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ABSTRACT: Monitoring cytokine release by cells allows the
investigation of cellular response to specific external stimuli,
such as pathogens or candidate drugs. Unlike conventional
colorimetric techniques, label-free detection of cytokines
enables studying cellular secretions in real time by eliminating
additional wash and labeling steps after the binding step.
However, label-free techniques that are based on measuring
mass accumulation on a sensor surface are challenging for
measuring small cytokines binding to much larger capture agents (usually antibodies) because the relative signal change is small.
This problem is exacerbated when the capturing antibodies desorb from the surface, a phenomenon that almost inevitably occurs
in immunoassays but is rarely accounted for. Here, we demonstrate a quantitative dynamic detection of interleukine-6 (IL-6), a
pro-inflammatory cytokine, using an interferometric reflectance imaging sensor (IRIS). We improved the accuracy of the
quantitative analysis of this relatively small protein (21 kDa) by characterizing the antibody desorption rate and compensating for
the antibody loss during the binding experiment. By correcting for protein desorption, we achieved an analytical limit of
detection at 19 ng/mL IL-6 concentration. We enhanced the sensitivity by 7-fold by using detection antibodies that recognize a
different epitope of the cytokine. We demonstrate that these detection antibodies, which we call “mass tags”, can be used
concurrently with the target analyte to eliminate an additional wash and binding step. Finally, we report successful label-free
detection of IL-6 in cell culture medium (with 10% serum) with comparable signal to that obtained in PBS. This work is the first
to report quantitative dynamic label-free detection of small protein in a complex biological fluid using IRIS.

1. INTRODUCTION

Cytokines are a group of small proteins that participate in
intercellular communications. They are secreted by a number of
different cells and have a wide range of physiological
functions.1−4 Cytokines play particularly critical roles in
inflammatory responses; thus, there is a great deal of interest
in investigating cytokine production for pathology or
monitoring disease progression and responses to drugs.5

Cytokine expression levels are studied in numerous inflamma-
tory conditions, such as rheumatoid arthritis and inflammatory
bowel disease.6,7 In addition, cytokines produced in the tumor
microenvironment have been found to influence carcino-
genesis.8,9 Traditionally, cytokine detection is performed
using enzyme-linked immunosorbent assay (ELISA) or
enzyme-linked immunospot (ELISPOT). Both methods utilize
sandwich immunoassays followed by detection of chemilumi-
nescent or fluorescent molecules. Although these techniques
are sensitive and robust, they are labor-intensive and time-
consuming. More importantly, the labeling approaches do not
allow a real-time detection of cytokines and presents limitations

in kinetic analysis because their measurements are necessarily
end-point.
Several label-free approaches for real-time cytokine detection

have been reported using microring resonators, electrochemical
sensors, and surface plasmon resonance (SPR) sensors.10−14 In
order to screen a large number of analytes in parallel, large
arrays of sensors have been developed to be used in
conjunction with an imaging modality to acquire data from
the entire array.15−17 For many label-free sensors, quantification
of biomolecular interactions assumes that any change in mass
accumulating on the sensor surface is a direct result of the
binding events on the said surface. Thus, it is imperative that
the sensor surface be stable during the biomolecular
interactions to ensure an accurate quantitative analysis.
Recently, we have investigated the effect of substrate erosion
on microarrays during biochemical reactions and quantified the
glass dissolution to improve the accuracy of label-free analysis.18

In addition to the substrate stability, another factor that can
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significantly affect sensor performance is the stability of the
capturing antibody density. Any desorption of the antibodies,
resulting in a reduced surface density of capturing molecules, or
probes, can easily lead to false negatives.18 The error caused by
probe desorption during binding events can be more
pronounced in the case of cytokine detection. Because
cytokines are much smaller than the capturing antibodies, any
change in surface density of the antibodies can be detrimental
in detecting signal changes. Additionally, each type of antibody
is likely to have a specific desorption behavior, as evidenced by
different immobilization behaviors,19 making this challenge
particularly significant for high-throughput applications, where
multiple types of antibodies are used as capture probes.
In this work, we report on a real-time label-free detection of

interleukin-6 (IL-6), an inflammatory mediator of 21 kDa mass,
using an interferometric reflectance imaging sensor (IRIS).17,20

