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This research demonstrates the development of a transmission-mode localized surface
plasmon resonance (LSPR) sensor chip using a cuvette cell system for the sensitive
detection of a biomolecule marker such as C-reactive protein (CRP). In order to develop a
highly sensitive LSPR sensor chip, plasmonically active gold nanoparticles (AuNPs) were
decorated onto various transparent substrates in the form of a uniform, high-density
single layer using a self-assembly process. The transparent substrate surface was
modified with amine functional groups via (3-Aminopropyl)triethoxysilane (APTES)
treatment, and the ligand concentration and temperature (0.5% APTES at 60°C) were
then optimized to control the binding energy with AuNPs. The optimized plasmonically
active strip was subsequently prepared by dipping the amine-functionalized substrate
into AuNPs for 8h. The optimized plasmonic strip functionalized with anti-CRP was
transformed into a portable LSPR sensor chip by placing it inside a cuvette cell system,
and its detection performance was evaluated using CRP as a model sample. The
detection limit for CRP using our LSPR sensor chip was 0.01 pg/mL, and the detection
dynamic range was 0.01-10 pg/mL with a %CV of <10%, thus confirming its selectivity
and good reproducibility. These findings illustrate that the highly sensitive portable LSPR
biosensor developed in this study is expected to be widely used in a diverse range of fields
such as diagnosis, medical care, environmental monitoring, and food quality control.

Keywords: plasmon chip, localized surface plasmon resonance (LSPR), portable sensor chip, self-assembly
method, C-reactive protein (CRP)

INTRODUCTION

A biosensor utilizes a biologically recognized functionalized substrate to detect a target molecule
and a detector or reader capable of converting biochemical interactions into physical and/or
chemical signals (Sepulveda et al., 2009). Biosensors have been widely employed in various fields
such as food safety, medical diagnosis, and environmental monitoring, and a large volume of
past research has focused on improving the specificity, affinity, and selectivity of biosensors for
target biomolecules in order to develop portable sensors that are more sensitive and field-ready.
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In particular, label-free optical biosensors have been actively
developed for use in portable sensors due to their simple
structure and the convenient implementation of the resulting
sensor system. In this vein, with the rapid development of
nanotechnology, there has been a growing interest in developing
portable localized surface plasmon resonance (LSPR) sensors.
The principle of LSPR detection is the measurement of
the change in the refractive index that occurs when incident
photons and metal nanoparticles are subject to oscillation
(Willets and Duyne, 2007; Anker et al., 2008). This advantageous
characteristic allows surface states to be monitored and
intermolecular interactions to be analyzed (Li et al., 2018). LSPR
sensors based on novel metal nanoparticles have proven to be an
effective platform for the detection of biological targets, binding
kinetics, and protein conformational changes (Zhao et al., 2006;
Anker et al., 2008; Baciu et al., 2008; Hall et al., 2008). Due
to potential application possibilities for the detection of various
biomolecules based on LSPR, effective plasmonic nanoparticle
design and synthesis has been a particular focus of research. Some
researchers have attempted to synthesize effective plasmonic
particles by employing various metal particles such as Au, Ag,
and HgS (Chen and Lu, 2009; Jia et al, 2013; Chen et al,
2015), and other researchers have manipulated the shape of
nanoparticles along 0-3 dimensions (e.g., nanoprobes, nanorods,
mushrooms, and nanoprisms) in order to enhance plasmonic
signals (Shen et al., 2013; Sanders et al., 2014; Chen et al., 2015;
Zhang et al., 2016). Other studies have reported the development
of sensitive LSPR sensors that utilize different receptor types,
including aptamers, antibodies, peptides, and chemicals, in order
to optimize the selective binding force with the target molecule
(Zhang et al, 2014; Li et al, 2016; Thakur et al, 2017; Lee
etal,, 2018). Despite this past research on plasmonic nanoparticle
synthesis and specific receptor screening (Sefah et al., 2010; Wu
et al., 2016b; Ozgul et al., 2019), there have been few reports
on the optimal methodology for the deposition of plasmonic
nanoparticles (Galush et al., 2009; Hsu et al., 2011; Coskun et al,,
2014; Im et al., 2014) and the fabrication of portable substrates
that can provide stable and reproducible plasmonic signals.
Previously, we reported fabrication of an aptamer-conjugated
portable plasmonic biosensor-based device employing AuNPs
for the sensitive detection of bacterial cells of Salmonella
typhimurium (Oh et al., 2017). However, in this study reported
here, we optimized several parameters to fabricate a stable
and highly sensitive Cys-protein G-functionalized plasmonic
substrate conjugated with anti-CRP for using in a portable
cuvette-based LSPR sensor chip that can be used in the field
diagnosis within a simple transmission-mode optical system for
the detection of CRP blood plasma biomarker. Since plasmon
absorption signals are determined by the interaction between
the substrate on which the gold nanoparticles are deposited and
the incident light, the sensor chip signals are affected by the
material type and the thickness of the transparent substrate.
With this in mind, a total of eight sensor chip substrates,
such as polycarbonate (PC) film, 0.4 mm ordinary glass, 0.5 mm
ordinary glass, 0.4 mm tempered glass, 0.5 mm tempered glass,
0.5mm chemical strengthened glass, slide glass, and cover glass
were employed and optimization experiments were carried out
to determine the optimal plasmonically active substrate for

the LSPR sensor chip. The optimized plasmonic substrate was
employed in the assembly of the portable LSPR sensor chip by
immobilizing it in a disposable plastic cuvette cell system.

