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P
rotein immunoassays have widely
been recognized as a powerful analy-
tical tool for clinical diagnosis with

fluorescence and enzyme-linked immuno-
sorbent assay (ELISA)-based assays being
widely used. Recently, surface-enhanced
Raman scattering (SERS) immunoassays
have gained widespread interest as an
effective alternative to fluorescence and
ELISA-based protein assays owing to their
enhanced sensitivity, multiplex capability,
and photostability.1�3 However, the inte-
gration of SERS immunoassays for clinical
diagnosis is limited by two critical problems
that include (i) longer incubation periods as
a result of slow binding kinetics of heavier
SERS particles to the target antigen (i.e., slow
diffusion of particles) and (ii) high levels
of nonspecific adsorption of molecules onto
the sensor surface that reduce the specificity
and sensitivity of detection.4�9 Recently,
Driskell et al. proposed an approach to
increase the flux of antigen and SERS parti-
cles to the solid-phase surface by using a

rotated capture substrate.10 The assay time
was reduced from 24 h to 25min in a 10-fold
loss of sensitivity compared to the conven-
tional SERS immunoassay. Furthermore,
a syringe pump SERS immunoassay was
developed to overcome diffusion-limited
binding kinetics that often impedes rapid
analysis in conventional SERS immuno-
assay.11 The assay time was reduced from
24 h to 10 min with a 10-fold improvement
in detection limit. Despite these attempts
being successful in reducing assay times,10,11

nonspecific adsorption of nontarget mol-
ecules still remains the biggest challenge in
immunoassays,12,13 in particular, SERS-based
immunoassays,3,9 and very few attempts
have been reported to address this long-
standing problem. To circumvent this pro-
blem, herein, we propose an innovative
platform that utilizes nanoscaled alternat-
ing current electrohydrodynamic (ac-EHD)-
induced surface shear forces to enhance
the capture efficiency (i.e., increase diffusion
of target and SERS particles) as well as

* Address correspondence to
y.wang27@uq.edu.au,
m.shiddiky@uq.edu.au,
m.trau@uq.edu.au.

Received for review March 31, 2015
and accepted May 15, 2015.

Published online
10.1021/acsnano.5b01929

ABSTRACT A rapid and simple approach is presented to address two

critical issues of surface-enhanced Raman scattering (SERS)-based immunoassay

such as removal/avoiding nonspecific adsorption and reducing assay time. The

approach demonstrated involves rationally designed fluorophore-integrated gold/

silver nanoshells as SERS nanotags and utilizes alternative current electrohy-

drodynamic (ac-EHD)-induced nanoscaled surface shear forces to enhance the

capture kinetics. The assay performance was validated in comparison with

hydrodynamic flow and conventional immunoassay-based devices. These nanos-

caled physical forces acting within nanometer distances from the electrode

surface enabled rapid (40 min), sensitive (10 fg/mL), and highly specific detection

of human epidermal growth factor receptor 2 in breast cancer patient samples.

We believe this approach presents potential for the development of rapid and sensitive SERS immunoassays for routine clinical diagnosis.
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significantly reduce the nonspecific binding of mol-
ecules from the electrode surface. These surface shear
forces act within nanometer distances from the elec-
trode surface and possess the capability to induce
fluid flow that can increase the number of antigen�
antibody collisions while simultaneously shear away
nonspecific molecules.14,15 Further, we believe that
the use of rationally designed fluorophore-integrated
gold/silver nanoshells as SERS nanotags in combina-
tion with these nanoscaled forces could represent a
new effective approach to enhance the performance
of SERS-based immunoassays.
To demonstrate the utility of this approach in

