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Abstract

The waveguide-coupled bimetallic (WcBiM) surface plasmon resonance (SPR) chip had been utilized in the intensity
interrogation detection mode to detect amyloid-f342 (AB42), a biomarker of the Alzheimer disease. The SPR reflectance
curve of the WcBiM chip has the narrower full-width-at-half-maximum (FWHM) compared with the SPR reflectance curve of
the conventional gold (Au) chip, resulting in the steeper gradient. For the enhancement of resolution, the light source was
fixed at an angle where the slope of the reflectance curve is the steepest, and the change in the reflectance was monitored.
For the detection of AB42, the antibody of AB42 (anti-Af42) was immobilized on the WcBiM SPR chip using the self-
assembled monolayer. The SPR responses, the average changes in the reflectance to the AB42 at the concentrations of
100 pg/ml, 250 pg/ml, 500 pg/ml, 750 pg/ml, 1,000 pg/ml, and 2,000 pg/ml were 0.0111%, 0.0305%, 0.0867%, 0.1712%,
0.3021%, and 0.5577%, respectively, for the three replicates. From linear regression analysis, the calibration curve indicated
that the SPR response had a linear relation with AB42 with the concentration in the range of 100 pg/ml to 2,000 pg/ml. A
control experiment showed the anti-Af42-modified surface of the WcBiM chip had a high specificity to AB42. Thus, the
enhanced resolution by utilizing the WcBiM SPR chip in the intensity interrogation detection mode aids the diagnosis of the
Alzheimer disease by detecting the AB42 around the criteria concentration (500 pg/ml) without any labeling.
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Introduction major constituents of the senile plaques is amyloid-B (AB) which is
proteolytically cleaved from amyloid precursor protein (APP). The
major A species generated from APP are 40-amino-acid (AB40)
or 42-amino-acid (AP42) peptides, inducing neuronal death

increasing [1] Throughout the WOl"ldJ Alzheimer disease (AD) 1s [379710] In addition, AB40 and AB4_2 have the pI‘Op(t‘:I‘ty of
one of the most frequently diagnosed types of dementias. It is

estimated that about 80 million people across the globe will be
diagnosed with AD by 2,050 [2,3], and the AD-related social
medical costs will increase. Recently, the clinical paradigm is being
transferred from treatment after occurrence to disease prevention
or early treatment. Thus, early diagnosis of diseases, including AD,
is emphasized for successful prognosis and prevention. Early
identification and monitoring of diseases are essential for
maintaining a high quality of human life. A high quality of life
can be also attributed to better treatment, improvements in
survivability, and low medical costs [4,5]. Biosensors provide fast
and accurate detection and can serve as a crucial tool in the early
diagnosis of a disease [6-8].

The prognosis for AD is dependent upon the identification of
intracellular neurofibrillary tangles (NFT's) and extracellular senile
plaques, resulting in neuronal dysfunction and cell death. NFT's
are insoluble fibers found in the brain’s nerve cells. These NFT's
are the result of abnormal hyperphosphorylation of the microtu-
bule-associated protein tau (t) and they are deposited inside of the
neurons, resulting in the disruption of the neurons [9]. One of the

The rapid development of medical technologies has led to an
aging socicty, and the rate of the incidence of dementia is

toxicity due to the presence of a single methionine 35 in their
amino acid sequences. Moreover, methionine 35 is highly prone to
oxidation under conditions of oxidative stress which, in turn,
causes cell death in neurons [11,12]. Especially, AB42 has two
additional residues at the carboxyl-terminal of AP40 and a
propensity towards high self-aggregation into the plagues. Thus,
AB42 is more vulnerable to aggregation than AP40 [9].
Furthermore, AB42 produces neuritic plaques inside the cells of
the brain and leads to the damage of the neuronal processes and
synapses for approximately 10-15 years before the pathogenesis of
AD. Increases in the amount of AB42 plague inside the brain’s
cells or decreases in the amount of AP42 in cerebrospinal fluid
(GSF) indicate the onset of AD [13]. It is reported that the AD
patients have the level of AB42 less than 500 pg/ml in CSF [3,14].
Therefore, AB42 is a very useful biomarker for confirming
whether the patient has a good or bad prognosis for AD. Since
the quality of life is extremely terrible after the pathogenesis of AD,
carly detection of AP42 is very important for treating this disease.