We investigate the stability of the sensor surface by character-
izing the desorption rate of the immobilized antibodies. These
measured desorption rates are then used to correct the signal
during IL-6 detection, resulting in a limit of detection (LOD) at
19 ng/mL of IL-6 concentration. The sensitivity is further
improved by introducing a “mass tag”, an antibody that
recognizes a different epitope of the cytokine, achieving an
LOD at 2.7 ng/mL of IL-6 concentration. This is a similar
approach to traditional sandwich immunoassays, except that the
final luminescence labeling step is eliminated as shown in
Figure 1a. Furthermore, we demonstrate the detection of IL-6/
anti-IL-6 antibody complex, where the mass tag is presented in
the analyte solution prior to the binding on the surface as
shown in Figure 1b. The complex detection presents a 7-fold
improvement in signal, and this approach eliminates the
stepwise addition of the mass tag. Finally, we present IL-6
detection in cell culture medium that contained recombinant
human IL-6 standards.

2. EXPERIMENTAL SECTION
Dynamic Detection with Interferometric Reflectance Imag-

ing Sensor (IRIS). The detailed working principle of IRIS is described
elsewhere.17,20 Briefly, IRIS measures the change in protein mass
density on the sensor surface that has a single silicon oxide layer on

silicon by utilizing optical interferometry. Protein microarray images
are acquired by a CCD camera, and each pixel is fitted to the reflection
function that is approximated with the equation
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where r1 and r2 are the Fresnel reflection coefficients of the buffer−
SiO2 and Si−SiO2 interfaces, respectively. The optical path is described
by the phase difference, ϕ, from eq 1, which is given by
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Here, d is the thickness of the layer (SiO2 or SiO2 plus the protein
layer), nox is the refractive index of SiO2, λ is the wavelength of the
incident light, and θ is the angle of incidence, which is assumed to be
zero. The thickness, d, is determined by minimizing the error when
solving eqs 1 and 2. The measured thickness, or optical path length, is
converted into mass density on the surface by using simple conversion
factors determined in prior work.21 The conversion factor for optical
path length to protein mass density is 1 nm to 1.28 ng/mm2. Dynamic
measurements were acquired by assembling microarrays into a
custom-made flow cell. In order to achieve maximum signal, the
experiments were conducted in the reaction-limited regime,22 and the
flow rate was set to 50 μL/min. All tubings and the surfaces of the flow
cell, including the microarrays, were blocked with 1% BSA for 1 h prior
to all binding experiments to avoid nonspecific interactions.

Protein Microarray Fabrication. Silicon substrates with 500 nm
of thermally grown oxide (Silicon Valley Microelectronics, Santa Clara,
CA) were functionalized with copoly(N,N-dimethylacrylamide
(DMA)−acryloyloxysuccinimide (NAS)−3-(trimethoxysilyl)propyl
methacrylate (MAPS)) polymer described in detail elsewhere.23

Following the surface functionalization, capture antibodies were
robotically spotted onto the surface at 0.5 mg/mL. Monoclonal
antibodies against recombinant human IL-6, and recombinant human
tumor necrosis factor alphas (TNFα) were purchased from Thermo-
fisher Scientific (Rockford, IL). Rabbit IgG (rIgG) and antihuman
serum albumin (anti-HSA) were purchased from Sigma-Aldrich.
Antibodies for interleukine-8 (IL-8) and interleukin-10 (IL-10) were
provided in the ELISA kits purchased from BioLegend (San Diego,
CA). All other chemical reagents were purchased from Sigma-Aldrich
unless specified. Following the antibody deposition, the samples were
left in a humidity-controlled environment overnight to complete the
immobilization process. On the following day, the protein arrays were

Figure 1. Schematic representations of utilizing mass tags to amplify binding signal of label-free biosensor. (a) Cell secreted cytokines are captured
by the sensor array. After the initial binding of cytokine and washing of the array, the signal can be amplified by adding antibodies (mass tags)
specific for the bound target. (b) With mass tagging antibodies present in the culture medium where cytokine is secreted, the cytokine mass is
immediately amplified as the molecules are secreted, prior to binding. No wash is needed. Elimination of the wash step enables real-time detection
with amplified signal.
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washed three times in PBST (0.1% tween-20 in PBS) for 3 min (3 × 3
min) and three times in PBS for 3 min (3 × 3 min) on a rotating
shaker. Then, the arrays were rinsed briefly with deionized water and
dried with ultrapure argon gas.
Cytokine Detection in Saline Solution and Cell Culture