SERS immunoassays, we constructed a multiplexed
device containing an array of asymmetric electrode
pairs within three individual microfluidic channels (see
Experimental Methods and Figure S1 in the Supporting
Information) that form the fluid control system as well
as the capture domain when functionalized with an
antibody. Bifunctional fluorophore-integrated gold/
silver (F-SERS) nanoshells were rationally designed
to demonstrate the application of ac-EHD in SERS
immunoassay, which can facilitate simultaneous fluo-
rescence and SERS measurements. These rationally
designed nanoparticles consist of a gold/silver nano-
shell initially coated with Raman reporters, followed
by a thin layer of silica. Subsequently, fluorophore-
integrated nanoshells were synthesized with an addi-
tional fluorophore coated onto a silica-coated Raman
particle. The silica layer acts a protective shield
between the two layers to enable both fluorescence
and SERS measurements. In a typical immunoassay, the
target sample and F-SERS nanoshell-tagged detection
antibody were driven through the devices under the
ac-EHD field. The distribution of F-SERS nanotags on
the electrode surface was monitored using fluores-
cence microscopy, while the laser excitation on the
surface resulted in quantitative target antigen detec-
tion obtained from SERS spectra with distinct finger-
prints. In this study, we demonstrate the utility of
nanoscaled surface shear forces for the capture and
detection of human epidermal growth factor receptor
2 (HER2), an important biomarker for targeted breast
cancer therapy that is overexpressed in 20�30% of
breast cancer patients. HER2 overexpression is
believed to be associated with a diminished prognosis
(e.g., higher risk of recurrence) and may correlate with
resistance to hormonal therapy and sensitivity to
chemotherapy drugs. Thus, there is a need for better
diagnostic methods to detect HER2 during early stages
of the disease and/or to monitor disease recurrence.

RESULTS AND DISCUSSION

ac-EHD SERS Immunoassay. Figure 1a illustrates the
mechanism of ac-EHD-induced surface shear forces
in enhancing specificity of SERS immunocapture.
The application of an alternating potential difference

across each asymmetric electrode pair results in a
nonuniform field that is induced within the electrical
double layer. The asymmetry in geometry results in
a lateral variation in the number of charges and
their spatial distribution across each electrode pair.
As a result, nonuniform forces generated on the elec-
trode surface facilitate net fluid flow with the lateral
force on the larger electrode being stronger than that
of the smaller electrode, thereby resulting in fluid flow
toward the larger electrode. This resulting unidirec-
tional fluid flow causes analytes in solution to be
dragged by the flow and induces the necessary fluid
mixing to enhance capture performance within the
capture domain of the device.15 Meanwhile, these
surface shear forces generated within nanometer dis-
tances (e.g., λD = double-layer thickness = ∼3�4 nm,
calculated for 1 mM phosphate buffer saline (PBS)
using Debye�Hückel approximation16) from the elec-
trode surface and its associated fluid mixing can also
displace weakly bound species, thereby resulting in
specific target capture. This means that these shear
forces engender fluid flow vortices and induce fluid
mixing that can displace weakly bound nonspecific
species by tuning fluid shear forces at nanometer
distances from the electrode surface. Thus, the unique
features of ac-EHD-induced forces include (i) rapid
ac-EHD-induced concentration of reaction products
from the bulk solution into a confined volume and (ii)
enhanced specificity resulting from the ability to tune
the fluid force to shear away loosely bound, non-
specific species on the electrode surface.

Gold/silver nanoshells were employed as the
plasmonic enhancer due to their tunable surface plas-
mon resonance, which can be optimized to the laser
excitation to generate a maximum Raman-enhanced
signal.17,18 Malachite green isothiocyanate (MGITC)
was applied as the Raman reporter, which can provide
a resonance Raman signal. A fluorescein isothiocyanate
(FITC) conjugate with (3-aminopropyl)trimethoxysilane
was further integrated into the SERS nanoshells for
the fluorescence measurement. F-SERS nanotags with
gold/silver nanoshells as the plasmonic enhancer and
MGITC as Raman reporter were therefore prepared
as represented in Supporting Information, Figure S2.
Interestingly, these dual-functional nanotags encapsu-
lated with the silica shell protect the Raman reporters
as well as avoid any interference from the environ-
ment to the Raman signal. Thus, the silica shell repre-
sents a versatile method for the bioconjugation of
the nanotags.19 The obtained F-SERS nanotags were
characterized using transmission electron microscopy
(TEM) analysis, extinction spectra, fluorescent spectra
(FL), and SERS spectra as indicated in Figure 1b,c and
Figure S2. The gold/silver shell with a diameter of
∼55 nm and the coating of the silica shell with a
thickness of around 20 nm can be observed clearly
from the TEM image. Extinction spectra from bare
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gold/silver nanoshells (black line in Figure 1c) and
F-SERS nanoshells (FITC-integrated silica-coated gold/
silver shell with red line in Figure 1c) indicated that
the localized surface plasmon resonance of gold/silver
nanoshells shift from 573 to 697 nm upon the Raman
reporter absorption and silica growth. The newly ap-
pearing peak at 495 nm (red line) is representative
of the absorption of FITC, indicating the integration
of FITC into the silica shell. FL spectrum (Figure S2c) of
F-SERS nanotags further demonstrated the integration
of FITC into the silica layer. Notably, FL of FITC is not
quenched by plasmonic gold/silver nanoshells because
of the gap between gold/silver nanoshells and FITC,
which can facilitate simultaneous fluorescence and
SERS measurements.

