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Abstract
The ability to perform multiple simultaneous protein biomarker measurements in complex media
with picomolar sensitivity presents a large challenge to disease diagnostics and fundamental
biological studies. Silicon photonic microring resonators represent a promising platform for real-
time detection of biomolecules on account of their spectral sensitivity towards surface binding events
between a target and antibody-modified microrings. For all refractive index-based sensing schemes
the mass of bound analytes, in combination with other factors such as antibody affinity and surface
density, contributes to the observed signal and measurement sensitivity. Therefore, proteins that are
simultaneously low in abundance and have a lower molecular weight are often challenging to detect.
By employing a more massive secondary antibody to amplify the signal arising from the initial
binding event, it is possible to improve both the sensitivity and the specificity of protein assays,
allowing for quantitative sensing in complex sample matrices. Herein, a sandwich assay is used to
detect the 15.5 kDa human cytokine interleukin-2 (IL-2) at concentrations down to 100 pg/mL (6.5
pM) and to quantitate unknown solution concentrations over a dynamic range spanning 2.5 orders
of magnitude. This same sandwich assay is then used to monitor the temporal secretion profile of
IL-2 from Jurkat T lymphocytes in serum-containing cell culture media in the presence of the entire
Jurkat secretome. The same temporal secretion analysis is performed in parallel using a commercial
ELISA, revealing similar IL-2 concentration profiles but superior precision for the microring
resonator sensing platform. Furthermore, we demonstrate the generality of the sandwich assay
methodology on the microring resonator platform for the analysis of any biomolecular target for
which two high affinity antibodies exist by detecting the ~8 kDa cytokine interleukin-8 (IL-8) with
a limit of detection and dynamic range similar to that of IL-2. This work demonstrates the first
application of silicon photonic microring resonators for detecting cellular secretion of cytokines and
represents an important advance for the detection of protein biomarkers on an emerging analytical
platform.

Introduction
Optical biosensors based on refractive index (RI) changes that accompany analyte binding have
garnered attention for their potential to conduct biological assays without fluorescent or
enzymatic labels, which can increase cost and complexity, add heterogeneity, and perturb
native binding interactions.1, 2 Within the category of RI-based optical biosensors, microcavity
resonators have recently been shown to be promising platforms for label-free biomolecular
detection. Examples of microcavity resonators include microtoroids,3 microspheres,4, 5 liquid-
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core capillaries,6, 7 and microrings.8, 9 Molecules that interact with the sensor surface through
antigen-specific capture probes (antibodies, cDNA, etc.) increase the local refractive index
near the microring, facilitating the observation of binding events in real time. We have
previously described the operational principles of our microring detection platform.10–12

Briefly, light is coupled into on-chip, linear Si waveguides that access the microrings. At
particular wavelengths, photons circulating the microring constructively interfere with those
propagating down the adjacent linear waveguide resulting in an optical resonance as defined
by:

where m is an integer, r is the microring radius, and neff is the effective refractive index. This
resonance is measured as a drop in light intensity transmitted down the linear waveguide past
the microring as the wavelength is modulated using a tunable laser. Biomolecule detection is
achieved by monitoring shifts in the resonant wavelength on account of binding-induced
changes in the local refractive index at the microring surface. The potential of ring resonators
has recently been demonstrated in biologically relevant systems, including the detection of
proteins,10, 13, 14 nucleic acids,15 phage particles,16 and whole cells.17 Our group is particularly
interested in silicon-on-insulator microring optical resonators, which are constructed by
widely-used semiconductor fabrication techniques and thus are amenable to the incorporation
of many discrete sensing elements onto a single millimeter-scale chip.11, 12 Previously, we
described the use of a newly designed analytical platform for the sensitive quantitation of
protein biomarkers10, 18 and nucleic acids.11

Cytokines, which are cell-signaling proteins secreted by lymphocytes and epithelial cells,
represent a class of protein targets that are particularly challenging to detect in complex samples
with label-free biosensors due to their small size and relatively low abundance. Cytokines
mediate human immune response and are involved in inflammation and cell proliferation
processes through a complex network of cytokine secretion and cellular recognition.19

