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ABSTRACT

Label-free, nanoparticle-based plasmonic optical biosensing, combined with device
miniaturization and microarray integration, has emerged as a promising approach for rapid,
multiplexed biomolecular analysis. However, limited sensitivity prevents the wide use of such
integrated label-free nanoplasmonic biosensors in clinical and life science applications where
low-abundance biomolecule detection is needed. Here, we present a nano-plasmofluidic device
integrated with microelectrodes for rapid, label-free analysis of a low-abundance cell signaling
protein, detected by AC electroosmosis-enhanced localized surface plasmon resonance (ACE-
LSPR) biofunctional nanoparticle imaging. The ACE-LSPR device is constructed using both
bottom-up and top-down sensor fabrication methods, allowing the seamless integration of
antibody-conjugated gold nanorod (AuNR) biosensor arrays with microelectrodes on the same
microfluidic platform. Applying an AC voltage to microelectrodes while scanning the scattering
light intensity variation of the AuNR biosensors results in significantly enhanced biosensing
performance. The AC electroosmosis (ACEQO) based enhancement of the biosensor performance
enables rapid (5-15 min) quantification of IL-1p, a pro-inflammatory cytokine biomarker, with a
sensitivity down to 158.5 fg/mL (9.1 fM) for spiked samples in PBS and 1 pg/mL (58 fM) for
diluted human serum. Together with the optimized detection sensitivity and speed, our study
presents the first critical step towards the application of nanoplasmonic biosensing technology to

immune status monitoring guided by low-abundance cytokine measurement.
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The ability to detect the dynamic surface binding of biomolecules without using labeling
agents provides a critical basis for emerging biochemical analysis. Plasmonic biosensors based
on biologically functionalized noble metal nanoparticles enable rapid, label-free detection of
proteins, DNA, and mRNA with ease of signal acquisition and robustness in complex biological
solutions. These biosensors transduce biomolecular surface binding events into optical signals
that reflect changes in the resonant behavior of conduction band electrons near the surface of
optically excited metallic nanoparticles. Among them, gold nanorod-based plasmonic biosensors
have been demonstrated to achieve single-molecular sensitivity’” and its microarray enables

practical protein detection at high-throughput and multiplexity.®"

Despite their practicality and
the intrinsic sensitivity of the individual nanoparticles, these biosensors exhibit performances
limited by poor diffusion of the target molecules, exemplified by the presence of a large
depletion zone near the sensor surface, especially for high-density microarrays. The diffusion-
limited molecular binding kinetics and the resulting poor LOD prohibit the wide use of the
nanoplasmonic biosensors in clinical diagnostics and biochemical assays.

A miniaturized microfluidic design with effective sample mixing techniques”'14

plays a key
role in the detection of a wide variety of chemical/biological species. In particular, AC
electrokinetics, including dielectrophoresis (DEP), ACEO, and electrothermal effects, have been
widely used to preconcentrate biomolecules and enhance the analyte capture efficiency in
microscale heterogeneous assays.'”'’ For example, Gong'® et al. monolithically integrated
silicon nanowire field-effect transistor (FET) biosensors with micro-fabricated electrodes and
achieved 10* times sensitivity improvement for detection of prostate specific antigen (PSA) in

PBS buffer. Cheng19 et al. integrated ACEO and positive DEP with an electrochemical

impedance spectroscopy (EIS) biosensor in the detection of IgG-protein A. More recently, DEP
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was utilized to enhance surface plasmon resonance (SPR) sensing with gold nanohole arrays,*
and ACEO was coupled with surface-enhanced Raman spectroscopy (SERS),?! in both studies,
unprecedented levels of detection limit and assay speed were demonstrated. Among these
sensing enhancement mechanisms, ACEO coupled with label-free optical biosensing logically
offers a promising approach because it can generate strong three-dimensional (3D) vortices for
microfluidic mixing at relatively low voltage;'® does not require any invasive, agitating
mechanical components interfering with far-field plasmonic detection optics, and can be readily
tuned by voltage and frequency using microfabricated electrodes of simple design which is
integrated in a microfluidic system. The ACEO approach can improve mass transfer-enhanced
analyte-receptor interactions, thus enhancing biosensing performance.

