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Abstract: There are many potential applications for biosensors that can provide real-time analysis,
such as environmental monitoring and disease prevention. In this study, we investigated a
simple strategy for real-time protein detection, which had the advantages of affordability, fast
response, portability, and ease of use. A robust quantification of protein interaction was achieved
by combining capillary localized surface plasmon resonance (LSPR) sensors and complementary
metal–oxide–semiconductor (CMOS) image sensors. Gold nanoparticles were modified on the inner
wall of the capillary, which was used as a microfluidic channel and sensing surface. We functionalized
one of the LSPR sensors using ligand bound to gold nanoparticle. Our proposed biosensing platform
could be easily multiplexed to achieve high throughput screening of biomolecular interactions, and it
has the potential for use in disposable sensors. Moreover, the sensing signal was enhanced by the
extinction effect of gold nanoparticles. The experimental results showed that our device could achieve
qualitative identification and quantitative measurement of transferrin and immunoglobulin G (IgG).
As a field-portable and low-cost optical platform, the proposed LSPR biosensing device is broadly
applicable to various protein binding tests via a similar self-assembly of organic ultrathin films.
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1. Introduction

At present, the plasmonic biosensor has become one of the most anticipated and reliable
characterization approaches for a range of fields, such as analytical, medical, environmental, edible,
and pharmaceutical sciences [1–5]. Over the years, there has been continuously increasing interest
in ubiquitous, portable, low-cost, and rapid detection devices for optical biosensing [6–8]. However,
the current plasmonic biosensors have a series of unfavorable factors, including high cost, bulkiness,
and complicated processing [9–12]. To make these plasmonic sensors more suitable for field or
in-situ biosensing, there is increased focus on miniaturized and portable plasmonic sensors [13,14].
For example, after being investigated, fiber-optic probe-based surface plasmon resonance (SPR)sensors
have attracted significant interest citing the advantages of sensing element miniaturization, reusability,
small sample volume, simplified optical design, and the capability for remote sensing [15,16]. Moreover,
fiber-optic LSPR sensors have been developed to simplify the fabrication process and to improve sensing
performance [17,18]. Gold nanoparticles (GNPs) are used to replace the gold film as the sensitive layer,
and they are modified on the fiber surface through layer-by-layer self-assembly [19]. The manufacture
of fiber-optic (FO) LSPR sensors is much easier than manufacturing FO SPR sensors because it does not
require gold film deposition, which often relies on expensive coating machines, such as evaporation
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equipment or a magnetron sputtering machine [20,21]. For biosensing applications, the LSPR sensor
has different mechanisms to the SPR sensors, and it is more sensitive to the small variation of refractive
indices (RI) [22]. With the exception of the traditional SPR sensor and nanoparticle LSPR sensor,
the plasmonic nanostructure biosensor with a high figure of merit and enhanced sensitivity has also
been widely reported [23,24]. However, its nanofabrication procedure is expensive and time-consuming,
thereby hindering practical application and batch manufacturing. Although plasmonic sensors have
reduced the volume and cost, as well as simplified the operation process, a further reduction in cost,
size, and ease of use is still required for their ubiquitous application.

Herein, we developed a compact and economical plasmonic sensing platform where the capillary
LSPR sensor was integrated with CMOS image sensors for the qualitative identification and quantitative
detection of proteins. The LSPR sensor was constructed through modification of the inner wall of
the capillary with self-assembled GNPs. The sensing device can be easily multiplexed to enable
high-throughput screening of biomolecular interactions, and it has the potential for use in disposable
sensors. Our device was used to detect transferrin and immunoglobulin G (IgG), which are important
proteins in the human body [25,26]. Transferrin is responsible for transporting iron from the sites of
absorption to tissues throughout the body. Its level is used as an indicator of the liver function test
for physical examination. IgG is the most common type of antibody found in the blood circulation.
The measurement of IgG can be a diagnostic tool for certain conditions, such as autoimmune hepatitis.
Many methods have been proposed for diagnostic determinations of the proteins in the human
body, such as immunochemical nephelometry, capillary zone electrophoresis (CZE), piezoelectric
immunoassay, immunological turbidimetric assay (ITA), radioimmunoassay (RIA), as well as the
electrochemical immunoassay [27–31]. Moreover, these methods are costly and limited to research
institutes or medical facilities in places such as universities, hospitals, and research centers. Therefore,
this study aimed to develop an affordable, portable, and easy-to-use device for the detection of proteins,
which has potential to be adapted to daily life and field application.