Medium. Recombinant human IL-6 was purchased from Thermo-
fisher Scientific (Rockford, IL) and reconstituted to 20 μg/mL in PBS
at pH 7.4. This stock solution was serially diluted to various
concentrations ranging from 2 ng/mL to 1 μg/mL in 0.1% BSA in
PBS. The sensor was equilibrated with 0.1% BSA in PBS solution for
approximately an hour prior to introducing the cytokine solution. A
detection antibody against IL-6 was purchased from Thermofisher
Scientific (Rockford, IL), and it was diluted to 1 μg/mL in 0.1% BSA
in PBS. For binding experiments using cell culture medium, stock
solutions of IL-6 and detection antibody were diluted to 1 μg/mL in
DMEM (Gibco, Life Technologies, Grand Island, NY) containing 10%
fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100
μg/mL streptomycin. For testing multiplexed nonspecific binding of
mass tags, matched antibody pairs for anti-IL-8 and anti-IL-10 from
BioLegend (San Diego, CA) were used. Provided concentrations of
the stock solution of anti-IL-8 and anti-IL-10 by the manufacturer were
200×.
Dynamic Data Processing and Analysis. Mechanical movement

of a microarray during an experiment with flowing solutions can cause
fluctuations in the spatial locations of individual sensors (antibody
spots) with respect to the imaging camera. Thus, postprocessing
software is needed to account for the micromotion of the sensor.
Initially, images taken from a binding experiment were aligned to allow
identified sensors to be analyzed. However, interpolation artifacts from
rotational image registration made precise quantification of small
changes of mass density difficult. To address this, a robust spot finding
algorithm was developed and used to locate and quantify every spot
for each time point during an experiment.
We specified a number of parameters initially including the

approximate baseline height difference as well as minimum radius
and symmetry of the sensor. The subsequent time point calculations
were automated to reduce variability introduced by user’s subjectivity
in sensor identification. An example of the spot finder algorithm’s
identified features is shown in Figure 2. The difference in the average

values of the background to the sensor is used to calculate a sensor
height that can then be converted to a mass density. Additionally,
because dirt, salt, or other artifacts can dramatically influence label-free
measurements, the software eliminated any pixels that are outside
calculated standard deviations of the fitted images. In this work, pixels
that had a fitting error outside one standard deviation relative to the
fitting error of the entire sensor were not used for determining the
average value inside a specified area. After identification of each
individual sensor, the software proceeded to quantify the signal
changes for each time point in a given experiment. Using the center of
the sensor as a starting point, the algorithm located a new center at
every time point and then calculated a signal change. If the sensor
could not be identified for a particular time point, which can occur
during real-time experiments because of air bubbles or other flow
artifacts, it was removed for that particular time point. Pseudo code for
the spot tracking algorithm is provided in the Supporting Information.

3. RESULTS AND DISCUSSION
Characterization of the Surface Antibody Desorption.

The change in surface density of the spotted antibodies on the
protein microarray was monitored with IRIS while the sensor
was subjected to regular binding conditions. Images were
acquired approximately every 5 min while 0.1% BSA in PBS
without any analyte was flowed over the sensor surface at room
temperature. Antibodies on the sensor surface were steadily
washed off the surface, and the amount of the surface probe loss
was quantified with IRIS as shown in Figure 3. Although most

of the antibodies on the surface are covalently bound to the
polymeric network of copoly(DMA-NAS-MAPS) on the glass
surface, it is reasonable to assume that a small population of the
surface antibodies remained nonspecifically adsorbed after the
standard wash protocol. Thus, we suspect that the initial probe
loss during a flow experiment was due to washing off of the
noncovalently adsorbed antibodies to the polymer layer.
Investigation of the surface probe loss was repeated over four

additional trials, each with a new protein array, to examine the
reproducibility of the desorption rate among arrays. All data
sets were fitted to the double-exponential decay function y =
A1e

−k1t + A2e
−k2t. The double-exponential decay model is

commonly used for protein interactions in solid phase

Figure 2. Example of sensors located with a robust spot finder
algorithm. Processing the original image, in the bottom left, begins
with accumulating the vertical and horizontal lines, as shown on the
top and left of the processed image, to identify potential sensor
locations. The center and radius for each sensor are then found and are
used for finding the sensor signal (shown in a yellow dotted line). The
zoom box illustrates the pixels used for the inside (using 80% of the
radius, shown in green) and background areas (120−140% of the
radius, shown in red). For accurate analysis, the dark pixels inside the
sensor are excluded from height calculations. If these dark pixels were
included in this example, it would result in a loss of over 10% of the
calculated height.