In this letter, we report synergistic integration of plasmonics and microfluidics to develop a
label-free plasmonic gold nanorod (AuNR) optofluidic device coupled with ACEO analyte flow
to overcome the barrier for diffusion-limited nanoparticle biosensing performance. The
plasmofluidic integration has recently attracted much attention as an emerging approach to
advancing plasmonic device technology.”” Our device consists of a glass substrate coated with
gold nanorods between two coplanar rectangular Pt microelectrodes and another
polydimethylsiloxane (PDMS) microfluidic channel layer (Figure 1la). The ACE-LSPR
biofunctional nanoparticle imaging process starts by applying an 180° out-of-phase AC voltage
across the microelectrodes of the device. The movement of ion charges in the electrical double
layer induced on the electrode surfaces (Figure 1a) generates a rotational fluid motion. This fluid
motion causes microfluidic agitation, facilitating the transport of analytes down to the sensing
surface of AuNR to break the depletion zone (depicted by the blue arrows in Figure 1b, c). The

sensor response is therefore enhanced by the increased molecular collision events. The binding
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of target analytes onto the antibody-conjugated AuNRs causes a spectral shift of the scattering
light from the AuNR surfaces, which translates into a far-field intensity increase of the optical
signal detected by optics using a bandpass filter (Figure 1d). Patterned AuNR arrays on the
device were imaged by darkfield microscopy coupled with an Electron Multiplying Charge
Coupled Device (EMCCD) with high sensitivity. As shown by the darkfield image (Figure 1le),
the glass substrate contains a 25 pum-wide patterned area of AuNRs between 50 pm-wide
microelectrodes and two additional reference AuNR sensor patterns of the same shape placed
sufficiently (200 pum) away from the microelectrodes. Three sets of such patterns were
constructed on the same chip for triplicate measurements. The PDMS layer was attached to the
glass substrate with the sample detection channels (400 um in width and 80 pm in height)
running orthogonal to the line-shaped AuNR sensor patterns and the microelectrodes (depicted
by the dotted line in orange). A scanning electron microscope (SEM) image (Figure 1f) shows
the distribution of nanorods and the formation of a thin dielectric layer (from the binding of
antibody/antigen) after assay. Details of the device layout, fabrication process, and AuNR
functionalization are provided in Supporting Information (Figure S1, S2).

Figure 2a provides a schematic illustration of the theoretical model for the ACEO-enhanced
analyte transport and surface reaction during the ACE-LSPR optofluidic device operation. Using
a simplified two-dimensional model, AC electroosmosis velocity uycgo Was first calculated from
the movement of the electrical double layer in the presence of an alternating tangential electric
field at the frequency f near the electrode surface as™

1 eV2a? Cs

== N,
YACEO = 81 + 0B)2 Cs + Cp M

where () is the non-dimensional frequency defined as Q = n2kx(&,,/0,,)f, in which k is the

reciprocal of the Debye length, and ¢, and o, are medium electrical permittivity and
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conductivity, respectively, u is the dynamic viscosity of the solution, Cs is the capacitance of the
Stern layer, or the thin layer of tightly associated counter ions near the electrode surface, Cp is
the capacitance of the Diffuse layer, or the layer behind the Stern layer in which the electric
potential exponentially decays, and V, is the peak value of the applied potential. The AC
electroosmosis velocity u,cgo Was then included into the slip boundary condition when solving
the incompressible Navier-Stokes (N-S) equation to obtain the velocity field (u, v) of the
solution. The transient local analyte concentration ¢ = c(x, y, ) was then calculated by solving
the mass transport equation that accounts for both diffusion and convection, given by

dc d%c 0d%c dc dc

Fri (W+a—yz)—(ua+v@) (2)

where D is the diffusion coefficient. At the sensor surface (y = 0), the boundary condition was set
up such that the analyte mass flux is balanced with the surface binding reaction rate based on the
first-order Langmuir absorption model as

dc
_DEZ konclyzo(BO —B) _koffB (3),

where k,, and ks are association/dissociation constants, By is the initial binding site density,
and B is the immobilized antigen concentration. Here, the key parameters to be optimized are the
applied voltage, frequency, and microfluidic chamber height under different ionic concentrations
in solution. Both the applied voltage and frequency determine uycgo While the microfluidic
chamber height affects the entire mass transport process. The inlet and outlet were set as an
“open boundary”, where the local concentration is equal to the bulk solution concentration under
zero normal stress. Further details of modeling the electrical double layer and of selecting the