Comparison of ac-EHD SERS Immunoassay with Syringe Pump
and Conventional SERS Immunoassay. Figure 2 represents
the capture and detection of HER2 under an ac-EHD
field. Briefly, the gold surface was coated with an anti-
HER2 capture antibody using avidin�biotin chemistry.
Serum samples containing target HER2 antigen were
driven through the devices under an applied ac-EHD
field. Subsequently, the captured HER2 antigen was

detected using detection-antibody-labeled F-SERS nano-
shells under similar conditions of ac-EHD fluid flow.

Initially, to demonstrate the specificity of immuno-
capture, control experiments were performed using
anti-HER2-functionalized devices (i) with and without
target antigen, (ii) without detection antibody on SERS
particles, and (iii) with and without ac-EHD force (see
Figures S3 and S4 in the Supporting Information). As
can be seen in Figure S4, ac-EHD-induced shear forces
resulted in enhanced target capture. Negligible levels
of nonspecific adsorption from detection antibody
(e.g., without antigen) and F-SERS particles (e.g., with-
out detection antibody) were observed (Figure S3).
Further, more than 10-fold increase (Figure S4) in
capture performance was observed under ac-EHD
SERS immunoassay in comparison to devices without
EHD (e.g., incubation of target and detection antibody
for time periods similar to that under ac-EHD). These
results indicate that ac-EHD-induced surface shear
forces can potentially enhance the sensitivity and
immunocapture in our devices.

To demonstrate the effectiveness of ac-EHD
in enhancing SERS immunocapture, the capture

Figure 1. (a) Scheme for ac-EHD SERS immunoassay, (b) TEM image with a scale bar of 50 nm, and (c) extinction spectra of
gold/silver nanoshells (black) and fluorophore-integrated gold/silver nanoshells.
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performance of the device under ac-EHD was com-
pared with that obtained using a syringe pump and
conventional SERS immunoassay (e.g., incubation of
target and detection antibody). Simultaneously, to
validate the levels of nonspecific adsorption associated
with these immunoassays, a nonspecific nanoparticle
(e.g., similar structure and different fingerprint) contain-
ing gold/silver nanoshells and 4-mercapto-3-nitroben-
zoic acid (MNBA) as Raman reporters was spiked along
with the F-SERS-labeled detection antibody (Figure 1a).
For capture and detection of target protein, samples
containing spiked HER2 protein (1 ng/mL) in serum
were driven through anti-HER2-functionalized devices
under an ac-EHD field of f= 1 kHz and Vpp = 100mV and
a flow rate of 7 μL/min (e.g., flow rate equal to that
observed under ac-EHD) for syringe pump experiments
(see ExperimentalMethods formore details). In the case
of a conventional immunoassay, two 12 h incubation
periods were followed for capture (e.g., 12 h for target
antigen) and detection (e.g., 12 h for detection using
F-SERS nanotags).

Figure 3a shows the false-color SERS images of
F-SERSnanotags (1617 cm�1 fromMGITC) and reference
nanoparticles (1340 cm�1 from MNBA) for HER2 detec-
tion using different immunoassay platforms with the
detection being performed at similar locations for each
experiment. It was observed that ac-EHD-induced sur-
face shear forces significantly enhanced the captureper-
formance (e.g., SERS image of F-SERS nanotags) of the
device in comparison to that using a syringe pump
and/or conventional SERS immunoassay. Further, it was
also observed that the level of nonspecific adsorption
from the reference nanoparticle was also significantly
reduced under ac-EHD. Raman intensity measurements
(Figure 3b) obtained from these images suggest a
10- and 4-fold reduction in nonspecific adsorption under
ac-EHD in comparison to that using a conventional