Figure 3. Surface antibody desorption kinetics. Surface mass density of
the immobilized antibodies is observed with IRIS. The signal is
normalized to the initial mass density of each antibody spot. The
double-exponential decay function, y = A1e

−k1t + A2e
−k2t, is fitted and

shown as the solid line.
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assays24−27 attributing to multiple affinities of protein to the
surface, and we find the double-exponential function to fit well
with the observed desorption. Fitted decay constants and the
corresponding time constants are shown in Table 1. It is
interesting to note that the two decay terms dominate very
different time scales. The smaller time constants (1/k1) for all
of the antibodies are less than 20 min. We suspect this initial
probe loss is caused by desorption of the residual noncovalently
adsorbed protein layer. The much larger time constants (1/k2)
can be attributed to multiple factors. It was previously shown
that silica glass can dissolve in PBS at a very slow rate of 5 pm/
h.18 This slow and continuous loss of surface silica is likely one
of the causes for the slow signal reduction. Furthermore, loss of
surface silica causes the polymeric network that links the
antibodies to the sensor surface to desorb18 and consequently
leads to the loss of capture antibodies. We observe similar
protein desorption kinetics when the sensor was under a
constant buffer flow for 3 days as shown in the Supporting
Information (Figure S1).
Optical label-free sensors are often limited by drift rather

than the noise of the system.28 Slight changes in temperature,
buffer compositions, and instabilities of the light sources can
cause the signal to drift. We eliminate the possibility of these
factors causing the small but continuous loss of signal we report
here. First, unlike evanescent wave sensors, IRIS is independent
of temperature.17 Second, the refractive index of the bulk
solution remains constant throughout the investigation. Third,
fluctuations of the illumination power supply are corrected by
the use of self-reference region on the sensor29 for every image.

Fourth, any uneven spatial illumination across the sensor is
accounted for by normalizing the imaging field of view with a
mirror under the same flow condition prior to every
experiment. Lastly, any mechanical drift of the sensor surface
in the flow cell relative to the optical system is ignored as
individual sensors are found and analyzed for every time point
with the spot tracking algorithm described above. Therefore, we
conclude the decreasing optical density is caused by physical
loss of biomolecules on the sensor surface.
The quantification of the surface probe loss provides

extremely valuable information for investigating binding events
where the protein of interest is much smaller than the size of
the capturing antibody. Albeit the amount of antibody
desorption is very small (1−2% of its initial amount during a
3 h period), it is comparable to the expected mass increase of
the much smaller cytokines upon binding. Thus, it is critical to
account for desorption of the surface antibody for cytokine
detection to avoid false negative signals. At low target
concentrations, the binding signal can be buried in the noise
if probe loss is not accounted for as shown in the Supporting
Information (Figure S2). For the binding experiments, the
target cytokine was introduced ∼60 min (over 3 times the small
time constant, 1/k1) after the flow was initiated to ensure >95%
desorption of the loosely bound antibodies prior to the binding
event. To account for the additional and continuous probe loss,
we found the rate of protein desorption of each probe type for
individual experiments and subtracted it from the acquired
signal.

Table 1. Decay Constants and Time Constants of Immobilized Antibody Spotsa

k1 (10
−2 min−1) k2 (10

−5 min−1) k1
−1 (min) k2

−1 (days)

anti-IL-6 7.29 ± 2.16 5.19 ± 2.04 13.7 ± 4.06 13.4 ± 5.26
anti-TNFα 4.98 ± 1.00 4.58 ± 1.06 20.1 ± 4.03 15.2 ± 3.51
rIgG 5.66 ± 2.63 2.41 ± 0.98 17.7 ± 8.21 28.8 ± 11.7

aSurface antibody desorption of five protein arrays was characterized. Each array had 10 replicate spots for different antibodies. Mean ±1 standard
deviation is shown.