parameters can be found in the Supporting Information.
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In order to accurately predict the enhancement of the ACEO-facilitated analyte transport and
surface reaction, we experimentally verified the ACEO velocity calculated above using a flow
visualization technique developed in this study (see Supporting Information, Flow visualization
& video 1). This technique employed AuNRs suspended in a testing buffer solution as tracing
particles. Real-time imaging of particle trajectories with a darkfield microscopy setup allowed
us to measure the flow velocity field within the device under ACEO operation by two-
dimensional (2D) micron resolution particle image velocimetry (u-PIV) analysis (see Supporting
Information for details). We quantitatively observed a good match between our theory and
experiment for frequency-dependent ACEO flow behaviors and determined the best operating
frequency to be /= 200Hz for the testing buffer (conductivity: 1.59 mS/m), as shown in Figure
S4.

Using the experimentally verified model, we calculated the binding ratio BR = B/B, (the
fraction of binding sites occupied by analyte molecules over the total sensor surface area) after
an incubation period of 20 min for three assay conditions: (1) ACEO agitated incubation without
forced convection at Vy= 2V and f = 200Hz (Figure 2b), (2) static incubation driven by pure
diffusion without forced convection or ACEO (Figure 2c), and (3) forced convection without
ACEO (Figure 2d). The ACEO operation at 2V/200Hz was later determined to yield the optimal
biosensing condition. The value of BR was assumed to be proportional to the LSPR scattering
light intensity. Figure 2b shows that the circular flow generated by ACEO can significantly
suppress the depletion zone as compared to the static incubation condition in which sample
solution is not replenished at the sensor surface. Figure 2e shows numerical results of BR over
time for human cytokine IL-1B at 1 ng/mL in 1000 times diluted (0.001x) PBS (conductivity:

1.59 mS/m) with an ionic strength of 0.2105 mol/m’. Here, we chose IL-1B, a proinflammatory
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cytokine (cell signaling protein) produced by monocytes and macrophages, as the model analyte
in our study. IL-1PB has a relatively low molecular weight (17 kDa) and a small dissociation
constant (10"°-10""M), and is responsible for systemic inflammatory responses of the host,
activation of phagocytes, and production of acute phase proteins by the liver.**

With the optimum frequency fixed at /= 200Hz, we further varied the applied voltage and
channel heights. Since uycgo scales with V¢ (see Equation (2)), our simulation in Figure 2e
shows that BR is significantly enhanced as V, increases from 1V to 4V. Now, we define the
enhancement factor as BRycgo/BRpifs, where BRycgo and BRp;¢¢ are the binding ratios under
ACEOQ agitated incubation (Figure 2b) and the diffusion-driven static incubation (Figure 2c),
respectively. The enhancement factor thus quantifies the ACEO-driven enhancement of the
analyte binding at the sensor surface. Figure 2f shows the enhancement factor as a function of
time and channel height, with its maximum (5 - 7) reached within the first 3 - 5 min of device
operation. When the channel height is small, the confinement of fluid by the channel ceiling
suppresses ACEO-induced fluid mixing. Without forced convection of the sample fluid, the
analyte depletion zone quickly grows over time since no analytes are replenished at the sensor
surface. A larger channel height prevents the depletion region from reaching the channel ceiling,
effectively increasing the enhancement factor. However, the enhancement factor starts to taper
off with the channel height exceeding ~140 um as ACEO-induced fluid mixing decreases with
the distance from the electrode. To keep our device fabrication practically easy, we selected a
channel height of 80 pum.

We next experimentally demonstrated detection of low-concentration IL-1p using the AuNR
optofluidic device and ACEO-induced fluid mixing operation. To this end, we first conjugated

anti-IL-1B to AuNR surfaces using a two-step EDC/sulfo-NHS protocol (see Supporting
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Information, Device fabrication). The use of a low conductivity medium, 0.001x PBS buffer
(1.59 mS/m), was expected to achieve high ACEO velocity without undesired heat generation
and electrolysis. To monitor the real-time binding of IL-1p on the sensor surface, we recorded
the scattering intensity change of the line-shaped AuNR sensor patterns every 5s. Figure 3a
shows the time-resolved intensity change upon analyte binding, corresponding to the IL-1B
concentration from 50 fg/mL to 100 pg/mL in PBS buffer along with a negative control (0.001x
PBS). The assay started with sample loading for 5min and incubation for another 5-6 min,
followed by applying an AC bias of 180° phase difference for around 15 min. We observed a
significantly enhanced intensity shift and a much faster binding speed towards equilibrium after
introducing the ACEO flow (indicated by the dashed blue line in Figure 3a).