SERS immunoassay and syringe pump, respectively.
These results indicate that ac-EHD-induced shear forces
are highly effective in enhancing the capture perfor-
mance (e.g., 4-fold enhancement) while also reducing
any nonspecific adsorption from molecules present in
biological fluids. Typical SERS spectra of F-SERS nano-
tags and reference nanoparticles are shown in Figure 3c,
with the fingerprints from MGITC at 1180, 1390, and
1617 cm�1 being very clear in the three schemes. In
case of ac-EHD, the fingerprint at 1340 cm�1 from refer-
ence nanoparticles in the case of ac-EHD SERS immunoas-
say was nearly inactive as evident from the negligible
Raman signal. This further indicates that ac-EHD-induced
surface shear forces were highly efficient in removing
weakly bound SERS nanoparticles in comparison to syr-
inge pump and conventional SERS immunoassay. The
nonspecific binding from the conventional SERS immuno-
assay performed under static conditions results in high
levels of adsorption of nonspecific nanoparticles or any
associated proteins onto the surface, while in the case of
the flow system, the increase in reaction kinetics reduced
thenonspecificadsorptionofnanoparticleson thesurface,
as indicated in the syringe pump and ac-EHD SERS
immunoassay. Further, the use of ac-EHD significantly
reduced the assay time from 24 h to 40 min due to the
enhanced mass transport and concomitant flux mixing,
which increased the number of sensor�target collisions.

Evaluation of the Performance of the ac-EHD SERS Assay. It is
very important to evaluate the performance of the assay
in a typical biological sample, such as serum. Therefore,
sensitivity of the ac-EHD immunoassaywas investigated
with amicrospectroscopic SERS scheme3 by performing
the detection of HER2 antigen at different concentra-
tions from 1 fg/mL to 1 ng/mL in human serum, which
contains a high level of nontarget proteins. As indi-
cated in Figure 4a, two parallel false-color SERS images
from two different independent measurements using

Figure 2. Schematic illustration of ac-EHD SERS immunoassay.
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the integrated Raman intensity of MGITC at 1617 cm�1

at each concentration was reproducible and demon-
strated an increase in SERS intensity with increasing
HER2 concentration. Brighter images (e.g., at higher
concentrations) indicated the binding of more SERS-
labeled detection antibodies on the surface and conse-
quently generated a higher SERS signal. Scanning elec-
tron microscopy (SEM) analysis (Figure S5, Supporting
Information) of the device at 10 pg/mL of HER2 cor-
roborates these observations and also clearly indicates
the structure of gold/silver nanoshells with silica coating.

Typical SERS spectra obtained at different concen-
trations are shown in Figure 4b, in which the distinct
SERS peaks are seen more clearly. Notably, upon the
increase of the concentration of the antigen resulted in
an increase in SERS intensity. On the basis of SERS
images at each concentration in the range of 1 fg/mL to
1 ng/mL, the concentration-dependent SERS intensity
response curve was obtained (Figure 4c), in which the
error bar represents the measurement of five different
locations on three different electrodes, indicating that
the developed ac-EHD immunoassay can determine
HER2 at very low concentration in human serum with
great reproducibility. The limit of detection for HER2
was determined to be 10 fg/mL, for which the signal is
three times higher than the noise (0 fg/mL). We also
noted that the signal for 1 fg/mL is similar to the
background obtained without target antigen, further

demonstrating that the detection limit for this assay is
10 fg/mL with a dynamic range between 10 fg/mL and
100 pg/mL. Thus, this suggests that our approach is
potentially capable of detecting protein biomarkers
within the clinically relevant range.20�24

Patient Sample Analysis. To investigate the diagnostic
potential of this assay, the developed ac-EHD SERS
immunoassay was applied for the analysis of HER2 in
serum samples obtained from breast cancer patients.
Six samples containing three HER2-positive and three
HER2-negative patient serums were analyzed (see
Experimental Methods for details). Control experiments
were performed using serum samples obtained from
healthy individuals. As can be seen in SERS images
(Figure S6), higher levels of protein capture were ob-
served in the case of HER2-positive patient samples com-
pared to HER2-negative and the healthy sample, indicat-
ing the specific detectionof the targetHER2antigen from
patient samples by this assay. Typical SERS spectra from
all nine patient samples showed clear and distinct peaks
from SERS nanotags in the positive samples (Figure 5),
further demonstrating the rapid and specific detection of
the target in patient samples using ac-EHD SERS immu-
noassay. The approximate concentration ranges from
these nine samples were calculated based on the aver-
age SERS intensity and fit with the calibration curve
illustrated in Figure 4c. Table S1 (Supporting Information)
represents the approximate concentration ranges for

