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Abstract
HER?2 antigen is a marker used for breast cancer diagnosis and prevention. Its determination has
great importance since breast cancer is one of the most insidious types of cancer in women.
HER?2 antigen assessment in human serum is traditionally achieved by enzyme-linked
immunosorbent assay (ELISA method), but it has some disadvantages, such as suppressing the
thermodynamic—kinetic studies regarding the antibody—antigen interaction, and the use of
labeled molecules that can promote false positive responses. Biosensors based on surface
plasmon resonance (SPR) are sensitive optical techniques widely applied on bioassays. The
plasmonic devices do not operate with labeled molecules, overcoming conventional
immunoassay limitations, and enabling a direct detection of target analytes. In this way, a new
SPR biosensor to assess HER2 antigen has been proposed, using nanohole arrays on a gold thin
film by signal transduction of transmitted light measurements from array image acquisitions.
These metallic nanostructures may couple the light directly on surface plasmons using a simple
collinear arrangement. The proposed device reached an average sensitivity for refractive index
(RI) variation on a metal surface of 4146 intensity units/RIU (RIU = RI units). The device
feasibility on biomolecular assessment was evaluated. For this, 3 ng ml~' known HER2 antigen
concentration was efficiently flowed (using a microfluidic system) and detected from aqueous
solutions. This outcome shows that the device may be a powerful apparatus for bioassays,
particularly toward breast cancer diagnosis and prognosis.
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1. Introduction
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treatment. In this sense, it will be possible to assess the chance
of patient recovery against cancer, allowing an appropriate
treatment, and even to find cancer in seemingly healthy
people [1]. Currently, cancer antigens are the most widely
used markers [2].

Human epidermal receptor 2 (HER2) oncogene protein is
a transmembrane glycoprotein of the epidermal growth factor
receptor family. This gene is found at a low concentration in
healthy epithelial tissues, including mammary duct epithe-
lium. However, gene amplification combined with over-
expression of signaling protein (antigen) has been found at
15%-20% and at 20%—40% in individuals with primary and
invasive breast cancer, respectively [3]. HER2 antigen
assessment is important because it can be used in breast
cancer diagnostics and prognostics [4, 5]. Healthy individuals
show up to 2—15 ng ml~' HER?2 in blood, while patients with
breast cancer have 15-75 ng ml~! levels [6].

HER2 screening in tissues is usually performed by
immunohistochemistry (IHC) [5, 7, 8], which is a good choice
to assess HER2 status because such a technique occurs with
low reagent consumption. However, the IHC technique has
shown less accuracy [9], therefore the fluorescence in situ
hybridization (FISH) technique has also been employed
[5, 8, 10, 11]. FISH is a ‘gold standard’ testing, but demands a
lot of time, and is consequently a more expensive process
compared to IHC [5, 8]. Electrochemical biosensors have
been recently reported to achieve the HER2 assessment, but
in human serum samples [12, 13]. Nevertheless, enzyme-
linked immunosorbent assay (ELISA) is traditionally carried
out to assess HER?2 in blood [14—-18], and such a conventional
immunological technique is mostly used for HER2 evalua-
tion. However, this immunoassay takes place using labeled
molecules, such as fluorophores, phosphors, enzymes or even
dial-radioactive. Molecular labeling can often change the
antigen recognition activity towards elements, leading to
false-negative or positive outcomes because protein aggre-
gation may occur [19]. Furthermore, the antigen detection by
ELISA assay is based on an obtained response due to the
formation of a complex between a labeled antibody and an
antigen, previously immobilized on a capture antibody
(sandwich assay). Thus, the ELISA assay cannot evaluate the
kinetic and thermodynamic studies concerning antigen—anti-
body interaction. Biosensors based on the surface plasmon
resonance (SPR) effect are well-established analytical tech-
niques which show some interesting features, such as mole-
cular labeling absence (label-free devices), real-time
information, high sensitivity, and the possibility of a direct
detection [20]. In addition, these devices have already been
used in immunoassay analyses to assess the HER2 mar-
ker [21].