As a result, we were able to distinguish the signal indicating the presence of IL-1p in PBS
down to 50 fg/mL (2.9 fM, dark blue line in Figure 3a) from the signal of the negative control
(purple line, Figure 3a) within 10 min after turning on ACEO. In Figure 3b, the end-point
intensity increases of the triplicated AuNR line-shaped sensor patterns are mapped at different
analyte concentrations with and without ACEO. Figure 3¢ shows a close comparison of sensor
responses as a function of IL-1P concentration with and without ACEO. Here, we define the
LOD as the analyte concentration which generates a signal corresponding to 3 standard
deviations above the mean of the noise level in the negative control.”> The LOD of the ACE-
LSPR device is thus 158.5 fg/mL (9.1 fM) in 0.001x PBS, 100 fold more sensitive than that
without ACEO (Figure 3c¢). In addition, enhanced analyte-antibody interaction by ACEO yields a
larger number of binding events occurring at the sensor surface, as indicated by the ~2.5 times
increase of scattering signal with ACEO (Figure 3c). This is the key reason for the ACE-LSPR

device to achieve such a low LOD value and short assay time. It should be noted that the signal
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enhancement ratio is around 40% smaller than the theoretical predictions. This discrepancy is
acceptable, considering (1) the assumption made to simplify our model, in which the ion charge
density on the microelectrode surface induced by the applied AC bias is linearly proportional a
potential drop in the electrical double layer, and (2) uncertainties in model parameters (see
Supporting Information for simulation details).

To explore the practical utility of the ACE-LSPR device for clinical diagnosis, we further
sought to detect human IL-1p in complex human serum, which has a greater ionic strength and
contains a wide spectrum of background proteins. From Equation (1), it is known that ACEO
flow velocity decreases with ion concentration, which causes the optimum operating frequency
to shift to a higher value. A higher ion concentration also potentially introduces other undesirable
effects, such as Joule heating, DEP concentrating, and electrolysis. These additional effects can
adversely affect the stability of the sensor performance'? and are difficult to predict by theory.
Therefore, we empirically chose a 50% DI water diluted, cytokine-free heat inactivated and
charcoal stripped human serum matrix (HSM, EMD Millipore) as the testing buffer. And we
determined the optimum device operation condition to be V},_,, = 1.5V at f'= 1kHz based on the
flow visualization (Supporting Information, video 1). Following the same protocol described
previously, we obtained real-time analyte binding curves from 1 pg/mL to 10 ng/mL of IL-18
spiked-in human serum and the corresponding calibration curves, as shown in Figure 4a and 4b,
respectively. A strong binding enhancement was observed immediately at 6 min, which is the
time point when the bias was applied. This strong binding enhancement is similar to what we
observed in the test using PBS buffer but may not entirely due to the ACEO fluid transport. It
should be noted that even for the negative control (human serum without IL-1p spiked), we

observed a noticeable enhancement of binding by implementing ACEO. This could be attributed

ACS Paragon Plus Environment

11



©CoO~NOUTA,WNPE

Nano Letters

to the non-specific adsorption of free background proteins in serum promoted by the positive
DEP effect at the electrode edges, as discussed in previous studies.'’ Therefore, we incorporated
a washing step with deionized (DI) water at 20 min after the assay, in order to remove the non-
specifically adsorbed proteins and to eliminate false signals. Based on the calibration curves, we
determined the LOD of the ACE-LSPR device for human serum samples to be <1 pg/mL (58
fM), which is about one order of magnitude higher than the LOD in PBS buffer. This higher
LOD for human serum samples is likely due to the nonspecific binding of the complex human
serum background that still partially remains after the washing step.

