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A sandwich immunoassay is a powerful tool for identifying
a specific substance in a biological sample. However, its
heterogeneous strategy always requires repetitive liquid
handlings and long processing time. Here an optoelec-
trofluidic immunoassay platform for simple, fast, and
automated detection of human tumor marker based on
surface-enhanced Raman scattering (SERS) has been
developed. By using a conventional optoelectrofluidic
device and a liquid crystal display module, simple and
quantitative detection of human tumor marker, alpha-
fetoprotein, in a ∼500 nL sample droplet has been
automatically conducted with lower detection limit of
about 0.1 ng/mL within 5 min. This study depicts the first
practical application, for protein detection, of the opto-
electrofluidic manipulation technology. This image-driven
immunoassay platform opens a new way for simple, fast,
automated, and highly sensitive detection of antigens.

Immunoassay, which is based on a specific interaction between
an antigen and a complementary antibody, has become an
important analytical tool for identifying and quantifying a specific
substance in a liquid sample. In several fields such as clinical
diagnosis, biochemical analysis, and environmental monitoring,
many kinds of techniques, such as fluorescence, chemilumines-
cence, electrochemical methods, surface plasmon resonance, and
enzyme-linked immunosorbent assay (ELISA), have been utilized
to measure the antigens binding to its complementary antibodies.
Recently, surface-enhanced Raman scattering (SERS) has also
been applied to the immunoassays.1-3 Among several kinds of
SERS-based immunoassay methods, a sandwich immunoassay
using metal nanoparticles labeled by a Raman-active probe has
been most widely used because of its remarkable SERS-enhance-
ment ability and good biocompatibility. Here, a sandwich immu-
nocomplex is formed by immunoreaction between an antigen

captured by antibodies immobilized on a solid substrate and probe-
labeled metal nanoparticles. Then the antigen concentration can
be indirectly determined by measuring the Raman intensity of
the probe-labeled metal nanoparticles, which constitute the im-
munocomplexes in “sandwich” form.

For all the measurement techniques for the immunoassay
including the SERS-based methods, this heterogeneous strategy
always requires repetitive washing steps for separating antibody-
bound and free proteins. In addition, a long incubation time is
required for antibody-antigen binding reactions, which is limited
by diffusion transport of molecules or nanoparticles. As a
consequence, the manually conducted processes of a typical
heterogeneous immunoassay, which involves multiple cycles of
incubation and washing steps, usually take several hours and are
labor-intensive. To deal these problems of a traditional immu-
noassay, many kinds of fully automated immunoassay analyzers,
which can perform a various tests on a series of samples and
process several batches simultaneously, have been commercial-
ized. The automated systems usually take several tens of minutes
for performing all steps, including sample dilution, dispensing,
incubation, washing, and reading without manual handling of
liquids except during the step for sample injection. However, the
commercialized immunoassay instruments still have some limita-
tions that they require massive and complicated constructions of
robotic components and several hundreds of microliter sample
volumes. Recently, microfluidic devices have also been applied
for simple and rapid immunoassays in miniaturized system with
small sample volumes.4-6 Previous microfluidic immunoassay
platforms, however, also require troublesome fluidic components,
and yield large amount of dead volumes and many disposables.

Optoelectrofluidics, which is based on the electrokinetic motion
of particles or fluids under an electric field induced by light, has
attracted a great interest from many researchers in various fields
of science and engineering. There are three well-known methods
to optically induce electrokinetic motions in a fluid: (1) electro-
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a strong laser source;7 (2) electrophoresis due to the local
increment of current density by ultraviolet exposure of indium
tin oxide (ITO);8 and (3) optoelectronic tweezers (OET) based
on a photoconductive layer deposited on a metal electrode.9 The
OET technology allows us to induce an electric field gradient in
a fluid using a weak white light source, and to spatially modulate
it using a conventional display device such as a liquid crystal
display (LCD)10 in a simple and easy way. By using the OET
device, the image-based manipulation of several biological materi-
als, which include blood cells,10 oocytes,11 swimming bacteria,12

and biomolecules,13,14 has been demonstrated. In addition, pat-
terning of nonbiological objects such as polymer microspheres,15

nanowires,16 and metallic nanoparticles,17 has been possible.
Recently, a size-based separation of microspheres using the
optoelectrofluidic platform has also been reported.18

