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Abstract: Wavelength interrogation surface plasmon resonance imaging (λSPRi) has potential
in detecting 2-dimensional (2D) sensor array sites, but the resonance wavelength imaging rate
limits the application of detecting biomolecular binding process in real time. In this paper,
we have successfully demonstrated an ultrafast λSPRi biosensor system. The key feature is
a two-point tracking algorithm that drives the liquid crystal tunable filter (LCTF) to achieve
fast-tracking of the resonance wavelength movement caused by the binding of target molecules
with the probe molecules on the sensing surface. The resonance wavelength measurement time is
within 0.25s. To date, this is the fastest speed ever reported in λSPRi. Experiment results show
that the sensitivity and dynamic are 2.4× 10−6 RIU and 4.6× 10−2 RIU, respectively. In addition,
we have also demonstrated that the system has the capability of performing fast high-throughput
detection of biomolecular interactions, which confirms that this fast real-time detecting approach
is most suitable for high-throughput and label-free biosensing applications.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Surface plasmon resonance (SPR) biosensors with the capability of label-free, real-time and
high sensitivity, has been an important tool for exploring intermolecular interactions, and widely
used in the biological field [1–4]. With the rising demand for biotechnology development,
simultaneous detection of multiple samples is imperative, and the high-throughput is also an
important direction in the future development of biology. The combination of imaging with
SPR technology has enabled high-throughput biosensing on 2D array and monitoring various
biomolecular interactions in parallel [5–7].
So far, there are mainly four interrogation modes for the SPR sensing technology, including

interrogation mode of intensity, angle, wavelength, and phase. When conducting high-throughput
imaging detection, the dynamic detection range is an important parameter of the SPRi sensors
since the refractive index of samples on detection sites differs from each other. Normally, the
dynamic range of intensity and phase interrogation sensors are 10−3 and 10−4 RIU, respectively
[8]. The narrow dynamic range limits the application of SPRi sensors. Comparing to intensity
and phase interrogation sensors, wavelength and angle interrogation sensors can provide larger
dynamic range (10−2 RIU) [9]. Angle interrogation SPR sensors generally exploit a laser as the
excitation source, while the laser speckle would decrease the imaging quality. In addition, the
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different incident angle also introduces image distortion because of the coupling prism. However,
under the wavelength interrogation mode, one can flexibly select optimal excitation wavelengths
for different samples [10]. And the wavelength interrogation mode has good uniformity for
different sensing sites of samples. Therefore, wavelength interrogation is considered to be an
optimal SPR technology for imaging detection.

Yuk et al. first proposed the λSPRi sensor which employed the spectral point-by-point scanning
on sensor chip. By analyzing the reflected light spectra, the resonance wavelength of each
detection site is obtained. The system achieved the detection of the process of protein array
interaction. The duration of imaging one circular sample site with a diameter of 2mm is 180 s [11].
Liu Le et al. also proposed a λSPRi sensor scheme, in which a grating is adopted to scan the 2D
sensor chip line by line to obtain the spectrum of reflected light. Their results show that imaging
a region of 8 × 8 mm2 takes about 60 s [12]. Although those point-scanning or line-scanning
technologies can image a whole 2D sensor chip and achieve high-throughput detection, the
imaging speed does not satisfy the requirement of real-time monitoring of biomolecular binding
process.
By utilizing 2D detector, one can directly get the images from the sensor, which free from

point or line scanning, thus enables rapid imaging. The 2D detector combining with incidence
wavelength scanning is also a possibleway to achieve λSPRi sensorwith fast detection performance
[13]. However, because of the existence of the wavelength scanning device’s responding time, the
total detection time will increase with the number of wavelength scanning points. Additionally,
in order to prevent the resonance wavelength from exceeding the wavelength scanning range
when the sample’s refractive index is changing, the scanning range usually initially set to a wider
one so the number of wavelengths scanning points also inherently increased. Thus, for the above
reasons, the detection speed has been greatly limited in traditional λSPRi devices. To increase
the imaging speed, Sereda et al. proposed the 5-points fitting algorithm which can reduce the
number of scanning points in each cycle, and utilized a monochromator to scan the incidence
wavelength and a CCD is implemented as the imaging sensor, the imaging time is about 10 s [14].
In our previous studies, we also proposed several wavelength interrogation methods with high
imaging speed. We have developed a feedback loop technique, in which the spectral scanning
range can be dynamically adjusted in accordance with the position of resonance wavelength
[15]. Our system used the liquid crystal tunable filter (LCTF) to track fast SPR dip movement
induced by the binding of target molecules to the sensor surface. The imaging time of system has
reduced to 0.7 s [16]. Moreover, the implementation of the LCTF has enabled rapidly wavelength
scanning without any mechanical movement. Based on the feedback loop method, the system
has been optimized further, we used an acousto-optic tunable filter (AOTF) to scan the incidence
wavelength and a white light laser to excite SPR phenomenon, the imaging time of system was
further reduced to 0.33 s [17].
In this paper, we propose a novel λSPRi biosensor based on a two-point tracking algorithm.