PLOS ONE | www.plosone.org 1 June 2014 | Volume 9 | Issue 6 | €98992

CrossMark

click for updat


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0098992&domain=pdf

Measurements of AB42 or the other AD-related targets for AD
are traditionally performed using enzyme linked immunosorbent
assay (ELISA) [15,16], mass spectrometry (MS) assay [17] and
scanning tunneling microscopy (STM) [18]. These techniques
require the double antibody technique and the chemical process of
query molecules with labels. The labelling process imposes
additional time and demand for cost, and can interfere during
the biomolecular interaction by blocking a binding site [19,20].
For the detection of the AD-related biomarker, the surface
plasmon resonance (SPR) sensor has been extensively researched
since it does not require the labeling process and double antibody
technique, and can detect natural forms of query molecules
[21,22]. The SPR biosensor is an extremely sensitive tool that can
be used to analyze biomolecular interactions in real-time,
responding to minute variations in the refractive index due to
the adsorption of the trace level concentration of biomolecules on
the metal surface [23-26]. The SPR biosensor has the advantages
of ultra-high sensitivity, label-free detection, and real-time
monitoring. The label-free method can preserve original charac-
teristic of analyte and is effective to reduce time or cost since it
does not require any additional chemical process. And it is
relatively simple to monitor the biomolecular interactions. In
addition, though the SPR sensor is based on optics, it works in
turbid or opaque samples. Surface plasmon (SP) is a collective
electron oscillation that occurs at the interface between any two
materials, primarily a dielectric medium and a metallic medium,
which is stimulated by an incident light. SPR occurs when the
incident wave vector is matched with the SP wave vector at a
certain incident angle where the reflected light significantly
decreases, giving rise to a sharp dip in the SPR reflectance curve
[27]. This specific angle is referred to as a resonance angle, which
has a reflectance minimum. In the Kretschmann configuration the
resonance angle is dependent upon the refractive index of the
sample medium since the refractive index of the prism does not
change. The metals considered for the SPR phenomenon are gold
(Au), sliver (Ag), aluminum (Al), and copper (Cu) [28]. In general,
Au and Ag are the two main metals used for SPR sensor
applications in the visible wavelength region. Due to its chemical
stability and biocompatibility, Au is widely adopted for use as the
SPR sensor chip. Ag is known for having a narrower spectral
width in the SPR reflectance curve [29]. However, Ag has a poor
chemical stability because it is highly vulnerable to oxidation when
it is exposed to air or liquid environments [28]. Since the detection
of biomolecules with a trace level concentration or a very low
molecular weight is challenging, a SPR sensor based on the
bimetallic Ag/Au films (Au as an outer layer) was proposed in
order to take advantage of both films, thereby providing the higher
signal-to-noise ratio of the system [29-32]. In an Ag-Au bimetallic
chip, the full width at half maximum (FWHM) is narrower than it
is in a conventional Au chip, resulting in a more change in the
reflectance in the intensity interrogation detection mode. In
addition, the bimetallic film coupled with a waveguide layer has
also been proposed, since the incident light field is coupled into the
inner metal layer interfacing with the prism and then propagated
to the outer metal layer through the waveguide layer, with
minimizing optical field leakage into the sensing region [33,34].
The line width of the reflectance curve of the waveguide-coupled
bimetallic (WcBiM) film is narrower than the line widths of the
conventional Au and bimetallic films, thus enhancing the
sensitivity in the intensity interrogation detection scheme [35,36].

In this paper, the WeBiM SPR chip has been proposed to detect
AP42 for the diagnosis of AD. The configuration of the WeBiM
SPR chip has a high-index dielectric waveguide sandwiched
between two metal layers: Ag as the inner metal layer and Au as
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the outer metal layer. After acquiring the reflectance curve of the
WcBiM SPR chip, the working point was set to the angle of the
incident light with the steepest slope of the SPR reflectance curve
to maximize the resolution in the intensity detection mode. For the
detection of AP42, antibody of AP42 (anti-AB42) was covalently
immobilized on the WcBiM SPR chip surface through a self-
assembled monolayer (SAM). The WcBiM SPR response to
various concentrations of AB42 was presented, and a calibration
curve was acquired. A control experiment was also carried out to
investigate the specificity of the anti-AB42-modified surface of the
WcBiM chip.