Here a new immunoassay platform is developed for simple,
rapid, and automated detection of proteins using a light-activated
particle manipulation technology. By applying a conventional OET
device to control antibody-conjugated polystyrene (PS) micro-
spheres and probe-labeled silver nanoparticles (AgNPs), a SERS-
based sandwich immunoassay of human tumor marker, alpha-
fetoprotein (AFP), could be automatically performed using a
programmed image from a conventional LCD module. This
optoelectrofluidic immunoassay does not require any fluidic
components and manual handling of liquids for all steps except
for sample injection. Moreover, it requires only submicroliter
sample droplet as a total specimen, and takes only several minutes
to complete one assay cycle.

Theory. The electrokinetic mechanisms, which include di-
electrophoresis (DEP) and ac electroosmosis (ACEO), are a main
driving force for particle manipulation using an optoelectrofluidic
device. In addition, we could also observe the electrostatic
interactions due to the polarization of dielectric particles. DEP,
one of the most widely applied principles for the optoelectrofluidic
manipulation,9-12,16,18,19 is the movement of dielectric objects
under a nonuniform electric field driven by forces arising from
the interaction between an induced electric dipole of the particle
and the applied electric field.20 The DEP force acting on a
spherical particle is given by

FDEP ) 2πr3εmRe[fCM]∇|E|2 (1)

where r is the radius of the particles; εm is the permittivity of
the suspending medium; Re[fCM] is the real part of the
Clausius-Mossotti factor. The value of Re[fCM] depends on the
frequency of applied ac voltage and the conductivity of particles
and medium, varying between +1 and -0.5. In the optoelec-
trofluidic device, the particles are repelled from the light
pattern, where the electric field is relatively higher than other
region, if Re[fCM] is negative (negative DEP). If Re[fCM] is
positive, the particles move toward the light pattern (positive
DEP).

The optically induced ACEO, which is a fluidic motion
generated by the motion of ions within the electric double layer
due to the tangential electric field, have also been applied for rapid
concentration of microspheres, nanoparticles and molecules using
an optoelectrofluidic device.13,15,17,18 The fluids around the partially
illuminated area in the optoelectrofluidic device flow along the
surface of the photoconductive layer with a rectified slip velocity
defined as shown:

〈vslip〉t )
1
2

λD

η
Re[σqEt*] (2)

where λD is the Debye length and η is the fluid viscosity. The
charges contained in the Debye layer (σq) and the tangential
electric field (Et) vary sinusoidally and can be evaluated as σq

) εm�/λD and Et ) -R∂�/∂y, respectively, where � is the zeta
potential, which is the voltage drop across the Debye layer,
and R is a geometry factor.21

In addition to these electrokinetic phenomena, electrostatic
interactions among the microspheres due to their induced dipole
are also observable. The electrostatic interaction force, Fdipole ∝
r6εmRe[fCM]2E2, can make the particles form a structure like
“perl chain” by attractive forces in the direction of an electric
field, and a crystalline structure with a regular distances among
the particles by repulsive forces in the plane perpendicular to
the electric field.22

The electrokinetics mechanisms act on the microspheres in
concert depending on the frequency of the applied ac signal.18

For example, at the low-frequency range below 1 kHz, hydrody-
namic drag force due to the strong ACEO flow becomes more
dominant than other forces. The optically induced ACEO vortices
make both micro- and nanosized particles move toward the
illuminated area. While the nanoparticles tend to be always
concentrated into the stagnation region, where the flows are
converged, the microparticles sometimes move along the ACEO
vortices on the edge of the light pattern in a certain condition
depending on the applied ac signal, the light pattern, and the
gravity force. At the high-frequency range above 10 kHz, the
ACEO flow becomes much weaker; hence the DEP force becomes
the most dominant force. Since most polymer microspheres show
the negative DEP motion in low-conductivity media, they are
repelled from the image patterns in the optoelectrofluidic device.
Here the electrostatic dipole forces can also affect the behaviors
of microparticles. On the other hand, the DEP force acting on
the nanosized particles is negligible because the magnitude of
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the DEP force is proportional to the volume of particles. Therefore,
the nanoparticles move along the weak ACEO flows under the
conditions. As the frequency decreases, the ACEO effect becomes
stronger. The positive DEP force can sometimes attract the
metallic nanoparticles, which were collected by ACEO flows and
positioned near the surface, for immobilizing them onto the
illuminated area.17 In this high-frequency range, vortices due to
the electrothermal effect are also observable with a strong light
source. However, in our experimental condition, we could not
observe the particle behaviors due to the electrothermal vortices.