In order to verify the performance of the fabricated LSPR
sensor chip, C-reactive protein (CRP), which is a biomarker for
cardiovascular disease and inflammation (Lagrand Wim et al,,
1999; Albrecht et al., 2008; Pultar et al., 2009; Bryan et al., 2013),
was selected as a model sample and the detection characteristics
of the plasmonic substrate were evaluated. We thus established a
method of uniformly depositing gold nanoparticles (AuNPs) on
a transparent substrate in a single layer using a self-assembled
method and placing the substrate in a cuvette cell system to easily
fabricate a portable LSPR sensor chip. Our proposed sensor chip
produced sensitive detection signals for the target CRP sample,
confirming that it can be used in field-based diagnostic detection
for a number of applications (Scheme 1).

MATERIALS AND METHODS

Reagents and Apparatus

Gold(III) chloride trihydrate >99.9% was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Trisodium citrate dehydrate
was purchased from Kanto Chemical Co., Inc. (Japan). (3-
Aminopropyl) triethoxysilane (APTES) >98.0%, bovine serum
albumin (BSA) hemoglobin (Hb), transferrin (TRF), and human
serum albumin (HSA) were purchased from Sigma-Aldrich.
99.5% methyl alcohol was purchased from Samchun Pure
Chemical Co., Ltd. (Korea). All glass substrates were obtained
from CARA Nano Glass Technology (Korea). Cysteine-protein
G was purchased from ProSpec-Tany TechnoGene Ltd. (USA).
Anti-C reactive protein and C-reactive protein were acquired
from Bore Da Biotech Co., Ltd. (Korea). Phosphate buffered
saline (PBS pH 7.4) was prepared using 0.01 M Na,HPO, and
0.01M NaH,PO4. Transmission electron microscopy (TEM)
(JEM2100F, JEOL Ltd., USA) was used to analyze the structure
of the AuNPs. Field emission scanning electron microscopy
(SEM) (FE-SEM, S-4300, Hitachi, Japan) was used to analyze the
structure of the AuNPs and the substrate surface, and a UV-vis
spectrophotometer (V-770, Jasco International Co., Ltd., Japan)
was used for plasmon absorption analysis.

Synthesis of AUNPs

AuNPs were synthesized following the synthesis method
previously reported (Oh et al., 2017) for the production of
plasmonic substrates. First, 150 mL of 2.2 mM sodium citrate
solution was heated to 100°C under rapid stirring for 15 min.
When the solution began to boil, 1 mL of 25 mM HAuCly was
added, and 3mL of the solution was removed after 10 min.
After Au seed synthesis, the temperature was lowered to 90°C.
After adding 1 mL of 25 mM HAuCly and stirring for 30 min,
55 mL of the solution was removed, and 53 mL of distilled water
and 2mL of 60 mM sodium citrate solution were added to the
remaining solution, followed by stirring for 20 min. After this,
1 mL of 25 mM HAuCl, was added, and the mixture was stirred
for 30 min. Another 1mL of 25mM HAuCly; was added and
the mixture stirred again for 30 min to produce AuNPs of a
predetermined size (Figure 1, Figure S1).
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Fabrication of Cuvette-Type LSPR Sensor
Chip

Development of Plasmonically Active Strips With
Various Transparent Substrates

In order to determine the optimal substrate for LSPR sensor
chip fabrication, various glass substrates (0.4mm ordinary
glass, 0.5mm ordinary glass, 0.4 mm tempered glass, 0.5 mm
tempered glass, 0.5mm chemically strengthened glass, slide
glass, and cover glass) were coated with AuNPs and the
plasmon absorbance was then measured and analyzed. Each
glass substrate was soaked in methanol and ultrasonic cleaned
for 20min to remove dust and foreign substances on the
glass substrate, followed by washing three times with distilled

water to remove the remaining methanol. The glass substrate
was subsequently immersed in a 0.5% APTES solution and
reacted at 60°C for 1h. Any APTES that had not bound
to the glass substrate was rinsed off with distilled water,
and the glass substrate was immersed in the AuNPs solution
for 16h (Figures S2, S3). The glass substrate was then rinsed
with water and the absorbance measured using a UV-
vis spectrophotometer.

Optimization of APTES Concentration on the
Plasmonically Active Strips

To analyze the effect of APTES concentration on the detection
ability of plasmonically active strips, the glass substrate was

Step 1. Fabrication of LSPR sensor chip

Cleaned glass
substrate

Step 2. Detection of CRP

Washing
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SCHEME 1 | Schematic illustration of the anti-CRP-based LSPR sensor chip for CRP detection.

LSPR sensor
chip

AuNPs solution

)
NS

T r-py Erae ¢t
& & N 2N & & 4

> Anti-CRP

0.40 520 nm B

0.351
0.30
0254 ..
0.20€™
0.151
0.10
0.05-

AuNP size
16+1.6 nm

Absorbance

Number of particl
8 883

=

13 14 15 16 17 18 19 20 21 22 23 24
Diameter (nm)

0.00 ; : ; . : :
400 450 500 550 600 650 700
Wavelength (nm)

FIGURE 1 | (A) UV-vis spectra and (B) TEM image of the synthesized AUNPs.
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first immersed in methanol and sonicated for 20 min to clean
it, and the remaining methanol was removed by washing the
substrate with distilled water three times. The glass substrate
was then immersed in various concentrations of APTES solution
(0, 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, and 2%)
and reacted at 60°C for 1 h. Any APTES not bound to the glass
substrate was removed and the substrate was then immersed
in the AuNP solution for 16h. The absorbance of the glass
substrates fabricated using different concentrations of APTES
was measured using a UV-vis spectrophotometer.