Methods and Materials

Surface plasmon resonance sensor

A schematic of the SPR sensor system (SPR LAB, K-MAC;
Daejeon, Korea) based on the Kretschmann configuration is
presented in Figure 1. As can be seen, the incident p-polarized
light of a semiconductor laser (635 nm, 2.5 mW) is directed onto
the WcBiM chip through a rectangular parallelepiped prism
(18 mm (W) x18 mm (D) x10 mm (H)), and the reflected light is
detected by a photodiode detector. The sensor system includes a
thermostat to exclude the effect of ambient temperature change.
All the experiments were carried out at 25°C. The SPR reflectance
curve was acquired by scanning the laser with the incident angle
range of 30°-80° via a pulse motor. The optimized incident angle
at which the gradient was the steepest in the SPR reflectance curve
was found by differentiating the reflectance curve with respect to
the incident angle for the intensity interrogation detection scheme.
The light source was fixed at this angle, and then the reflectance
was monitored. All the proteins were injected into the fluidic
module of the SPR sensor system after removing the air bubble by
using a degasser. A constant flow rate of 7.5 ul/min was
maintained throughout the duration of all of the experiments.

Detection Principle

Four different SPR detection schemes—angular interrogation,
Intensity interrogation, wavelength interrogation, and phase
interrogation—are used in SPR sensor applications. Due to the
limited material choice of the metal film much effort has been
made to decrease the FWHM of the reflectance curve in the
intensity interrogation detection scheme for improvement in the
sensor resolution [32,34,35-37]. The detection principle of the
intensity measurement scheme is that the light source is fixed at
the angle where the slope is the steepest in the reflectance curve,
and then the reflectance is measured. In general, the steeper the
slope of the reflectance curve, the bigger the difference in the
reflectance at the same refractive index change. Thus, in order to
improve the resolution in the intensity measurement scheme, one
can decrease the FWHM of the reflectance curve to obtain the
steeper slope, as shown in Figure 2. As the FWHM of the
reflectance curve decreases, the absolute value of the gradient in
the reflectance curve increases. The angle where the slope is the
steepest can be found by differentiating the reflectance curve with
respect to the incident angle. Then, the light source is fixed at this
angle, and the reflectance is monitored. When biomolecular
interactions occur on the SPR chip surface, the reflectance curve,
in general, shifts to the right, as shown in Figure 2 (from a solid line
to a dot-and-dash line). At this fixed angle mode, a fairly
handsome margin of the reflectance can be acquired on the
biomolecular interactions, and the resolution of the intensity
measurement mode is better than it is on the angular interrogation
detection mode [36].
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Figure 1. Schematic diagram of the SPR sensor system and the WcBiM chip configuration.

doi:10.1371/journal.pone.0098992.g001

To decrease the FWHM of the reflectance curve, the bimetallic
films composed of Au and Ag, two main materials for the SPR
sensor applications, are adopted [29,31,32,38,39]. As the Ag/Au
ratio of the bimetallic film increases, the FWHM of the reflectance
curve decreases resulting in an increase in the sensitivity. A distinct
configuration in which a waveguide is coupled with the bimetallic
film was proposed [34-36], and the FWHM of the reflectance
curve for this WcBiM film was narrower than it was for the
bimetallic films composed of Au and Ag as shown in Figure S1.
Thus, WeBiM SPR chips are expected to have a higher sensitivity
than both conventional Au and bimetallic SPR chips [36].

Waveguide-coupled bimetallic (WcBiM) chip

As shown in Figure 1, the WeBiM sensor chip consists of a glass
substrate (Corning glass with refractive index n,=1.508), an Ag
inner-metal layer (npg=0.0557+:4.2931 at 635 nm), a dielectric
waveguide (ZnS-Si0y, ng = 2.16784+:0.00204 at 635 nm), and an
Au outer-metal layer (na,=0.18016+:3.4531 at 635 nm). The
introduction of the Ag inner layer creates a sharper SPR
reflectance curve because Ag metal yields better enhancement of
the evanescent field. The Au outer surface retains its chemical
stability and biocompatibility properties. As a waveguide, ZnS-
Si0y was adopted between the Ag and Au layers due to its ability
to provide good adhesion between these layers. The thickness of
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Figure 2. Both narrow and wide reflectance curves and their
corresponding slopes and FWHMs.
doi:10.1371/journal.pone.0098992.g002
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the WcBiM chip was optimized using commercial optical thin film
software (SCI Film Wizard). The optimized thicknesses of the Ag,
7ZnS-Si0y, and Au layers were 35 nm, 131 nm, and 28 nm,
respectively. The WeBiM chip was fabricated on the Corning glass
substrate (12 mm (W) x12mm (D) x0.3 mm (H)) by RF
magnetron sputtering with 5 mTorr of working pressure in an
Ar atmosphere. The RF power for the ZnS-SiOy and for both the
Au and Ag layers was set to 80 W and 20 W, respectively.