Finally, we were able to extract the initial slope values of the binding curves within the first 5
min of sample incubation in the presence of ACEO. As shown by red bold lines in Figure 4a, a
linear regression was utilized to fit the initial real-time binding curves. Here, we found good
linear fits to the initial 5-min regions of the binding curves for IL-1B concentrations from 10
pg/mL to 1000 pg/mL (R*>0.95) as the Langmuir model predicts. By plotting the initial slopes as
a function of IL-1PB concentration, a calibration curve with a similar trend to the scattering
intensity-based analysis was obtained (Figure 4b inset). The selection of the incubation time for
initial slope fitting would undoubtedly affect the shape of the calibration curve and the
subsequent analysis of the biosensing performance. In this study, we decided to use the first 5
min real-time binding data based on a variance analysis after carefully comparing the fitted data
at different incubation time periods over the entire real-time dataset. (See Supporting
Information for t-test). By correlating the analyte concentration with the initial slope of the
sensor response curve, we could reduce the assay time down to ~5 min while most of other
analyte diffusion-limited biosensor operations require much longer time for the system to reach

its equilibrium.
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Comparing biosensor signals against the calibration curves obtained above, we further
measured IL-1P concentrations in serum samples extracted from six sepsis patients. Three of
these patients were stratified into a hyper-inflammatory subgroup, and the other three are into a
mild-inflammatory subgroup.”® All studies were approved by the University of Michigan
Institutional Review Board (IRB) and conducted with informed parental consent. Blood samples
were collected from patients younger than 18 years old, meeting criteria for septic shock
admitted to the pediatric intensive care unit at the C.S. Mott Children’s Hospital within 24 hours
of admission. The tests were simultaneously performed using both ELISA and the ACE-LSPR
device with 3 to 4 repeats in the same freeze-thaw cycle. Using the ACE-LSPR device, we
measured serum IL-1B across the patient samples from both the scattering intensity images
obtained after the entire assay process and the 5-min initial binding curve slopes. These intensity
and slope values were converted to IL-1f concentration values by 5-parameter logistic fitting,”’
which is a standard fitting method in commercialized immunoassay™® for plotting a sigmoidal
shape calibration curve on the semi-log axes, as shown in Figure 4b. Figure 4c shows that the
data obtained from the three different assay methods are consistent for all the patient samples.
An excellent linear correlation (R*= 0.947) was obtained between the results from ACE-LSPR
intensity imaging-based analysis and ELISA measurements across both the spiked-in and patient
samples (Figure S4). We performed one-tailed paired difference t-tests between the two patient
subgroups using the 5-min initial slope data. The result shows a significantly higher level of IL-
1B (P<0.01) for the hyper-inflammatory subgroup as compared to the mild-inflammatory
subgroup. This proves that the 5 min initial-slope assay can reliably distinguish the sepsis
patients with either hyper-inflammatory or mild-inflammatory conditions. Although this initial-

slope method could potentially introduce some errors, the ultrafast assay time within 5 min offers
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unprecedented opportunities in clinical diagnosis to quickly determine the patients’ immune
conditions and to make timely stratification decisions.

In summary, we have uniquely integrated AC electroosmosis with nanoplasmonic microfluidic
biosensors and demonstrated that effective electrohydrodynamic agitation in bulk solution can
significantly improve the label-free sensing performance of the nanoplasmonic biosensors. The
ACE-LSPR biofunctional nanoparticle imaging technique applied to our device has achieved
femtomolar-level detection of IL-1p, a pro-inflammatory cytokine, in PBS buffer with assay time
less than 15 min using a sample volume as small as 5 pL.. To the best of our knowledge, it is the
most sensitive label-free nanoparticle-based plasmonic cytokine sensor reported so far. A
compromised sensing performance is observed for the ACE-LSPR device when operating with
high ion-concentration biological medium due to the augmented electrical screening effect.
Nonetheless, we have successfully shown that 50% serum dilution still enables the ACE-LSPR
device to retain its capability of enhancing the sensing speed and sensitivity even for complex
human serum samples. Analyzing initial analyte binding curve slopes obtained from the ACE-
LSPR measurements, we have successfully demonstrated a 5-min cytokine immunoassay for
stratifying sepsis patients into statistically distinct inflammatory status groups. The significantly
improved sensitivity and shortened assay time clearly indicate the promising potential of the
ACE-LSPR device for rapid screening and stratification of acute inflammatory diseases. Using
micro-inkjet printing and 3D-stage controlled micro-brush patterning for AuNR patterning and
antibody conjugation, we may potentially scale up the manufacturing throughput of the current
device. Our future development of a faster, cheaper and smaller CMOS photon detector together

with a high NA air condenser would allow our ACE-LSPR devices to be integrated in a handheld
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system, which would enable point-of-care personalized treatment with timely, precise

immunomodulatory drug delivery.

