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This paper reports an integrated dual-modality microfluidic sensor chip, consisting of a patterned periodic
array of nanoposts coated with gold (Au) and graphene oxide (GO), to detect target biomarker molecules
in a limited sample volume. The device generates both electrochemical and surface plasmon resonance
(SPR) signals from a single sensing area of Au–GO nanoposts. The Au–GO nanoposts are functionalized
with specific receptor molecules, serving as a spatially well-defined nanostructured working electrode for
electrochemical sensing, as well as a nanostructured plasmonic crystal for SPR-based sensing via the excitation of surface plasmon polaritons. High sensitivity of the electrochemical measurement originates from
the presence of the nanoposts on the surface of the working electrode where radial diffusion of redox species occurs. Complementarily, the SPR detection allows convenient tracking of dynamic antigen–antibody
interactions, to describe the association and dissociation phases occurring at the sensor surface. The softlithographically formed nanoposts provide high reproducibility of the sensor response to epidermal growth
factor receptor (ErbB2) molecules even at a femtomolar level. Sensitivities of the electrochemical measureReceived 12th November 2017,
Accepted 8th February 2018

ments to ErbB2 are found to be 20.47 μA μM−1 cm−2 in a range from 1 fM to 0.1 μM, and those of the SPR
measurements to be 1.35 nm μM−1 in a range from 10 pM to 1 nM, and 0.80 nm μM−1 in a range from 1 nM
to 0.1 μM. The integrated dual-modality sensor offers higher sensitivity (through higher surface area and
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diffusions from nanoposts for electrochemical measurements), as well as the dynamic measurements of
antigen–antibody bindings (through the SPR measurement), while operating simultaneously in a same sens-
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ing area using the same sample volume.

1. Introduction
Conventional tools for diagnosis of cancerous tissues include
X-ray mammography, magnetic resonance imaging (MRI),
enzyme-linked
immunosorbent
assay
(ELISA),
and
immunohistochemistry.1–4 However, ∼80% of most breast
cancers may not be detected by the mammographic screening
method due to highly dense and proliferative cells.2 The MRI
method is relatively expensive, and cancerous features may
not be detected until they are large enough to be imaged. The
ELISA and immunohistochemistry methods require large volumes of samples and tagging molecules.3,4 In this context,
high-performance miniaturized sensors with minute sample
consumptions are highly desirable. Recently, many reported
microfluidic sensors have demonstrated their ability to detect
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cancer biomarkers with high sensitivity.5,6 An example of a
cancer biomarker is the epidermal growth factor receptor
(ErbB), a cell-surface receptor in humans that regulates cell
proliferation, migration, apoptosis, and motility via different
signaling pathways.7,8 Excessive signaling of ErbB is associated with the malignancy of tumors and neurodegenerative
diseases. Among ErbB genes, the amplification (∼30%) of
ErbB2 gene, which encodes a transmembrane glycoprotein, is
responsible for breast cancer metastasis.9 Breast cancers can
have up to 25–50 copies of the ErbB2 gene and up to 40–100fold increase in ErbB2 protein, leading to 2 million receptors
expressed at the tumor cell surface.10
Most of the cancer biomarker-based sensors provide a single modality of electrical, mechanical, electrochemical, or optical signal. With the continuing trend of minimizing sample
consumptions, there is an issue with reliability and accuracy
of the miniaturized sensors for biomarker detection associated with using limited sample volumes. Therefore, several
efforts have been made to tackle this problem, including creating nanofluidic structures to handle reduced volumes of
sample, agent and reagent,11 developing new receptor
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molecules with improved detection specificity,12 enhancing
surface areas of sensing materials,13 and tracking spectral
shifts of multiple resonance peaks of optical sensors.14
Generation and monitoring of different sensing modalities
from a single sensor has also been demonstrated to improve
detection reliability and reduce false reads of the sensor.15,16
In this work, we report a dual-modality sensor that integrates
the electrochemical and surface plasmon resonance (SPR)
modalities in a novel way, on the same sensing surface, offering the opportunity to work with same sample volume for
both the modalities.
Notably, electrochemical sensors allow high-sensitivity detection of cancer biomarkers,17 and many micro/nanostructured conducting materials are incorporated into electrochemical sensors for improving the surface area to volume
ratio, electron transport rate, and electrochemical reactivity
of the working electrodes.18 These improved electrodes enable more efficient radial or spherical diffusions of redox species from surrounding bulk solutions to electrode surfaces,
compared to the linear diffusion occurring at a planar or
macroscale electrode.19–21 Consequently, nanomaterials with
different shapes (e.g., disk, cylindrical, band, ring, etc.)19–21
have been developed using various methods, such as nanoparticles by in situ chemical synthesis,22 nanowires by hydrothermal synthesis,23 nanotubes by chemical vapor deposition,24 and patterned nanofibers by electrospinning.25,26
Similarly, plasmonic biosensors have also been extensively
reported to detect cancer biomarkers,27 and study bimolecular
interactions of receptor–ligand,28 avidin–biotin,29 protein–
DNA,30 and protein–protein.31 Essentially, this type of optical
sensor detects subtle changes in refractive index caused by the
immobilization and binding of biomolecules at the surface of
noble metal-based nanostructures. It should be noted that, although many metallic nanostructures have been applied to
plasmonic biosensors, they are often realized using nonlithographical approaches with a relatively low spatial uniformity in size, shape and distribution. This has influenced the
performance reproducibility of these sensors.32,33 To obtain
high uniformity, advanced nanofabrication techniques, such
as electron-beam lithography,34 focused ion beam lithography,35 nanoimprinting,36 multiphoton lithography,37 and hole
mask lithography,38 have been adopted to realize well-defined
nanostructures (e.g., nanogratings,39 nanoholes,40 nanocones,41 and nanoposts36,42) for plasmonic biosensors. It is
also noted that besides plasmonic sensors, other optical sensors, such as ring resonators,43 one-dimensional (1D) distributed feedback gratings,44 photonic crystal (PC) cavities,45 and
Raman spectroscopic-based devices,46 have also been developed to detect various chemical and biological species. For example, low limit of detection and high sensitivity have been
demonstrated using the PC cavity-based biosensor due to the
ability of the PC defect cavity to strongly confine light which
causes narrow resonant modes.47
Here we report our integrated dual-modality microfluidic
sensor combining the two aforementioned sensing modalities, namely, electrochemical and plasmonic measurements,
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on a single nanostructured substrate to detect cancer biomarker in a small sample volume (Fig. 1a and b). The periodically arranged nanoposts coated with a gold–graphene oxide
(Au–GO) layer serve as the working electrode of an electrochemical sensor, as well as the nanopatterned substrate of a
plasmonic sensor. Because the nanoposts are manufactured
using a soft lithography based nanomolding process, they are
inexpensive and have high structural uniformity and thus
provide improved performance reproducibility of the sensors.
Further, due to the presence of the nanoposts on the working
electrode that provides a larger surface area, the electrochemical signal produced from the sensor is greater than its
counterpart using a planar electrode.
While electrochemical sensors offer high sensitivity, they
are generally limited in the dynamic tracking of binding kinetics (e.g., equilibrium association and dissociation phases)
of biomolecular interactions at the sensor surface.48,49 This
limitation is overcome by our plasmonic sensing performed
on the same nanopost area that excels in tracking dynamic
antigen–antibody interactions. Such an ability allows quantifying of protein–protein binding affinity for studying binding
kinetics, which, in general, is crucial to help understand molecular recognition of the biological system, and thus help
design and implement a better target antibody for antigen.50
Therefore, the combination of the electrochemical and
plasmonic sensing modalities together in the same area on a
single nanostructured substrate offer both sensitivity and
quantitative information of biomolecular interactions, in addition to other advantages such as small footprint area, low
sample consumption, and improved detection reliability.
Compared to our previous work,51 the contributions of
this work are as follows:
• Detailed fabrication process for the integrated dualmodality sensor.
• Electrochemical simulation to illustrate the importance
of using Au-coated nanoposts, chronoamperometry (CA) and
cyclic voltammetry (CV) studies of the sensor, and demonstration of detection for the breast cancer biomarker ErbB2.
• Complete characterization of sensitivity, selectivity, reproducibility, and stability for electrochemical measurement.
• Simulation and analysis of SPR mode of the sensor, and estimation of sensitivity to changes in surrounding refractive index.
• SPR measurement for ErbB2 with sensitivity, reproducibility,
and stability, and demonstration of using the SPR mode to monitor binding kinetics at the sensor surface continuously.
• Demonstration of simultaneously using both the electrochemical and SPR measurement methods on a single dualmodality sensor to detect ErbB2.
• Performance comparisons of the sensor with existing
sensors reported in the literature for the detection of ErbB2.