EXPERIMENTAL SECTION
Sample Preparation for Fluorescence Immunoassay. Nor-

mal rabbit immunoglobulin G (rIgG)-biotin was obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Carboxylated
fluorescent (Max. Ex/Em: 441/486) PS microspheres with diam-
eter of 6 µm and neutravidin-coated fluorescent (Max. Ex/Em:
580/605) PS nanoparticles with diameter of 40 nm were purchased
from PolySciences, Inc. (Warrington, PA) and Molecular Probes,
Inc. (Eugene, OR), respectively.

After twice washing of PS microspheres with distilled ionized
(DI) water, for the activation of other -COOH terminal groups
on the PS microspheres, 10 µL of 10 mM N-hydroxysuccinimide
(NHS) and 10 µL of 10 mM 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) were added to 470 µL of 108

particles/mL PS microspheres and allowed to react for 20 min.
Then, 10 µL of 1.0 mg/mL monoclonal rIgG antibody (excess
amount) was added to NHS-activated PS beads and reacted
overnight at 4 °C. Here, unreacted antibodies were washed out
by twice centrifuging, and the final PS microspheres with
monoclonal rIgG antibody were redispersed in DI water.

Sample Preparation for SERS Immunoassay. For targeting
AFP antigens, PS microspheres and SERS-active AgNPs were
functionalized with monoclonal and polyclonal AFP antibodies,
respectively. Here, 10 µL of 1.0 mg/mL monoclonal AFP antibody
(excess amount) was added to NHS-activated PS beads and
reacted overnight at 4 °C. Lastly, unreacted antibodies were
washed out by twice centrifuging, and the final PS microspheres
with monoclonal AFP antibody were redispersed in DI water.

Silver colloids were prepared by the method reported by
Leopold and Lendl.23 Here, silver nitrate was reduced by hydroxy-
lamine hydrochloride. The detailed procedure for the preparation
of AgNPs has been reported elsewhere.24 Briefly, 5 mL of 3.0 ×
10-2 M hydroxylamine hydrochloride was dissolved in 84 mL
of triply distilled water and then 1 mL of 3.0 × 10-1 M sodium
hydroxide was added to maintain an alkaline pH. Next, 10 mL
of 2.0 × 10-2 M silver nitrate solution was added dropwise to
the solution with continuous stirring. The solution was continu-
ously stirred for an additional one day. UV/vis spectroscopy
and transmission electron microscopy (TEM) were used to
characterize the particle size of the produced colloids. The
average particle size was determined to be 40 ± 10 nm.

To use these AgNPs as SERS-active probes, malachite green
isothiocyanate (MGITC) was adsorbed onto the surface of the
AgNPs. An amount of 1 µL of 5 × 10-5 M MGITC was added to

1 mL of AgNPs, and the mixture was reacted for 1 h under
stirring. Then, dihydrolipoic acid (DHLA) was used for the
antibody conjugation. The two -SH terminal groups of DHLA
were chemically bonded to the silver surface. An amount of 2
µL of 5.0 mM DHLA was added to 1 mL of dye-adsorbed
AgNPs and allowed to react for 1 h. Excess nonspecific binding
mercaptoethanol in solution was removed by centrifuging the
solution, and the precipitate was washed twice with DI water
and resuspended.

For the activation of other -COOH terminal groups, 1 µL of
1.0 mM EDC and 1 µL of 1.0 mM NHS were added and allowed
to react for 20 min. Finally, 1 µL of 1.0 mg/mL polyclonal AFP
antibody (excess amount) was added to NHS-activated silvernano-
particles and reacted overnight at 4 °C. Unreacted NHS groups
on the surface of the AgNPs were deactivated with 1 µL of 1.0
mM ethanolamine for 2 h. Nonspecific binding chemicals and
antibodies were removed by centrifuging, and the final nanoprobes
were washed twice with DI water.3