Figure 4. Dilution curve for IL-6 detection. Mass density changes at equilibrium from seven dilution experiments are plotted. Curve A is the
response of negative control spots (anti-TNFα antibody) when different concentrations of IL-6 was introduced to the sensor. Curve B is the
response of anti-IL-6 antibody spots and describes the direct detection of IL-6. Following the addition of IL-6, mass tag molecules, anti-IL-6
antibodies (1 μg/mL), are introduced to the sensor in every binding experiment. Curve C shows the response of anti-IL-6 antibody spots after
introducing the mass tag molecules. A portion of the dilution curve at low IL-6 concentration is blown up and shown as the inset. IL-6 concentration
of 19 ng/mL is detectable for direct detection, and IL-6 concentration of 2.7 ng/mL is detectable using mass tagging approach.
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IL-6 Detection and Signal Amplification with Anti-IL-6
Antibody. The limit of detection for IL-6 was determined
through a series of dilution experiments as follows. The protein
arrays were prepared in an identical fashion as the ones used for
probe loss experiments, and the same flow rate and buffer
solution were used as well. Prior to introducing the target
molecules to the sensor surface, 0.1% BSA in PBS was flowed
over the sensor surface for ∼60 min as previously discussed.
Seven separate binding experiments were performed with
varying concentration of IL-6 (2, 10, 20, 100, 200, 500, and
1000 ng/mL). The target solution was flowed over the sensor
surface for >40 min to ensure equilibrium was reached,
followed by addition of anti-IL-6 antibody (1 μg/mL) that
recognized a different epitope. Both capture anti-IL-6 antibody
and detection anti-IL-6 antibody were tested in a separate
experiment, and they did not display any cross-reactivity.
Images during a 20 min period following the equilibrium were
averaged, and the changes in mass density due to binding are
plotted in a dilution curve as presented in Figure 4. An anti-
TNFα antibody was used as a negative control, and no cross-
reactivity was observed. The analytical limit of detection
(LOD) was determined as the mean blank signal, where the
analyte concentration was 0, plus three standard deviations.
The corresponding minimum IL-6 concentration was found by
linear regression analysis in the linear region of the binding
curves (R2 = 0.989), and LOD for direct detection of IL-6 was
achieved at 19 ng/mL IL6 concentration. The sensitivity
improved 7-fold when the signal was enhanced with the
sandwiching antibody, and LOD is reached at 2.7 ng/mL IL-6
concentration (R2 = 0.897). The noise under flow was 16.5 pm
per spot, and averaging 8 spots with the same probe reduced
the noise to 3.85 pm, corresponding to protein surface density
of 4.6 pg/mm2. The noise floor is defined as the RMS
(quadratic mean) around the average signal of 20 measure-
ments. Finally, a sigmoidal dose−response curve was fitted to
determine dissociation constant, KD, at 6.0 nM.
Onsager coefficient of mass transport, Lm, was calculated to

determine the influence of mass transport on the obtained
results using the flowing equation:

=L
D f
h bl

0.98m

2

2
3

(3)

where D is the diffusion coefficient, f the flow rate, h the
channel height, b the width, and l the distance from the flow
cell entrance.28 We assumed diffusion coefficient of 1.22 × 106

cm2/s based on the hydrodynamic radius of IL-6,30 which
agrees well with the reported diffusion coefficients of similarly
sized protein.31,32 Considering the geometry of the flow cell ( f
= 50 μL/min, h = 200 μm, b = 10 mm, l = 5 mm), we obtain Lm
= 1.8 × 10−6 m/s. This value is much greater than the product
of the apparent associate rate constant and the free binding site
(8.4 × 10−8 m/s), which indicates the kinetics were reaction
limited and were free from mass transport concerns.33 Thus, we
assume a simple biomolecular interaction

+ ⇄ ·Ab Ag Ab Ag (4)

where Ab is the amount of free surface antibodies and Ag is the
amount of antigen. Data points were fitted using the least-
squares method to the exponential binding curve, and kobs
values were obtained. Association rate (ka) and dissociation rate
(kd) were found using initial rate analysis,34 and they were ka =
(9.3 ± 2.1) × 104 M−1 s−1 and kd = (3.7 ± 2.2) × 10−4 s−1 given

that kobs = ka[Ag]0 + kd. On the basis of the kinetic analysis, we
obtain KD = 4.0 ± 2.5 nM, which is comparable to the
thermodynamic KD obtained at equilibrium.