2. Sensor structure and fabrication
2.1. Structure
The periodically arranged Au–GO nanoposts serve as the
working electrode for the electrochemical sensor, and also
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Fig. 1 (a) Schematic representation of an integrated dual modality microfluidic sensor chip for the detection of cancer biomarkers. Zoomed-in images in (a) shows the antibody immobilization at plasmonic nanoposts via covalent interactions wherein –COOH groups are present at the GO–Au
nanoposts that can facilitate immobilization of anti-ErbB2 via forming amide bonds with –NH2 groups of anti-ErbB2. (b) Integrated dual-modality
sensor operation showing coupling of light and voltage sources in a single nanopost to generate SPR and electrochemical signals.

enable SPR modulation42,52 during kinetic binding with the
target molecules. To complete the electrochemical sensor, an
Au counter electrode and a silver/silver chloride (Ag/AgCl) reference electrode are placed on two sides of the nanoposts
area (Fig. 2). The electrochemical measurement monitors the
amperometric current flow from the nanoposts to the counter
electrode under an excitation potential applied between the
working and reference electrodes. In the SPR-based measurement mode, coupling of normal incident light into the nanoposts provides a reflection dip owing to the excitation of (1,
0) surface plasmon polaritons (SPPs) at the interface between
the nanoposts and surrounding environment.52 This integrated dual-modality sensor relies on specific immunointeractions between target breast cancer biomarker (ErbB2)
and anti-ErbB2 molecules on the surface of nanoposts. When
the nanoposts capture ErbB2 protein, the surface density of
ErbB2 antigen is altered. As the concentration of ErbB2 protein varies, both the SPR wavelength and electrochemical current from the same sensing area will change, thus providing
two different signatures of the specific antigen–antibody
reactions.
In a typical sensor design, the pitch, diameter, and depth
of the polymer nanoposts are 500 nm, 250 nm, and 210 nm,
respectively. The nanoposts are sequentially coated with a 80
nm-thick Au film and a 20 nm-thick GO layer, resulting in an
optical resonance at the wavelength near 699 nm when immersed in water (described later). The diameter of the round-
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shaped working electrode is 3.4 mm, allowing easy alignment
of the normal incident light to the sensing area. The stripshaped Au counter and Ag/AgCl reference electrodes are 1.5
mm wide. The channels connecting to the sensing area are
400 μm deep and 1.5 mm wide, allowing delivery of liquid
samples to the sensing area.