Furthermore, they are prospective biomarkers for many diseases, including prostate,20 breast,
21 and throat cancers,22 as well as a variety of autoimmune and inflammatory diseases.23 Broad
interest exists in developing sensitive cytokine analysis platforms, as evidenced by notable
recent reports describing fluorescent fiber-optic microsphere arrays,24 microdevices for T-cell
capture and fluorescence-based cytokine measurements,25 and optofluidic 1-D photonic-
crystal-based sensors.26

Interleukin-2 (IL-2), also known as T-cell growth factor, is a 15.5 kDa cytokine produced by
T lymphocytes that is responsible for T-cell proliferation.27 IL-2 levels are correlated with the
relative degree of T-cell activation or inhibition, which in turn serve as a general gauge of
immune responsiveness. Therefore, IL-2 levels have been used as an indicator of antiretroviral
response in HIV patients28 and immune system health following chemotherapy,29 in addition
to other diagnostic and prognostic applications. Jurkat cells, a well-characterized human cancer
cell line derived from a childhood leukemia patient, are often used as a model to study T-cell
activation or inhibition in vitro.30, 31 Jurkat T-cells are known to secrete IL-2 upon mitogenic
stimulation with phorbol esters and either lectins or monoclonal antibodies against the T3
antigen32 and thus serve as a suitable in vitro model system for validation of new cytokine
detection platforms. Herein, we demonstrate the quantitation of IL-2 secretion from Jurkat cells
stimulated with the phorbol ester PMA and the lectin PHA. For comparison, an enzyme-linked
immunosorbent assay (ELISA) is used to measure IL-2 concentrations in parallel, and the
silicon photonic microring resonator sensing platform demonstrates the ability to quantify
Jurkat secretion with greater precision and shorter incubation times. While beyond the scope
of this paper, it is important to keep in mind that arrays of microring resonators could, in the
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future, be utilized to simultaneously detect the levels of multiple cytokines from within a single
sample volume. Therefore, this manuscript represents a key first step towards the development
of a powerful immunological analysis platform.

In this report, we employ a secondary antibody in a sandwich assay format which allows for
more sensitive detection of IL-2 in complex media. Though this assay no longer retains the
distinction of being “label-free,” a term commonly used to described biosensor techniques such
as surface plasmon resonance, quartz crystal microgravimetry, and field effect transistors
among others,1 it still avoids limitations of cost and assay complexity associated with
fluorescent, enzymatic, or radioactive tags.33, 34 As has been previously demonstrated using
surface plasmon resonance, secondary antibody binding increases both assay sensitivity and
specificity in the detection of low-abundance proteins in complex samples.22, 35, 36 Compared
to the size of an antibody (~150 kDa), IL-2 is relatively small. Thus, its binding to the sensor
surface generates a smaller increase in the refractive index, which leads to a smaller shift in
resonance wavelength. By using a larger anti-IL-2 molecule in a secondary amplification step,
the signal from IL-2 binding is effectively enhanced, as shown in Figure 1. The use of a
secondary antibody not only lowers the limit of detection to 0.1 ng/mL, a level relevant for the
analysis of cellular secretions, but also increases the specificity of the assay by providing an
additional analyte recognition element.