Materials

AB42 and anti-AB42 were purchased from Millipore (Billerica,
MA, USA). Phosphate buffered saline (PBS), bovine serum
albumin (BSA) and AB40 were obtained from Sigma-Aldrich (St.
Louis, MO, USA). The PBS solution was used to dilute all the
proteins. In addition, the SAM, used as a linkage layer to
immobilize the anti-AB42, was purchased from K-MAC (Daejeon,
Korea).

Detection of Ap42

For the immobilization of anti-AB42, the surface modification of
the WcBiM chip was carried out by utilizing the SAM. The SAM
contains the following crosslinking materials: 1-ethyl-3-(dimethy-
laminopropyl) carbodiimide hydrochloride (EDC) and N-Hydro-
xysuccinimide (NHS). EDC and NHS were used for a covalent
binding strategy, which forms an amide bond between a carboxyl
group and an amine group. Thus, for the immobilization of anti-
AP42, the SAM was formed onto the WcBiM chip surface by
immersing it into a solution of 1 mM SAM in chloroform for
12 hours. Then, the anti-AB42 solution was flowed onto the
WcBiM chip to immobilize anti-AB42. Next, 100 ug/ml of BSA
was injected onto the WcBiM chip to prevent a non-specific
reaction. Finally, AB42, at concentrations of 100 pg/ml, 250 pg/
ml, 500 pg/ml, 750 pg/ml, 1,000 pg/ml, and 2,000 pg/ml was
separately injected into the WcBiM chip. To prove selectivity, a
control test was carried out by using AB40 instead of AB42. The
flow rate was 7.5 pul/min, and the volume of all the proteins was

150 pl.

Results and Discussion

High-density immobilization of anti-Ap42

The high-density immobilization of the biorecognition element
on the sensor chip is critical in order to enhance the sensitivity of
the sensor since doing so provides a higher probability that the
binding events between the analyte and the biorecognition
element will occur. Since the outer surface of the WcBiM is
comprised of Au metal, which is exactly the same metal that is
used for the commercialized Au chip, the commercialized Au chip
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was utilized to carry out the high-density immobilization test of
anti-AP42 with another SPR sensor (SPRmicro, K-MAC;
Daejeon, Korea) in order to help insure easy data acquisition.
The anti-AB42 solutions, with concentrations ranging from 10 pg/
ml to 200 ug/ml, were flowed over the SAM-formed sensor chip
at a flow rate of 30 ul/min. The responses of the SPR sensor to the
concentration of anti-AB42 ranging from 10 pg/ml to 200 ug/ml
are shown in Figure S2. From the curve fitting, 150 ng/ml of the
anti-AB42 enables the high-density immobilization considering the
saturated value. In our experiments, we utilized 150 pg/ml of
concentration for the immobilization of the anti-AP42 with a
much slower injection flow rate.

SPR reflectance curve

The SPR reflectance curve for the WeBiM chip was acquired in
order to compare it with the SPR reflectance curve for the
conventional Au chip. The SPR reflectance curves for the WeBiM
chip and the conventional Au chip are presented in Figure 3A.
The minimum reflectance at the resonance angle for both the
WcBiM chip and the Au chip was 3.7095% at 52.2° and 2.0549%
at 60.8°, respectively. As shown in Fig. 3a, the line width of the
WeBiM reflectance curve is narrower than the line width of the Au
reflectance curve. The FWHM:s in the SPR reflectance curves for
both the WcBiM and Au chips were 5.2° and 9.5°, respectively.
The FWHM of the Au chip was about 1.8 times wider than the
FWHM of the WcBiM chip. Figure 3B shows the derivative of the
reflectance curve with respect to the incident angle. The
maximum slopes (AR/A0 [%/°]) in the SPR reflectance curve
for the WcBiM and Au chips were obtained by finding the
maximum absolute value of their derivatives. The steepest slopes
for the WcBiM and Au chips were 25.3495%/° at 50.5° and
15.4530%/° at 58.3°, respectively. The WcBiM chip had a slope
that was approximately 1.64 times steeper than the Au chip. A
comparative analysis of the SPR reflectance curves presented in
Figure 3A with the results in Figure 3B indicates that the WcBiM
chip was expected to have higher sensitivity than the Au chip in
the intensity interrogation detection scheme, as mentioned in the
previous section [36]. Thus, the detection of the presence of AP42
was carried out by measuring the reflectance using the WeBiM
chip at the fixed incident angle (50.5°) where the maximum
gradient is located.