2.2. Fabrication
Fabrication of the integrated dual-modality sensor involved
creation of an array of polymeric nanoposts, formation of Au
working and counter electrodes, formation of Ag/AgCl
electrode, functionalization of GO nanosheets, covalent immobilization of anti-ErbB2, and formation of microfluidic
channels (Fig. 2a–e).
Specifically, to form a periodic array of Au nanoposts, a
silicon mold was first manufactured using standard e-beam
lithography and subsequent reactive ion etching, and then
was salinized for 20 min using (tridecafluoro-1,1,2,2tetrahydrooctyl)-1-trichlorosilane. Subsequently, a hard-PDMS
(h-PDMS) precursor solution was prepared by mixing poly (7–
8% vinylmethyl-siloxane)-(dimethylsiloxane), (1,3,5,7-tetravinyl1,3,5,7-tetramethylcyclotetrasiloxane), platinum catalyst xylene
and poly (25–30% methylhydro-siloxane)-(dimethylsiloxane) at
the weight ratio of 3.4 : 0.1 : 0.05 : 1. Air bubbles were then removed from the mixture by degassing for 10 min. Next, the
h-PDMS solution was spin-coated on the surface of the
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Fig. 2 Ĳa)–(f) Step-wise representation for the fabrication of integrated dual modality sensor. Inset of (d) shows the SEM image for the Au coating
on the sidewalls of nanoposts. (g) A photograph of the fabricated integrated dual-modality sensor chip. Inset shows a zoomed-in image. (h) Topview SEM image of the GO–Au nanoposts electrode on a glass substrate. Inset shows a zoomed-in image. (i) SEM image of fabricated 3D GO/Au
plasmonic nanoposts array. Inset shows the zoomed-in top-view SEM image of a single GO/Au nanopost.

silicon mold at 1000 rpm for 40 s and cured at 70 °C for 10
min. Following that, a soft-PDMS (s-PDMS) pre-polymer solution was prepared by mixing Sylgard 184 monomer and its
curing agent (Dow Corning, Midland, MI, USA) at the weight
ratio of 10 : 1. After degassed for 30 min, the s-PDMS solution
was poured onto the surface of the h-PDMS and cured on a
hotplate at 65 °C for 2 h (Fig. 2a). Then, a PDMS-based mold,
including both the s-PDMS and h-PDMS layers, was peeled
off from the silicon mold. The obtained PDMS mold contains
the nanoholes. It should be noted the s-PDMS pre-polymer
solution was not directly poured over the silicon mold to
form an s-PDMS mold since the s-PDMS pre-polymer solution
has a high viscosity that makes it difficult to fully enter the
nanostructures at the surface of the silicon mold. Although
increasing the weight ratio of the monomer to curing agent
can decrease viscosity, the cured s-PDMS are difficult to detach from the silicon mold without breaking. Compared to
the s-PDMS precursor solution, the h-PDMS precursor solu-

Lab Chip

tion has a lower viscosity and thus can conform to the nanostructured surface of the silicon mold. The formation of the
additional s-PDMS layer on top of the cured h-PDMS helps
when peeling the PDMS structure from the silicon mold. After the PDMS mold was formed, a drop of ultra-violet (UV)
curable ZPUA precursor solution (Gelest, Inc., Morrisville, PA,
USA) was dropped on the surface of the PDMS mold, and
then the mold was placed on top of a glass slide. To cure
ZPUA, the device was exposed to an ultraviolet light (intensity: 3.3 mW cm−2) for 5 min (Fig. 2b). Therefore, a periodic
array of ZUPA nanoposts was formed on the surface of the
glass slide after the PDMS mold was peeled off (Fig. 2c).
Next, a 5 nm-thick Ti layer and an 80 nm-thick Au layer
were sequentially deposited onto the glass slide containing
the ZPUA nanoposts array by e-beam evaporation (Fig. 2d).
The samples were mounted on a tilting and rotating substrate holder to improve the sidewall Au coverage of nanoposts. The scanning electron microscopic (SEM) image (inset
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of Fig. 2d) shows that the sidewalls of nanoposts were covered by Au. The round-shaped working and strip-shaped
counter electrodes were patterned using a shadow mask. Similarly, a 1 μm-thick Ag electrode was then fabricated on the
same glass slide by e-beam evaporation. To form an Ag/AgCl
electrode, a solution of KCl (0.1 M) was used to treat the surface of Ag electrode (Fig. 2e).
Further, the Au nanopost array was drop-coated with a 20
nm-thick layer of GO nanosheets to enable covalent conjugation of anti-ErbB2 (Fig. 2e, h and i). In this step, a well dispersed colloidal solution of single-layer GO nanosheets (0.1
mg mL−1) was prepared in DI water via thorough sonication.
The Au nanopost surface was next treated by oxygen plasma.
As a result, the hydrophobic nature of the Au surface became
hydrophilic. 20 μL of the prepared GO suspension solution
was drop cast onto the treated Au nanopost surface and dried
in air at room temperature for 2 h (Fig. 2i, inset). The GO
layer conformed to the shape of the nanoposts beneath it.
Due to the presence of abundant functional groups (e.g.,
–CHO, –COOH, etc.) at GO nanosheets, the GO layer served
as an immobilization surface for covalent binding of antiErbB2 molecules.
To integrate the three-electrode sensor into a microfluidic
channel of photopatternable polymer,53 in situ liquid phase
polymerization process54 was performed (Fig. 2, and Fig. S1,
ESI†). In this step, 400 μm-thick adhesive spacers were positioned between a 1 mm-thick glass slide and the device substrate containing all the electrodes, to form an air cavity. The
glass slide contained two 1 mm-diameter through-holes (i.e.,
the inlet and outlet of a channel) pre-drilled using a conventional milling machine with an attached 1 mm-diameter diamond drill bit. Subsequently, a photopatternable polymer solution consisting of isobornyl acrylate, crosslinkertetraethylene glycol dimethacrylate, and photoinitiator-2,2dimethoxy-2-phenylacetophenone at a weight ratio of 31.66 :
1.66 : 1.0 was injected into the air cavity using a plastic pipette (Fig. S1, ESI†). A photomask printed on a transparent
film (6400 dpi; Fineline Imaging; Colorado Springs, CO, USA)
was positioned on top of the glass slide. Next, an ultraviolet
light of 12 mW cm−2 intensity was used to expose the device
for 60 s. To remove the unpolymerized polymer solution, the
channel was washed with ethanol for 4 min. Therefore, the
channel was formed and integrated with the sensor (Fig. S1,
ESI†). For comparison, a control device was also
manufactured and tested, which had a planar Au electrode
with the same diameter as the sensor except for having no
nanoposts.