Optimization of APTES Reaction Temperature and
Dipping Time for Gold Nanoparticles Solution

After the optimal concentration of APTES had been determined,
the deposition efficiency and plasmonic properties of the
AuNPs on the substrate were evaluated according to reaction
temperature and time. The glass substrate was immersed in an
APTES solution prepared at a concentration of 0.5%, and the
AuNP deposition efficiency was analyzed for the temperature
range 30-70°C at intervals of 10°C. After the ideal APTES
functionalization conditions had been determined for the glass
substrate (0.5% APTES at 60°C for 1h), additional experiments
were performed to determine the optimal self-assembly reaction
time (2, 4, 6, 8, or 10 h) for the deposition of a high density, single
layer of AuNPs with amine functional groups on the substrate.

pH Test for Stabile Interaction of Anti-CRP on the
Plasmonically Active Strips

Plasmonically active strips prepared in this study were reacted
for 15min in PBS buffer solution at different pH values (pH
6, 6.8, 7.4, 7.8, 8.5, 9.5) and the plasmon absorption spectra
were confirmed by UV-vis spectrophotometer. In order to
determine the optimum active pH condition for anti-CRP, the
chip was reacted under the same conditions as above in PBS
buffer of various pH including anti-CRP (10 pg/mL), and the
difference in the absorption plasmon spectrum depending on the
reaction between the plasmonically active strip and anti-CRP was
evaluated (Meyer et al., 2007).

CRP Detection Assay Using a LSPR Sensor
Chip

Optimization of Cysteine-Protein G and Antibody
Binding Affinity Assays

In order to evaluate the detection performance of the
fabricated LSPR sensor chip, surface functionalization was
analyzed in the detection of the antigen-antibody reaction
for the target molecule CRP. For the stable immobilization
of the CRP antibody, cysteine-protein G (Cys-protein G)
was diluted in PBS solution at three concentrations (1, 10,
and 100 pg/mL). For each of the Cys-protein G solutions,
500 pL was added to the LSPR chip and reacted at
room temperature for 10min. To remove unbound Cys-
protein G, the LSPR sensor chip was washed twice with
PBS and then scanned from 400 to 700nm with a UV-
vis spectrophotometer.

CRP Detection Using LSPR Sensor Chip Formats

A 10 pg/mL Cys-protein G-functionalized LSPR chip was reacted
with various concentrations (0, 0.01, 0.1, 1, 10, and 100 pg/mL)
of anti-CRP (anti-C reactive protein) at room temperature for
10min and washed twice with PBS. The reaction was blocked
using 1% BSA for 30 min to remove noise due to the non-specific
binding of the sample, and scanned from 400 to 700 nm with a
UV-vis spectrophotometer. The CRP samples were prepared at
various concentrations (0, 0.001, 0.01, 0.1, 1, 10, and 100 p.g/mL),
and the detection performance was evaluated using the antibody-
functionalized LSPR sensor chip.

Specific Detection of CRP

To confirm the interference effect of the antibody-functionalized
LSPR sensor, sample solutions of different proteins and/or
antibodies, such as Hb, TRE HSA, CRP, and mixed sample
conditions (Hb+TRF+HSA+CRP) were prepared at a
concentration of 0.1pg/mL. The LSPR sensor chip was
reacted for 15min in a sample solution prepared by various
combinations of interference samples, and the selective binding
was measured with a UV-vis spectrometer.

RESULTS AND DISCUSSION

Fabrication of Plasmonically Active Strips

for a Cuvette-Based LSPR Sensor Chip
Plasmon Absorption Characteristics of Various
Transparent Substrates

In this study, we developed a portable LSPR sensor chip
with strong potential as a field detection device by optimizing
the binding characteristics between plasmonic AuNPs and a
transparent substrate. In a transmission-mode LSPR sensor chip,
the plasmonic substrate on which AuNPs are deposited efficiently
produces resonance phenomena depending on the incident light
and the physical reaction conditions, such as the material type
and thickness of the substrate, thus generating changes in the
plasmon absorption spectrum that can act as a detection signal.

The characteristics of AuNPs synthesized in this study were
analyzed by UV-vis spectrophotometer and TEM. Figure 1A
shows the absorption spectra of the prepared AuNPs. The
synthesized AuNPs showed an intrinsic absorption spectrum
(“max) at 520 nm (Ghosh and Chattopadhyay, 2013), and it was
confirmed by TEM analysis that AuNPs with a size of 16 +
1.16 nm were synthesized. As can be seen in Figure 1B, the lattice
spacing was 0.23 nm, which corresponds to the (111) plane of the
gold cubic phase, indicating that the AuNPs were synthesized as
expected (Islam et al., 2015).

In this study, transmission-mode LSPR sensor chips were
fabricated by depositing AuNPs on a plastic or glass substrate.
In order to select the most suitable transparent substrate for the
LSPR sensor chip, seven types of glass substrate were employed
that differed in either material type or thickness (0.4 mm ordinary
glass, 0.5mm ordinary glass, 0.4 mm tempered glass, 0.5mm
tempered glass, chemically 0.5 mm strengthened glass, slide glass,
and cover glass). The plasmonic nanoparticles were deposited at
a high density using a self-assembly process between the amine
functional groups of the APTES-immobilized glass substrate and
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the AuNPs. As shown by the SEM images in Figure 2, the AuNPs
were uniformly and densely coated on the PC film and all of the
glass substrate types.

To evaluate the feasibility of using a transparent substrate
deposited with AuNPs as an LSPR sensor chip, the plasmon
absorption spectra were compared using a UV-vis spectrometer
with a scanning range of 400-700nm. To ensure the high
reproducibility of absorbance measurements and to enable the
fabrication of an on-site sensor, each transparent substrate
was inserted into a disposable plastic cuvette cell (1 mL) for
support to produce a portable sensor chip. In this way, it was
possible to fabricate a sensor chip with a high-density layer
of AuNPs on all of the transparent substrates under optimal
conditions, but the plasmon absorption characteristics differed
for each substrate. The thin-walled flexible PC film exhibited
the weakest absorption characteristics (data not shown), which
was ascribed to the scattering of light due to microscopic bends
and the loss of light due to its lower planarity compared to
the glass substrates. It was confirmed that the thinner the glass
substrate, the higher the absorbance (Figures 2a,b). However,
the cover glass, which has the highest absorbance, had low
durability because it was too thin, and succeeded in making the

portable LSPR sensor chip <50% in the process of assembling
the cuvette-based sensor chip. In contrast, with its excellent
plasmon absorption characteristics and high fabrication success
rate of over 99%, 0.5mm chemical strengthened tempered
glass was selected as the optimal substrate for the proposed
portable sensor.