2. Principles and Structure

2.1. Characteristics of the Gold Nanoparticle

Both scattering and absorption cause the extinction of light for the gold nanoparticles (Figure 1a).
The extinction efficiency of the GNPs is highly dependent on the dielectric properties of the surrounding
environment. To investigate the extinction of the GNPs, the finite-difference time-domain (FDTD)
method was used to calculate the electric field around a GNP with a surrounding refractive index (RI)
of 1.333. The diameter of the GNP was 40 nm and the wavelength of light was 595 nm. The cross
section of the GNPs for a range of irradiances is shown in Figure 1b. We find that the area with high
intensity is the surface of the GNP. It means that power absorption is caused by localized surface
plasmons (LSP) and the LSPR effect near the surface of the GNP. Meanwhile, some weak power
is distributed around the nanosphere in all directions, which is caused by scattering of the GNPs.
We simulated the absorption efficiency function and scattering efficiency function of the GNPs ranging
from 450 nm to 750 nm. As shown in Figure 1c, both the absorption efficiency and the scattering
efficiency have peaks near 600 nm, whilst the absorption efficiency is much higher than the scattering
efficiency. We also simulated the theoretical RI response of the GNPs by changing the RI parameters
from 1.33 to 1.35. After increasing the RI, both the absorption efficiency and the scattering efficiency
increased. It meant that a higher surrounding RI lead to stronger power absorption and scattering,
which influenced the intensity of the transmission and scattered light of the GNPs. Figure 1d,e show
the measured transmission and absorption spectra of the gold nanoparticle, where the wavelengths of
the transmission dip and the absorption peak were in the range of 570–600 nm. Figure 1f shows that
the center wavelength of the light-emitting diode (LED) is about 595 nm, which is in the range of the
transmission dip and the absorption peak. As a result, it was possible to estimate the surrounding RI
by detecting the transmission power and the brightness of the GNPs under illumination.
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Figure 1. (a) Extinction of the gold nanoparticles (GNPs); (b) Electromagnetic field distribution on the
AuNP surface with a surrounding RI of 1.333; (c) Extinction spectra of the GNPs. (d,e) Transmission
and absorption spectra of the gold nanoparticle. (f) Emission spectrum of the LED.

2.2. Functionalization of the LSPR Sensor

We fabricated plasmonic sensors using GNPs and capillaries (TSP, 250/350 Molex), which were
used as surface plasmon resonance sensors in our previous works [32,33]. The length of the capillaries
used in this work was 1.5 cm. GNPs assembled film as a sensing layer were built on the polyelectrolyte
multilayer modified inner surface of the capillary (Figure 2a). Figure 2b shows the scheme illustrating
the steps to modify the GNPs to the sensing surface. First, we removed the coating of the capillaries and
then cleaned them with acetone in an ultrasonic bath for 10 min. Then, the capillaries were treated with
Piranha solution [a mixture of hydrogen peroxide (30%) and sulfuric acid (70%) for 90 min], followed
by flushing with deionized water. Polyelectrolyte trilayer was selected as a linker for self-assembly of
the GNPs by the electrostatic interaction. After assembly of the first-layer diallyldimethylammonium
chloride (PDDA), the inner surface was positively charged. Then, sodium-p-styrenesulfonate (PSS)
and allylamine hydrochloride (PAH) were sequentially assembled on the capillary surface. With a
positively-charged PAH layer on top of the inner surface, the capillaries were filled with gold colloid
for 120 min to form self-assembled monolayers of GNPs. All of the chemical agents used to treat the
inner surface of the capillary were introduced into capillaries through the capillarity phenomenon.