The system uses the LCTF to flexibly scan the incidence wavelengths, and a CMOS is employed to
obtain the SPR images from the 2D sensing surface. Moreover, the two-point tracking algorithm
has greatly reduced the number of scanning points to two in each scanning cycle. And we have
achieved an overall image measurement time of 0.25 s, which is the shortest time that one can
achieve nowadays on λSPRi sensors.

2. Experimental setup

Figure 1 shows the schematic of our experimental setup based on the two-point tracking algorithm.
The 100 W halogen tungsten lamp is the excitation light source, a bandpass filter selects a
wavelength window with a center of 610 nm and full width half maximum (FWHM) of 220 nm.
Light from the lamp is coupled into the multimode optical fiber, and the light is collimated
by lens group. The LCTF (VariSpec, VIS-10-20-STD) is the wavelength scanning device, the
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filtered narrow-band light’s FWHM is 10 nm, the spectral resolution and the response time are
0.5 nm and 25ms respectively. The LCTF manipulates the light into a narrow-band parallel
light that goes to the sensing unit. The sensing unit is based on Kretschmann configuration
which is composed of a prism, a sensor chip and flow chambers. The prism is made by BK7
glass (refractive index: 1.515 RIU), the sensor chip is composed of a glass slide coated with a
48± 2 nm thick gold film, and a chamber is fabricated for sample injection and measurement.
In addition, noted that the optimal incidence angle is different for different samples, in order
to find the most suitable incidence angle, in the experimental initialization, we first estimated
the best incident wavelength using Fresnel equations and the equation for the reflectivity of
the single-layer membrane [18–20]. Subsequently, based on this best incident wavelength, we
manually adjusted the incidence angle to achieve minimum average intensity and fixed this
optimal angle. Therefore, the optimal incident angle that can accommodate all the sensing sites
in the whole 2D detection region is obtained. In the sensing unit, the incident light is coupled by
a prism to excite SPR phenomenon on the surface of sensor chip. The reflected light passed the
imaging lens group, and the intensity value of each position on the sensor chip is captured in
parallel by a CMOS (The image source, 33UX252). The control software of our system is by
a home-made Labview program. When system is working, the CMOS takes the image of the
sensor chip after the LCTF switches the incidence wavelength. Each pixel on the image of sensor
chip serves as an independent detecting site. When one wavelength scanning cycle is completed,
by analyzing the series of images, one can acquire the SPR spectral curve, and get the resonance
wavelengths of different detecting sites.

Fig. 1. Schematic of our two-point tracking SPRi system in the Kreschmann configuration.
L1-L7, lens; BF, band filter; MF, multimode fiber; DA, diaphragm aperture; LCTF, liquid
crystal tunable filter; P1 and P2, polarizers.

3. Two-point tracking algorithm

Figure 2 illustrates the operation principles of our system. In the 1st round scanning, when sample
refractive index is n0, the LCTF scans the wavelengths in small steps at a larger spectral range of
about 100 nm (dotted red curve), then we calculate the baseline resonance wavelength λ0 via
7th-order curve fitting. Based on this fitting curve, in the vicinity of λ0, we extract a narrower
local spectral region from λ0 − ∆λ to λ0 + ∆λ, and the ∆λ is a constant to specify the spectral
range which meets ∆λ ≤ 10 nm (The detail of ∆λ will be discussed in the following section).
Then we fit this local spectral region via 2nd-order curve fitting and obtain its expression as
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formula 3.1, and noted that the 2nd-order coefficients a is then reserved for all the subsequent
calculations. In the second-round scanning, If the refractive index is changed, for example, from
n0 to n1, with the pre-known 2nd-order coefficients a, the substitution of the intensity results
of I−n1, I+n1 at the two wavelengths of λ0 −∆λ, λ0 +∆λ into formula 3.1 will produce an updated
coefficient b, and then a different dip wavelength of λ1 (In Fig. 2, the red dotted curve transforms
into a red solid curve with 2∆λ width) is calculated using formula 3.2.

I = aλ2 + bλ + c (3.1)

λi =
b
2a

(3.2)

Fig. 2. Schematic showing the two-point tracking algorithm. n0, n1 . . . . . . , ni and ni+1
represent a series of dynamic samples’ refractive index values. The red dashed represent
SPR curve obtained by initial larger wavelength range scanning; other solid lines are the
partial SPR plots near their SPR dips under the different refractive index values which
derived from two-point tracking algorithm.