©CoO~NOUTA,WNPE

ASSOCIATED CONTENT
12 Supporting Information

14 This material is available free of charge via the Internet at http://pubs.acs.org.

Material, methods and supplementary figures. (PDF)

20 AUTHOR INFORMATION

23 Corresponding Author

25 **E-mail: katsuo@umich.edu

29 Author Contributions

31 *These authors equally contributed to this work. The manuscript was written through
34 contributions of all authors. All authors have given approval to the final version of the

36 manuscript.

39 Notes

42 The authors declare no competing financial interest.

45 ACKNOWLEDGMENTS

49 The authors thank Brian Berger for his suggestions for the manuscript. This study was
51 supported by the National Institute of Health (RO1 HL119542), the National Science Foundation
53 (CBET1263889), and the Coulter Foundation. R. Nidetz thanks for the Michigan Institute for

56 Clinical & Health Research for support under the Postdoctoral Translational Scholars Program

ACS Paragon Plus Environment

15



©CoO~NOUTA,WNPE

Nano Letters Page 16 of 21

by grant number 2UL1TR000433 from the National Center for Advancing Translational

Sciences. The authors also acknowledge the clinical support from Department of Pediatrics and

Communicable Diseases, and Pediatric Intensive Care Unit at the University of Michigan (UM)

C.S. Mott Children’s Hospital. Device fabrication was performed at UM Robert H. Lurie

Nanofabrication Facility.

ABBREVIATIONS

ACE-LSPR, AC electroosmosis-enhanced localized surface plasmon resonance; ACEO, AC

electroosmosis; AuNRs, gold nanorods; LOD, limit of detection; SEM, scanning electron

microscope; EMCCD, electron multiplying charge coupled device.

REFERENCES

—

Mayer, K. M.; Hafner, J. H., Chem Rev 2011, 111, 3828-3857.

2. Petryayeva, E.; Krull, U. J., Anal Chim Acta 2011, 706, 8-24.

10.

11.

12.

13

Estevez, M. C.; Otte, M. A.; Sepulveda, B.; Lechuga, L. M., Anal Chim Acta 2014, 806, 55-
73.

Unser, S.; Bruzas, I.; He, J.; Sagle, L., Sensors-Basel 2015, 15, 15684-15716.

Ament, I.; Prasad, J.; Henkel, A.; Schmachtel, S.; Sonnichsen, C., Nano Lett 2012, 12, 1092-
1095.

Zijlstra, P.; Paulo, P. M. R.; Orrit, M., Nat Nanotechnol 2012, 7, 379-382.

Beuwer, M. A.; Prins, M. W. J.; Zijlstra, P., Nano Lett 2015, 15, 3507-3511.

Acimovic, S. S.; Ortega, M. A.; Sanz, V.; Berthelot, J.; Garcia-Cordero, J. L.; Renger, J.;
Maerkl, S. J.; Kreuzer, M. P.; Quidant, R., Nano Lett 2014, 14, 2636-2641.

Chen, P. Y.; Chung, M. T.; McHugh, W.; Nidetz, R.; Li, Y. W.; Fu, J. P.; Cornell, T. T,;
Shanley, T. P.; Kurabayashi, K., ACS Nano 2015, 9, 4173-4181.

Oh, B. R.; Chen, P. Y.; Nidetz, R.; McHugh, W.; Fu, J. P.; Shanley, T. P.; Cornell, T. T.;
Kurabayashi, K., ACS Sensors 2016, 1, 941-948.

Huang, P. H.; Xie, Y. L.; Ahmed, D.; Rufo, J.; Nama, N.; Chen, Y. C.; Chan, C. Y.; Huang,
T.J., Lab Chip 2013, 13, 3847-3852.

Oh, J.; Hart, R.; Capurro, J.; Noh, H., Lab Chip 2009, 9, 62-78.

. Ahmed, D.; Mao, X. L.; Shi, J. J.; Juluri, B. K.; Huang, T. J., Lab Chip 2009, 9, 2738-2741.
14.