Figure 3. (a) False-color SERS images for ac-EHD immunoassay, syringe pump, and conventional SERS immunoassay with
F-SERS nanotags (yellow) and reference nanoparticles (blue). Scale bar is 10 μm. (b) SERS intensity frompositive and reference
nanoparticles. (c) Typical SERS spectra for F-SERS and reference nanoparticles in ac-EHD SERS immunoassay (black), syringe
pump immunoassay (red), and conventional SERS immunoassay (blue).

A
RTIC

LE



WANG ET AL. VOL. 9 ’ NO. 6 ’ 6354–6362 ’ 2015

www.acsnano.org

6359

these patient samples. The concentrations of HER2
obtained from these samples are well within the
clinically relevant range.25 It showed that serum
from a HER2-positive patient produced a significantly
higher SERS response compared to serum from HER2-
negative and healthy individuals, further demonstrat-
ing that this platform can potentially be applied for the
analysis of clinical samples.

CONCLUSION

In summary, a rapid and highly specific SERS im-
munoassay (ac-EHD immunoassay) was developed by
using alternative current electrohydrodynamic force
to significantly reduce the assay time and nonspecific
binding during breast cancer biomarker detection.
Rationally designed fluorescence-integrated gold/silver
nanoshells were employed to monitor the capture

Figure 4. (a) False-color SERS images for HER2 detection at different concentrations in the range of 1 fg/mL to 100 pg/mL;
scale bar is 10 μm. (b) Typical SERS spectra at each concentration and (c) concentration�intensity response curve.

Figure 5. ac-EHD SERS immunoassay for HER2-positive (black), HER2-negative (red), and healthy patient (blue) analysis with
(a) typical SERS spectra and (b) average Raman intensity for the patient samples.
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performance and associated nonspecific binding.
It was found that the assay time with ac-EHD SERS
immunoassay was shortened from 24 h to 40 min
compared to the conventional SERS immunoassay
with the nonspecific binding being 10 times lower than
that of the conventional SERS immunoassay. We de-
monstrate that our approach is sensitive (10 fg/mL) and

can potentially detect concentrations of protein bio-
markers from patient samples. We believe that this
method can potentially contribute toward the develop-
ment of SERS immunoassays with greater robustness
and efficiency. Further, we also believe this approach
could potentially find its relevance as a simple di-
agnostic tool.

EXPERIMENTAL METHODS
Materials. Malachite green isothiocyanate and fluorescein

isothiocyanate were purchased from Invitrogen. Tetraethox-
yorthosilicate (TEOS), (3-aminopropyl)trimethoxysilane (APTMS),
ammonium hydroxide (30%), N0-(ethylcarbonimidoyl)-N,N-
dimethylmonohydrochloride (EDC), N-hydroxysulfosuccinimide
sodium salt, and 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic
acid (HEPES) were purchased from Sigma-Aldrich/Fluka. MNBA
was prepared by breaking the disulfide bond in 5,5-dithiobis-
(2-nitrobenzoic acid) with NaBH4 as reducing agent before usage.

Monodispersed gold/silver nanoshells were prepared based
on galvanic replacement as reported earlier by Xia and co-
workers.17,26

Biotinylated anti-HER2 polyclonal antibody, human recom-
binant HER2 antigen, and detection monoclonal antibody
were purchased from R&D Systems. Biotin�BSA (bovine serum
albumin) and streptavidin were procured from Invitrogen. PBS
tablets were purchased from Astral Scientific.