Surface plasmons (SPs) are light waves trapped on
metal-dielectric surfaces due to their resonant interactions
with electrons of the metal conduction band [22]. SPs were
firstly reported by Fano [23] to explain the diffracted light
spectrum anomalies caused by metallic diffraction gratings,
previously reported by Wood [24]. In 1968, Otto [25] and
Kretschmann [26] independently produced methods for sur-
face plasmon excitation. Since then, the attenuated total

internal reflectance configuration, using thin metal films
coupled to a prism (proposed by Kretschmann) has been
employed in many commercial affinity biosensors [27]. The
plasmonic waves are much more sensitive to refractive index
(RI) changes in the surrounding environment above the metal
surface. Thus, binding events between a recognition element
(immobilized on metal film) and target molecules (in the di-
electric) may be optically monitored [27]. This is the main
feature exploited to build plasmonic biosensors.

Several researchers have recently shown that SPs can be
generated easily from nanohole arrays built in noble metal
thin films which have been applied to obtain label-free affinity
biomolecular sensors [22, 28-30]. Biosensors based on sub-
wavelength nanohole arrays show some advantages with
regards to those traditional devices used by Kretschmann.
Such biosensors are composed of an easier experimental setup
that operates from a collinear transmission mode, allowing
better potential for miniaturization [28, 29]. These devices
exploit the extraordinary optical transmission (EOT)
phenomenon for subwavelength nanohole arrays manu-
factured in gold and silver thin films [31, 32]. Under EOT, a
greater intensity of transmitted light is observed through
nanohole arrays than that predicted by the classical diffraction
laws. This nanostructured metal property was associated with
the presence of SPs, so the characteristics of the transmitted
light are dependent on RI changes on the metal surface.
Therefore, transmission measurements can be used to monitor
binding events. Many studies show that biological substance
detection can be performed from SPR biosensors based on
nanohole arrays, monitoring the shifts on transmission max-
imum wavelength [22, 29, 30]. However, the signal trans-
duction using transmitted light intensity measurements have
been explored in a few works [33-35]. The monitoring of
several binding events on the same platform is the main
advantage of the approach based on intensity investigation.

In this paper, we propose a new and sensitive label-free
SPR biosensor based on subwavelength nanohole arrays
integrated to a microfluidic system, and applied to assess
lesser HER2 antigen amounts from an aqueous solution.
Analyses were based on the investigation of transmitted light
intensity through the nanostructures. This method has not
been exploited to assess such a cancer marker yet.

2. Methods

2.1. Materials

Glass slides 2.5 x 2.5 x 0.1cm covered with chromium
films (5 nm thick), and afterwards gold (100 nm thick), were
used to obtain substrates containing nanohole arrays. To
characterize the substrate sensitivity, aqueous solutions of
D-(+)-glucose (Sigma, 99.5%) were used. For the gold sur-
face modification, cysteamine (Aldrich, 95%), sulfo-NHS-
biotin (Sigma-Aldrich, 90%), and streptavidin (Sigma, 65%)
were used. A biotinylated specific antibody against HER2
antigen (95%), as well as the HER2 antigen (70%), were
obtained from Invitrogen. To prepare the microfluidic system,
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a kit purchased from Sylgard® 184 was used which contained
elastomer polydimethylsiloxane (PDMS) and a curing agent;
a photoresist (SU-8® 50) and SU-8 developer were purchased
from Microchem. To prepare the phosphate-buffered saline
(PBS), NaCl (95.5%) and NaH,PO, (98.0%) solution pur-
chased from Sigma was used; KCI (99.0%) and Na,HPO,
(99.0%) were obtained from Sigma-Aldrich. ‘Antigen solu-
tion’ (AS) was prepared by adding Triton X-100, cold fish
skin gelatin and bovine serum albumin (BSA, 96%), all
acquired from Sigma. H,SO, (FMaia, 95.0%) and H,O,
(Anidrol, 35.0%) were used to obtain the solution for metallic
substrate cleaning.

2.2. Nanohole arrays obtainment

Nanohole arrays were obtained by focused ion beam (FIB,
FEI 235 dual-beam), using a gallium ion source. The ion
beam was set to 30 keV with 1.6 nm s~ ' milling rate and
300 nA beam current. In this case, four arrays were obtained.
The substrate was characterized by scanning electron micro-
scopy (SEM, Shimadzu Superscan SSX-550).

2.3. Microfluidic system

Glass slides were cleaned with 30 ml of ‘piranha solution’
(3:1 H,SO4H,0, (v/v)) to remove organic residues and
promote better photoresist adhesion to the slide. SU-8 pho-
toresist film was obtained by a spin coater (Spincoating
Systems, G3P-8) on the cleaned substrate. For this, ca. 0.5 g
SU-8 was dripped onto the slide center and a proper rotation
schedule was performed in order to obtain a homogeneous
photoresist film of ca. 50 pum thickness. Initially, a rotation of
500 rppm was achieved at a 100rpms~' rate (starting from
rest), and then held for 10s. Subsequently, the rotation was
increased to 2000 rpm (at a 400rpm s~ rate) and held for
25s. The total program lasted ca. 45s.