To functionalize the capillary LSPR sensors, we immobilized a biofilm of anti-transferrin on the
surface of the GNPs. The functionalized process was performed as depicted in Figure 2c. To introduce
carboxyl groups on the surface of the GNPs, 11-mercaptoundecanic acid (MUA) in 1 mM ethanol
solution was injected into the capillary LSPR sensor to let the nanoparticle react with the MUA for 12 h.
After being washed with distilled water, the modified capillary LSPR sensor was soaked in an aqueous
solution containing N-hydroxysuccinimide (NHS, 0.5 M) and 1-ethyl-3-[3-dimethylamino-propyl]
carbodiimide hydrochloride (EDC, 0.55 M) at 4 ◦C for 30 min. Then, the capillary LSPR sensor was
washed with distilled water and dried with nitrogen. Subsequently, the treated capillary LSPR sensor
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was dipped in an anti-transferrin/protein A solution of 0.1 mg/mL for 30 min. Then, the capillary
LSPR sensor was rinsed with 0.01 M phosphate-buffered saline buffer (PBS, pH 7.4) and blocked using
bovine serum albumin (BSA, 0.1 mg/mL) at ambient temperature for 15 min.

Figure 2. (a) Scanning electron microscope and transmission electron microscope of the gold
nanoparticles. (b) Fabrication process of the capillary-based localized surface plasmon resonance
(LSPR) sensors; (c) surface modification of the GNPs and binding of antibody/antigen.

2.3. Principle of the Biosensing Device

The structure of the plasmonic sensing device is schematically illustrated in Figure 3a,c.
Two connectors were used to connect the optical fibers and the functionalized capillary-LSPR sensors
as shown in Figure 3b. The optical fiber used in this experiment was plastic cladding multimode
fiber, with a core diameter of 400 µm and a numerical aperture of 0.37. The ends of the optical fibers
were placed as closely as possible to the LED. The emission wavelength of the LED light source was
selected to be 595 nm, which fell into the strong absorption and scattering bands of the capillary-LSPR
sensor. All end faces of these capillaries and optical fibers were polished with emery papers to be
smooth. Two CMOS image sensors connected to a laptop (640 × 480 pixel) were used to monitor the
transmission light from the output optical fibers and scattered light from the sidewall of the capillaries,
respectively. As shown in Figure 3d, the images of the optical fibers facets and capillary walls were
displayed as light spots and bright areas on the screen. We selected the sidewalls and fiber end-faces
as regions of interest (ROI). The total intensity of each ROI was used to calculate the response of
the capillary LSPR sensor. For ROI selection, we designed an image processing program based on
Labview, data acquisition, data storage, and data processing in real time. The images were captured
and processed in real time whilst the program was running. The brightness information was extracted
from the image data through a conversion of the colored image to grayscale images. The intensity of
each ROI was calculated as the mean of grayscale value for all pixels in the ROI.

Figure 3. (a) Schematic diagram of the plasmonic sensing device based on capillary LSPR sensors;
(b) Structure of the connectors; (c) Vertical view of the sensing device; (d) Image detected by CMOS.
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3. Experiments and Results