Experimental Section
Materials

3-N-((6-(N′-Isopropylidene-hydrazino))nicotinamide)propyltriethyoxysilane (HyNic silane)
and succinimidyl 4-formyl benzoate (S-4FB) were purchased from SoluLink (San Diego, CA).
Monoclonal mouse anti-human IL-2 (capture antibody, catalog# 555051, clone 5344.111) and
monoclonal biotin mouse anti-human IL-2 (detection antibody, catalog# 555040, clone B33-2),
both in phosphate buffered saline (PBS) containing 0.09% sodium azide, were purchased from
BD Biosciences (San Jose, CA). These served as the primary and secondary antibodies,
respectively. Recombinant human IL-2 (catalog# 14-8029) in PBS (pH 7.2, with 150 mM NaCl
and 1.0% BSA) was purchased from eBioscience (San Diego, CA). PBS was reconstituted in
deionized water from Dulbecco’s phosphate buffered saline packets purchased from Sigma-
Aldrich (St. Louis, MO). Aniline was obtained from Acros Organics (Geel, Belgium). Phorbol
12-myristate 13-acetate (PMA, Product# P 1585) was purchased from Sigma-Aldrich and
dissolved in dimethyl sulfoxide to 0.5 mg/mL. The lectin phytohemagglutinin (PHA-P) from
Phaseolus vulgaris (Product# L 9132) was also purchased from Sigma-Aldrich and dissolved
in PBS, pH 7.4 to 0.5 mg/mL. Zeba spin filter columns were obtained from Pierce (Rockford,
IL). A human IL-2 enzyme linked immunosorbent assay kit (OptEIA™ ELISA Kit II, catalog#
550611) that includes the previously described antibody clones was purchased from BD
Biosciences. Cell culture media, RPMI 1640 supplemented with 10% fetal bovine serum (FBS)
and penicillin/streptomycin (100 U/mL each), was obtained from the School of Chemical
Sciences Cell Media Facility at the University of Illinois at Urbana-Champaign. All other
chemicals were obtained from Sigma-Aldrich and used as received.

All buffers and dilutions were made with purified water (ELGA PURELAB filtration system;
Lane End, UK), and the pH was adjusted with either 1 M HCl or 1 M NaOH. Antibody
immobilization buffer was 50 mM sodium acetate and 150 mM sodium chloride adjusted to
pH 6.0. Capture antibody regeneration buffer was 10 mM glycine and 160 mM NaCl adjusted
to pH 2.2. BSA-PBS buffer used for IL-2 sensor calibration and detection was made by
dissolving solid bovine serum albumin (BSA) in PBS (pH 7.4) to a final concentration of 0.1
mg/mL. For blocking, 2% BSA (w/v) in PBS was used.
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Silicon photonic microring resonator array chips and the instrumentation for microring
resonance wavelength determination were designed in collaboration with and built by
Genalyte, Inc. (San Diego, CA). These materials and instrumentation have been described
previously.10–12 Briefly, silicon microring substrates (6 × 6 mm) contain sixty-four microrings
(30 μm diameter) that are accessed by linear waveguides terminated with input and output
diffractive grating couplers, allowing independent determination of the resonance wavelength
for each microring. Up to thirty-two microring sensors are monitored simultaneously, eight of
which are used solely to control for thermal drift. The instrumentation employs computer-
controlled mirrors and a tunable, external cavity diode laser (center frequency 1560 nm) to
rapidly scan the chip surface and sequentially interrogate the array of microring resonators,
allowing determination of resonance wavelength for each independent sensor with ~250 msec
time resolution.

Functionalization of Silicon Photonic Microring Resonator Arrays
Prior to functionalizing the microring surfaces, sensor chips were cleaned by a 30-sec
immersion in piranha solution (3:1 H2SO4: 30% H2O2)37 followed by rinsing with copious
amounts of water and drying in a stream of nitrogen gas. For all subsequent steps, sensor chips
were loaded into a previously described custom cell with microfluidic flow channels defined
by a Mylar gasket,10 and flow was controlled via an 11 Plus syringe pump (Harvard Apparatus;
Holliston, MA) operated in withdraw mode. Flow rates for functionalization and cytokine
detection steps were set to 5 μL/min. The flow rate was set to 30 μL/min for all additional
steps.