Hellman, A. N.; Rau, K. R.; Yoon, H. H.; Bae, S.; Palmer, J. F.; Phillips, K. S.; Allbritton, N.
L.; Venugopalan, V., Anal Chem 2007, 79, 4484-4492.

ACS Paragon Plus Environment

16



Page 17 of 21

©CoO~NOUTA,WNPE

15.
16.

17.
. Gong, J. R., Small 2010, 6, 967-973.
19.
20.

18

21.
22.

23.
24.

25.
26.

27.

28.

Nano Letters

Morgan, H.; Green, N. G., AC electrokinetics: colloids and nanoparticles. Research Studies
Press: Philadelphia, PA, 2003.

Castellanos, A.; Ramos, A.; Gonzalez, A.; Green, N. G.; Morgan, H., J Phys D App!l Phys
2003, 36, 2584-2597.

Sigurdson, M.; Wang, D. Z.; Meinhart, C. D., Lab Chip 2005, 5, 1366-1373.

Cheng, I. F.; Yang, H. L.; Chung, C. C.; Chang, H. C., Analyst 2013, 138, 4656-4662.

Barik, A.; Otto, L. M.; Yoo, D.; Jose, J.; Johnson, T. W.; Oh, S. H., Nano Lett 2014, 14,
2006-2012.

Wang, Y.; Vaidyanathan, R.; Shiddiky, M. J. A.; Trau, M., ACS Nano 2015, 9, 6354-6362.
Wang, M. S.; Zhao, C. L.; Miao, X. Y.; Zhao, Y. H.; Rufo, J.; Liu, Y. J.; Huang, T. J;
Zheng, Y. B., Small 2015, 11, 4423-4444.

Green, N. G.; Ramos, A.; Gonzalez, A.; Morgan, H.; Castellanos, A., Phys Rev E 2000, 61,
4011-4018.

Dinarello, C. A., Blood 1991, 77, 1627-1652.

Homola, J., Chem Rev 2008, 108, 462-493.

Wong, H. R.; Weiss, S. L.; Giuliano, J. S.; Wainwright, M. S.; Cvijanovich, N. Z.; Thomas,
N. J.; Allen, G. L.; Anas, N.; Bigham, M. T.; Hall, M.; Freishtat, R. J.; Sen, A.; Meyer, K.;
Checchia, P. A.; Shanley, T. P.; Nowak, J.; Quasney, M.; Chopra, A.; Fitzgerald, J. C;
Gedeit, R.; Banschbach, S.; Beckman, E.; Lahni, P.; Hart, K.; Lindsell, C. J., Plos One 2014,
9, €86242.

Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.; Kramer, P. B., Numerical
recipes 3rd Edition: the art of scientific computing. Cambridge University Press: Cambridge,
UK, 2007.

SoftMax® Pro Microplate Software User Manual Home Page.
http://mdc.custhelp.com/app/answers/detail/a_id/19550 (Accessed March 9, 2017).

ACS Paragon Plus Environment

17



©CoO~NOUTA,WNPE

Nano Letters Page 18 of 21

600 800 1000
Wavelength (nm)

