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ABSTRACT Precise monitoring of the rapidly changing immune

status during the course of a disease requires multiplex analysis of ';1-’/
cytokines from frequently sampled human blood. However, the
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current lack of rapid, multiplex, and low volume assays makes
immune monitoring for clinical decision-making (e.g., critically ill
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patients) impractical. Without such assays, inmune monitoring is
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nance (LSPR)-based microfluidic optical biosensing is a promising approach to fill this technical gap as it could potentially permit real-time refractometric
detection of biomolecular binding on a metallic nanoparticle surface and sensor miniaturization, both leading to rapid and sample-sparing analyte analysis.
Despite this promise, practical implementation of such a microfluidic assay for cytokine biomarker detection in serum samples has not been established
primarily due to the limited sensitivity of LSPR biosensing. Here, we developed a high-throughput, label-free, multiarrayed LSPR optical biosensor device
with 480 nanoplasmonic sensing spots in microfluidic channel arrays and demonstrated parallel multiplex immunoassays of six cytokines in a complex
serum matrix on a single device chip while overcoming technical limitations. The device was fabricated using easy-to-implement, one-step microfluidic
patterning and antibody conjugation of gold nanorods (AuNRs). When scanning the scattering light intensity across the microarrays of AuNR ensembles
with dark-field imaging optics, our LSPR biosensing technique allowed for high-sensitivity quantitative cytokine measurements at concentrations down to
5—20 pg/mL from a 1 uL serum sample. Using the nanoplasmonic biosensor microarray device, we demonstrated the ability to monitor the inflammatory
responses of infants following cardiopulmonary bypass (CPB) surgery through tracking the time-course variations of their serum cytokines. The whole
parallel on-chip assays, which involved the loading, incubation, and washing of samples and reagents, and 10-fold replicated multianalyte detection for
each sample using the entire biosensor arrays, were completed within 40 min.
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ytokines are bioactive proteins re-

sponsible for dynamic regulation of

the maturation, growth, and respon-
siveness of immune cells."? Quantifying
cytokines in human serum provides highly
valuable clinical information to monitor the
immune status of hosts and adjust therapies
in different inflammatory disease condi-
tions, such as sepsis,® cancer,* lupus,® and
graft-versus-host disease (GVHD).® Given
the complexity and dynamic nature of the
human immune system, detection and
trending of biomarker signatures and their
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subtle changes occurring during a diseased
state requires rapid analysis of a complex
panel of multiple cytokines at high accu-
racy, sensitivity and throughput. However,
conventional methods based on sandwich
immunoassays fall short of meeting this
demand as they present stringent limita-
tions on their practical implementation as
immune monitoring approaches. These lim-
itations arise primarily from their needs for
multiple time-consuming labeling and
washing processes while consuming a large
sample volume. At present, no assay exists
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that satisfies all the requirements of near-real-time
immune status monitoring that involve analysis of
complex biological samples (such as human blood) in
miniature quantities.

Over the last two decades, plasmonic biosensing has
drawn much attention as a potential alternative to
fluorescence-based methods that enables fast, real-
time label-free detection of biological species.”® Plas-
monic biosensing has demonstrated rapid sensing
response, limited reaction to external interferences,
high stability in harsh environments, and noninvasive-
ness to test samples. Driven by modern advances in
nanofabrication, plasmonic biosensing technologies
have evolved into nanobiosensing based on localized
surface plasmon resonance (LSPR),’®~"® where surface
binding of analyte molecules is detected in real time
from a shift in photon absorbing and scattering behav-
iors of collectively oscillating conduction-band elec-
trons highly localized on the surfaces of metallic
nanoparticles.'” With emerging nanoplasmonic bio-
sensing technologies and microdevice fabrication
techniques, integration of miniaturized LSPR biosen-
sors into highly functional microfluidic chips with
liquid sample handling capability is a promising ap-
proach toward practical biomarker screening.'*~'®
However, the implementation of such sensors for
protein biomarker detection in complex clinically rel-
evant samples is still in infancy. Furthermore, nano-
plasmonic biosensing in clinical and pharmaceutical
settings has been prohibited by the inability to simul-
taneously achieve high sensitivity and assay speed.