The chip was first exposed to a solution of 1 mg/mL HyNic silane in 95% ethanol and 5%
dimethyl formamide (DMF) for 20 minutes to install a hydrazine moiety on the silicon oxide
chip surface, followed by rinsing with 100% ethanol (Figure S-1, Figure S-2). In a separate
reaction vial, the capture antibody was functionalized with an aldehyde moiety by reacting
anti-IL-2 (0.5 mg/mL) with a 5-fold molar excess of 0.2 mg/mL S-4FB (dissolved first in DMF
to 2 mg/mL for storage and diluted in PBS to 0.2 mg/mL) for 2 hrs at room temperature. After
buffer-exchanging to remove excess S-4FB using Zeba spin filter columns and dilution to 0.1
mg/mL, the antibody-containing solution was flowed over the chip to allow covalent
attachment to the hydrazine-presenting chip surface (Figure S-1, Figure S-3). Aniline (100
mM) was added to the antibody solution prior to flowing over the chip, serving as a catalyst
for hydrazone bond formation38, 39 that improves biosensor surface functionalization. The
previously-described Mylar gasket10 allows for selective antibody functionalization on 15
rings under fluidic control. After the coupling reaction, a low-pH glycine-based regeneration
buffer rinse removed any non-covalently bound antibody. A final blocking step was carried
out by exposing the sensor surface to a 2% solution (w/v) of BSA in PBS overnight.

Calibration of Sensors and Detection of IL-2
IL-2 calibration standards were prepared by serial dilution of recombinant human IL-2 (≥ 0.1
mg/mL) in BSA-PBS to the following concentrations: 50, 25, 10, 4, 1.6, 0.64, 0.26, 0.10, and
0 ng/mL. Blinded unknown samples were prepared independently from similar stocks. All
sandwich assays performed on the chip surface were monitored in real time and involved a 30-
min incubation (5 μL/min) in IL-2 standard or unknown solution followed by a 15-min read-
out with the secondary detection anti-IL-2 antibody (2 μg/mL, 5 μL/min). A low-pH glycine
buffer rinse, which disrupts non-covalent protein interactions, was used to regenerate the
capture anti-IL-2 surface. The chip was blocked with BSA-PBS prior to subsequent IL-2
detection experiments.

Luchansky and Bailey Page 4

Anal Chem. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Data Processing
The response from the detection antibody binding to captured IL-2 at the surface as a function
of IL-2 concentration was used to calibrate the sensor response for each ring (n = 15
independent measurements). Prior to quantitation, the shift response of a control ring, which
was not functionalized with capture anti-IL-2 antibody but was exposed to the same solution
as the functionalized rings, was subtracted from each of the functionalized ring signals to
account for any non-specific binding, as well as temperature or instrumental drift. The corrected
secondary signal after 15 minutes of detection antibody incubation was measured as a net shift
for each IL-2 standard and unknown, with the signal from each ring serving as an independent
measure of IL-2 concentration. The average corrected secondary shift was plotted against
concentration to obtain a calibration plot, which was then fit with a quadratic regression for
quantitation of unknowns by inverse regression.

Jurkat Cell Culture, Stimulation, and Secretion Profiling
Jurkat T lymphocytes were passaged into fresh media at 106 cell/mL (10 mL culture in each
of two T25 vented flasks). One flask was immediately stimulated to secrete IL-2 by adding the
mitogens PMA (50 ng/mL) and PHA (2 μg/mL) using an established procedure,31, 32, 40, 41

while the other flask served as a non-stimulated control. Both flasks were immediately returned
to the cell culture incubator (37°C, 5% CO2, 70% relative humidity). Aliquots (1 mL) were
withdrawn from both the control and stimulated flasks at four time points: 0, 8, 16, and 24
hours post-stimulation. The cell culture aliquots were centrifuged at 1,000 RPM for 5 min to
pellet the cells, and then the supernatant was removed and centrifuged at 10,000 RPM for 5
min to pellet any remaining cellular debris. Cell culture aliquots were divided into two identical
tubes and stored for less than 24 hours at 4°C for subsequent parallel analysis by both ELISA
and the microring resonator platform. A sensor chip was selectively functionalized with anti-
IL-2 capture antibody as described above and calibrated to secondary antibody response with
the following IL-2 standards prepared by serial dilution in cell culture media: 50, 20, 8, 3.2,
and 1.3 ng/mL. Immediately after calibration, aliquots taken at each time point for both control
and stimulated cells were flowed over all rings on the chip (30 min, 5 μL/min) followed by
introduction of the detection anti-IL-2 (2 μg/mL, 15 min, 5 μL/min). An IL-2 ELISA, conducted
as per the manufacturer’s instructions, was performed on the same samples from each time
point for validation and comparison to results obtained from the microring resonator platform.