Effect of APTES Ligand Concentration on the
Fabrication of Plasmonically Active Strips

Based on the previous experimental results, the chemically
tempered 0.5 mm glass substrate was used as the transparent strip
in the proposed LSPR sensor chip. Several sets of experiments
were then conducted to optimize the plasmonically active
substrate through the deposition of AuNPs. In the first step,
experiments were performed to optimize the immobilization
of amine functional groups on the transparent substrate by
varying the concentration of APTES, which serves as a linking
molecule between the glass strip and the AuNPs. APTES is an
aminosilane, which is a linker that plays an important role in
the silane bonding with the OH-group of the glass substrate
and the amine group bonding with the nanoparticles so that
the nanoparticles can be uniformly coated on the glass substrate
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1 ——Coverglass
~—— Chemical strengthened glass 0.5 mm
—— Tempered glass 0.5 mm

| —— Ordinary glass 0.4 mm

0.00 { — Ordinary glass 0.5 mm
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FIGURE 2 | Optimization of the LSPR sensor chip. (a,b) Optimization of the glass substrate. (c=f) SEM images of immobilized gold nanoparticles on 0.5 mm ordinary
glass, 0.5 mm tempered glass, 0.5mm chemical strengthened glass, and cover glass. (g) Optical image of AuNP-coated glass (from left, PC film, 0.4 mm ordinary
glass, 0.5 mm ordinary glass, 0.4 mm tempered glass, 0.5 mm tempered glass, 0.5 mm chemical strengthened glass, slide glass, and cover glass).
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(Agnihotri et al., 2013). The self-assembly reaction proceeds
through electrostatic interactions between positively charged
amine groups of functionalized APTES on the glass substrate
and negatively charged AuNPs (Nath and Chilkoti, 2004). To
determine the optimal concentration of APTES, concentrations
of 0, 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, and
2% were tested. After modifying the substrate with the amine
functional groups, the plasmon absorption spectra of the AuNP-
coated LSPR chip were measured.

As shown in Figures 3A,B, the absorbance of the LSPR
sensor chip for APTES concentrations up to 0.001% was 0.0117,
which was not significantly different from the absorbance of
a blank glass substrate (0.0051). The absorbance started to
gradually increase at an APTES concentration of 0.005%, with
the sharpest increase at a concentration of 0.1% (0.1866).
There was only a slight increase at a concentration of 0.5%
concentration, followed by an almost unchanged absorbance
up until a concentration of 2%. The SEM images in Figure 4
correspond with these plasmon absorption spectra results.
As expected, only a few AuNPs were observed on the
glass substrate with 0.05% APTES, while the AuNPs were
deposited most uniformly and densely at a concentration
of 0.5%. Based on these experimental results, 0.5% APTES
was selected as the optimal concentration for the proposed
sensor chip.

Effect of APTES Reaction Temperature on the
Plasmonically Active Strips

It was confirmed that the degree of immobilization of the
AuNPs on the glass substrate was affected by the APTES reaction
temperature. To determine the optimal reaction temperature
for the binding and immobilization efficiency of APTES,
experiments were conducted for temperatures from 30 to 70°C.
As can be seen in Figures 3C,D, the plasmon absorbance
continued to increase from 30 to 60°C, reaching an absorbance
of 0.208. At 70°C, however, the absorbance decreased slightly to
0.207, with a large standard deviation. This is because the APTES
was sufficiently functionalized on the substrate surface at 60°C,
and raising the temperature to 70°C led to interference and the
aggregation of AuNPs due to steric hindrance between the high-
density amine functional groups. Therefore, the optimal APTES
reaction temperature for the fabrication of the LSPR sensor chip
was set at 60°C.

Effect of AUNP Dipping Time on the Plasmonically
Active Strips

The stable deposition of the AuNPs on the substrate was analyzed
by dipping the functionalized glass substrate into the AuNP
solution for different lengths of time. The amine functional
groups on the glass substrate and AuNPs underwent a self-
assembly reaction to produce a uniform, single layer of AuNPs

FIGURE 3 | Optimization of APTES conditions on the chemically strengthened glass. (A) UV-vis spectra by APTES concentration. (B) Absorbance by APTES
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FIGURE 4 | SEM images of immobilized AuNPs on chemically strengthened glass for APTES concentrations of (a) 0%, (b) 0.005%, (c) 0.01%, (d) 0.05%, (e) 0.1%,

and (f) 0.5%.
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FIGURE 5 | Optimization of the dipping time of the APTES-immobilized glass substrate in the AUNP solution. (a) UV-vis spectrum of dipping time. (b) Absorbance of

dipping time. (c-e) SEM images for different dipping times (from left: 2, 4, and 6 h).
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on the plasmonically active strip, which was then used to
fabricate a cuvette-based LSPR sensor in the same manner as
described above and assessed with absorbance spectroscopy and
SEM (Figure 5). As shown in the Figures 5c-e, the absorbance
increased rapidly up to a dipping time of 4 h, before reaching
an absorbance of 0.271 after 8 h. The SEM analysis revealed that
AuNPs were completely deposited on the surface of the glass

substrate after 8 h. Therefore, the optimal dipping reaction time
was determined to be 8 h.