Device Configuration. A sample droplet, whose total volume
is 500 nL (volume ratio of AFP antigens: PS microspheres: AgNPs
) 1: 1: 1), was placed in a 30 µm-height liquid chamber of the
optoelectrofluidic device, which consists of a bare ITO electrode
and a photoconductive electrode. The height of the liquid chamber
was fixed by photoresist gap spacers, which were fabricated on
the bare ITO electrode using conventional photolithography. The
photoconductive electrode was fabricated by sequential deposition
of three layers: (1) a 50 nm-thick heavily doped hydrogenated
amorphous silicon (a-Si:H); (2) an 1 µm-thick intrinsic a-Si:H, and
(3) a 20 nm-thick silicon nitride on an ITO-coated glass substrate
(Samsung-Corning Precision Glass, Korea) using a plasma en-
hanced chemical vapor deposition. The device surfaces were
treated with 0.1% bovine serum albumin solution for about 30 min
to reduce nonspecific adsorption of microspheres onto the device
surface. Lastly, an ac voltage of 10 Vpp produced from a function
generator (AFG310; Tektronix, OR) was applied across the ITO
electrodes.

Experimental Setup for Optoelectrofluidic Immunoas-
says. Experimental setup for the optoelectrofluidic immunoassays
is shown in Figure 1. A conventional inverted fluorescence
microscope (IX71; Olympus Corp., Japan) was applied to construct
the optoelectrofluidic immunoassay system. A monochromatic
LCD module in a conventional projector (CP-S225; Hitachi, Japan)
was mounted under the illumination lamp to generate a pro-
grammed image pattern for controlling an electric field. The LCD
image was projected onto the photoconductive layer of the device
through a condenser lens integrated into the microscope. The
optoelectrofluidic device containing a sample droplet was put on
the microscope stage as the transparent ITO electrode faces to
the objective lens, since the photoconductive layer absorbs or
blocks an incident laser beam and Raman scattering.

SERS Detection. SERS measurements were performed using
homemade Raman microscope system. An inverted microscope
IX71 (Olympus Corp.) was modified for sensitive Raman scattering
detection. An Ar-Kr laser (Innova70C Spectrum, Coherent Inc.,
CA) operating at λ ) 647.4 nm was used as the excitation source
with a laser power of 5 mW. Raman scattering was collected using
a charge-coupled device (CCD) camera at a spectral resolution
of 2 cm-1. Spectral measurements were made with a mono-
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chromator (Spectra 2500i, Princeton Instruments, Trenton, NJ).
An additional CCD camera was fitted to an optical microscope
to obtain optical images. Sandwich immunocomplexes in an
optoelectrofluidic device were collected using a 20× objective
lens was used to focus a laser spot on the glass. All of the
Raman spectra reported here were collected for 2 s (integration
time) in the range of 1050-1700 cm-1.

Data Analysis. The fluorescence images were analyzed using
ImageJ software (National Institute of Health, Bethesda, MD). The
fluorescence intensity profiles were plotted with Origin (Origin-
Lab, Northampton, MA). The SERS spectra were calibrated and
analyzed using GRAMS (Thermo Fisher Scientific Inc., Waltham,
MA). The calibration curve from the optoelectrofluidic immu-
noassay of AFP was fitted and plotted with Origin software.

RESULTS AND DISCUSSION
The image-driven immunoassay system based on the opto-

electrofluidics is depicted in Scheme 1. After the sample injection
step, there are four steps, which are automatically controlled by
an applied ac signal and a programmed LCD image: (1) global
concentration of supporting microspheres and mixing of the
samples; (2) washing of free analytes and probe nanoparticles;
(3) local concentration of the immunocomplexes; and (4) the
optical measurement of the amount of probes on the immuno-
complexes. At first, the suspended microspheres are concentrated
due to DEP and ACEO induced by a programmed LCD image in
the application of the ac signal, of which frequency is ranged from