Results and Discussion
The goal of this study is to establish the use of secondary antibodies to improve detection limits
and increase sensor specificity for cytokine detection in complex media using a microring
resonator platform. After demonstrating the utility of the sandwich assay technique for
quantitative detection of IL-2 with picomolar sensitivity, the platform is applied to the temporal
monitoring of IL-2 secretion from stimulated Jurkat T lymphocytes.

Sandwich Assay for Sensitive, Quantitative Cytokine Detection
The wavelengths of light that meet the microring resonance condition are extremely sensitive
to the local refractive index. Therefore, biomolecular binding events that increase the effective
refractive index at the sensor surface are observed as increase in the resonant wavelength of
the microcavity. This shift in resonance wavelength is analyte concentration dependent and
serves as the basis for all sensor calibration and unknown sample determination experiments.
The silicon microring is passivated with native SiOx, which allows for initial functionalization
with a hydrazine-terminated silane in preparation for covalent antibody immobilization. All
surface derivitization steps are monitored in real time as a shift in the resonance wavelength
of each ring (See Figures S-2 and S-3 in the Supporting Information). Microfluidics are used
to confine antibody functionalization to only 15 of the 24 active sensing rings, allowing the
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other 9 rings to serve as controls for non-specific binding, bulk refractive index changes, and
thermal drift as they are exposed to identical IL-2 standards and unknown samples.

Once the rings are functionalized with capture anti-IL-2, a 45-min IL-2 sandwich assay is
performed, as shown in Figure 1. Initially, binding of the 15.5 kDa IL-2 to the capture antibody
results in a small wavelength shift (~15 pm over 30 min for 50 ng/mL IL-2; hardly detectable
for lower concentrations and incubation times). After this primary binding event, a secondary
detection anti-IL-2 antibody that recognizes a different IL-2 epitope is allowed to bind. The
binding of the detection antibody, increases the observed signal (~40 pm over 15 min). In the
absence of IL-2, secondary antibody introduction elicits no measureable binding response (See
Figure S-4 in the Supporting Information). While this microring resonator detection modality
is, strictly speaking, a refractive index-sensitive technique, the observed change in effective
refractive index at the sensor surface is proportional to analyte mass under the reasonable
assumption that all proteins have an equivalent refractive index.4, 5 Though the secondary anti-
IL-2 is roughly ten times as massive as IL-2, only a 3- to 5-fold increase in signal is observed
as secondary antibody saturation at the surface causes the signal to level off at high
concentrations. We attribute this observation to the limited steric accessibility of secondary
antibodies to all bound antigens. More specifically, the random immobilization of the primary
antibodies via modified lysine residues leads to some orientations that, while capable of binding
IL-2, do not present the antigen in a manner in which the secondary epitope can be accessed
for subsequent secondary binding. For both the antigen and the detection antibody binding
steps, the assay speed is limited by protein diffusion to the microrings. Though the 45-min total
assay time reported herein is considerably shorter than the approximately 4-hr ELISA assay,
we are working towards further reducing the time-to-result by utilizing more highly optimized
fluid delivery systems.