Here we have developed a highly practical, multi-
arrayed LSPR chip for massively parallel high-through-
put detection of multiple cytokine biomarkers in
miniature quantities of serum samples. The LSPR micro-
array device was fabricated using easy-to-implement,
one-step microfluidic patterning and antibody con-
jugation of gold nanorods (AuNRs). Scanning the
scattering light intensity across the microarrays of
AuNR ensembles with dark-field imaging optics, our
biosensing technique allowed for quantitative cyto-
kine measurements at concentrations ranging from
10 to 10000 pg/mL in a T uL sample of serum. In only
40 min we completed the whole parallel on-chip
assays, which involved the manual loading, incubation,
and washing of 8 different samples, and multianalyte
detection repeated 10 times for each sample using the
entire 480 LSPR biosensor arrays. In contrast, conven-
tional sandwich immunoassays take more than 10
times as long to complete. The microarray biochip
assay only required simple manual sample/reagent
pipetting processes and a readily available standard
optical microscopy setup. With the validation of the
LSPR microarray assay with an enzyme-linked immu-
nosorbent assay (ELISA) and successful demonstration
of its functionality with clinical samples, our study has
taken the first significant step toward translating
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nanoplasmonic biosensing technology to its practical
use in serum cytokine-based immune status monitoring.

RESULTS AND DISCUSSION

LSPR Microarray Chip Preparation. Our LSPR microarray
biochip consists of eight parallel microfluidic channels
which run orthogonal to six meandering stripes of
antibody-functionalized AuNR ensembles (charac-
teristic properties of the AuNRs are shown in Support-
ing Information Figure S1) with 10 turns on a glass
substrate (Figure 1a). Each microfluidic channel can
hold 250 nL in volume and has inlet and outlet ports for
reagent loading and washing. This chip design gives
rise to an array of 480 stripe-shaped LSPR biosensing
spots (25 um x 200 um) on the entire chip. Here, using
a one-step microfluidic patterning technique (Sup-
porting Information Figure S2), we conjugated the
AuNR stripes with antibodies against six different
cytokines: interleukin-2 (IL-2), interleukin-4 (IL-4), inter-
leukin-6 (IL-6), interleukin-10 (IL-10), interferon-gamma
(IFN-y), and tumor-necrosis-factor alpha (TNF-a).
Microfluidic flow-patterning technique has been suc-
cessfully demonstrated to create patterns of antibodies/
biomolecules on glass substrates and gold thin film
in previous studies.'”'® However, this approach
has not yet been employed to fabricate LSPR based
biosensor spots with flexible geometry that can be
readily manipulated. The six cytokines employed in this
study are known to yield predictive values indicating
the development of organ damage and bacterial
infections.'®?° The microfluidic patterning technique
allowed us to construct 10 segments of six collocating
parallel multiplex immunoassay spots in each channel
without cumbersome manual reagent dispensation on
the large number of locations (Figure 1a). We utilized
scanning electron microscopy to validate that the LSPR
sensing spots were coated with a disordered mono-
layer of AuNR particles at a surface number density of
~1 particles per 2.56 um? (Figure 1a and Supporting
Information Figure S3), which corresponded to an
average particle-to-particle distance greater than
200 nm (Figure 1b). Our theoretical calculation pre-
dicted a much shorter (65 nm) decay length of the
highly localized photoexcited EM field surrounding
each nanoparticle (Inserted panel of Figure 1b). Thus,
the dispersed distribution of AuNRs effectively elimi-
nated electromagnetic couplings between neighbor-
ing nanoparticles in the LSPR biosensing ensembles. As
a result, the multiarrayed LSPR sensor performance
was solely determined by the superimposition of the
optical characteristics of individual nanoparticles while
uninfluenced by the disordered nanoparticle arrange-
ment. Therefore, the ensemble of ~2000 plasmonically
uncoupled AuNRs on each sensor spot could yield
a scattering spectrum with a distinct resonance with-
out particle-to-particle electromagnetic interferences
(Figure 1c). Variance in this resonance could be
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Figure 1. Schematic and principle of the method. (a) Schematic of the LSPR microarray chip. The nanorod microarray
fabrication was performed using a one-step microfluidic patterning technique assisted by electrostatic attractive interactions
between the nanorods and the substrate surface within microfluidic channels (Materials and Methods and Supporting
Information Section 2). Subsequently, these nanorode microarrays were integrated in a microfluidic chip with eight parallel
microfluidic detection channels consisting of inlet and outlet ports for reagent loading and washing. Specific antibodies were
conjugated to the patterned AuNR microarrays using thiolated cross-linker and EDC/NHC chemistry. The current chip design
integrates 480 AuNR microarray sensor spots. The prepared LSPR microarray chip was then imaged under dark-field
microscopy and scanning electron microscopy (SEM). (b) Histograms of the particle-to-particle distance of the AuNRs on the
LSPR microarray chip characterized using SEM images. The resulted interparticle distance was measured to be >200 nm, much
larger than the decay length of the localized electric field on the AuNR surface as shown in the inserted EM simulation. (c) The
principle of the LSPR microarray method. Analyte molecules are introduced to an antibody-functionalized AuNR LSPR
biosensor. Binding of the analyte molecules to the receptors induces a redshift and scattering intensity change of the
longitudinal SPR (exaggerated in the illustration). This intensity change is imaged via the characteristic frequency (gray area)