A 100
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Detection of AB42 in the SPR sensor

Figure 4 shows the typical sensorgram for the detection of AB42.
The reflectance at the fixed angle mode is shown as a function of
time. In order to selectively detect the presence of AB42, ant-
AB42, BSA, and AP42 solutions were sequentially injected into the
WcBiM chip after the SAM formation on the WeBiM chip. The
average reflectance increments for anti-AP42, BSA, and Ap42
(250 pg/ml) were 3.6182%, 0.1227%, and 0.0305%, respectively,
for the three replicates. The magnified graph of the sensor
response to AP42 (250 pg/ml) is shown in the inset in Figure 4.
We utilized the mean value of the stable output signal for 100
seconds as the sensor output signal. For the three replicates, the
average response to the AB42 in a series of six concentrations
(100 pg/ml, 250 pg/ml, 500 pg/ml, 750 pg/ml, 1,000 pg/ml,
and 2,000 pg/ml) were 0.0111%, 0.0305%, 0.0867%, 0.1712%,
0.3021%, and 0.5577%, respectively, as shown in Figure 5. The
error bars represent the standard deviation (SD) for the three
replicates. This concentration range was chosen since 500 pg/ml
is the critical concentration needed to diagnose Alzheimer disease,
as mentioned earlier. In order for the WeBiM SPR chip to be
practical, it is significant to have a linear correlation between the
SPR response (changes in the reflectance (AR)) and the
concentration of AP42. From linear regression analysis, the
relation of the SPR response with the AP42 in the range of
100 pg/ml to 2,000 pg/ml was linear. For this linear calibration
curve, the slope of the line was 0.3007 [%/(ng/ml)], and the
correlation coefficient of the system was about 99%. The limit of
detection (LOD) is defined as the lowest concentration of the
analyte which commonly produces the output signal higher than
three-times the SD of the reading of the absence of the analyte
[40]. The SD of the SPR sensor in the absence of the AB42 was
0.00283%. Thus, three-times the SD of the reading of the absence
of the AP42 was 0.00849%. Therefore, the aforementioned
increments for the various AB42 concentrations were judged to be
a meaningful signal.

Control experiment

To demonstrate the specificity of the anti-Ap42-modified
surface of the WcBiM chip, a control experiment was carried
out. For this purpose, AP40 solutions with concentrations of
500 pg/ml and 1,000 pg/ml were injected onto the anti-Ap42-

w
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Figure 3. SPR reflectance curves and their derivatives of WcBiM and Au chips. A) SPR reflectance curve for the WcBiM chip in comparison
to the conventional Au chip. B) Derivatives of the reflectance curves with respect to the incident angle for both the WcBiM chip and the Au chip.

doi:10.1371/journal.pone.0098992.9g003
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Figure 4. SPR sensorgram. SPR sensorgram of subsequent injection of anti-Ap42, BSA, and AP42 after the SAM formation on the WcBiM chip.

Inset: the magnified graph of the sensor response to AB42 (250 pg/ml).
doi:10.1371/journal.pone.0098992.9g004

modified surface of the WeBiM chip. Sequential injection of the
anti-AB42, BSA, AP40 (500 pg/ml, 1,000 pg/ml), and AP42
(100 pg/ml) solutions onto the SAM-modified surface of the
WcBiM SPR chip was performed, and the SPR sensorgram for the
control experiment was acquired, as shown in Figure 6. In this
case, the SPR responses to the anti-AB42, BSA, AB40 (500 pg/ml,
1,000 pg/ml), and AP42 (100 pg/ml) solutions were 3.9989%,
0.0308%, 0.0001%, 0.0002% and 0.0093% respectively. When
considering the amount of time required for the sample to flow

0.65

through the fluidic channel from the inlet to the detection spot, the
SPR signals corresponding to AB40 solutions with concentrations
of 500 pg/ml and 1,000 pg/ml were expected to start at 2,650
and 4,200 seconds. It was observed that there was almost no
reflectance change to the AB40 since the SPR response to the
1,000 pg/ml of AP40 (0.0002%) was less than 0.00849%.
Although the AB42 solution had a lower concentration than the
AP40 solution and was injected after the AB40 solution, the SPR
response to the 100 pg/ml of AP42 solution was distinctly
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Figure 5. Calibration curve. Calibration curve of the average SPR response to various Af42 concentrations ranging from 100 pg/ml to 2,000 pg/

ml. The error bars represent the SD of three replicates.
doi:10.1371/journal.pone.0098992.g005
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Figure 6. SPR sensorgram for the control experiment.
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increased. It is verified that the anti-AB42-modified sensor chip
has a high specificity with AB42 and does not react with other
proteins such as AB40.