After that, the substrate containing photoresist film was
placed on a heating plate at 60 °C for 6 min, and then heated
at 95°C for 25 min (solvent removal). Immediately after
heating, a photomask (a PET sheet containing the print of the
microchannels design) was placed on the substrate. The
assembly was left in a light collimator (Tamarack Scientific,
2110CP), where it was exposed to UV light for 17.5s. Then,
the substrate with the photograved microchannel pattern was
again heated at 60 °C for 1 min, and then heated at 95 °C for
5 min. For the microchannels revelation, the glass slide con-
taining the photograved photoresist was immersed in an SU-8
developer solution (ethyl lactate-based solution, which solu-
bilizes the area not exposed to UV light) with manual stirring
at room temperature until complete solubilization occurred.
After this treatment, the mold was obtained.

For the microchannel fabrication on PDMS, ca. 20 g of
10:1 (w/w) PDMS /curing agent solution was dispensed on
the obtained mold, which was positioned inside the petri dish.
The assembly was taken to cure on a heating plate at 90 °C for
2 h. Finally, the solid and flexible elastomer was removed
from the mold and the system was ready. The experimental
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Figure 1. Experimental setup used to monitor the light intensity
transmitted by the nanohole arrays. Top inset: photographic image,
showing the arrays aligned with the microchannels manufactured on
the PDMS piece.

scheme for obtaining microchannels in PDMS (by soft
lithography) can be found in the supplementary data.

2.4. Optical measurements: image acquisition

The microchannels manufactured on the PDMS were per-
fectly aligned with the nanohole arrays using a trinocular
optical microscope (Quimis, Q738MIT) equipped with a 10x
objective lens to view the arrays. A photographic image
showing the arrays aligned with the microchannels is depicted
in figure 1 (top inset). After alignment, the assembly was
fixed to an aluminum substrate holder. Tubes were connected
to the PDMS piece (inlets and outlets) to perform the solution
flow into the channel using a syringe pump (Harvard Appa-
ratus 11 Plus).

To monitor the intensity of the light transmitted through
the arrays, the arrangement shown schematically in figure 1
was used. The light source used for plasmon excitation was a
HeNe laser (Melles Griot CVI, 23-LHP-991-230) which emits
at 632.8 nm. The light beam was spread uniformly over the
substrate via a biconvex lens. The transmitted light was then
collected by a measuring microscope (Precision, telescope
type) equipped with a 10x objective lens that was positioned
on the opposite side to the light incidence. The light was then
directed to a CCD digital camera (Roper Scientific, cool-
snapk4), equipped with a 10x objective lens, which collected
array images. From the images, the transmitted light inten-
sities were obtained using the software Image J considering
the entire array area. The experimental system was fully
assembled on an optical table (Melles Griot).

2.5. Sensitivity characterization

To evaluate the plasmonic substrate response concerning RI
variation on a metal surface, aqueous glucose solutions were
performed at 2.0, 6.0, 10.0, 14.0, 18.0, 22.0, 26.0 and 30.0 g/
100 ml. RIs of each solution were determined using a portable
digital refractometer (Atago, PAL-RI 3850). The solutions
were flowed on the arrays using the experimental setup shown
in figure 1. A 2.00 ml h™! flow was used, and, after it stopped,
50 subsequent images were recorded for each nanostructure
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Figure 2. (A) SEM image of a nanohole array at different magnifications constructed by FIB in a 100 nm thick gold film supported on a glass
slide. (B) CCD image samples for an array immersed in water (RI = 1.3325) and at aqueous glucose solutions (RI ranging from

1.3412-1.3764).

under all solutions. The highest possible flow was selected,
ensuring system integrity and suppressing leakages. At this
stage, a high flow is important to purge the system and
remove the residues from previous solutions. The average
transmitted light intensity was obtained from 50 images to
compensate for laser fluctuations.