2.3. Surface biofunctionalization
The periodic GO–Au nanoposts were functionalized with antiErbB2 molecules via EDC–NHS coupling chemistry.55 For immobilization, a solution of anti-ErbB2 (1 mg mL−1) and EDC–
NHS (EDC 0.2 M; NHS: 0.05 M) was prepared at a 1 : 1 volume
ratio. A 200 μL of this solution was injected into the channel
to cover the surface of the GO–Au nanoposts. The sensor was
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then kept inside a humid chamber for 12 h at 4 °C. The EDC
reacted covalently with –COOH groups present at the GO
nanosheets to form an intermediate O-acylisourea, while the
NHS produced an intermediate amine-reactive stable NHS ester to allow the conjugation with primary amines of antiErbB2 via the formation of covalent C–N bonds. A bovine serum albumin (BSA; 2 mg mL−1) solution was injected into the
channel, followed by washing the sensor surface with the
phosphate-buffered saline (PBS) solution (pH = 7.4) to block
the non-specific sites of the sensor.56

3. Experimental setup and simulation
3.1. Chemicals
Lyophilized powder of ErbB2 antigen (human CellExp™,
fused with polyhistidine tag at the C-terminus; source:
HEK293 cells and molecular weight: 72.4 kDa), ErbB3 antigen
(molecular weight: 71.5 kDa), and ErbB4 antigen (molecular
weight: 70.6 kDa, fused with 6 × histidine tag at the C-terminus) were procured from BioVision, Milpitas, CA, USA. Stock
solutions of ErbB2, ErbB3, and ErbB4 antigens were prepared
using PBS (pH = 7.4), and diluted serially to form 0.1 μM to
1.0 fM solutions. A specific polyclonal antibody of ErbB2 was
obtained from BioVision, Milpitas, CA, USA, and prepared
with PBS (pH = 7.4) solution containing 1% bovine serum albumin (BSA), 30% glycerol, and 0.02% thimerosal. N-EthylN0-(3-dimethylaminopropyl
carbodiimide)
(EDC)
and
N-hydroxysuccinimide (NHS) were procured from Sigma Aldrich, MO, USA. Single layer GO nanosheets were purchased
from ACS Material, Pasadena, CA, USA, wherein the elemental compositions in GO are 40.78% and 51.26% for O (wt%)
and C (wt%), respectively, and the atomic ratio of C to O is
1.67. Deionized (DI) water with the resistivity of 18.2 MΩ cm
was produced using a purification system from Millipore, Billerica, MA, USA, and utilized for all experiments.
3.2. Instruments
For electrochemical measurements, a constant potential
(−0.01 V) was applied to the nanoposts-based working
electrode with respect to the reference electrode. The sensor
was subject to various concentrations of ErbB2 solution in
the PBS (pH = 7.4) solution mixed with an equimolar (5.0
mM) concentration of ferro/ferricyanide ([FeĲCN)6]3−/4−). All
electrochemical measurements were performed using an
electrochemical workstation (DY2100; Digi-Ivy, Austin, TX,
US). The ferro/ferricyanide redox probe was chosen to investigate the redox activity such as radial or planar diffusion on
the working electrode.
For optical measurements, a bifurcated optical fiber (BIF
400-VIS-NIR, Ocean Optics) was connected to a white light
source (150 watt quartz halogen lamp; Luxtec Fiber Optics,
Plainsboro NJ). A normal incident light from the source was
used to illuminate the nanoposts area inside the channel
through a collimator (F220SMA-A; Thorlabs, Newton, NJ). The
reflected light from the sensor was collected and measured
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by a UV/VIS spectrometer (USB-4000, Ocean Optics) on the
other end of the bifurcated fiber.

4. Results and discussion
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4.1. Electrochemical characterization
The integrated dual-modality sensor was characterized both
electrochemically and optically. First, CA technique was
employed to investigate electrochemical redox reactivity of
the sensor. The electrochemical measurement was conducted
in the PBS solution (pH = 7.4) containing a 5 mM equimolar
concentration of ferro and ferricyanide ([FeĲCN)6]3−/4−) redox
mediator. Fig. 3a shows that the sensor with the Au nanoposts exhibits a 5.4-fold enhancement in output current
(∼106.4 μA) and a 3-fold reduction in response time (∼5 s),
compared to those (∼19.7 μA and ∼15 s) of the control device
with the planar Au electrode.
To assess the benefit from using the nanoposts on the
sensor surface, the finite-element method (FEM) based soft-
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ware COMSOL Multiphysics was used to study the diffusion
of redox species to the nanoposts-based and planar
electrodes under an applied potential. An electroanalysis
model was used,57 where the geometric parameters were
obtained from the SEM images of the fabricated device
(Fig. 2h). The simulated concentration profile of the generated redox species near the 3D electrode indicates that the
nanoposts enable more efficient and faster diffusion of the
redox species to the electrode surface, compared to the planar electrode (Fig. 3d). Therefore, the current enhancement
observed in Fig. 3a is attributed to the nanoposts that serve
as vertically arranged 3D nanoelectrodes to allow the radial
diffusion (Fig. 3e).19–21 In contrast, the reaction at the planar
electrode is controlled by linear diffusion, yielding a low redox current (Fig. 3f).
Next, the sensor was characterized using cyclic
voltammetry (CV) technique in the same PBS solution (pH =
7.4) with the same redox mediator. Fig. 3b shows welldefined CV curves wherein the nanoposts-based sensor