using EMCCD coupled dark-field microscopy.

effectively exploited for detecting target analyte bind-
ing onto the AuNR.

Dark-Field Imaging and Material Selection. Despite the
impressive rapidness, sample efficiency, and through-
put, multiarrayed LSPR biochip schemes for serum
cytokine screening would face a major issue - poor
limit of detection (LOD). For instance, major efforts
have been made to identify serum cytokine profiles
useful for either the early detection of sepsis or to
assess illness severity.>'*?> Serum cytokine concentra-
tions for patients with sepsis can vary widely necessi-
tating both a wide dynamic range and low LOD to
provide meaningful information with clinical utility.
Bozza et al. reported the ability to predict 28-day
mortality in patients with sepsis by measuring serum
IL-8 within the first 72 h of admission.?> A serum IL-8
cutoff able to meaningfully discriminate between sur-
vivors and nonsurvivors with reasonable accuracy
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would be an assay capable of measuring serum cyto-
kines concentrations less than 100 pg/mL. This cutoff
value is already comparable to or far below the LOD's
obtained by previous studies.'*?* To achieve such high
sensitivity, our detection method employed dark-field
imaging that scans the scattering light intensity across
the LSPR biosensing spots (Supporting Information
Figure S4). In the extreme case, LSPR biosensing tech-
nology can even detect single-molecule binding
events using a single nanoparticle.*?> However, the
use of an isolated nanoparticle-biosensor becomes
impractical in clinical settings since it requires either
highly challenging handling of extremely small volume
samples or sample dilution that results in an impractical,
time-consuming assay governed by very slow analyte
binding kinetics.?® Instead, probing the optical signature
of the nanoparticle ensembles provides significant
advantages for practical sensor development?’?®
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Analyzing the optical signal from these ensembles
inherently contains statistically and biologically mean-
ingful information across a large number of nanopar-
ticle biosensors. Such information can be obtained
with high tolerance against variances and irregularities
of individual nanoparticle structures and spatial
arrangement as those observed with our LSPR micro-
array chip (Figure 1a). Our theoretical model in the
Supporting Information Sections 5 and 6 predicts that
this approach would result in a LOD value more than
ten times lower than that of spectrum-shift detection
schemes commonly used in conventional label-free
LSPR biosensing. The rod shape and size (40 nm in
width, aspect ratio (width/height): 2) of our sensor
nanoparticles were specifically selected to yield opti-
mal sensing performance®® with small LOD values. The
nanoparticles were engineered to yield high sensitivity
to the local refractive index and display a distinct
intensity change resulting from a redshift in the reso-
nant Rayleigh scattering spectrum upon analyte sur-
face binding.""*%3" Additionally, we anticipate a large
detection dynamic range for the nanoparticle ensem-
ble analysis scheme, which provides a large number of
binding sites for a given number of analyte molecules
in a sample.