2.6. Biotests by intensity measurements

Initially, the sensor surface was cleaned with chloroform,
acetone and distilled water in an ultrasonic bath for 10 min,
and then assembled in an integrated system (figure 1). An
aqueous solution (6.0 mM) of cysteamine was flowed over the
arrays for 72 h (the time required for alkanethiol monolayer
adsorption and organization). Afterwards, 5.0 mg ml~' sulfo-
NHS-biotin aqueous solution was flowed for 18h. Subse-
quently, 0.5mgml™" streptavidin in PBS solution was used
for 4 h. Then, biotinylated antibody solution (50.0 ug ml~" in
PBS) was flowed for 4 h. Finally, HER2 antigen at a known
concentration of 3.0ngml~' (diluted in AS) was flowed on
the substrate for 1 h. A flow of 0.04 mlh ™! (the lowest flow
possible) was used for all the steps to ensure that the system
was close to a resting condition during the immobilization
step. Thus, the transport of biomolecules toward the surface is
mainly dependent on diffusion. After each step, the system
was purged with PBS (or AS after the antibody step to block
non-specific sites) at a flow of 2.00mlh ™' to remove the non-
adsorbed molecules. After purging and resting, 50 array
images were obtained for each modification step.

The PBS composition was 0.137M NaCl, 0.00280 M
KCl, 0.00810M Na,HPO,, and 0.00150 M NaH,PO,; the
pH was adjusted to 7.45 using 0.100 M NaOH and H;PO,
solutions, all diluted in Milli-Q water. The AS was composed
of 0.1% (w/v) BSA (used as a blocker of non-specific sites

and as a stabilizer), 0.1% (w/v) cold fish skin (blocker of
non-specific sites) and 0.5% (v/v) triton X-100 (detergent
used to decrease the surface tension and increase the solution
‘wettability’ on the substrate surface), all diluted in PBS.

3. Results and discussion

The SEM image of a nanohole array at different magnifica-
tions is shown in figure 2(A). The substrate used contained
four similar nanohole arrays and they presented: 105 nm hole
depth (metallic film thickness), ca. 557.6 umz individual
array area, ca. 400 nm periodicity (distance between the
centers of the two neighbor holes regarding the x—y plane),
and ca. 200 nm hole diameter.

Assuming light normal incidence on square arrays con-
taining circular holes, the plasmonic transmission associated
with the maximum wavelength can be predicted by

ao

equation (1),
Ed€m
Ji2 2 Nea+ em

where Ap.x is the maximum transmission wavelength, i and j
are integers related to transmission order and ay is the array
periodicity [22]. Arrays presenting these geometrical para-
meters provide a plasmonic transmission band around 633 nm
((2,0) plasmon mode). The (2,0) plasmon mode generates the
most intense transmission band for the array [22]. Thus, the
arrays were compatible for application in an experimental
apparatus (as that shown in figure 1) based on the transmitted
intensity measurements using a He/Ne laser. Optical invest-
igation of the transmitted light through a nanohole array is a
very efficient technique for real-time measurements and

)\méx = (1)
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Figure 3. Average intensity of transmitted light (average from 50
images) through an array as a function of RI. Slope (S) is equivalent
to array sensitivity, and R? relates to the linear adjustment of
coefficient.

molecular characterization on a substrate surface. Using a
compatible light source with the array transmission spectrum
(taking into account the array geometric parameters—peri-
odicity and hole diameter), it is possible to obtain suitable
CCD images to monitor RI changes on the array surface.

To characterize the nanohole array sensitivity regarding
RI variation, glucose solutions with different Rls, ranging
from 1.3325 (Milli-Q water) to 1.3764 (more concentrated
glucose solution) were flowed on the arrays. The CCD image
samples for an array immersed in each sugar solution are
shown in figure 2(B). Among the four arrays, those depicted
here presented more homogeneous transmission images
(figure 2(B)).

CCD images (figure 2(B)) have shown that the trans-
mitted light intensity decreases as RI increases. This occurs
because the increase on RI changes the conditions to excite
SPs, leading to shifts on the plasmonic transmission bands for
longer wavelengths [22]. So there is a decrease of the trans-
mitted light intensity at a fixed wavelength of 633 nm (a laser
was used).

CDD Images were obtained for another three arrays and
the average value for the transmitted light intensity (average
obtained from 50 images) was plotted as a function of RI to
obtain array sensitivities. Figure 3 shows the sensitivity curve
sample for an array. The curve slope (S) is defined as the
sensitivity numerical value.