Following the sandwich assay detection, the sensor surface is regenerated with a low-pH
glycine buffer rinse that disrupts non-covalent protein-protein and protein-surface interactions.
By removing all IL-2 and anti-IL-2 detection antibody, the capture anti-IL-2 is restored to its
original state for subsequent assays. Upon returning to buffer, the resonance wavelength returns
to baseline, indicating effective regeneration. The capture antibody can be regenerated 20–30
times without substantial loss in binding activity, allowing for the consecutive analysis of many
standards and samples on a single chip. In order to demonstrate the quantitative sensing
capabilities of the platform, IL-2 sandwich assays were performed on nine calibration standards
and two unknowns in BSA-PBS. Figure 2 shows the response for one representative sensor
ring (out of 15 total) as a function of time for 11 consecutive sample exposures, IL-2 detection
experiments, and surface regenerations. For purposes of quantitation, the shift associated with
detection antibody binding after 15 min of exposure was measured. Though primary IL-2–
capture antibody interactions are not easily observed at sub-ng/mL concentrations, the
secondary amplification step allows a 0.10 ng/mL (6.5 pM) solution to be readily discerned
from baseline.

The shift in resonance wavelength for each of 15 rings is measured independently of all other
rings. This multiplexing capability, here applied to a single parameter assay, greatly reduces
the time required to obtain statistically relevant measured values. In other words, redundant
measurements are generated in parallel rather than consecutively, which reduces both assay
time and sample consumption. These 15 independent measurements have the advantage of
decreasing the inherent uncertainty of the assay, which adds to its quantitative utility. For sensor
array calibration, the average secondary antibody binding response for all 15 rings is plotted
against IL-2 concentration, as shown in Figure 3. The calibration plot is fitted with a quadratic
regression (R2 = 0.999) since, as expected, it is observed that the secondary signal begins to
saturate at higher IL-2 concentrations (beyond 25 ng/mL) due to a limited number of accessible
antibody binding sites. As the concentration approaches 50 ng/mL, a maximum secondary

Luchansky and Bailey Page 6

Anal Chem. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



signal (32.5 ± 3.6 pm, 95% CI, n = 15 rings) is reached. Linear regression can also be applied
to the data between 0.1 and 4 ng/mL IL-2, yielding a slope of 1.56 Δpm per ng/mL (See Figure
S-5 in the Supporting Information) that is in strong agreement with the quadratic regression
(Figure 3).

Using this calibration curve, the concentrations of IL-2 in two blinded unknown samples
(Unknown A and Unknown B) were determined to be 0.40 ± 0.21 and 7.73 ± 0.80 ng/mL,
respectively. Reported uncertainties in both cases represent the 95% confidence interval for
15 independent measurements. Importantly, these values are in excellent agreement with the
as prepared values of 0.37 ng/mL and 7.64 ng/mL for Unknowns A and B, respectively. The
ability to accurately determine IL-2 concentrations over a broad concentration range (0.10 to
25 ng/mL) demonstrates the utility of sandwich assays on a microring resonator platform for
protein quantitation.

To demonstrate the generality of the approach, we also successfully applied the sandwich assay
methodology to detect another cytokine, IL-8, with similar sub-ng/mL sensitivity and
comparable saturation behavior (See Figure S-6 in the Supporting Information). Similarly to
IL-2, the calibration data is best fit with a quadratic function that can be used to determine IL-8
at concentrations between 0.1 and 20 ng/mL. Beyond cytokines, the sandwich assay detection
method described herein is expected to be generally applicable to analysis of any biomolecule
for which a high-affinity antibody pair exists.

IL-2 Detection and Quantitation in Complex Media
Building upon the calibration and unknown quantitation successes in buffer, we validated the
sandwich assay approach for analysis in a more complex medium, specifically the detection
of IL-2 in cell culture media. The media of interest, supplemented RPMI 1640, contains a wide
variety of inorganic salts, amino acids, vitamins, antibiotics, and sugars at concentrations in
the μg/mL – mg/mL range. Furthermore, the addition of fetal bovine serum, which contains a
variable amount of total protein (ranging from 30–50 mg/mL),42 adds to the complexity of the
analysis. A final potentially complicating factor is the multitude of biomolecules (proteins and
carbohydrates) secreted by the Jurkat cells into the surrounding media that are not necessarily
the subject of the assay being performed. Clearly, assays performed within complex
environments such as culture media require high specificity in order to detect a single protein
species at sub-ng/mL levels in a variable matrix containing electrolytes, sugars, and other
proteins in excess of mg/mL concentrations.