Real-Time LSPR Multiplex Immunoassay. Characterizing
the dynamic performance of LSPR biosensors allows us
to assess the total assay time. To this end, we measured
real-time sensor signal variations associated with ana-
lyte surface binding in a multiplex scheme with a
mixture of the six target cytokines suspended in
phosphate buffered saline (PBS) solution. In the cyto-
kine solution, a different concentration level was as-
signed to each analyte such that IL-2, IL-4, IL-6, IL-10,
TNF-a, and IFN-y were at 10 000, 5000, 3000, 1000, 500,
and 250 pg/mlL, respectively. We loaded the cytokine
mixture into one of the microfluidic channels of the
LSPR microarray device and subsequently observed
the time-course signal variation from the sensor spots
(Figure 2). Analyte-binding events reached an equilib-
rium within 30 min after the introduction of the
cytokine mixture into the LSPR microarray device, as
evidenced by signal plateaus. The rapid analyte bind-
ing kinetics allowed the assay to be performed with a
very short incubation time as compared to conventional
sandwich immunoassays. After the analyte-binding
equilibrium was reached, the loaded samples were
flushed with PBS to remove nonspecifically bound
serum constituents from the sensor surfaces. This re-
sulted in a sensor signal intensity reduction by ~8% on
average across the six concentration conditions.

Relying upon the measurement of labeling signals,
conventional sandwich immunoassays often em-
ployed in ELISA (e.g., DuoSet ELISA, R&D system)
provide the end-point analyte readout only after the
completion of all the multiple reagent processes. With-
out the end-point time being precisely known, users of
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Figure 2. Real-time AuNR microarray signals during the
multiplex cytokine detection. The blue region shows the
LSPR microarray signal during the preloading. The orange
and green regions show the transient increase and final
equilibration of LSPR microarray signals, respectively, dur-
ing incubation following the sample loading. The gray
region shows the LSPR microarray signal after washing.

these assay techniques need to follow a protocol
requiring 2 h only for the analyte incubation. Addi-
tional labeling and washing steps together with the
time-consuming incubation process result in a typical
total assay time of 8 h or longer. In contrast, both the
label-free nature and real-time analyte binding mon-
itoring capability demonstrated in this study are highly
notable features of the LSPR microarray immunoassay.
These features allowed us to eliminate the multistep
assay processes and reduce the analyte incubation
time to less than 30 min as described above. From
the real-time sensor signal saturation point, we were
able to determine the end-point of the analyte-binding
assay where we could immediately initiate the washing
process to remove the nonspecifically adsorbed ana-
lyte molecules. This allowed the entire LSPR microarray
immunoassay involving the parallel sample loading,
multianalyte (IL-2, IL-4, IL-6, IL-10, TNF-o, and IFN-y)
binding, incubation, and washing across the 480 on-
chip biosensing spots to be completed within a short
period of time.

High-Throughput LSPR Microarray Biosensing and Calibra-
tion. A significant feature of our LSPR microarray chip
assay is its ability to analyze the multiple analytes
simultaneously at high throughput. We demonstrated
this capability by performing massively parallel data-
intensive sensor calibration using the LSPR microarray
device within a short period of time. Calibration data
obtained for each analyte subsequently allowed us to
determine the dynamic range and detection limit of
our assay for each target analyte. To this end, we
prepared eight PBS samples, each spiked with a mix-
ture of the six purified cytokine species (IL-2, IL-4, IL-6,
IL-10, IFN-y, and TNF-a), and manually pipetted the
samples into the inlets of the eight channels of the
device (Figure 3a). For one channel, all of the cytokines
had the same concentration, one of the values 50 to
10 000 pg/mL. The sensor response was recorded over
480 individual AuNR microarray sensing spots on
the same chip at a scanning rate of 180 spots/min.
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Figure 3. LSPR microarray intensity mapping and calibration curves obtained by a massively parallel on-chip assay. (a) LSPR
microarray chip layout consisting of 60 antibody-functionalized AuNR stripes segmented by 8 microfluidic detection
channels. This layout results in 480 total sensor spots on a single chip. The target cytokine at each AuNR stripe is color-
coded. The sensor calibration was performed for the 480 sensor spots in a massively parallel manner by sequentially loading
purified solutions of IL-2, IL-4, IL-6, IL-10, TNF-o, and IFN-y into each detection channel and detecting the LSPR signals of
the multiple sensor spots. The cytokine concentrations introduced to the detection channels are 50 pg/mL in Channel 1;
100 pg/mL in Channel 2; 250 pg/mL in Channel 3; 500 pg/mL in Channel 4; 1000 pg/mL in Channel 5; 3000 pg/mL in Channel 6;
5000 pg/mL in Channel 7; and 10 000 pg/mL in Channel 8. These concentration values are set to be the same for all the six
cytokines in each channel. (b) Mapping of LSPR signal intensity shifts over the 480 AuNR barcode sensor spots on the LSPR
microarray chip obtained by the multianalyte calibration process for the six cytokines in (a). The process enables the 480-spot
signal reading within 5 min after loading, incubating, and washing these cytokines. The intensity unit is arbitrary unit
obtained from the EMCCD. (c) Calibration curves of TNF-a, IFN-y, IL-2, IL-4, IL-6, IL-10 obtained from the LSPR barcode
intensity mapping in (b). The dashed lines represent the sigmoidal curves fitted to data points. The inserted figure shows the
linear region of the calibrations curves at low concentrations.