The highest array sensitivity value was 4179 int. uni./
RIU (array in figure 2), and the average sensitivity was
4146 =+ 39 int. uni./RIU, considering the four arrays in the
substrate. The low standard deviation revealed suitable
reproducibility concerning nanostructure performance. Small
sensitivity differences possibly occur due to the presence of
defects on the array structure obtained during FIB manu-
facturing, such as non-homogeneous periodicity, variable
hole diameters, and local roughness.

It was evident that the proposed optical and electronic
system was able to monitor the RI variation using intensity
measurements. Another positive point is with regard to the R*
values (between 0.970 and 0.993), showing a desired
response with a fit to linear behavior. Thus, the sensor has
excellent potential to be used on bioassays, mostly to detect
cancer antigens that are often found at low concentrations in
biological fluids.

In order to test the device viability concerning the bio-
molecule assessments, it was suggested that the sensor surface
be prepared with antibodies against the HER2 antigen. For
this, the sensor surface was initially modified using a
cysteamine flow to form a spontaneous self-assembled
monolayer of molecules via an interaction between thiol
groups on a cysteamine and gold substrate [36]. Then, biotin
molecules were immobilized on a pre-assembled alkanethiol
monolayer by coupling primary amines onto the cysteamine
network with carbonyl groups towards the sulfo-NHS-biotin
molecule. Finally, the surface was coated with streptavidin
molecules, which have a high affinity to biotin. These pre-
liminary steps are illustrated in scheme 1.

Streptavidin surface presence (which contains other
available sites for biotin) allowed immobilization of the bio-
tinylated antibody. In sequence, the HER2 antigen was finally
immobilized (direct detection mode). After each surface
modification step, array images were acquired and samples
are shown in figure 4(A). Looking at the images in
figure 4(A), a decrease of transmitted light intensity was not
so evident after surface modification. However, as shown in
figure 4(B), the average value of transmitted light intensity
through the array (the most sensitive array) clearly decreased
when the antigen was bound to the antibody. This behavior
was expected because the biomolecule presence changes the
RI local on the SP region.

Figure 4 shows an intensity decrease of ca. 21 units after
HER2 antigen immobilization. The results demonstrate that
the system was able to monitor the HER2 antigen at a known
concentration of 3 ng ml ™', which is within the range found in
the blood of healthy people. Furthermore, the signal-to-noise
ratio obtained was ca. 3.0 (the standard deviation of the
average intensity for HER2 immobilization was ca. 7 inten-
sity units). This indicates that the device has high potential to
detect the antigen, even at low concentrations, whereas the
sandwich detection mode may also be employed to improve
its performance. The assessed concentration was ten times
less than that previously reported by our research group using
an SPR biosensor based on a nanohole array operating with a
spectral shift of the plasmonic transmission band [21], instead
of the intensity measurements proposed here.

Further, the device developed here can be applied for
HER?2 assessment on human serum because the immunoassay
uses monoclonal antibodies as biorecognition agents. Mono-
clonal antibodies are able to recognize a single epitope of the
antigen, which significantly suppresses the possibility of non-
target antigen recognition. Thus, the influence of other com-
ponents on the sample matrix (blood is a very complex
matrix) could not have much influence on the measures. In
addition, our device operates with a microfluidic system,
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Figure 4. (A) CCD image samples of an array after each surface
modification step; ‘cyst’ = cysteamine, ‘biot’” = biotin, ‘strep’ = -
streptavidin, ‘AB-1° = antibody, and ‘ant’ = antigen. (B) Average
value of transmitted light intensity through an array on the last two
modification steps. The average value for the steps was obtained
from 50 i 1lmages The concentration of antigen (Canggen) flowed was
3ngml™

which provides some advantages over the assay, such as
decreased sample consumption and device miniaturization
possibility.

4. Conclusions

The label-free biosensor based on a nanohole array proposed
in this study showed 4146 int. uni./RIU average sensitivity
using image acquisition to monitor transmitted light intensity
through arrays. Thus, the device was able to monitor RI
variation on a metallic surface. In addition, the proposed

biosensor operates with a microfluidic system that allows the
production of miniaturized sensors, compatible with lab-on-
chip sensors (multiplexing sensors). We show that the bios-
sensor enables us to detect the HER2 cancer antigen at
3.0ngml~" known concentration, suggesting excellent
applicability toward breast cancer diagnosis and prognosis.
So the proposed device proved to have potential for use in
bioassays, particularly in cancer marker assessments at low
concentrations.
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