Preparation of Silica-Encapsulated, Fluorescence-Integrated SERS
Gold/Silver Nanoshells. FITC (10 mg/mL) in dimethylsulfoxide was
reacted with 20 μL of APTMS (100%) at room temperature in the
dark for the conjugation of FITC to APTMS. Six milliliters of gold/
silver nanoshells (with the optimized λmax = 600 nm in water)
was centrifuged and redispersed in 1.5 mL of ethanol. The
colloid was then incubated overnight with 10 μL of 1mMMGITC
to form a complete self-assembled monolayer on the particle
surface. Silica-encapsulated, fluorescence-integrated SERS
gold/silver nanoshells were prepared according to a previously
reported method with slight modification.19,27 The thickness
of the silica shell was adjusted by the amount of TEOS. After
several hours of incubation, silica-coated F-SERS nanoparticles
were centrifuged to remove the incubation solution, and the
precipitate was redispersed into ethanol.

Biofunctionalization of F-SERS Nanoparticles. Silica-coated F-SERS
nanoparticles were conjugated with antibodies after modifica-
tion of the silica surface by a silane agent and standard EDC
chemistry.3 Briefly, 1600 μL of F-SERS nanoparticles (OD = 2.75)
was first hydrolyzed with 268 μL of ammonia (28%) under
sonication at room temperature for 20 min. Afterward, the
SERS nanoparticles were centrifuged once and redispersed into
ethanol. Sixty-eight microliters of APTMS (0.5%) and 68 μL of
ammoniawere added to the activated F-SERS nanoparticles and
incubated at room temperature for 20 min under sonication.
Amino-functionalized F-SERS clusters were further conjugated
with 120 μL of succinic anhydride to form carboxyl groups
on the particles. F-SERS nanoparticles were centrifuged at
7000 rpm for 10 min and then washed in HEPES twice. F-SERS
nanoparticles were redispersed into HEPES buffer and
activated by EDC/N-hydroxysuccinimide (5 mg/1.5 mL for EDC
and 3.77 mg/1.5 mL for NHS). Two micrograms of polyclonal
antibody was added to the F-SERS nanoparticles and incubated
at room temperature (25 �C) for 30 min and 4 �C overnight.
F-SERS nanoparticles were then centrifuged at 7000 rpm for
10 min at 4 �C and redispersed in 0.5% BSA/PBS buffer prior
to use in the bioassay. The as-prepared F-SERS labels are very
stable and can be stored for several days before use.

Fabrication of the ac-EHD Microfluidic Platform. The ac-EHD
microfluidic device contains three independent microfluidic
channels, and each channel comprises 50 asymmetric planar
electrode pairs. The narrow and wide electrodes of each asym-
metric electrode pair in all three channels are connected
to individual gold connecting pads that form the cathode and

anode, respectively. The device was fabricated using standard
photolithography procedures and sandwiched between
custom-built holders to introduce inlets and outlets for the
reagents. Briefly, the gold patterns with widths of 25 and
100 μm and spacing of 25 μm were fabricated on a glass wafer
using photolithography. The electrode patternsweredesigned in
Layout Editor (L-Edit V15, Tanner Research Inc., CA) and printed
on a chrome mask (5 in.� 5 in.) obtained from Qingyi Precision
Mask-Making (Shenzhen) Ltd., China. Pyrex glass wafers (4 in.,
1 mm thick, double-side polished) were obtained from Bonda
Technology, Singapore. The glass wafers were first cleaned in
acetone and isopropyl alcohol (IPA) by sonication for 5 min in
each case, rinsed with IPA, and dried with nitrogen gas. These
were then coated with a negative photoresist (AZ nLOF 2070)
at 3000 rpm for 30 s to obtain a ∼7 μm thick resist layer.
The negative photo-resist-coated wafers then underwent a soft
baking step at 110 �C for 6 min. These wafers were exposed
to UV light (280 mJ/cm2) using the mask aligner (EVG 620, EV
Group GmbH, Austria), and after a post-exposure bake step
at 110 �C for 3 min, they were developed in AZ 726 developer
solution for 3 min, followed by rinsing with deionized water
(Millipore Pvt. Ltd., Australia) and drying under a flow of
nitrogen gas. In this step, the unexposed negative photoresist
was removed to realize the photoresist pattern. Thewafers were
then treated with oxygen plasma (60 W for 45 s) to remove any
residual resist layer. The gold deposition (10 nm of titanium as
adhesion layer followed by 200 nm of a gold layer) was carried
out using a Temescal BJD-2000 e-beam evaporator. To obtain
the gold patterns, we immersed these wafers in ethanol for
the lift-off process. Finally, the wafers were diced into individual
devices using the ADT-7100 dicing machine.