1 to 100 kHz. At this step, as a dark circle becomes smaller
gradually for a certain time, the efficient mixing of sample solution
as well as the concentration of microspheres also arise by the
ACEO vortices. This optoelectrofluidic mixing effect facilitates
rapid formation of immunocomplexes. Here the time and efficiency
for immunoreactions is controllable by programming the LCD
image. After the animated image is fully processed and stopped
in a form of a small dark circle, the ac frequency is changed into
the range from 0.1 to 1 kHz for a few seconds. In the washing
step, free probe nanoparticles are washed out from the dark area
by the strong ACEO vortices and immobilized onto the photo-
conductive surface by the immobilization force, whereas the
microspheres are concentrated into or still mixed with the other
samples as moving along the ACEO vortices around the area due
to the combination of ACEO, DEP and the gravity forces. When
the applied ac frequency is changed into above 10 kHz, all the
concentrated and washed immunocomplexes are concentrated and
assembled into the dark area by the negative DEP forces and the
electrostatic dipole interactions. Finally, an optical signal from the
probe nanoparticles captured on the microspheres can be de-
tected, after the applied voltage and the LCD image are turned
off.

The process of image-driven automated immunoassay is shown
in Figure 2. A programmed LCD image, in which a dark circle
becomes smaller for about 90 s, was utilized for our experiments.
The behavior of PS microspheres showed good agreement with
the estimation based on the numerical simulation shown in
Supporting Information Figure S1. The microspheres were suc-
cessfully concentrated by the animated LCD image in the
application of 1 kHz frequency. After the LCD image was stopped
in a form of 50 µm-diameter dark circle, some concentrated
microspheres were still moved along the ACEO vortices and
mixed with other samples. When we changed the ac frequency
from 1 kHz to 10 kHz, all the concentrated microspheres
assembled and formed chain-like structure by the electrostatic
interactions. Finally, we could detect SERS from the immuno-
complexes by projecting a laser spot after turning off the LCD
image and the ac voltage. The time for processing all the steps
took less than 5 min. Here, the washing of free antigens and probe
nanoparticles is also simultaneously processed, but it could not
be determined this general optical observation. So, we determined
the washing effect due to the optoelectrofluidics with fluorescence
nanoparticles.

To investigate the feasibility of the optoelectrofluidic sandwich
immunoassay, a qualitative experiment was performed with 0.1
ng/mL rIgG-biotin as a target analyte. Here fluorescent 6 µm-
diameter PS microspheres conjugated with monoclonal anti-rIgG
and neutravidin-coated fluorescent 40 nm-diameter PS nanopar-
ticles were used as supporting substrates and probe nanoparticles,
respectively. After the image-driven automated processes for the
immunoassay of rIgG-biotin, we observed the fluorescence images
of the processing area (Figure 3a). According to the microscopic
pictures, the 6 µm-diameter supporting microspheres were suc-
cessfully concentrated by the animated LCD image. In addition,
the decrement of red fluorescence intensity within the micro-
spheres-concentrated area was observed. This result might be due
to the optoelectrofluidic washing of free fluorescent nanoparticles
in the localized area. We also measured the intensity profile across

Figure 1. An experimental setup for optoelectrofluidic sandwich
immunoassay. A conventional inverted fluorescence microscope was
applied to construct the optoelectrofluidic immunoassay system. An
LCD module was mounted under the illumination lamp to generate a
programmed image pattern for controlling an electric field in a
conventional optoelectrofluidic device.
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the microspheres inside and outside the washed area. Within the
washed area, red fluorescence was appeared only on the same
position of concentrated microspheres in the washed area as
shown in Figure 3b. The intensity of fluorescence signal implies
the amount of fluorescent nanoparticles, which formed sandwich
immunocomplexes through the medium of rIgG-biotin molecules.
While on the other, in the case of a microsphere, which was failed
to concentrate and wash, the measurement of red fluorescence
from the probe nanoparticles, which bound on a supporting
microsphere, was impossible due to the interference by large
amount of free probe nanoparticles around the microspheres as
shown in Figure 3c. These results ensure that the mixing,
concentration, and washing steps for immunoassay can be
conducted by the image-driven automated processes.

It was also possible to form a microarray composed of
numerous virtual wells using a programmable LCD image as
shown in Figure 4a. This result shows that the multiplexed
immunoassays could be conducted on the basis of individual
microspheres in each well. Multiple SERS immunoassays could
also be simultaneously performed by applying an LCD image,
which generates multiple number of virtual wells (dark circles)
for concentration and washing immunocomplexes (Figure 4b). If
the amount of probe nanoparticles is quantified using a micro-
scopic picture for the multiplexed immunoassays, the amount of
immunocomplexes concentrated into the virtual wells should be
consistent for accurate quantitative analysis or the optical signal
from the probe nanoparticles should be normalized with that from
the supporting microspheres. In our experimental condition,
however, where the SERS-based detection was performed using
a laser spot, there is no trouble in quantification if the number of
the concentrated microspheres exceeds the minimum amount for
filling the focal volume of the incident laser.