Effect of pH on the Plasmonically Active Strips

The stability of the LSPR sensor prepared in this study
was evaluated in PBS solution with various pH values
ranging from pH 6.0-9.5 (Meyer et al, 2007). As shown
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in Figure 6A, when the absorbance value of LSPR sensor  (—0.0006) occurred only marginally, confirming that the LSPR
was measured in 0.1 M PBS buffer at various pH conditions,  sensor developed in this study has excellent stability against
the change in absorbance value was the smallest at pH 6. pH. In addition, when the absorbance value was measured
In addition, even at pH 6.8, which showed the greatest by reacting the plasmonically active chip with anti-CRP
change, the change of absorbance at the fourth decimal place (10 g/mL) in PBS solution of different pH (Figure 6B), it was
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FIGURE 6 | (A) Stability test of LSPR sensor chip under various pH conditions. (B) Determination of pH condition in PBS buffer for optimizing antibody reaction of
LSPR sensor chip.
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confirmed that the highest binding force was provided in PBS
buffer at pH 7.4.

Selective CRP Detection Using the

Antibody-Functionalized LSPR Sensor

CRP Detection Using an Antibody-Functionalized
LSPR Sensor Chip

In order to evaluate the detection characteristics of the
transmission-mode LSPR sensor chip developed in this study,
CRP was selected as a model sample and detection experiments
were conducted based on the antigen-antibody reaction
(Figure 7D). Cys-protein G was immobilized on the fabricated
plasmonic strip in order to functionalize antibodies capable of
selectively capturing CRP. To determine the appropriate ligand
concentration, various concentrations of Cys-protein G (0, 1, 10,
and 100 pg/mL) were reacted with the LSPR chip and the change
in absorbance was monitored. As expected, the absorbance
increased as the concentration of the ligand increased, and
10 pg/mL, which produced the sharpest increase in absorbance,
was determined to be the optimal concentration (Figure 7A).

Prior to the binding reaction between the ligand-
functionalized chip and the antibody, blocking with 1%
BSA was carried out for 30min to prevent the non-specific
reaction of the antibody, and experiments were then performed
to optimize the antibody concentration for a range of 0-
100 pg/mL (Figure 7B). Cys-protein G and anti-CRP bind
to each other by electrostatic and hydrophobic interactions
between the protein G and Fc (Kato et al, 1995), so that
anti-CRP can be stably functionalized on the LSPR sensor chip
and simultaneously detect CRP. As shown in Figure 7B, the
change in absorbance was the greatest in the region where
the antibody concentration increased from 1 to 10 pg/mL, so
the antibody concentration of 10pg/mL was determined to
be the optimal concentration for the detection of CRP in this
study (Kim et al., 2013).

The optimized cuvette-based LSPR sensor chip was
functionalized with the antibody and its detection performance
was then monitored for different concentrations of CRP from 0
to 100 pg/mL. As shown in Figure 7C, the detection limit (LOD)
for CRP using the proposed LSPR sensor chip was 11.28 ng/mL
whereas the detection range was 0.001-10 pg/mL. Within this
dynamic range, the linearity was 0.9964 and the reproducibility
was high for 6 or more repeated experiments, and the limit
of quantitation (LOQ) was 34.20 ng/mL. LOD and LOQ were
calculated from the equations given below (Robouch et al., 2016):

Sy
Xrop = 3.9 X E (1)
LOQ = 3.3 x x10p (2)

xrop is Limit of detection, s, is Standard deviation, and b is Slope
of the calibration curve.

Specific Binding of CRP Using the
Antibody-Functionalized LSPR Sensor

In order to evaluate the interference effect from the mixed sample
(Hb+TRF+HSA+CRP) with the anti-CRP functionalized LSPR

sensor, selective detection, and cross-reactivity to CRP were
performed (Figure8; Ji et al, 2016; Wu et al, 2016a).
Our LSPR sensor showed a slight decrease in absorbance
of CRP from 0.1pg/mL concentration of mixed sample
solution (Hb+TRF+HSA+CRP) compared to CRP single
control sample, but no specificity for other proteins. LSPR
sensor was statistically verified for CRP selectivity (p <0.01)
and coeflicient of variation (%CV) was calculated to confirm
its reproducibility. All the experiments were repeated six times
under the same condition. The CV should not exceed 20%
when performing 10 sample replicates (Reed et al., 2002), and
the CV of LSPR sensor yielded a satisfactory precision of
<10% (Venosa et al., 2002). Based on these results, we verified
that our LSPR sensor can selectively detect CRP under mixed
sample conditions.

CONCLUSIONS

In this study, we optimized the fabrication of plasmonically
active strips using various transparent substrates and developed
a cuvette-based LSPR sensor chip for possible field-ready
applications such as point-of-care testing. AuNPs were uniformly
deposited at a high density under various ligand concentrations
and reaction times on the substrates. Using plasmon absorption
spectrum analysis, chemically tempered glass was selected
as the optimal substrate for the transmission-mode LSPR
sensor chip, with 0.5% APTES functionalized on the glass
substrate at 60°C for 1h. Subsequently, AuNPs were uniformly
deposited onto the substrate surface via dipping for 8h
to produce the final plasmonically active strip. A portable
transmission-mode antibody-functionalized LSPR chip was
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FIGURE 8 | Specificity of anti-CRP functionalized LSPR sensor for the
detection of CRP. The selective detection and cross-reactivity to CRP were
performed from 0.1 wg/mL complex mixture of proteins
(Hb+TRF+HSA+CRP). All experiments were conducted at least in six
measurements, and data represent the mean + standard deviation. The
coefficient of variation (%CV) was below 10%, and “LSPR sensitivity was
statistically significant for CRP at p <0.01.
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then produced by immobilizing the plasmonic strip within
a disposable cuvette cell. The detection performance of the
LSPR sensor chip developed in this study was evaluated
using CRP as a model sample. Based on the antigen-
antibody reaction, changes in the plasmon absorption spectrum
of the LSPR sensor were measured to detect CRP. After
10 ug/mL Cys-protein G had been bound to the plasmonic
strip, it was functionalized with an antibody at 10pg/mL.
The detection sensitivity of the sensor chip was evaluated
for various CRP concentrations, with the low detection limit
of 0.001 ng/mL confirming the superiority of the detection
platform developed in this study. The LSPR chip detection
platform developed in this study thus offers a new direction
for portable sensors that can be used in various fields
such as medical diagnosis, environmental monitoring, and
food safety.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