Fig. 3 (a) CA responses of the sensor with the nanoposts (GO–Au electrode) and without nanoposts (planar electrode) in PBS containing a 5 mM
equimolar concentration of [FeĲCN)6]3−/4− redox mediator. (b) CV responses for the planar electrode, and the nanoposts-based electrode without
and with antibody. (c) CV responses of the nanoposts-based sensor (anti-ErbB2/GO–Au) as a function of scan rate. (d) Concentration profiles of redox species diffusion near the 3D and planar electrodes. (e and f) Simulated diffusion profiles of redox species to the nanoposts-based electrode
(e) and the planar electrode (f).
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exhibits a higher redox current than that with the planar
electrode. The peak-to-peak potential difference (ΔE) is calculated as 0.099 V for the nanoposts-based electrode, whereas
ΔE is found as 0.452 V for the planar electrode, indicating
faster electron transfer for the nanoposts.
With the immobilization of anti-ErbB2, the redox current
of the Au nanoposts decreases due to the inherent insulating
property of the antibody that slows down the electron transfer. As the scan rate increases from 10 to 100 mV s−1, the anodic and cathodic currents increase towards positive and negative potentials, respectively, hence, a surface-controlled
diffusion process occurs on the sensor surface (Fig. 3c and
S2, ESI†). According to Rendles–Sevcick equation,58 the diffusion coefficient is given as:

(1)
where ν 1/2 is the root mean square of scan rate, and A is the
area of electrode. Table 1 shows the electrochemical parameters obtained for various fabricated electrodes, including the
planar electrode, and the nanoposts-based electrode with and
without antibody molecules. It is found that the Au
nanoposts-based electrode provides an enhanced diffusion
coefficient of D = 3.65 × 10−9 cm2 s−1, due to the radial diffusion of redox species, while the planar counterpart electrode
provides a lower value of D = 0.51 × 10−9 cm2 s−1. The heterogeneous electron transfer rate constant (ks) is obtained based
on Laviron's theory.52 The Au nanoposts-based electrode provides ks = 0.79 cm s−1, which is about 3.3 times of magnitude
greater than the planar electrode (ks = 0.24 cm s−1).
4.2. SPR characterization

449.6 nm per refractive index unit (nm per RIU) by introducing water (refractive index: 1.33), acetone (1.363), ethanol
(1.365), isopropyl alcohol (1.377), and chloroform (1.44) onto
the sensor surface (Fig. 4a). Fig. 4b compares the changes in
reflectance spectra for the Au nanoposts with and without
GO coating, and after anti-ErbB2 immobilized on the GO–Au
surface. Before the GO coating, the spectrum exhibits a reflection dip associated with (1, 0) SPP at 549 nm in air, as
confirmed from the simulated spectrum (denoted as dip I in
Fig. 4c) and electric field distributions (dip I in Fig. 4d),
where the standing wave feature above the Au nanoposts indicates the excitation of SPPs. A redshift of 17.7 nm in air
was observed with the GO coating on the Au nanoposts due
to the increase in local refractive index (Fig. 4b). When the
Au/GO nanoposts are exposed to the PBS solution with antiErbB2 molecules, a narrow resonance dip appears at 699 nm.
To better understand the resonance mode used in the SPR
measurement, we conducted the FEM simulation using the
COMSOL multiphysics software. In this simulation, periodic
boundary conditions were applied at the boundaries in parallel with the light propagation direction. The top and bottom
of the computation regions were placed with two perfectly
matched layers (PMLs) so that all the scattered electromagnetic waves from the nanopost arrays were absorbed at the
PMLs.52 In addition, the refractive index of the PMLs was set
to the same value of neighbouring media to simulate an infinitely thick substrate.52 The simulated spectrum for the Au
nanoposts without GO in water presents a new resonance dip
(denoted as dip II in Fig. 4c) near 700 nm wherein the electric field distribution confirms the excitation of SPPs at the
interface between water and the Au nanoposts (Fig. 4d).

4.3. Electrochemical detection of biomarker

Under a normal incident light, SPR is generated at the interface between the Au nanoposts and surrounding environment. For a two-dimensional structure with square lattice,52
the free-space wavelength of incident light to excite SPPs is
given as:

(2)
where εd and εAu are the dielectric constants of the surrounding medium and Au, respectively, Λ is the lattice constant,
and (i, j) corresponds to the order of SPPs. The bulk index
sensitivity of this Au nanoposts array was measured to be

The sensor was exploited to detect specific concentrations of biomarker (ErbB2 antigen) using the CA measurement method. The
GO–Au nanoposts functionalized with anti-ErbB2 were exposed
to different concentrations of ErbB2 antigen ranging from 1.0 fM
to 0.1 μM by injecting corresponding analyte solutions into the
microfluidic channel. Fig. 5a and b show the CA responses to
different ErbB2 concentrations for a sensing potential of 0.01 V
with and without the nanoposts, respectively. The CA responses
are found to saturate at a constant current within 5 s (Fig. 5a).
The transient responses (Fig. 5a) show a larger steady-state current owing to the radial diffusion occurring at the surface of
nanoposts compared to the current at the planar electrode surface (Fig. 5b). In both the cases, the current decreases with