Compared to the conventional detection methods such as MS
and STM, the SPR sensor with the WcBiM configuration offers
real-time monitoring and label-free detection that reduces time or
cost since it does not require any additional chemical process.
Angular interrogation mode and Au SPR chip has been widely
adopted in the conventional SPR system. However, it has a
limitation for detecting target at trace level concentration. In order
to enhance sensitivity or resolution, the easiest way to modify the
sensor system is change of the materials. Among the SPR detection
schemes, the most effective enhancement in sensitivity or
resolution by changing the materials can occur in the intensity
interrogation mode. The intensity interrogation mode measures
the changed reflectance at fixed incident angle with the steepest
slope in the SPR reflectance curve. As shown in Figure S3, in the
intensity interrogation mode, the narrower line with of SPR
reflectance curve, the larger change in the reflectance. The design
of the WcBiM SPR system was experimentally demonstrated, and
the line width of the reflectance curve of the WcBiM film was
narrower than the line width of the conventional Au film as shown
in the Figure 3. From analysis of biomolecular interaction, the
sensitivity of the WeBiM SPR chip in the intensity interrogation
detection scheme was much higher than that of the single Au SPR
chip [36]. Thus, the SPR sensor with the WcBiM chip in a fixed
angle mode can detect the AB42 around 500 pg/ml of the
concentration, which is critical for diagnosing Alzheimer disease.

Conclusions

In this work, we have investigated the characteristics of the
WeBiM chip for the detection of AB42 in order to diagnose AD.
The line width of the reflectance for the WcBiM chip was
narrower than the line width of the conventional Au chip. Thus,
the reflectance curve of the WcBiM chip has a steeper gradient,
resulting in a significant change in the reflectance to the minute
concentration of the analyte. After appropriate surface modifica-
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tion on the WeBiM SPR chip surface with SAM, anti-AB42 with
high-density was immobilized on the WcBiM SPR chip surface for
the detection of a low concentration of AB42. The SPR responses,
the average changes in the reflectance to the AP42 at the
concentrations of 100 pg/ml, 250 pg/ml, 500 pg/ml, 750 pg/ml,
1,000 pg/ml, and 2,000 pg/ml for three replicates were 0.0111%,
0.0305%, 0.0867%, 0.1712%, 0.3021%, and 0.5577% respective-
ly. It can be concluded that these values were judged to be a
meaningful signal by analyzing the LOD. From linear regression
analysis, the calibration curve of the SPR response to AB42 with a
concentration ranging from of 100 pg/ml to 2,000 pg/ml was
linear. From the control experiment, it is proven that the SPR
sensor system readily distinguished the AB42 from the control
analyte (AB40) due to a specific receptor and its merit of selectivity.
Therefore, the result obtained from the SPR sensor with the
WcBiM chip shows that AB42 can be successfully detected at the
critical concentration (500 pg/ml) needed to diagnose AD. In
addition, the combination of the WcBiM SPR chip with the
proper surface modification in the intensity interrogation detection
scheme is able to provide for the detection of other disease-related
biomarkers.

Supporting Information

Figure S1 SPR reflectance curve for the WcBiM and
bimetallic configurations. The Ag/Au ratio of both config-
urations was equal.

(TIF)

Figure S2 Increment for Anti-Af42 ranging from 10 ng/
ml to 200 pug/ml. Output response to various concentrations of
the ant-AP42 solution for the high-density immobilization
measurement. The change of 10 RU corresponds to 0.001° of
the SPR angle change.

(TIF)

Figure 83 Comparison of the reflectance change in two
SPR reflectance curves. A) Narrower FWHM in the SPR
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reflectance curve. B) Broader FWHM in the SPR reflectance
curve.

(TIF)

References

1.

2.