Prior to performing IL-2 detection in the Jurkat secretome, calibration was performed using
IL-2 standards prepared in cell culture media. As in the previously described calibration,
standards were prepared by serial dilution and flowed over the chip under conditions identical
to those for detection in buffer. Sandwich assays were performed and monitored in real time
(See Figure S-7 in the Supporting Information), and calibration was performed with five
standard solutions over a concentration range relevant for subsequent cell culture analysis. The
resulting calibration plot generated from secondary antibody-based detection was again fit with
a quadratic function (R2 = 0.999, See Figure S-8 in the Supporting Information). In comparing
the calibration in buffer (Figure 3) to that in cell culture media (Figure S-8), we find that the
response sensitivity decreases by a factor of ~2; however, sensitivity in the low ng/mL range
is retained, enabling the monitoring of cytokine secretion from Jurkat T lymphocytes, a
common model of immune response, as described below.

Jurkat IL-2 Secretion Analysis and Validation
A temporal secretion analysis was performed on freshly passaged Jurkat T cells (~106 cells/
mL) by sampling the cell culture media at defined time points over a 24-hr period. The secretion
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analysis was performed in parallel on both non-stimulated (control) cells and PMA/PHA-
stimulated cells. After removing cells and cellular debris by centrifugation, the raw cell culture
media-based samples were flowed across a single calibrated chip to maximize consistency in
sensor response and accuracy in IL-2 concentration determination. A bulk RI change was
observed upon the addition of cell media aliquots on account of differences in ionic strength
between sterile media used in calibration and media which had supported Jurkat cell growth
(See Figure S-9 in the Supporting Information). After a 30-min incubation in the Jurkat
secretion aliquot, the secondary antibody response was measured and used to determine the
IL-2 concentration according to the previous calibration relation (Figure S-8). Control rings
were used to subtract the sensor response that arose from non-specific binding of Jurkat
secretion proteins. After each sandwich assay was performed, the surface was regenerated and
allowed to equilibrate for 20–30 minutes in sterile RPMI 1640 + 10% FBS to ensure effective
capture antibody blocking prior to introducing subsequent Jurkat secretome samples.

The Jurkat secretion analysis revealed a pronounced difference in secreted IL-2 levels between
stimulated and non-stimulated cells, as shown in Figure 4. Non-stimulated cells did not produce
measureable levels of IL-2, but PMA/PHA-stimulated Jurkat cells showed an accumulation of
IL-2 up to 15 ± 2 ng/mL (95% CI, n = 15) after 24 hours. This data is supported by literature
reports that have demonstrated the absence of IL-2 transcripts and protein without
stimulation43, 44 as well as the synergistic effects of PMA and PHA, which must be added
concurrently to stimulate IL-2 secretion.32, 40 Previous reports describe IL-2 levels of 15–20
ng/106 cells from stimulated Jurkats under the culture conditions employed herein,41, 45

consistent with microring resonator assay determinations.

In addition to using the microring resonator platform, the secretion analysis was performed in
parallel with an IL-2 ELISA for further validation. The ELISA utilized herein was obtained
from the same vendor (BD Biosciences) as the individual capture and secondary antibodies
used in the microring resonator determination, and therefore serves as a valuable comparison
given that identical antibody clones were used in both assays. Figure 4 shows the strong
agreement, both qualitatively and quantitatively, in the IL-2 values measured using the ELISA
kit and the microring resonator platform. The ELISA, performed on the same Jurkat secretion
media aliquots assayed using microrings, gave a similar final IL-2 concentration after 24 hours
of 21 ± 5 ng/mL (95% CI, n = 3). Additionally, a steady increase in accumulated IL-2 levels
over time is observed for both techniques, further validating the quantitative potential of the
sandwich assays performed on the microring resonator detection platform.