REFERENCES

Agnihotri, S., Mukherji, S., and Mukherji, S. (2013). Immobilized silver
nanoparticles enhance contact killing and show highest efficacy: elucidation
of the mechanism of bactericidal action of silver. Nanoscale 16, 7328-7340.
doi: 10.1039/¢3nr00024a

Albrecht, C., Kaeppel, N., and Gauglitz, G. (2008). Two immunoassay formats for
fully automated CRP detection in human serum. Anal. Bioanal. Chem. 5:1845.
doi: 10.1007/s00216-008-2093-x

Anker, J. N, Hall, W. P., Lyandres, O., Shah, N. C., Zhao, J., and Van Duyne,
R. P. (2008). Biosensing with plasmonic nanosensors. Nat. Mater. 7, 442-453.
doi: 10.1038/nmat2162

Baciu, C. L., Becker, J., Janshof, A., and Sonnichsen, C. (2008). Protein-membrane
interaction probed by single plasmonic nanoparticles. Nano Lett. 6, 1724-1728.
doi: 10.1021/n10808051

Bryan, T., Luo, X, Bueno, P. R, and Davis, J. J. (2013). An optimised
electrochemical biosensor for the label-free detection of C-reactive protein in
blood. Biosens. Bioelectron. 1, 94-98. doi: 10.1016/j.bios.2012.06.051

Chen, S., Tang, J., Kuang, Y., Fu, L., Ma, F,, and Yang, Y. (2015). Selective
deposition of HgS at the corner sites of triangular silver nanoprism and its
tunable LSPR for colorimetric Hg?>* detection. Sens. Actuat. B Chem. 221,
1182-1187. doi: 10.1016/j.snb.2015.07.083

Chen, Y.-Q., and Lu, C.-J. (2009). Surface modification on silver nanoparticles
for enhancing vapor selectivity of localized surface plasmon resonance
sensors. Sens. Actuat. B Chem. 2, 492-498. doi: 10.1016/j.snb.2008.
09.030

Coskun, A. F,, Cetin, A. E., Galarreta, B. C,, Alvarez, D. A., Altug, H., and Ozcan,
A. (2014). Lensfree optofluidic plasmonic sensor for real-time and label-free
monitoring of molecular binding events over a wide field-of-view. Sci. Rep.
4:6789. doi: 10.1038/srep06789

Galush, W. J,, Shelby, S. A., Mulvihill, M. J., Tao, A., Yang, P., and Groves, J. T.
(2009). A nanocube plasmonic sensor for molecular binding on membrane
surfaces. Nano Lett. 5, 2077-2082. doi: 10.1021/n1900513k

Ghosh, D., and Chattopadhyay, N. (2013). Gold nanoparticles: acceptors for
efficient energy transfer from the photoexcited fluorophores. Opt. Photon. J. 3,
18-26. doi: 10.4236/0pj.2013.31004

Hall, W. P., Anker, J. N,, Lin, Y., Modica, J., Mrksich, M., and Van Duyne,
R. P. (2008). A calcium-modulated plasmonic switch. J. Am. Chem. Soc. 18,
5836-5837. doi: 10.1021/ja7109037

AUTHOR CONTRIBUTIONS

The manuscript has been written and composed by SO and NH
with the assistance of all other authors. Materials preparation
and all experimental work were performed by SO, NH, S-CJ,
and GO under guidance of YC and YH. VB and SO revised
the manuscript. Data processing was performed by SO, NH,
S-CJ, and GO based on the experiments. All authors reviewed
the manuscript.

FUNDING

This research was supported by Main Research Program
(E0187303-02) of the Korea Food Research Institute (KFRI)
funded by the Ministry of Science and ICT.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2019.00299/full#supplementary-material

Hsu, C.-Y., Huang, ].-W., and Lin, K.-J. (2011). High sensitivity and selectivity of
human antibody attachment at the interstices between substrate-bound gold
nanoparticles. Chem. Commun. 3, 872-874. doi: 10.1039/COCC04168H

Im, H., Shao, H., Park, Y. L, Peterson, V. M., Castro, C. M., and Weissleder,
R. (2014). Label-free detection and molecular profiling of exosomes with a
nano-plasmonic sensor. Nat. Biotechnol. 32, 490-495. doi: 10.1038/nbt.2886

Islam, M. T., Molugu, S. K., Cooke, P. H., and Noveron, J. C. (2015).
Fullerene stabilized gold nanoparticles. New J. Chem. 8, 5923-5926.
doi: 10.1039/C5NJ01367D

Ji, T., Liu, D, Liu, F,, Li, J., Ruan, Q., and Song, Y. (2016). A pressure-based
bioassay for the rapid, portable and quantitative detection of C-reactive protein.
Chem. Commun. 54, 8452-8454. doi: 10.1039/C6CC03705D

Jia, K., Bijeon, J.-L., Adam, P.-M., and Ionescu, R. E. (2013). Large scale
fabrication of gold nano-structured substrates via high temperature annealing
and their direct use for the LSPR detection of atrazine. Plasmonics 1, 143-151.
doi: 10.1007/s11468-012-9444-3