Detection of IL-6/Anti-IL-6 Antibody Complex.
Although the sandwich assay described above does not involve
conventional labeling of the target molecules, the signal
enhancement due to the additional antibody is essentially an
amplification technique by increasing the mass of the target
molecules on the surface through a specific antibody−antigen
interaction. This sequential addition of mass tag requires
capturing predetermined amounts of analytes prior to
introduction of the mass tag, which limits the temporal
resolution of the study to the number of samples collected at
different time points. However, this limitation can be overcome
if the mass of the target molecules is amplified prior to being
captured on the surface. Approximately 130 ng/mL of IL-6 was
reacted with 1 μg/mL of detection anti-IL-6 antibody (150
kDa) in 0.1% BSA in PBS solution prior to being flowed over
the sensor surface. The interaction between IL-6 and the
detection anti-IL-6 antibody is assumed to occur much more
rapidly as it takes place in the solution than the interaction
between IL-6 and the capture anti-IL-6 antibody on the planar
surface. Figure 5 illustrates the successful detection of IL-6/

anti-IL-6 antibody complex. Having the mass tagging molecules
present in the analyte solution resulted in a 7-fold signal
enhancement compared to the direct detection of IL-6 at the
same concentration based on the dilution curve (Figure 4). The
observed signal enhancement agrees well with the theoretical
value as there is a 7-fold increase in mass of the IL-6/anti-IL-6
antibody complex relative to IL-6. Figure 5 compares the
kinetics and the signal intensity of complex detection to

Figure 5. IL-6/anti-IL-6 antibody complex detection. Mass tag
molecules, anti-IL-6 (1 μg/mL), were added to the IL-6 solution
(130 ng/mL) before the analyte solution was introduced to the sensor
array. For comparison, the mass density increase where the analytes
(gray squares: [IL-6] = 500 ng/mL; white squares: [IL-6] = 100 ng/
mL) followed by the mass tags is shown. Analytes are introduced at t =
20 min. kobs = 6.9 × 10−4 s−1 for complex detection, kobs = 9.8 × 10−4

s−1 for 100 ng/mL IL-6 detection, and kobs = 2.6 × 10−3 s−1 for 500
ng/mL IL-6 detection. Stepwise increase in signal upon capturing the
mass tags are shown around time = 75 min for sensitivity enhancement
through sequential detection of mass tags. White diamonds are the
signal from anti-TNFα antibody spots. Solid lines are guides for the
eye.
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separate experiments where the detection anti-IL-6 antibody (1
μg/mL) was introduced following IL-6 detection with the
analyte concentration at 100 and 500 ng/mL. Elimination of
the separate amplification step provides the potential to detect
cytokines as they are secreted by cells in real time, since the
mass tags could be added in excess to the cell culture solution,
thus “preamplifying” the signal.
Cytokine Detection in Complex Biological Fluid.

Successful dynamic label-free detection of cytokines in complex
biological fluids enables the possibility of investigating cytokine
production in real time. As a proof of concept, we examine the
feasibility of detecting cytokines secreted by cells with IRIS by
demonstrating IL-6 detection in a standard cell culture media
with 10% serum. Similar to the binding experiments carried out
in PBS, media was flowed over the sensor surface for ∼60 min
to allow loosely bound antibodies to wash off and to obtain the
protein desorption behavior prior to the addition of the
cytokine. Sequential detection of IL-6 (1 μg/mL) and anti-IL-6
antibody (1 μg/mL) in cell culture medium is shown in Figure
6. High concentration of protein (3−5 mg/mL) and glucose

(4.5 mg/mL) present in the cell culture medium did not display
any nonspecific interactions with the sensor surface. We
achieved a comparable noise floor to the binding experiments
performed in PBS. The noise floor in the complex biological
fluid was 18.7 pm per spot, and averaging 9 spots resulted in
noise floor of 2.35 pm, corresponding to protein surface density
of 2.8 pg/mm2. In a separate experiment, we explored the
feasibility of multiplexed cytokine detection in complex
biological fluid by examining nonspecific binding of multiple
mass tags on an antibody array. The array consisted of 10
replicate spots of anti-IL-6, anti-IL-8, anti-IL-10, and anti-
TNFα. Resulting signals from IRIS is shown as the inset of
Figure 6. Following the addition of IL-6 (1 μg/mL) and anti-
IL-6 (1 μg/mL) to the array, antibodies for TNFα (50 μg/mL),
IL-8 (1 × concentration), and IL-10 (1 × concentration) that
are matched to the surface capture antibodies were introduced