Table 1 Electrochemical parameters for various working electrodes

Electrodes
Planar Au–GO electrode
Nanoposts-based Au–GO electrode
Nanoposts-based Au–GO electrode with
anti-ErbB2

Peak
Peak-to-peak potential Diffusion coefficient Heterogeneous electron transfer rate
current (μA) difference (V)
(cm2 s−1)
constant (ks; cm s−1)
24.6
65.2
32.5
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0.452
0.099
0.104

0.51 × 10−9
3.65 × 10−9
0.88 × 10−9

0.24
0.79
0.51
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Fig. 4 (a) Bulk refractive index sensitivity of the plasmonic crystal in presence of various index materials. (b) SPR responses showing a redshift of
17.7 nm in air after coating the Au nanoposts with GO. After anti-ErbB2 immobilization on GO–Au nanoposts, the resonance is redshifted to 699
nm. (c) Simulated reflectance spectra of the plasmonic nanostructures without GO in air (refractive index: 1) and water (refractive index: 1.3). The
SPR resonances are denoted as dip I and II. (d) Simulated cross-sectional electric field distributions at the resonances (dip I and II) in (c).

increasing ErbB2 concentrations. This is due to the insulating
layer of immunocomplex formation via binding of specific sites
such as epitope at anti-ErbB2 and paratopes at ErbB2 antigen
which can obstruct the acceleration of the electrons generated
from redox reaction. As the number of ErbB2 antigen molecules
bound to the sensor surface increases, the thickness of the
resulting immunocomplex layer increases, leading to reduction
in output currents. The calibration plots in Fig. 5c show that the
sensor current is inversely proportional to the logarithmic concentration of ErbB2 antigen. Approximately, a five-fold enhancement was obtained for the sensitivity (20.47 μA μM−1 cm−2) of
the nanoposts-based sensor compared to that of the control sensor without using any nanoposts (3.94 μA μM−1 cm−2), owing to
the larger surface area and the radial diffusion of redox species.
The larger surface area of the nanoposts enhances the loading
capacity of GO nanosheets as well as antibody molecules, leading to an increased higher affinity towards ErbB2.
For the selectivity measurements, the sensor with the
nanoposts was exposed to the non-specific interfering antigen species ErbB3 and ErbB4 in the ErbB receptor tyrosine kinase family. Similarly, the CA method was employed to measure the response of the sensor (Fig. 5d). When ErbB2
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antigen (0.1 μM) was added to nonspecific ErbB3 (0.1 μM) alone, ErbB4 (0.1 μM) alone, and a mixture of ErbB3 (0.1 μM)
and ErbB4 (0.1 μM), the sensor response did not change significantly as is evident from its low relative standard deviation (RSD; ±1.1%) from the initial response with ErbB2 (0.1
μM) only, indicating a good selectivity due to incorporating
anti-ErbB2 on the sensor surface.
The sensor was further examined for reproducibility with
four identical sensors using the CA technique in presence of
1.0 fM concentration of ErbB2. This sensor shows a high reproducibility with a minute deviation (RSD: ±1.95%) (Fig. 5e).
The obtained high reproducibility of the sensor may be due
to the high periodicity and uniform assembly of the Au nanoposts. In addition, the stability test for the nanoposts-based
sensor was conducted once a week over a four-week period.
For each measurement, the sensor was washed with the PBS
solution to remove unbound molecules from the sensor surface. When not in use, the sensor was stored at 4 °C to avoid
denature of antibody on the sensor surface. Overall, this sensor exhibited a stable amperometric signature (Fig. 5f), although after three weeks, a 1.2 ± 0.3% reduction in output
current was found.
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Fig. 5 Sensing responses for the sensors with and without incorporating nanoposts. The measurements were conducted as a function of ErbB2
concentration at a constant sensing potential of 0.01 V in presence of PBS (pH 7.4) containing 5 mM [FeĲCN)6]3−/4−. (a) CA responses for the sensor
with the nanoposts. (b) CA responses for the sensor with the planar Au electrode. (c) Calibration plots for both the sensor responses in (a) and (b).
Error bars represent three repeated measurements of the sensor. (d) Selectivity test of the sensor in presence of specific ErbB2 (0.1 μM) and
nonspecific ErbB3 (0.1 μM) and ErbB4 (0.1 μM). Inset shows the current responses versus several interferents. (e) Reproducibility test of the sensor
conducted with four identical sensors at 1.0 fM concentration of ErbB2. Error bar on each data point represents the standard deviation of five
measurements. (f) Stability test of the sensor performed for four weeks. Error bars represent the standard deviations obtained using four identical
sensors that respond to 1.0 fM concentration of ErbB2 biomarker once a week over a four-week period.

4.4. SPR detection of biomarker
In addition to the electrochemical sensing, the microfluidic
sensor was used to conduct the SPR-based detection of ErbB2
antigen biomarker. It was found that when the ErbB2 concentrations were lower than 10 pM, the resonance wavelength of
the sensor was almost insensitive to changes in ErbB2 con-
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centration. This is because the resulting refractive index variation was too small to be detected by this plasmonic sensor.
At plasmonic resonances, optical energy dissipations in Au
result in a low Q-factor of resonances, thus restricting the
sensitivity of the sensor. Fig. 6a shows the SPR spectra of this
sensor as a function of ErbB2 concentration ranging from 10
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pM to 0.1 μM in the PBS solution (pH = 7.4). A reflection dip
was found at the resonance wavelength of 701.6 nm with 10
pM ErbB2 concentration when the anti-ErbB2 conjugated
nanoposts array was excited by the normal incident light. As
the ErbB2 concentration increased from 10 pM to 0.1 nM, 1
nM, 10 nM and 0.1 μM, the resonance wavelength of the sensor redshifted from 701.6 nm to 703.1 nm, 704.3 nm, 705.2
nm and 705.9 nm, respectively.
The sensor surface was cleaned with the PBS solution
before introducing a new analyte solution on the sensor
surface. Fig. 6b shows the calibration plot of the sensor
between the logarithmic ErbB2 concentrations and the
SPR resonance wavelengths. The resonance shifted towards
higher wavelengths with increasing concentration, resulting
from the specific binding of ErbB2 molecules increasing
the refractive index at the sensor surface. This sensor
shows a sensitivity of 1.35 nm μM−1 within the concentration range of ErbB2 from 10 pM to 1 nM and a sensitivity
of 0.80 nm μM−1 within the concentration range of ErbB2
from 1 nM to 0.1 μM.