Kato, K., Lian, L.-Y., Barsukov, I. L., Derrick, J. P., Kim, H., and Tanaka, R. (1995).
Model for the complex between protein G and an antibody Fc fragment in
solution. Structure 1, 79-85. doi: 10.1016/S0969-2126(01)00136-8

Kim, C.-H., Ahn, J.-H., Kim, J.-Y., Choi, J.-M., Lim, K.-C., and Jung Park, T.
(2013). CRP detection from serum for chip-based point-of-care testing system.
Biosens. Bioelectron. 41, 322-327. doi: 10.1016/j.bios.2012.08.047

Lagrand Wim, K., Visser Cees, A., Hermens Willem, T., Niessen Hans, W. M.,
Verheugt Freek, W. A., and Wolbink, G.-J. (1999). C-Reactive protein as a
cardiovascular risk factor. Circulation 1,96-102. doi: 10.1161/01.CIR.100.1.96

Lee, N., Jang, H.-S., Lee, M., Kim, Y.-O., Cho, H.-J., and Jeong, D. H.
(2018). Au ion-mediated self-assembled tyrosine-rich peptide nanostructure
embedded with gold nanoparticle satellites. J. Indus. Eng. Chem. 64, 461-466.
doi: 10.1016/j.jiec.2018.04.007

Li, S, Liu, J.,, Lu, Y., Zhu, L., Li, C., and Hu, L. (2018). Mutual promotion
of electrochemical-localized surface plasmon resonance on nanochip
for sensitive sialic acid detection. Biosens. Bioelectron. 117, 32-39.
doi: 10.1016/j.bi0s.2018.05.062

Li, Y., Zhang, Y., Zhao, M., Zhou, Q., Wang, L., and Wang, H. (2016). A
simple aptamer-functionalized gold nanorods based biosensor for the sensitive
detection of MCF-7 breast cancer cells. Chem. Commun. 20, 3959-3961.
doi: 10.1039/C6CC01014H

Meyer, M. H. F., Hartmann, M., Krause, H.-J., Blankenstein, G., Mueller-
Chorus, B., and Oster, J. (2007). CRP determination based on a novel

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

November 2019 | Volume 7 | Article 299


https://www.frontiersin.org/articles/10.3389/fbioe.2019.00299/full#supplementary-material
https://doi.org/10.1039/c3nr00024a
https://doi.org/10.1007/s00216-008-2093-x
https://doi.org/10.1038/nmat2162
https://doi.org/10.1021/nl080805l
https://doi.org/10.1016/j.bios.2012.06.051
https://doi.org/10.1016/j.snb.2015.07.083
https://doi.org/10.1016/j.snb.2008.09.030
https://doi.org/10.1038/srep06789
https://doi.org/10.1021/nl900513k
https://doi.org/10.4236/opj.2013.31004
https://doi.org/10.1021/ja7109037
https://doi.org/10.1039/C0CC04168H
https://doi.org/10.1038/nbt.2886
https://doi.org/10.1039/C5NJ01367D
https://doi.org/10.1039/C6CC03705D
https://doi.org/10.1007/s11468-012-9444-3
https://doi.org/10.1016/S0969-2126(01)00136-8
https://doi.org/10.1016/j.bios.2012.08.047
https://doi.org/10.1161/01.CIR.100.1.96
https://doi.org/10.1016/j.jiec.2018.04.007
https://doi.org/10.1016/j.bios.2018.05.062
https://doi.org/10.1039/C6CC01014H
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Ohetal.

LSPR Sensor for CRP Detection

magnetic biosensor. Biosens. Bioelectron. 6, 973-979. doi: 10.1016/j.bios.2006.
04.001

Nath, N., and Chilkoti, A. (2004). Label-free biosensing by surface plasmon
resonance of nanoparticles on glass: optimization of nanoparticle size. Anal.
Chem. 18, 5370-5378. doi: 10.1021/ac049741z

Oh, S. Y., Heo, N. S., Shukla, S., Cho, H.-J., Vilian, A. T. E., and Kim, J. (2017).
Development of gold nanoparticle-aptamer-based LSPR sensing chips for the
rapid detection of Salmonella typhimurium in pork meat. Sci. Rep. 1:10130.
doi: 10.1038/s41598-017-10188-2

Ozgul, S., von Daake, S., Kakehi, S., Sereni, D., Denissova, N., and Hanlon,
C. (2019). An ELISA-based screening platform for ligand-receptor discovery.
Methods Enzymol. 615, 453-475. doi: 10.1016/bs.mie.2018.10.001

Pultar, J., Sauer, U., Domnanich, P., and Preininger, C. (2009). Aptamer—antibody
on-chip sandwich immunoassay for detection of CRP in spiked serum. Biosens.
Bioelectron. 5, 1456-1461. doi: 10.1016/j.bios.2008.08.052

Reed, G. F,, Lynn, F., and Meade, B. D. (2002). Use of coefficient of variation
in assessing variability of quantitative assays. Clin. Diagn. Lab. Immunol. 6,
1235-1239. doi: 10.1128/CDLI.9.6.1235-1239.2002

Robouch, P., Stroka, J., Haedrich, J., Schaechtele, A., and Wenzl, T. (2016).
Guidance Document on the Estimation of LOD and LOQ for Measurements
in the Field of Contaminants in Feed and Food. Luxembourg: Publications
Office of the European Union; Joint Research Center of European Commission.
doi: 10.2787/8931

Sanders, M., Lin, Y., Wei, J., Bono, T., and Lindquist, R. G. (2014). An enhanced
LSPR fiber-optic nanoprobe for ultrasensitive detection of protein biomarkers.
Biosens. Bioelectron. 61, 95-101. doi: 10.1016/j.bios.2014.05.009