Ukraintseva S, Sloan F, Arbeev K, Yashin A (2006) Increasing Rates of
Dementia at Time of Declining Mortality From Stroke. Stroke 37: 1155-1159.
Grober E, Hall CB, Lipton RB, Zonderman AB, Resnick SM, et al. (2008)
Memory impairment, executive dysfunction, and intellectual decline in
preclinical Alzheimer’s disease. ] Int Neuropsychol Soc 14: 266-278.

. Humpel C (2011) Identifying and validating biomarkers for Alzheimer’s disease.

Trends Biotechnol 29: 26-32.

. Tothill IE (2009) Biosensors for cancer markers diagnosis. Semin Cell Dev Biol

20: 55-62.

. Bohunicky B, Mousa SA, et al. (2011) Biosensors: the new wave in cancer

diagnosis. Nanotechnol Sci Appl 4: 1-10.

. Pejcic B, Marco RD, Parkinson G (2006) The role of biosensors in the detection

of emerging infectious diseases. Analyst 131: 1079-1090.

. Mascini M, Tombelli S (2008) Biosensors for biomarkers in medical diagnostics.

Biomarkers 13: 637-657.
Suh KS, Park SW, Castro A, Patel H, Blake P, et al. (2010) Ovarian cancer
biomarkers for molecular biosensors and translational medicine. Expert Rev Mol

Diagn 10: 1069-1083.

. Weiner MW, Veitch DP, Aisen PS, Beckett LA, Cairns NJ, et al. (2012) The

Alzheimer’s Disease Neuroimaging Initiative: A review of papers published since
its inception. Alzheimers Dement 8: S1-S68.

. Wilquet V, Strooper BD (2004) Amyloid-beta precursor protein processing in

neurodegeneration. Curr Opin Neurobiol 14: 582-588.

. Butterfield DA, Bush AI (2004) Alzheimer’s amyloid PB-peptide (1-42):

involvement of methionine residue 35 in the oxidative stress and neurotoxicity
properties of this peptide. Neurobiol Aging 25: 563-568.

. Moskovitz J, Maiti P, Lopes DHJ, Oien DB, Attar A, et al. (2011) Induction of

Methionine-Sulfoxide Reductases Protects Neurons from Amyloid B-Protein
Insults in Vitro and in Vivo. Biochemistry 50: 10687-10697.

. Perrin RJ, Fagan AM, Holtzman DM (2009) Multi-modal techniques for

diagnosis and prognosis of Alzheimer’s disease. Nature 461: 916-922.

. Hampel H, Biirger K, Teipel SJ, Bokde ALW, Zetterberg H, et al. (2008) Core

candidate neurochemical and imaging biomarkers of Alzheimer’s disease.
Alzheimer’s & Dementia 4: 38-48.

. Mehta PD, Capone G, Jewell A, Freedland RL (2007) Increased amyloid B

protein levels in children and adolescents with Down syndrome. J Neurol Sci
254: 22-27.

. Oh ES, Mielke MM, Rosenberg PB, Jain A, Fedarko NS, et al. (2010)

Comparison of Conventional ELISA with Electrochemiluminescence Technol-
ogy for Detection of Amyloid-p in Plasma. J Alzheimers Dis 21: 769-773.

. Lame ME, Chambers EE, Blatnik M (2011) Quantitation of amyloid beta

peptides AB1-38, AB1-40, and AB1-42 in human cerebrospinal fluid by ultra-
performance liquid chromatography—tandem mass spectrometry. Anal Biochem
419: 133-139.

. Kang D-Y, Lee J-H, Oha B-K, Choi J-W (2009) Ultra-sensitive immunosensor

for B-amyloid (1-42) using scanning tunneling microscopy-based electrical
detection. Biosens Bioelectron 24: 1431-1436.

. Cooper MA (2003) Label-free screening of bio-molecular interactions. Anal

Bioanal Chem 377: 834-842.

. Fan X, White IM, Shopova SI, Zhu H, Suter JD. Sun Y (2008) Sensitive optical

biosensors for unlabeled targets: A review. Analytica Chimica Acta 620: 8-26.

. Hegnerova K, Bockova M, Vaisocherova H, Kristofikova Z, Ricny J, et al.

(2008) Surface plasmon resonance biosensors for detection of Alzheimer disease
biomarker. Sens Actuator B-Chem 139: 69-73.