The quantitative assay of human AFP based on SERS was
performed using this optoelectrofluidic immunoassay platform.
Here, monoclonal anti-AFP-conjugated 6 µm-diameter PS micro-
spheres were used as supporting material, and polyclonal AFP
antibody-conjugated 40 nm-diameter AgNPs, which are labeled
with malachite green isothiocyanate (MGITC) molecules as
Raman probe, were utilized as SERS-probe nanoparticles (Figure
5a). The SERS spectra of the sandwich immunocomplex against
various concentrations of AFP are illustrated in Figure 5b. Since
the SERS intensities of AFP and antibodies were negligible
compared to those of MGITC (see Supporting Information Figure
S2), the amount of AFP antigens could be quantified by measuring
the SERS signal of MGITC. The concentration of AFP was varied
from 0.1 to 1.5 ng/mL. The SERS signals were obviously increased
as the concentration of AFP increased. The blank spectrum was
obtained without the target antigen. The weak SERS signal in the
absence of antigens implies that some MGITC-tagged AgNPs still
remained in the washed area or were nonspecifically bound onto
the microspheres. Among several prominent peaks in the spec-
trum of MGITC, the peak at 1615 cm-1 was chosen for the
quantitative evaluation of AFP antigens, because the baseline

Scheme 1. Schematic Illustration of Procedures for Optoelectrofluidic Sandwich Immunoassaysa

a The Raman probe-tagged metallic nanoparticles bind onto the supporting microspheres in the medium of target analytes, forming an
immunocomplex. After all the processes, including sample concentration, mixing, reaction, and washing, are automatically conducted by a
programmed LCD image, measurement of the amount of probe nanoparticles on the immunocomplexes is conducted with surface-enhaned Raman
scattering (SERS).

Figure 2. Microscopic pictures of PS microspheres being processed
for optoelectrofluidic immunoassay. At 1 kHz, an animated LCD image
concentrates the microspheres by ACEO vortices and negative DEP
forces. After the animation stops, the strong ACEO flows mix the
concentrated microspheres with target analytes and probe nanopar-
ticles, and wash free molecules and nanoparticles from the dark area.
At 10 kHz, the washed immunocomplexes are assembled and
concentrated into the area for detection of SERS. Scale bar ) 25
µm.
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of this peak (1555-1640 cm-1) was flatter than others. The
intensity of the peak was plotted as a function of the AFP
concentration in Figure 5c. The Raman peak intensity linearly
increased, as the concentration of AFP increased from 0 to 1.5
ng/mL. The equation for the linear regression line was y ) 3302
x + 216.9, and the correlation coefficient (R) was 0.9910 (n ) 6).
The lower detection limit (LDL) of this optoelectrofluidic SERS-
based immunoassay for AFP was 98 pg/mL, which is twenty times
lower than that of the conventional ELISA methods. This opto-
electrofluidic immunoassay platform required total sample volume
of less than 500 nL, which is much less than that for ELISA. In
addition, the time for one assay took less than 5 min, and manual
handling of liquids was not required except for injecting samples

into the glass slide-like OET device. This time for automated im-
munoassays is one hundred times shorter than that for performing
manual immunoassay of AFP using conventional ELISA.

According to the calibration curve shown in Figure 5c, not only
the value of peak intensity, but also the standard deviation
increased as the antigen concentration increased over 1 ng/mL.
When the AFP concentration was over 2 ng/mL, the reproduc-
ibility of SERS signal was significantly decreased. These phenom-
ena might be due to the aggregation of MGITC-tagged AgNPs
by AFP solution. We could optically determine the silver ag-
gregates, of which size is over several hundreds of nanometer,
as soon as we injected the 2 ng/mL AFP solution. The large silver
aggregates were also concentrated into the dark area and were
not washed completely. However, this matter is not restricted to
the case of this optoelectrofluidic immunoassay platform. In
practice, most of the SERS-based biosensors have such the
problems due to the aggregation of metal nanoparticles. If the
limitation of SERS technology can be overcome, broader dynamic
range of the immunoassay would be obtained.