3.1. Self-Reference Function Test

Since we used the CMOS image sensors to detect the scattering and transmission light of the
capillary, the intensity variation of the light source influenced the results. Thus, we tested the responses
of scattered light and transmission light on the LED intensity fluctuation. We changed the LED intensity
and recorded the responses of scattered light and transmission light in real time. We monitored the
scattered light and transmission light of the capillary sidewalls and fiber end-faces using two CMOS
image sensors at the same time. As the intensity of the LED fluctuated, the scattered light from the
sidewalls of the capillaries and transmission light of the fiber end-faces were flickering. Figure 4 shows
the experimental results where the two variables have a simultaneous change trend. Moreover,
we found that the response of scattered light was 3.35 times more than that of the transmission light.
Therefore, the intensity difference between the scattered light of the sidewalls and the transmission
light of the fiber end-faces was used as the measured signal, which was calculated as ∆I = 3.35Isca − Itra.
Where, Isca and Itra are the intensities of scattered light and transmission light, and ∆I is the difference
between Isca and Itra. The intensity fluctuation of the light source affects both the scattered light and
the transmitted light of the gold nanoparticles in the same way. Thus, if you only consider the intensity
fluctuation of the light source, in theory, the rate of light intensity change (ratio R between the changed
light intensity ∆I and the initial light intensity Iinitial) for scattering light (Rsca = ∆Isca/Iinitial−sca) and
transmitted light (Rtra = ∆Itra/Iinitial−tra) should be identical. Assuming kIinitial−sca = Iinitial−tra (where k
is a constant), we can get k(Iinitial−sca + ∆Isca) = Iinitial−tra + ∆Itra, i.e., kIsca = Itra. However, the RI
fluctuation has different influences on the scattered light and transmitted light. It meant that we could
eliminate the fluctuation of the light source and maintain the RI response by comparing the light
intensities of the scattered light and transmitted light of the nanoparticles. In this experiment, the k was
3.35 and we used the ∆I = 3.35Isca − Itra as the response signal. Thereafter, we applied the processing
algorithm to the results shown in Figure 4. As a result, the influence of intensity variations caused by
LED intensity fluctuations could be effectively weakened from the response of Isca and Itra.

Figure 4. Intensity fluctuation of the plasmonic device based on capillary LSPR sensors.

Then, we also tested the RI responses of the scattered light and transmission light with sodium
chloride solutions of 1.328, 1.335, 1.353, 1.361, and 1.328 RI values. In the experiment, we injected
reagents into the capillaries through the let-in connector. Figure 5a describes the real-time change of
relative intensity of the device and its RI response. By introducing a sodium chloride solution with
a higher RI, we observed an increase of relative intensity in the scattered light. In contrast, for the
transmission light of fiber end-faces, an obvious decline of relative intensity was recorded at the same
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time. We selected the mean of relative intensity in a stable state as the measurement signal for each
solution. By fitting the data, the relationship between the RI and the relative intensity was found
to be approximating linear. We also applied the algorithm (∆I = 3.35Isca − Itra) to the RI responses.
By calculating the intensity difference between the scattered light of the sidewalls and the transmission
light of the fiber end-faces, the RI response of relative intensity was magnified as shown in Figure 5c.

Figure 5. (a) Real-time region of interest (RI) response; (b) Relationship between the RI and the intensity;
(c) Real-time RI response based on the processing algorithm; (d) Relationship between the RI and
the intensity.

The above experimental results showed that the response tendencies of scattered light and
transmission light were opposite for RI change, whilst they were identical for intensity variation of
the LED. Thus, it was possible to enhance the RI response and weaken the influence from intensity
fluctuation using the ∆I as the measurement signal. However, except for the intensity fluctuation
from the light source, the bulk RI variation also influenced the biosensing response. Therefore, one
of the capillaries modified with GNPs was used as a control channel to detect the bulk RI, whilst the
other two capillaries modified with GNPs and a biomolecule probe were used as the measurement
channels. By using the relationship between intensity and the RI as shown in Figure 5d, we converted
the intensity value of each capillary sensor to the RI value as the responses. Then, we obtained the
measurement signal without the bulk RI by subtracting the response of the control channel from the
response of the measurement channel, which could be expressed as ∆R = Rmea − Rcon. Where, Rmea

and Rcon are the responses of the measurement channel and control channel, and ∆R is the difference
between Rmea and Rcon.