Sefah, K., Shangguan, D., Xiong, X., O’'Donoghue, M. B., and Tan, W. (2010).
Development of DNA aptamers using Cell-SELEX. Nat. Protoc. 5, 1169-1185.
doi: 10.1038/nprot.2010.66

Sepulveda, B., Angelomé, P. C. Lechuga, L. M., and Liz-Marzan, L.
M. (2009). LSPR-based nanobiosensors. Today 3, 244-251.
doi: 10.1016/j.nantod.2009.04.001

Shen, Y., Zhou, J., Liu, T., Tao, Y., Jiang, R., and Liu, M. (2013). Plasmonic gold
mushroom arrays with refractive index sensing figures of merit approaching
the theoretical limit. Nat. Commun. 4:2381. doi: 10.1038/ncomms3381

Thakur, A., Qiu, G., Ng, S.-P., Guan, J., Yue, J., and Lee, Y. (2017). Direct detection
of two different tumor-derived extracellular vesicles by SAM-AuNIs LSPR
biosensor. Biosens. Bioelectron. 94, 400-407. doi: 10.1016/j.bios.2017.03.036

Nano

Venosa, A. D, King, D. W, and Sorial, G. A. (2002). The baffled
flask test for dispersant effectiveness: a round robin evaluation of
reproducibility and repeatability. Spill Sci. Technol. Bull. 5, 299-308.
doi: 10.1016/S1353-2561(02)00072-5

Willets, K. A, and Duyne, R P. V. (2007). Localized surface
plasmon resonance spectroscopy and sensing. Annu. Rev. Phys.
Chem. 1,  267-297. doi: 10.1146/annurev.physchem.58.032806.
104607

Wu, B, Jiang, R., Wang, Q., Huang, J., Yang, X., and Wang, K. (2016a). Detection
of C-reactive protein using nanoparticle-enhanced surface plasmon resonance
using an aptamer-antibody sandwich assay. Chem. Commun. 17, 3568-3571.
doi: 10.1039/C5CC10486F

Wu, C.-H., Liu, L J, Lu, R-M. and Wu, H.-C. (2016b). Advancement

and  applications  of  peptide phage display technology in
biomedical science. J. Biomed. Sci. 1:8. doi: 10.1186/s12929-016-
0223-x

Zhang, D., Zhang, Q., Lu, Y., Yao, Y., Li, S, and Jiang, J. (2016). Peptide
functionalized nanoplasmonic sensor for explosive detection. Nanomicro Lett.
1, 36-43. doi: 10.1007/s40820-015-0059-z

Zhang, Z., Chen, Z., Qu, C., and Chen, L. (2014). Highly sensitive visual detection
of copper ions based on the shape-dependent LSPR spectroscopy of gold
nanorods. Langmuir 12, 3625-3630. doi: 10.1021/1a500106a

Zhao, J., Das, A., Zhang, X., Schatz, G. C,, Sligar, S. G., and Van Duyne, R.
P. (2006). Resonance surface plasmon spectroscopy: low molecular weight
substrate binding to cytochrome P450. J. Am. Chem. Soc. 34, 11004-11005.
doi: 10.1021/ja0636082

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Oh, Heo, Bajpai, Jang, Ok, Cho and Huh. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

November 2019 | Volume 7 | Article 299


https://doi.org/10.1016/j.bios.2006.04.001
https://doi.org/10.1021/ac049741z
https://doi.org/10.1038/s41598-017-10188-2
https://doi.org/10.1016/bs.mie.2018.10.001
https://doi.org/10.1016/j.bios.2008.08.052
https://doi.org/10.1128/CDLI.9.6.1235-1239.2002
https://doi.org/10.2787/8931
https://doi.org/10.1016/j.bios.2014.05.009
https://doi.org/10.1038/nprot.2010.66
https://doi.org/10.1016/j.nantod.2009.04.001
https://doi.org/10.1038/ncomms3381
https://doi.org/10.1016/j.bios.2017.03.036
https://doi.org/10.1016/S1353-2561(02)00072-5
https://doi.org/10.1146/annurev.physchem.58.032806.104607
https://doi.org/10.1039/C5CC10486F
https://doi.org/10.1186/s12929-016-0223-x
https://doi.org/10.1007/s40820-015-0059-z
https://doi.org/10.1021/la500106a
https://doi.org/10.1021/ja0636082
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Development of a Cuvette-Based LSPR Sensor Chip Using a Plasmonically Active Transparent Strip
	Introduction
	Materials and Methods
	Reagents and Apparatus
	Synthesis of AuNPs
	Fabrication of Cuvette-Type LSPR Sensor Chip
	Development of Plasmonically Active Strips With Various Transparent Substrates
	Optimization of APTES Concentration on the Plasmonically Active Strips
	Optimization of APTES Reaction Temperature and Dipping Time for Gold Nanoparticles Solution
	pH Test for Stabile Interaction of Anti-CRP on the Plasmonically Active Strips

	CRP Detection Assay Using a LSPR Sensor Chip
	Optimization of Cysteine-Protein G and Antibody Binding Affinity Assays
	CRP Detection Using LSPR Sensor Chip Formats
	Specific Detection of CRP


	Results and Discussion
	Fabrication of Plasmonically Active Strips for a Cuvette-Based LSPR Sensor Chip
	Plasmon Absorption Characteristics of Various Transparent Substrates
	Effect of APTES Ligand Concentration on the Fabrication of Plasmonically Active Strips
	Effect of APTES Reaction Temperature on the Plasmonically Active Strips
	Effect of AuNP Dipping Time on the Plasmonically Active Strips
	Effect of pH on the Plasmonically Active Strips

	Selective CRP Detection Using the Antibody-Functionalized LSPR Sensor
	CRP Detection Using an Antibody-Functionalized LSPR Sensor Chip
	Specific Binding of CRP Using the Antibody-Functionalized LSPR Sensor


	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