Though the two assays show strong agreement in average IL-2 levels at each time point, the
ring resonator sandwich assay exhibits greater precision, as is evidenced by smaller
uncertainties associated with the data points in Figure 4. Notably, the redundant, simultaneous
multiplexing of the IL-2 assay on the microring sensor array (n = 15) reduces uncertainty in
the determined concentration. Sample and reagent requirements generally limit ELISAs to
triplicate analyses. Thus, the ability to perform many measurements from a single sample
without requiring additional reagents or rinsing steps is a clear advantage for the silicon
photonic microring resonator bioanalysis technique.

Conclusions
Sandwich assays performed on a silicon photonic microring resonator biosensor platform have
been demonstrated as a highly quantitative tool for protein detection with sub-ng/mL
sensitivity. This technique is capable of performing precise analyses in complex media,
including cell culture secretions that include 10% serum and other additives. Sensitive
determination of the cytokine IL-2 was demonstrated, with a limit of detection that is useful
for performing a highly resolved temporal analysis of Jurkat T-cell secretion. This result was
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validated with ELISA, and comparison between the techniques revealed superior precision for
the microring detection platform. The ability to simultaneously perform precise measurements
of low molecular mass and low abundance proteins on a scalable bioanalysis platform may
allow multiplexed assays in which the measurements of multiple cytokines are integrated onto
a single silicon photonic sensor array, and this manuscript represents an important first step
towards this goal.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative sandwich assay response and schematic for a single microring optical resonator
functionalized with capture anti-IL-2 antibody. An anti-IL-2 antibody-modified microring
resonator is initially incubated in buffer (time before A), then a 50 ng/mL solution of IL-2 is
introduced to the ring (A) resulting in a ~15 pm net shift in resonance wavelength after 30 min
of binding. Quantitative signal enhancement is then achieved by introducing an anti-IL-2
detection antibody (B), which gives a ~40 pm net shift in resonance wavelength after a 15 min
incubation. The sensor is regenerated with a low-pH buffer rinse (C) prior to returning to buffer
(D) for subsequent IL-2 analyses.
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Figure 2.
Real-time monitoring of resonance wavelength shifts of an anti-IL-2 antibody-functionalized
microring during exposure to a variety of known (0, 0.10, 0.26, 0.64. 1.60, 4, 10, 25, and 50
ng/mL) and two unknown solutions (Unknowns A and B) in BSA-PBS. Following a 30-min
exposure to each IL-2 concentration, anti-IL-2 detection antibody is flowed over the ring
(dashed lines), and the secondary net shift after 15 minutes is used for quantitation. A BSA-
PBS sample without IL-2 produced no secondary anti-IL-2 binding signal, as shown between
time points 238 and 253 minutes. After each secondary detection, the microring surface is
regenerated by a low-pH glycine rinse, and the sample chamber returned to BSA-PBS to
achieve a stable baseline before subsequent sample injections. The signal is corrected for drift
by subtracting the shift from an adjacent control ring that is not functionalized with anti-IL-2
but is introduced to identical conditions throughout.
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Figure 3.
Concentration-response plot of the average control-ring-corrected net shift as a function of
IL-2 concentration, as determined from 15 microring resonators. Following 30-min incubation
in IL-2 standard solutions prepared in BSA-PBS, the net shift arising from detection antibody
binding is measured after 15 min for each ring. The plot is fit with a quadratic regression, and
the displayed equation is used to successfully quantitate solutions with unknown IL-2
concentrations (relative positions of unknowns depicted on curve with red X). The inset in the
lower right corner is an expanded view of the low concentration range below 4 ng/mL. Error
bars represent the 95% confidence interval, n = 15 rings.
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Figure 4.
Temporal Jurkat IL-2 secretion profile. Aliquots were taken at 8-hr intervals over a 24-hr period
to compare IL-2 secretion from non-stimulated (squares) and PMA/PHA-stimulated (triangles)
Jurkat T-cells. Results were obtained in parallel by using the microring resonator sandwich
assay (A) and an IL-2 ELISA (B). Error bars represent the 95% confidence interval for n = 15
(A) and n = 3 (B).
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