#i¥,. Target protein

Fluid Flow

‘& AuNR with Antibody
< € lons

Figure 1. (a) Schematic and principle of AC electroosmosis-enhanced localized surface plasmon
resonance (ACE-LSPR) biofunctional nanoparticle imaging. Pt microelectrodes were first
patterned on a glass substrate by photolithography and metal lift-off. AuNRs were then deposited
to form line-shaped sensor pattern between the microelectrodes using a microfluidic patterning
technique. With 180° out-of-phase AC bias applied to the Pt electrodes, the electrical double
layer horizontally moves along the electrode surfaces. The electrical double layer movement
generates a hydrodynamic rotational flow within the microfluidic channel. The hydrodynamic
flow facilitates the transport of the target biomolecules down to the sensing surface and their
surface binding reaction. (b)-(c) Close views of the analyte-receptor interactions with/without
ACEOQ. A large depletion zone is formed and slows down the surface reaction under diffusion-
limited operation. (d) The binding results in an increase of scattering cross-section and a red shift
of the plasmon resonance which is converted into the scattering intensity increase by a band-pass
filter (680/13 nm, shown by the shade). (¢) Darkfield image of AuNR line-shaped patterns
(shown in red) and microelectrodes (black strips in the middle) with a microfluidic flow channel
perpendicular to them (400 um, orange dotted line). (f) SEM image showing the zoomed-in view
of the isolated AuNRs patterned on the glass substrate between the microelectrodes. The size of
the AuNRs was measured to be ~40 nm in diameter and ~84 nm in length. After the assay, the
formation of a dense dielectric layer surrounding each AuNR was observed, suggesting the
binding of antibodies and analytes onto the sensor surface (Inset).
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Figure 2. 2D Finite-element analysis (FEA) simulations on the mass transport and surface
reaction in the ACE-LSPR optofluidic device. (a) Simulation setup and boundary conditions. The
ACEO velocity was first characterized by calculating the movement of the electrical double layer
driven by the tangential component of the electric field using Coulomb’s law. This velocity was
then coupled with incompressible N-S equation to solve for the flow field, which was
subsequently integrated with Fick’s law to derive the concentration profile. Finally, the first
order Langmuir Absorption was adopted as a boundary condition accounting for the surface
reaction at the sensor surface. (b)-(d) Analyte concentration profiles within microfluidic channel
of the device operated under ACEO at V, = 2V f = 200Hz, with diffusion only, and with
convection flow at 25 um/s, respectively. The ACEO velocity direction and magnitude are
shown by the blue arrows. The initial concentration for all three cases was set to be ¢/cy, = 1.
The inlet (left edges) and the outlet (right edges) for ACEO and diffusion only cases were
defined as open boundaries with no analyte replenishment (c/c, = 1 at x = ). (¢) Time-course
change of binding ratio (BR) for different operating conditions. The BR is defined as the ratio of
analyte occupations over the entire available binding sites. (f) Time-course change of
enhancement factor for different channel heights under ACEO operation at V,_, =2V f =
200Hz. Here, the enhancement factor is defined as the BR under ACEO over the BR under the
condition of diffusion only.
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Figure 3. Detection of purified IL-1p in 0.001x PBS buffer. (a) Real-time scattering light
intensity profiles of the line-shaped ACE-LSPR AuNR sensor patterns at various IL-18
concentrations (50 fg/mL to 100 pg/mL). Here, the operation condition at V,_,, = 4V f = 200Hz
was applied after 10-11 min of incubation. (b) Darkfield images showing the mapping of the
scattering intensities of triplicated sensing patters under conditions with/without ACEO. (c)
Calibration curves obtained from the intensity mapping in b (left y axis). The LOD was
determined by the intersection of the fitted calibration curve with 3 standard deviations (30)
above the mean of the background noise. The LOD was calculated to be 158.5 fg/mL (9.1 fM)
for “with ACEO” and 15.2pg/mL for “without ACEO”. A reduction of LOD by two orders of
magnitude was achieved. The signal enhancement ratio (right y axis) was calculated by the
scattering intensity change for the “with ACEO” condition over the “without ACEO” condition.
The “without ACEO” condition data were obtained from the intensity change of the Ref bar
shown in Figure 1c.
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Figure 4. Detection of IL-1f in human serum. (a) Real-time scattering light intensity profiles of
the line-shaped ACE-LSPR AuNR sensor patterns presenting enhanced signals for 50% human
serum matrix (HSM) spiked by IL-1p at concentrations of 1 pg/mL to 10 ng/mL. Here, the
operation condition at V,,_, = 1.5V f = 1kHz was applied after an incubation period of 5 min.
(b) Calibration curves obtained from intensity mapping and 5 min initial slope analysis (shown
by the inset). The raw data were fitted by a S5-parameter logistic function. (¢) Serum IL-1B
concentrations measured by three different methods for 6 pediatric sepsis patients stratified into
hyper-inflammatory and mild-inflammatory subgroups. The labels of “ACE-LSPR,” “ELISA,”
and “5-min Slope” indicate data obtained for the clinical samples by ACE-LSPR signal intensity
analysis after an incubation period of ~15 min, conventional 96-well plate ELISA, and 5-min
initial slope-based analysis, respectively. (d) One-tailed paired difference #-test performed for 5-
min initial slope measurement between the two patient subgroups. The p-value calculated
between the two patient subgroups is < 0.01.
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