Even in the absence of AFP, a weak SERS signal was observed
in Figure 5b. There are two reasons: (1) some probe nanoparticles

Figure 3. Optoelectrofluidic sandwich immunoassay for rIgG-biotin.
(a) Microscopic pictures after all steps for optoelectrofluidic immu-
noassay against the emission wavelength (left: green, right: red). The
dotted circle is a dark area of the LCD image, which the microspheres
are concentrated into and the nanoparticles are washed out from.
The fluorescence intensity profiles of a microsphere (b) inside and
(c) outside the washed area across the dotted line in panel a. Red
solid line and green dotted line depict the fluorescence intensity
profiles of the immunocomplex according to the emission wavelengths
of probe nanoparticles and supporting microspheres, respectively.
Scale bar ) 25 µm.

Figure 4. Simultaneous multiple experiments using a microarray
pattern. (a) A 5 × 5 microarray composed of numerous virtual wells,
in which fluorescent microspheres were trapped. Free probe nano-
particles (red) were successfully washed out from individual micro-
spheres (green) which are trapped in each well. (b) Microspheres
concentrated into and assembled within a 3 × 3 microarray after
simultaneous multiple SERS-based immunoassays using a program-
mable LCD image. Scale bar ) 25 µm.
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still remained in the washed area; (2) nonspecific binding of
antigens or probe nanoparticles onto the microspheres. The
former might be due to the behavior of nanoparticles by opto-
electrofluidic flows and thermal motion. Most of the nanoparticles
were washed out from the dark image and immobilized into the
illuminated area. According to the simulation depicted in Sup-
porting Information Figure S1, however, there was still weak flow
converging into the dark area along the bare ITO surface. The
flow is originated from the main ACEO flow toward the illuminated
area along the photoconductive surface. Although the strong
electrohydrodynamic flow washed out the free nanoparticles and
molecules, little influx of probe nanoparticles might be slowly
occurred. The thermal motion of the washed nanoparticles after
turning off the voltage at the detection step can also affect the
background signal. However, according to our experiments with

fluorescent nanoparticles and the previous literature,17 the disper-
sion of washed or patterned nanoparticles due to their Brownian
motion was negligible. The latter, which is relative to the
nonspecific absorption of antigens and nanoparticles, may be
caused by electrostatic forces as well as by chemical binding
forces. In-depth consideration for the electrostatic particle-particle
interactions in this optoelectrofluidic immunoassay was discussed
as follows.

At the ac frequencies ranged from 1 to 100 kHz, which include
our experimental conditions, the electrostatic particle-particle
interactions due to the induced-dipole of microspheres were
observed. The attractive force, which aligns the microspheres in
the direction of electric field, became stronger at 10 kHz than at
1 kHz, resulting in the “perl chains” of concentrated microspheres.
This chain structure of immunocomplexes facilitated the highly
sensitive detection of antigens by increasing the amount of probe
nanoparticles exposed to the focal volume of the incident laser. If
the microspheres are assembled in a monolayer, the SERS from
only one immunocomplex will be detected. However, in this
experimental condition, at least three to five 6 µm-diameter
microspheres form a chain, of which length is enough to cover
the focal volume (∼10-17 m3) of the incident laser, in the
direction of the beam. In addition, the contact points among
the microspheres in a chain can serve as hot spots for
enhancing SERS signal from the probe nanoparticles. However,
this chain structure may interfere with the reproducible SERS
detection. The chain began to relax as soon as turning off the
applied voltage for SERS detection. As a consequence, the
SERS signal gradually reduced with a large fluctuation from
about 30 s after the ac signal was intercepted. Therefore, we
could obtain reproducible SERS intensity for only 30 s after
the voltage is turned off.

The electrostatic interactions may also induce nonspecific
binding of probe nanoparticles onto the microspheres. However,
according to our experiments with fluorescence, the electrostatic
attraction between microspheres and nanoparticles was observable
only at extremely low-frequency range around 100 Hz (data not
shown). Therefore, the electrostatic binding of nanoparticles onto
microspheres would be negligible in our experimental conditions
ranged from 1 to 10 kHz. However, it is difficult to conclude that
there is no nonspecific binding of probe nanoparticles by elec-
trostatic interactions yet, thus this matter should be investigated
and solved for lower detection limit.