Thus, the total assay time including sample loading and
washing (5 min), incubation and equilibration (30 min),
and image scanning (5 min) was around 40 min.
Figure 3b shows a result of mapping the local intensity
variation (Al/ly) after loading and washing cytokine
molecules over 480 sensor spots, where Iy is the
original sensor signal intensity prior to the assay and
Al is the intensity shift after the assay. We then
obtained sensor calibration curves for the six cytokines
by plotting the normalized intensity shift Al/l, spatially
averaged over 10 sensor spots as a function of analyte
concentration (Figure 3c). We further verified that
these measurements were consistent across ten sensor
spot replicates with an averaged coefficient of variance
around 7% as described in the Supporting Information
Section 7. The calibration curves confirm that the
assay could achieve a large dynamic range from
10 to 10000 pg/mL for each of the six cytokine
biomarkers. The dashed lines in the plots represent
sigmoidal curves fitted to data points (Hill type).
We determined the LOD for each analyte as defined
by 30/ksopes Where o and kgope are the standard
deviation of background signal obtained from a blank
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control and the regression slope of each calibration
curve, respectively. The determined LOD's for the six
cytokines were 11.43 (TNF-a), 6.46 (IFN-y), 20.56 (IL-2),
4.60 (IL-4), 11.29 (IL-6), and 10.97 pg/mL (IL-10) as
summarized in Supporting Information Table S1.
Notably, the LOD's and dynamic range of the LSPR
microarray assay are comparable to the gold standard,
singleplex ELISA, and surpass most of the existing
multiplex ELISA assays.>?

Multiplex LSPR Microarray Inmunoassay of Serum Cytokines.
To validate the multiplex immunoassay capability of
the LSPR microarray, we prepared a set of serum
samples using heat inactivated and charcoal absorbed
human serum and spiked them with different mixtures
of the six cytokines. Using these spiked samples, we
obtained postassay signal images for the panel of the
six striped sensing spots integrated within the same
microfluidic channel, where a sample of particular
cytokine mixture pattern was loaded. We observed
that the signal intensity of each sensor array was
dependent on the target cytokine and independent
of the presence of off-target cytokines in the serum
solution (Figure 4a). The intensity shift measured from
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Figure 4. Multiplex cytokine detection in healthy donor serum matrix and patient serum samples. (a) Dark-field images of
AuNR microarrays within a single microfluidic detection channel loaded with different sample mixtures of recombinant
cytokines spiked in serum matrix. The concentration of every cytokine in the mixtures is 500 pg/mL. (b) Cytokine
concentrations quantified for the samples in (a). Measuring the scattering light intensities of the barcodes and converting
them to concentration values using calibration curves allowed for the quantification of the cytokine concentrations. The
dashed line in black represents the predetermined value (500 pg/mL) of the analyte concentration. The dashed line in gray
represents the limit of detection (LOD) of the LSPR microarray mesurement. (c) Correlation between data obtained from the
LSPR microarray assay and gold standard ELISA for the spiked-in serum samples with cytokine concentrations ranging from
32 to 5000 pg/mL. (d) Five-day cytokine concentration variations measured by the LSPR microarray assay for serum samples
extracted from two post-CPB-surgery pediatric patients. The patients were discharged from the pediatric intensive care unit
(PICU) after the five-day blood sampling since clinicians determined that their health conditions returned to normal then.
Statistical analysis of experimental data with respect to both the recombinant protein and stimulated PBMCs controls:

*, p-value < 0.05; **, p-value < 0.01; NS, no significant difference (Student t test).

the LSPR microarray was translated into analyte con-
centration using the calibration curves in Figure 4b. We
found no statistically significant difference between
the measured cytokine concentrations and their ex-
pected values of 500 pg/mL. Furthermore, the sensors
targeting cytokines absent from the serum matrix
yielded signals below their LOD as anticipated. We
also calculated the percent recovery, which is defined
to be the amount of analyte detected as the fraction of
the amount of known analyte in a sample. The percent
recovery for all cytokines fell within an acceptable
range of 85—115% (data not shown).>3 Thus, our multi-
plex assay exhibited minimum cross-reactivity among
the six cytokines biosensors.

Nonspecific antibody cross-reactions pose signifi-
cant challenges in retaining high accuracy for multi-
plex sandwich immunoassays. This issue becomes
serious when the assay involves a large number of
antibody pairs in a complex biological medium, such as
human serum. It prevents the scaling up of multiplex-
ing because nonspecific bindings among antibodies,
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target analytes and other biological components in the
solution (e.g., free plasma proteins, lipids, electrolytes,
etc.) exponentially increase. Since the LSPR biosensing
scheme is label-free, it is free from the complications of
the secondary antibody labeling. The direct measure-
ment of the sensor response upon analyte binding
substantially quenched the nonspecific adsorption
among all the biological species. As a result, our assay
displayed the negligible cross-reactivity.

Assay Validation with the Gold Standard Method. Wide
acceptance of a new multiplex immunoassay method
requires its full validation with the existing “gold-
standard” assay: ELISA. Here, we prepared healthy-
donor serum samples spiked with a mixture of the six
cytokines at concentrations ranging across the entire
dynamic range of our assay and performed multiplex
immunoassay using our LSPR microarray chip. To-
gether with our assay, we performed ELISA-based
measurements for the same samples. The ELISA-based
measurements were based on the singleplex scheme.
In other words, the assay targeted only one of the six
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cytokines in each measurement to avoid any potential
crosstalk between different probe molecules. We re-
peated the singleplex ELISA measurements for all the
six cytokines across the serum samples prepared
above. Finally, we compared our LSPR microarray
immunoassay measurements with the ELISA measure-
ments and observed an excellent linear correlation
(R? = 0.9726) between results generated from the both
methods (Figure 4c). The LSPR microarray assay
showed a significantly better correlation with single-
plex ELISA than the commercial multiplex bead array
assays (MBAA) for human serum analysis.?? Correla-
tions coefficients between MBAA and ELISA, reported
in both peer reviewed studies as well as the product
literature from commercial vendors, vary widely and
can be as low as 0.75, resulting in high degrees of
uncertainty when depending on these assays for clin-
ical decision making.?? It is worth noting that the size
and number of the AuNR microarrays in our assay can
be readily tuned by changing the microfluidic pattern-
ing conditions. This suggests that our multiplex im-
munoassay exhibits great potential for even higher
multiplexing without being limited by antibody cross-
reactions that are generally associated with conven-
tional multiplex immunoassays.