PLOS ONE | www.plosone.org

Detection of Amyloid-f42 Using a WcBiM SPR Chip

Author Contributions

Conceived and designed the experiments: YSS YKL. Performed the
experiments: YKL. Analyzed the data: YKL YSS. Contributed reagents/
materials/analysis tools: KSL WMK. Wrote the paper: YKL YSS.

27.

28.

30.

32.

33.

36.

37.

38.

39.

40.

. Ryu J, Joung H-A, Kim M-G, Park CB (2008) Surface pasmon resonance

analysis of alzheimer’s f-amyloid aggregation on a solid surface: from monomers
to fully-grown fibrils. Anal Chem 80: 2400-2407.

Homola ] (2006) Surface Plasmon Resonance Based Sensors,New York:
Springer-Verlag Berlin Heidelberg. 251 p.

. Homola J (2008) Surface Plasmon Resonance Sensors for Detection of Chemical

and Biological Species. Chem Rev 108: 462-493.

. Choi S, Yang Y, Chae J (2008) Surface plasmon resonance protein sensor using

Vroman effect. Biosens Bioelectron 24: 893-899.

5. Englebienne P, Hoonacker AV, Verhas M (2003) Surface plasmon resonance:

principles, methods and applications in biomedical sciences. Spectroscopy 17:
255-273.

Homola J, Yee SS, Gauglitz G (1999) Surface plasmon resonance sensors:
review. Sens Actuator B-Chem 54: 3-15.

Sharma AK, Gupta BD (2007) On the performance of different bimetallic
combinations in surface plasmon resonance based fiber optic sensors. J Appl
Phys 101: 093111.

. Zynio SA, Samoylov AV, Surovtseva ER, Mirsky VM, Shirshov YM (2002)

Bimetallic Layers Increase Sensitivity of Affinity Sensors Based on Surface
Plasmon Resonance. Sensors 2: 62-70.

Sharma AK, Gupta BD (2005) On the sensitivity and signal to noise ratio of a
step-index fiber optic surface plasmon resonance sensor with bimetallic layers.
Opt Commun 245: 159-169.

. Ong BH, Yuan X, Tjin SC, Zhang J, Ng HM (2006) Optimised film thickness

for maximum evanescent field enhancement of a bimetallic film surface plasmon
resonance biosensor. Sens Actuator B-Chem 114: 1028-1034.

Li C-T, Lo K-C, Chang H-Y, Wu H-T, Ho JH, et al. (2012) Ag/Au bi-metallic
film based color surface plasmon resonance biosensor with enhanced sensitivity,
color contrast and great linearity. Biosens Bioelectron 36: 192-198.

Wan Y, Zheng Z, Lu Z, Liu J, Zhu J (2012) Self-referenced sensing based on a
waveguide-coupled surface plasmon resonance structure for background-free
detection. Sens Actuator B-Chem 162: 35-42.

. Lee K-S, Son JM, Jeong D-Y, Lee TS, Kim WM (2010) Resolution

Enhancement in Surface Plasmon Resonance Sensor Based on Waveguide
Coupled Mode by Combining a Bimetallic Approach. Sensors 10: 11390
11399.

. Lee K-S, Lee TS, Kim I, Kim WM (2013) Parametric study on the bimetallic

waveguide coupled surface plasmon resonance sensors in comparison with other
configurations. J Phys D: Appl Phys 46: 125302.

Lee YK, Sohn Y-S, Lee K-S, Kim WM, Lim J-O (2013) Waveguide-coupled
Bimetallic Film for Enhancing the Sensitivity of a Surface Plasmon Resonance
Sensor in a Fixed-angle Mode. J Korean Phys Soc 62: 475-480.

Chien F-C, Chen S-J (2004) A sensitivity comparison of optical biosensors based
on four different surface plasmon resonance modes. Biosens Bioelectron 20:
633-642.

Yuk JS, MacCraith BD, McDonagh C (2011) Signal enhancement of surface
plasmon-coupled emission (SPCE) with the evanescent field of surface plasmons
on a bimetallic paraboloid biochip. Biosens Bioelectron 26: 3213-3218.

Chen Y, Zheng RS, Zhang DG, Lu YH, Wang P, et al. (2011) Bimetallic chips
for a surface plasmon resonance instrument. Appl Optics 50: 387-391.
Viswanathan S, Rani C, Riberio S, Delerue-Matos C (2012) Molecular
imprinted nanoelectrodes for ultra-sensitive detection of ovarian cancer marker.
Biosens Bioclectron 33: 179-183.

June 2014 | Volume 9 | Issue 6 | €98992