Each device was covered with polydimethylsiloxane (PDMS)
containing three 400 μm wide and 25 mm long channels with
1 mm diameter inlets and outlets. The PDMS molds were made
by casting from SU8-2150 (MicroChem, U.S.A) master fabricated
on a silicon wafer by following the standard photolithography
process as per manufacturer's instructions. Briefly, the PDMS
precursor was mixed with curing agent (10:1) (Sylgard 184 kit,
Dow Corning), and after being degassed, it was poured on top
of the SU-8 master followed by curing at 65 �C for 4 h. After this,
the PDMS was released from the master, and 1 mm holes were
punched into PDMS to open inlets and outlets.

Fabrication of the ac-EHD SERS Immunoassay. The bioassay plat-
form was fabricated with several steps. Briefly, gold coated
glass chips with three channels were first cleaned with Piranha
solution and bonded to the PDMS containing the channels.
Afterward, the device was sandwiched between custom-built
holders and fixed into a microfluidic platform. Biotin�BSA at a
concentration of 0.5mg/mLwas injected into each channel and
left for the reaction at room temperature overnight. After each
channel was washed several times using PBS buffer, 0.5 mg/mL
streptavidin was reacted with biotin�BSA for 1 h. Biotinylated
HER2 polyclonal antibody at a concentration of 10 μg/mL was
then employed to react with streptavidin at room temperature
for 1 h, leading to the immobilization of the anti-HER2 antibody
onto the gold surface.

Serum samples containing target protein were then driven
through the device under an applied ac-EHD field strength of
f = 1 kHz and Vpp = 100mV, whichwas optimized previously14,15

to result in maximum capture due to the effective shear force
manipulation that could simultaneously shear off nonspecific mol-
ecules while enhancing the number of capture antibody�target
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and/or target�SERS detection antibody. Subsequently, the
captured proteins were detected using a F-SERS-labeled detec-
tion antibody (HER2 monoclonal antibody) under similar con-
ditions of ac-EHD-induced fluid flow. Serum samples (1 mL)
of six breast cancer patients and three healthy individuals
were obtained from Ventyx Wesley Research Institute Tissue
Bank (Brisbane, Australia) and stored at�80 �C until further use.
Immunohistochemical expression analysis suggested overex-
pression (3þ: HER2(þ)) and very low expression (1þ; HER2(�))
of HER2 in these patient samples.

Syringe Pump and Conventional SERS Immunoassay. Instead of
driving through samples containing HER2 antigen and/or
F-SERS nanoparticles in the channels under an ac-EHD force,
syringe pump experiment was performed at the flow rate of
7 μL/min, which was equal to that obtained using ac-EHD flow.
The equivalent flow rates were calculated based on the time
required to flow 1 mL of sample under the ac-EHD field, and
these flow rates were used for these experiments. Conventional
SERS immunoassay was carried out with incubation of the HER2
antigen for 2 h and incubation of SERS labels for 12 h according
to previous demonstrations.4,9

Instruments. F-SERS nanoparticles were characterized by
TEM (JEOL-2100) and UV�vis extinction spectroscopy
(PerkinElmer, Lambda 35). SEM (Philips XL30) was applied to
characterize the SERS particles on the gold surface to demon-
strate the binding of F-SERS particles on the gold surface.

SERS spectra were recorded with a Witec alpha 300 R
microspectrometer. The 632.8 nm line from a HeNe laser with
a laser power of 4 mW on the sample was used for excitation of
Raman scattering. The resolution for the Raman microspect-
rometer is 2 cm�1. SERS images and spectra were obtained at
100 ms integration time, mapping an area of 80 μm � 80 μm
(20 pixel� 20 pixel) using a 20�microscope objective. A silicon
wafer was used for calibration of the system by checking the
laser power and focusing conditions based on the Raman in-
tensity of the first-order photon peak of silicon at ∼520 cm�1.
FL images were captured using a multichannel fluorescence
microscope (Nikon Ti-U upright microscope, Melville, NY) and
analyzed using image processing software (Nikon Ni-S ele-
ments, Basic Research).
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