Immune Status Monitoring of Infant Patients with Cardio-
pulmonary Bypass Surgery. Leveraging the strengths of
our LSPR microarray immunoassay, we sought to de-
monstrate the utility of our technology to allow mon-
itoring of the inflammatory response of neonates
following cardiothoracic surgery necessitating cardio-
pulmonary bypass (CPB). Repair of congenital heart
defects, the most common birth defect in the United
States,>* necessitates open heart surgery using CPB to
supplant heart—lung function during surgery. Blood
contact with the artificial surfaces of the CPB circuit is
known to elicit a substantial inflammatory response in
the immediate postoperative period that is normally
restored to preoperative levels within 48 h after
surgery.®® As a proof-of-concept, we collected serum
samples prior to surgery (Pre) and on postoperative
days one (D1), two (D2), three (D3), and four (D4) from
two neonates undergoing congenital heart surgery
with CPB and used our LSPR microarray immunoassay
to quantify circulating serum cytokine levels in these
samples (Figure 4d). We observed increased levels of
both IL-6 and IL-10 on D1 following CPB in both
patients although they were expressed at different
levels. Postoperative heightening was also observed
forIL-2, IL-4, TNF-o, and IFN-y in these patients on D1 or
D2. The elevated cytokine expression was followed by
a return to preoperative levels of all the measured
cytokines on D3 and D4. We observed a very similar
pattern to those previously reported where elevations
in patient's serum cytokine levels most commonly
return to presurgical levels within 48 h of surgery. Such
information has proven valuable since it is known that
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very high and/or prolonged expression of both pro-
inflammatory (e.g., IL-6) and anti-inflammatory (e.g.,
IL-10) cytokines is associated with the acute immune
dysfunction following cardiopulmonary bypass and
can predict worse outcomes.®**” This pattern of
expression is thought to result from the host's mis-
regulated compensatory effort to counter an initial
pro-inflammatory response that occurs perioperatively
as a result of cardiopulmonary bypass.>**” Most im-
portantly, the LSPR microarray assay was capable of
detecting variable degrees of responses in the two
subjects after CPB. There are multiple mechanisms
contributing to this variable cytokine expression (e.g.,
patient age, cardiac lesion, length of surgery and CPB,
use of intraoperative steroids, etc.); however, no meth-
odology exists to safely, routinely, and repetitively
measure serum cytokines in near real-time to enable
clinicians to monitor a host inflammatory response and
thereby potentially alter therapeutic strategies.

CONCLUSION

In conclusion, we have developed a label-free LSPR
microarray immunoassay that enables the high-
throughput analysis of multiple immune biomarkers
in a rapid, accurate, easy-to-implement, and sensitive
manner. Over the past years, researchers have used
LSPR-based biomolecular binding assays as an emerg-
ing label-free optical biosensing technique enabled
by recent advances in nanotechnology. We have
further advanced the assay technology to the extent
that it becomes ready for its translation to clinical use.
The key to our successful outcome is attributed to
synergistically employing microfluidics-enabled pat-
terning and dark-field imaging of AuNR LSPR micro-
array biosensors.

To our best knowledge, our study is the first to
demonstrate the LSPR-based time-course multiplex
serum cytokine detection under the clinical scenario
where the powerful features of our assay technology
are most pronounced. The LSPR microarray assay
successfully measured elevated cytokine levels, most
notably for IL-6 and IL-10, in two neonates at 24 h after
cardiopulmonary bypass surgery for congenital heart
disease. Obtaining the serum samples from CPB-
surgery pediatric patients, we could exactly define the
source of the inflammatory response of the hosts—the
surgery,—and predicted the anticipated assay out-
comes. The cytokine expression profile measurements
demonstrated here have proved our capability to
routinely monitor multiple serum cytokines in critically
ill neonates using the LSPR microarray assay. The rapid
turn-around time (~40 min), high sensitivity (down to
~6.46—20.56 pg/mL), extreme sample sparing ability
(~1 uL sample for six cytokines with 10 technical
replicate measurements) and negligible cross-reactivity
enable routine monitoring of serum cytokines with
statistically high accuracy. Such characteristics position
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this LSPR microarray platform to have relevant applica-
tion in a substantial number of different disease states—
particularly in infants and neonates where sample
volume has been a militating actor. Such key character-
istics do not exist with current methods as the assay
turn-around time and blood volume required make
them impractical to use, especially in small infants.
The multiplex immunoassay using our biosensing
platform can generally serve as a powerful tool for the
detection of a wide spectrum of biomarkers relevant to
human disease screening and drug discovery. A clinical
study to validate a pediatric sepsis biomarker risk
model using an extended version of our current

MATERIALS AND METHODS

LSPR Microarray Chip Fabrication. Positively charged AuNRs
(CTAB coating) used in this study were purchased from Nano-
seedz. The AuNRs were patterned on an oxygen plasma treated
glass substrate using a microfluidic patterning technique
through electrostatic interactions between the AuNRs and the
glass surface. The constructed AuNR barcode patterns were
functionalized with thiolated alkane 10-carboxy-1-decanethiol
(HS-(CH,)10-COOH) through ligand exchange and subsequently
activated using standard EDC/NHS coupling chemistry. The
probe cytokine antibodies were then loaded into individual
patterning channels, forming a barcode array consisting of six
parallel stripes each functioned with distinct antibodies to
afford multiplex detection of 6 different cytokines at one
time (details in Supporting Information Sections 2 and 3).