Lab on a Chip

The stability test for the SPR measurement was conducted
once every week over a four-week period (Fig. 6c). During
each measurement, the sensor was exposed to 1 nM ErbB2
concentration and the obtained resonance wavelength was
recorded. After the test, the sensor surface was washed by
flowing the PBS solution (pH = 7.4) into the channel and
then was stored at 4 °C until next test. The result shows that
after four weeks, the resonance wavelength for 1 nM ErbB2
concentration exhibited a minor shift of about 0.35 nm towards shorter wavelengths, compared to that obtained initially (704.4 nm resonance wavelength), which may be caused
by denaturation of immobilized anti-ErbB2 molecules.
Fig. 6d demonstrates the ability of the sensor to optically
track binding kinetics of antigen–antibody interactions at the
sensor surface as the ErbB2 concentration increased from 10
pM to 0.1 nM, 1 nM, 10 nM and 0.1 μM in the PBS solution
(pH = 7.4) with the same redox mediator. The sensor surface
was first covered by the PBS solution, and then, the ErbB2
(10 pM) solution flowed into the channel. This association
phase induced a redshift of 0.7 nm. As the ErbB2

Fig. 6 (a) Full SPR spectra of the GO coated Au nanopost array by varying the ErbB2 concentration from 1 × 10−11 M to 1 × 10−7 M. (b) SPR
resonance wavelengths as a function of ErbB2 concentrations. Error bars represent the standard deviations obtained using five independent
measurements. (c) Stability test of the sensor at 1 nM ErbB2 concentration over four weeks, showing the resonance wavelength of the sensor as a
function of time. Error bars represent the standard deviations obtained using four identical sensors that respond to 1 nM concentration of ErbB2
biomarker once a week over a four-week period. (d) Transient response for the detection of ErbB2 molecules at the concentrations of 10 pM, 0.1
nM, 1 nM, 10 nM and 0.1 μM, showing the association and dissociation phases for antigen–antibody interactions in the PBS (pH = 7.4) solution.
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concentration increased from 10 pM to 0.1 nM, this sensor
provided a redshift of 1.5 nm in the association phase. When
the ErbB2 concentration further increased to 1 nM, 10 nM
and 0.1 μM, the resonance redshifted by 1.2 nm, 0.9 nm, and
0.7 nm, respectively. In the dissociation phase, the sensor
was washed with the PBS solution to remove the loosely
bound ErbB2 molecules from the surface of the nanoposts,
resulting in shifting the resonance wavelength to 703.8 nm.
Using the Hill equation,59 the association (Ka) and dissociation (Kd) constants for the ErbB2 antigen and anti-ErbB2
immunocomplex have been calculated. The Ka and Kd of antibody and antigen can be expressed as

,

where n is known as the Hill coefficient, Ag is ErbB2 captured
by the sensor and Ab is anti-ErbB2 immobilized on nanoposts
surface. The equilibrium constant Kd is given by Kd = [Ag]nĳAb]/
[AgnAb], where Kd is the reciprocal of Ka, and n can be estimated using the Hill plot. The Hill plot is the curve between log
θ and logĲErbB2) and θ is given by θ = Y/(1 − Y), a ratio of the
amount of bound ErbB2 to the amount of immobilized antiErbB2 and Y is the ratio of the change of wavelength and maximum wavelength. The values of Kd, Ka and n are found as 0.472
× 10−6 M, 2.11 × 106 M, and 0.207, respectively. With n (0.207) <
1, i.e. the cooperativity is negative. When the ErbB2 molecule
binds to specific anti-ErbB2, the affinity of this anti-ErbB2 to
non-specific species declines. The higher association constant
of anti-ErbB2 conjugated nanoposts indicates a higher affinity
towards specific ErbB2 antigen.
4.5. Simultaneous measurements using dual modalities
We conducted both the electrochemical and SPR measurements simultaneously using the dual-modality sensor in the
presence of 10 nM concentration of ErbB2 molecules. As
shown in Fig. 7, the electrochemical measurement shows a
reduction in chronoamperometric current from 105 μA (i.e.,
the baseline current) to 88.5 μA. Based on the electrochemical calibration curve (Fig. 5c), the ErbB2 concentration
obtained using the electrochemical measurement is 10.1 ±
0.4 nM (mean ± standard deviation for 5 measurements),
which agrees well with the known concentration of 10 nM. At
the same time, the SPR measurement shows that the resonance wavelength of the sensor redshifts from 699 nm (i.e.,
the baseline wavelength) to 705.2 nm. Correspondingly,
based on the SPR calibration curve (Fig. 6b), the obtained
ErbB2 concentration is 10.2 ± 0.3 nM (mean ± standard deviation for 5 measurements). Therefore, the electrochemical and
SPR measurements using the single sensor provide almost
consistent results for the detection of ErbB2 molecules when
the ErbB2 concentration under measurement falls in the
common dynamic range of both the methods. It should be
noted that in the optical measurement, we utilized a broadband light source with the total input light intensity of 20 W
cm−2 over the wavelength range from 500 nm to 750 nm. The
light intensity at the central resonance wavelength of 699 nm
with a bandwidth of ∼39 nm was only ∼18% of the total in-
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Fig. 7 Simultaneous measurements using the CA-based electrochemical (a) and SPR-based optical (b) methods on the single dualmodality sensor. The sensor was exposed to 10 nM concentration of
ErbB2 molecules.