(red arrows). Nonspecific binding of mass tags onto the array
in culture media was not observed. The noise floor during the
entire experiment for each antibody was 7.7 pg/mm2 (anti-IL-
6), 7.4 pg/mm2 (anti-IL-8), 8.5 pg/mm2 (anti-IL-10), and 6.8
pg/mm2 (anti-TNFα). Comparable noise floors from multiple
antibody spots against various mass tags in complex biological
fluid to the noise in PBS is a promising indication that the
presented technology can be used for multiplexed detection of
cell secretion.

4. CONCLUSION
We addressed the challenges of real-time quantitative detection
of cytokines in an array format utilizing the quantitative nature
of the interferometric reflectance imaging sensor (IRIS). Real-
time characterization of the capture probes (an antibody array)
spotted on the sensor surface revealed slow and continuous
surface antibody desorption under constant flow. We
demonstrated that the accuracy and sensitivity of IRIS can be
significantly improved with a detailed understanding of the
temporal behavior of surface bound probes. In turn, we
achieved high sensitivity detection of cytokines.
An accurate understanding of the surface antibody

desorption is particularly important for accurate and
quantitative detection of smaller target molecules with larger
capture probes (antibodies) as in the case of cytokine detection.
For example, a 2% protein desorption of an antibody spot with
the surface density of 4.4 ng/mm2, a typical immobilization
density on copoly(DMA-MAS-MAPS) functionalized surface, is
equivalent to 88 pg/mm2 of signal loss if the temporal behavior
of the probes is not accounted for. This error is large enough to
negate the signal upon capturing IL-6 even at a high
concentration (500 ng/mL). In our experiments, accurate
probe characterization led to a LOD of ∼19 ng/mL. A further
improvement of sensitivity was demonstrated by inclusion of
detection antibodies as mass tags. More significantly, we
showed that the detection antibody molecules for signal
enhancement do not interfere with the IRIS signal and thus
can be present in the target solution eliminating the need of
separate washing and tagging steps. In this approach, detection
antibodies acting as mass tags are mixed with the target solution
containing the cytokines and the antibody−cytokine complexes
are captured on the sensor surface. This technique resulted in
more than 7-fold signal improvement in detecting small protein
with the expected limit of detection approaching 2 ng/mL.
While the use of mass tags is similar to labeling approaches, the
advantage of this technique over conventional labeling methods
is that it offers dynamic detection capability of a label-free
biosensor. In addition, unlike other label-free biosensors with
comparable sensitivity, IRIS signal is independent of the bulk
solution compositions, allowing mass amplification during
target detection. Therefore, this technique enables IRIS to
study kinetics of cytokine secretion. As the first step toward that
effort, the ability to detect cytokines in cell culture medium is
demonstrated with a comparable noise floor. We plan to
develop a cell−antibody dual array for IRIS to capture
cytokines directly adjacent to the cells as they are secreted.
The estimated cost of maintaining the mass tags in the culture
media for immediate mass amplification is $7.50 for a 24 h
period, which is not a limiting cost factor for implementing this
technique. Because IRIS can be highly multiplexed, and the
sensors are easy to fabricate at a minimum cost, IRIS can be
used as a platform for in vitro study of pathogen/immunological
response, drug response, or disease progression through real-

Figure 6. IL-6 detection in cell culture medium. Direct detection of IL-
6 at 1 μg/mL and the subsequent detection of mass tags at 1 μg/mL
are shown (closed squares). Response of anti-TNFα is shown as the
negative control (open diamonds). All flow conditions were identical
to the binding experiments performed in saline solution. Inset:
response of an antibody array that consisted anti-IL-6, anti-TNFα,
anti-IL-8, and anti-IL-10 when multiple protein targets were
introduced. The red arrows mark when the target solutions were
introduced in the following order: IL-6, anti-IL-6, anti-TNFα, anti-IL-
8, and anti-IL-10.
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time quantitative monitoring of multiple cytokines or other
proteins secreted by cells.
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