LSPR Microarray Assay Protocol. The prepared LSPR microarray
assay chip was mounted on a motorized stage (ProScanlll, Prior
Scientific, Rockland, MA) that allowed for 3D positioning and
automated image scanning. The back of the glass substrate of
the chip was attached with a dark-field condenser (NA = 1.45,
Nikon) via the lens oil. Then, 250 nL of sample was injected from
the inlet, flown through the sample channel, and collected from
the outlet. The light scattered from the sensor microarrays was
collected by the 10x objective lens beneath the assay chip,
filtered by a band-pass filter (610—680 nm), imaged by an
electron-multiplying CCD (EMCCD, Photometrics, Tucson, AZ)
camera and recorded using the NIS-Element BR analysis software.
The obtained images were then analyzed by a customized Matlab
program. Before each measurement, we waited for ~10 min to
establish temperature stabilization of the EMCCD to minimize
the background signal drift (details in Supporting Information
Section 4).

LSPR Microarray Assay Human Serum Matrix Multiplex Performance
Characterization. To characterize both the multiplex capability
and our assay's performance, we created three separate mix-
tures of cytokines. One mixture contained a single cytokine
species (TNF-a), another containing three cytokines (IL-4, [FN-y,
and TNF-a), and finally one containing all six cytokines (IL-2, IL-4,
IL-6, IL-10, IFN-y, and TNF-o). Recombinant cytokines (Life
Technologies, Frederick, MD) were spiked into a commercially
available heat-inactivated, charcoal absorbed human serum
matrix to remove trace levels of cytokines (EMD Millipore,
St. Charles, MO).

LSPR Microarray Assay Performance Comparison to “Gold Standard”
ELISA. All six cytokines (IL-2, IL-4, IL-6, IL-10, IFN-y, TNF-a) were
spiked into healthy donor human serum obtained via veni-
puncture following informed written consent. The study was
approved by the University of Michigan Institutional Review
Board. Serum was obtained via venipuncture into vacutainer
tubes containing clot activator (BD Diagnostics, Franklin Lake,
NJ). Tubes were processed according to the manufacturer's
instructions. Serum samples doped with all six cytokines were
diluted further with healthy donor serum to obtain samples

CHEN ET AL.

technology is underway at the University of Michigan
C.S. Mott Children's Hospital. Our platform can also
extend into the basic science arena providing small
volume rapid detection of proteins from cell media or
animal serum with excellent correlation to standard
ELISA detection methods. Theoretically, our LSPR sen-
sor spot size can be scaled down to ~100 #um? assum-
ing that each microarray requires a minimum number
of AuNRs to maintain its statistical accuracy (= 40). Such
a small sensor spot would make it possible to integrate
our LSPR microarray sensors in functional micro- and
nanofluidic systems to enable multiplex cytokine
secretion assay with single cells.

across the entire dynamic range of our LSPR microarray assay
(32 —5000 pg/mL). Serum cytokine concentrations were quan-
tified using our LSPR microarray assay and compared to com-
mercially available ELISA kits (IL-6, IL-10, IFN-y, TNF-a, BioSource
Europe S.A., Nivelles, Belgium; IL-2, IL-4, Thermo-Fisher Scien-
tific, Rockford, IL).

LSPR Microarray Assay for Serum Cytokine Quantification of Neonatal
Patients Follwoing Open-Heart Surgery with Cardiopulmonary Bypass. All
studies described here were approved by the University of
Michigan Institutional Review Board and conducted following
informed parental consent. Briefly, we randomly chose two
patients enrolled in an ongoing clinical trial for serum cytokine
quantification. Serum samples were collected prior to surgery
and then on postoperative days one, two, three, and four (Pre,
D1, D2, D3, and D4, respectively) using a SST microtainer (BD
Diagnostics) according to the manufacturer's instructions.
Serum cytokines (IL-2, IL-4, IL-6, IL-10, IFN-y, TNF-0.) were quanti-
fied using our LSPR microarray immunoassay as described above.

FDTD Simulations. The limit of detection of the LSPR micro-
array measurement was theoretically estimated by performing
a finite difference time domain (FDTD) simulation that pre-
dicted the scattering efficiency on a AuNR. The simulation used
commercial multiphysics simulation software, COMSOL (details
in Supporting Information Section 5).
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