put intensity. Because the maximum field intensity enhancement factor is 12 × 12 = 144 (where 12 is the factor by which
the electric field enhancement occurs at the resonance at the
sensor surface as compared to the input field amplitude; see
Fig. 4d), it is estimated that the local light intensity at the
resonance structures is ∼18% × 20 W cm−2 × 144 = ∼518 W
cm−2, which is too low to result in thermophoresis or photophoresis at the sensor surface.60

4.6. Comparison with state-of-art sensors
Tables 2 and 3 compare the performance of this sensor with
many reported sensors for the detection of ErbB2 biomarker.
Compared to the electrochemical sensors using graphene
foam-TiO2,56 Au nanoparticles,61 and GO–SiO2 nanoparticles,17 and the optical sensors using microrings,62 1D
distributed feedback grating44 the present integrated dualmodality sensor offers a competitive detection range of 1.0
fM–0.1 μM, and a high sensitivity of 20.47 μA μM−1 cm−2 for
the electrochemical detection (Table 2), and a sensitivity of
1.35 nm μM−1 in the concentration range of 10 pM–1 nM, a
sensitivity of 0.80 nm μM−1 in the concentration range of 1
nM–0.1 μM for the SPR detection (Table 3) of ErbB2.
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Table 2 Comparison of the performance of our electrochemical sensor with that of other electrochemical immunosensors for the detection of ErbB2
biomarker

Electrochemical working
electrodes

Measurement methods

Sensitivity

Dynamic range
(pM)

Limit of detection
(pM)

Ref.

Au nanoparticles
Graphene foam–TiO2
Graphene oxide–SiO2 nanoparticles
Functionalized ZnO nanofibers
Cysteamine-AuNPs
Au–GO nanoposts

Electrochemical (voltammetry)
Electrochemical (voltammetry)
Electrochemical (impedance)
Electrochemical (impedance)
Electrochemical (impedance)
Electrochemical (amperometry)

2.2 μA pM−1 cm−2
0.585 μA μM−1 cm−2
NA
7.76 kΩ μM−1 cm−2
3.83 kΩ pM−1
20.47 μA μM−1 cm−2

7.25 × 10−4–72.5
0.001–1.0 × 105
1–1 × 106
0.001–5.0 × 105
0.0072–7.2 × 103
0.001–1 × 105

2.68 × 10−4
0.001
1.0
0.001
0.0024
0.001

61
56
17
63
64
This work

Table 3 Comparison of the performance of our SPR sensor with that of other optical immunosensors for the detection of ErbB2 biomarker

Optical resonators

Measurement methods

Optofluidic ring resonator

Whispering gallery mode

Sensitivity (nm μM−1) Dynamic range (pM) Limit of detection (pM) Ref.

74.2
27.4
1D distributed feedback grating First-order diffraction mode 4.6
Au–GO nanoposts
SPR mode
1.35
0.8

The present integrated dual-modality sensor incorporates
both electrochemical and SPR detection methods on a single
nanopatterned substrate for recognizing and quantifying
ErbB2 breast cancer biomarker, offering many novelties:
• The integrated dual-modality design potentially will help
increase detection reliability, due to the ability of the sensor
to generate two readouts for a specific antigen–antibody reaction at the sensor surface.
• The electrochemical detection mode of the sensor benefits from the presence of the lithographically formed nanoposts on the surface of the working electrode, enabling efficient radial diffusion of redox species. This provides a fMlevel limit of detection (LOD) for quantifying ErBb2 biomarker using the electrochemical mode, which will be clinically important to early-stage cancer diagnosis.
• While the SPR detection mode has a higher LOD (on the
order of 10 pM for ErBb2), it enables dynamic tracking of
antigen–antibody interactions at the same surface where the
electrochemical detection takes place. The ability to track association and dissociation processes will potentially help scientists to better understand molecular recognition behaviors
for optimizing a target antibody for a specific antigen.
• Further, from a sample consumption perspective, the required sample volume used in the presented integrated dualmodality sensor is less than that used in two spatially separated electrochemical and SPR sensors.

5. Conclusions
To summarize, an integrated dual-modality sensor integrating electrochemical and SPR measurements was developed
for the detection of a breast cancer biomarker. The substrate
for SPR detection consists of an array of periodically arranged
Au nanoposts functionalized with GO nanosheets and antibody (anti-ErbB2), while the same Au nanoposts also serve as
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94–240
362–725
75–5.4 × 104
10–1 × 103
1 × 103–1 × 105

72

62

75
10

44
This work

a working electrode of the integrated electrochemical sensor.
In addition to increasing the surface area and loading capability for the immobilized anti-ErbB2 molecules, these nanoposts enable SPR, and also serve as the vertical nanoelectrodes enabling the radial diffusion of redox species onto
the sensor surface. The sensor with the nanoposts exhibits
5.4-fold enhancement in output current and a 3-fold reduction in response time, compared to the counterpart device
with the planar electrode. The SPR detection mode allows a
dynamic tracking of the associations and dissociations of biomarker molecules, which is generally a limitation of an
electrochemical sensor. Unlike the nanoparticles, nanotubes,
and nanowires-based sensors, this integrated dual-modality
sensor offers an excellent reproducibility due to the ordered
and uniform nanostructures.
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