3.2. Real-Time Biosensing

We used the proposed device to detect proteins and monitor the binding process between an
antibody and antigen (transferrin protein and anti-transferrin/IgG and Protein A). Considering that
the optical properties of gold nanoparticles were not very sensitive to temperature variation, this
biosensing experiment was completed at room temperature of 25 ◦C. As samples, transferrin/IgG was
serially diluted in PBS buffer from 0.01 mg/mL to 0.15 mg/mL. First, the PBS buffer was injected into
the capillaries as reference, and the response of each channel was constantly monitored and recorded to
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construct the baseline. We continuously injected the buffer into the capillary LSPR sensor to establish a
baseline signal. After the baseline was stable, we injected the transferrin samples into the capillary
LSPR sensor. As the antibody (transferrin/IgG) was binding to the antigen (anti-transferrin/protein A)
on the GNPs surface and leading to an RI increase, we found that the ROI responses of the sidewalls
of the capillaries increased whilst the ROI responses of the fiber end-faces decreased. To eliminate
the response caused by non-specific binding, PBS buffer was injected into the capillaries to rinse out
protein molecules that were physically absorbed on the GNPs surface. After the PBS buffer washing,
a slowing trend and even a slight drop could be observed in the ROI responses of the sidewalls and
fiber end-faces. A glycine solution (10 mM, pH = 3) was used to strip the surface-bound antibody
(transferrin/IgG) solution samples to regenerate the sensing surface.

Figure 6a,b show the binding profile of transferrin-anti-transferrin/IgG-protein A at various
concentrations. The results showed that as the sample concentration was increased, the change rate of
relative intensity and signal responses became stronger. It could be explained that the RI near the GNP
surface is determined by the adsorption quantity of protein molecules on the GNP surface. Therefore,
as a larger number of antibody is captured by functionalized GNPs, higher RIs near the GNP surface
can be expected. Since the RI near the GNP has an impact on the light scattering and absorption of
the GNP, the relative intensities of the sidewall and fiber end-face changes with the samples and their
concentrations. After fitting the data, we selected the mean of the relative intensity values from 800 s
to 1000 s as the final response and plotted the corresponding RI–concentration curves. Figure 6c shows
that the shapes of the fitting curves were similar to the logarithmic functions. We found that the final
response increased with the rise of the sample concentrations, although the tendency slowed down.
We also tested the reproducibility of the measurements. As shown in Figure 6d, the three binding
profiles at the same concentration were roughly overlapped. In addition, the response values of the
transferrin were less than that of IgG at the same concentration. This could be because the response
was correlated to the density of the protein layer on the GNPs surface, and that the binding sites on the
GNPs surface were limited. Since the molecular weight of transferrin was 77 kDa, half that of IgG
(150 kDa), the response of IgG was much stronger than that of transferrin.

Figure 6. (a) Binding curve of the sensing device in transferrin detection; (b) Binding curve of the
sensing device in IgG detection; (c) Relationship between the RI response and the concentrations;
(d) Three measurement results of the binding process of IgG and protein A.
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4. Conclusions

In summary, we demonstrated a simple strategy for the portable detection of human proteins
using the LSPR effects of GNPs in capillaries, surface chemical modification techniques, and CMOS
sensors. Since the surface of gold nanoparticles can be functionalized by various proteins, this novel
sensing mechanism is suitable for the detection of many biochemical analytes. The combination of
capillary LSPR sensors and CMOS image sensors made the sensing device easy to multiplex for the
simultaneous detection of multiple analytes. In addition, based on the extinction of LSPR, the sensing
signal was enhanced by detecting the scattered and transmitted light of the capillary device. We used
this sensing device to detect transferrin and IgG by functionalizing the sensing surface, where the
experimental results showed that the sensor response increased with the sample concentration. As a
result, such a simple biosensing platform has the advantages of low cost, compactness, lightweight,
and ease of use for the detection of biochemical analytes. This also has the potential to be used for
protein detection outside the permanent laboratory.
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