CONCLUSIONS
In this article, an optoelectrofluidic immunoassay platform has

been developed for simple, automated, fast (∼5 min), and highly
sensitive (LDL ) 98 pg/mL) detection of AFP in tiny sample
volume (∼500 nL) using SERS. This image-driven immunoassay
using a conventional OET device has five significant meanings in
several perspectives. First, this paper demonstrated the first
application for detecting biological molecules using an optoelec-
trofluidic device. Up to now, all the studies about optoelectroflu-
idics have been focused only to the manipulation of some objects,
except only one study about applying an OET device for the
measurement of molecular diffusion coefficient.14 In such a
context, the optoelectrofluidic immunoassay has a significant
meaning in respect that this is the first realization of the detection
technology based on optoelectrofluidics. Second, much less

Figure 5. The quantitative assay of human AFP based on opto-
electrofluidic SERS. (a) Schematic illustration of the formation of
immunocomplex for SERS-based assay. Human AFP and MGITC-
tagged AgNPs were applied for target analytes and probe nanopar-
ticles, respectively. (b) SERS spectra for various concentrations of
AFP antigen. (c) Intensity of the SERS signal at 1615 cm-1 against
the concentration of AFP. A linear relationship is shown in the
concentration range from 0 to 1.5 ng/mL. The linear fitting line is y )
3302x + 216.9, and R ) 0.9910 (n ) 6).
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volume of samples was required for the assay than the conven-
tional ELISA systems. Only a several hundreds of nanoliter sample
droplet, which contains supporting microspheres, target analytes,
and probe nanoparticles, was dropped on the OET device for the
immunoassay in this system. Third, any complicated robotic or
fluidic components were not required for the automated immu-
noassays. Only an OET device, which is similar to a glass slide,
and an LCD module for controlling fluids were required. This
simple structure and cheap components make it easy to com-
mercialize and apply this technology for clinical diagnosis and
biochemical analysis. Fourth, by using the optoelectrofluidic
immunoassay, it took much less time (∼5 min) to conduct all the
processes for sandwich immunoassay than conventional methods.
The incubation time shortened due to the enhanced mixing effect
by the optically induced electrohydrodynamic vortices, as well as
the fully automated processes without pipetting liquid samples
allows us to save times. Finally, the image-driven manipulation
platform allows more flexible uses of this technology. For example,
parallel multiple assays were possible based on an LCD image
programmed for generating multiple areas for concentration,
reaction, washing, and detection. Based on this approach, a new
multiplexed immunoassay platform could be constructed using
an array of optically controlled virtual microwells.

Some challenges also remain. First, the performance of this
optoelectrofluidic technology is basically dependent on the con-
ductivity of media. For a salty media such as blood plasma or cell
culture media, the photoconductivity should be much higher than
the conventional OET device based on amorphous silicon. The
phototransistor-based OET device could be utilized for increasing
the photoconductivity of the device and applying this technique
for high-conductivity physiological buffers.25 Second, the perfor-
mance depends on the applied ac frequency as well. A process
for optimization of the ac frequency condition, therefore, is always
required before applying different probe nanoparticles. For
example, the silver nanoparticles were washed well and im-
mobilized onto the illuminated area at higher frequency above 1

kHz, whereas relatively low ac frequency from 100 Hz to 1 kHz
was optimized condition for the fluorescent polymer nanoparticles.
Third, thick glass substrate and opaque photoconductive layer
can interfere with the effective measurement of optical signals as
well as flexible modification of optical pathway. This limitation
could also be overcome by developing a new device or by applying
sensitive probes for more flexible and sensitive optical detection.
Finally, the integration of microfluidic components for manipulat-
ing multiple sample solutions would be very helpful for embodying
immunoassays of multiple targets or conducting more complicated
processes. Such the research for integrating microfluidic channels
into the optoelectrofluidic device has already been performed.26

Despite these challenges and limitations, the optoelectrofluidic
sandwich immunoassays have fascinating meanings in the per-
spectives that it provides a new way for simple, fast, automated,
and highly sensitive detection of antigens, and it is the first
practical application for protein detection based on the optoelec-
trofluidic manipulation.
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