
enabling the use of bright dyes such as phycoerythrin, ATTO
550 or Alexa Fluor 546. This modification is expected to further
improve the sensitivity of this technology.
Dynamic control of assay environment (such as temperature,

binding/wash times and image acquisition conditions) and real-
time readout can reduce the number of experiments for assay
development, and thus enable a broader adoption of multi-
plexing analysis.
In addition, there is a growing clinical research interest in

integrating data from multiple marker types44,45 (mRNA,
miRNA, DNA and proteins). The ability to quantify them on a
single platform is likely to be more cost-effective and beneficial
for generating comprehensive and coherent multiplex data sets.
Finally, the flexibility of this technology enables running

either traditional sandwich immunoassays (via sequential
reagent flow) or coflow assay formats, leading to very simple
hands-on procedures. In addition to automated data analysis,
the ability to access microparticle images during or after assays
provides valuable qualitative information on the assay quality.
We believe the unique ensemble of features of the Evalution

technology makes it a powerful system for biomarker analysis in
clinical and translational research.
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