While if the refractive index n0 remains constant, the same procedure will produce an identical
dip wavelength of λ0. Moreover, the translation of dip wavelength also triggers two new scan
wavelengths, which are λ1−∆λ and λ1+∆λ, and they are preserved for the next period wavelength
scanning. Subsequently, if refractive index continues to change from n1 to n2. The same process
will continue to run until the system has identified the next new resonance wavelength λ2, after
which the next scanning wavelengths are triggered and modified to λ2 − ∆λ, λ2 + ∆λ, then the
following new loops start. In summary, as shown in Fig. 2, in every scanning cycle, we only
need to conduct two-point wavelengths scanning, the refractive index ni+1 in each cycle will
produce two updated scan wavelengths of λi+1 − ∆λ and λi+1 + ∆λ. And λi+1 is generated by the
wavelengths of λi − ∆λ and λi + ∆λ in previous scanning cycle.

Moreover, we also analyze the accuracy and the feasibility of this two-point scanning method.
Noted that if the number of data points which used to fitting is less than the order of curve,
there will be deviation between the fitting curve and the actual SPR curve, and a wider spectrum
range will require a larger fitting order [14]. In our experiment, we used the 2nd order fitting.
To analyze the deviation between actual and fitting SPR curve and find an optimal scanning
spectrum range (2∆λ), we simulated it in different spectral width under 2nd order fitting. First,
we generate an ideal SPR spectral curve governed by Fresnel formula [17,18], and obtain its



Research Article Vol. 28, No. 14 / 6 July 2020 / Optics Express 20628

resonance wavelength λ. Then we extracted a series of spectra from this ideal SPR spectral curve
which possess the same resonance wavelength λ while with different spectrum width ranging
from 1 nm to 100 nm. Subsequently, we applied the 2nd order fitting on those series of spectra
and summarize the deviation between actual resonance wavelength λ and resonance wavelength
obtained from their 2nd order fitting curve. As the results in Fig. 3 indicate, with the increment of
spectrum width, the deviation increases dramatically, and when the width of spectrum reduces
to a certain value, the deviation is trivial. It shows that when the spectrum width is less than
20 nm, the deviation reduces to about 0.01 nm, and that is our system’s resonance wavelength
detection resolution. Therefore, after acquisition of the resonance wavelength λ, we can calculate
the next moment resonance wavelength λ′ by any two points in the range from λ − ∆λ to λ + ∆λ
(∆λ ≤ 10 nm) with high accuracy. On the other hand, considering that the intensity is weaker
near the resonance wavelength where more random noise is interfering, we choose the scanning
wavelengths at two extremes, i.e. λ − 10 nm and λ + 10 nm where the corresponding light
intensities are relatively larger, so the SNR (signal to noise ratio) can be improved.

Fig. 3. The deviation between the calculated resonance wavelength and the real value under
different spectral scanning widths in second-order fitting.

For 2D sensor array, different sensor sites can manifest different resonance wavelengths, the
scan wavelengths should cover all the possible resonance positions in all the sensor sites. After
complete initial large range wavelength scanning, a series of resonance wavelengths in different
sensing site are obtained λ1, λ2, λ3, . . . λk. To have appropriate scan parameters to accommodate
different sites’ situation, the scan wavelengths are initially set to λ̄ − ∆λ and λ̄ + ∆λ, where
λ̄ = λ1+λ2+λ3+...+λk

k . First, based on the relationship between resonance wavelength and refractive
index, the change of resonance wavelength of 20 nm is corresponding to a refractive index change
(2∆n20nm) of 1.2 × 10−2 RIU. Therefore, if the refractive index variation range of different
sites is within the range of ∆n20nm, the system can get λSPRi for all sample’s detecting sites by
scanning at two wavelengths at ∆λ = 10 nm. For example, if the largest variation of resonance
wavelength of each site is 6 nm, then our λSPRi system can detect all the sites of one sample
using two-point scanning. However, if the largest refractive index variation ∆n from each site
is larger than δn20nm, the induced resonance wavelength translation will exceed 10 nm in next
moment. In this situation, the adoption of 2nd order curve fitting becomes inaccurate for the
resonance wavelength calculation. To address this issue, our system will automatically add one or
more supplementary wavelength scanning points to conduct a cycle of re-scanning, and for each
additional scanning wavelength, the covered bandwidth will increase by a step of 10 nm, and the
number of additional scanning wavelengths will increase until the all resonance wavelengths
from whole sensing sites can be calculated.
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4. Results and discussions

The dynamic range is an important parameter that describe the range of detection. To assess our
λSPRi sensor, we tested it using a series of saline water with concentrations ranging from 0%
to 20% in increments of 5% by volume, corresponding to a refractive index range from 1.3330
to 1.3885 RIU. During the testing, the incident angle was fixed to 72.5° which is the optimal
SPR incident angle for water [5]. The 3 × 3 array sensor sites were divided evenly on the sensor
surface, and these nine sites were detected simultaneously. As the results in Fig. 4 show, the
resonance wavelength variation and the refractive index have a positive linear relation.

Fig. 4. Resonance wavelength shifting versus saline water concentration on 3 × 3 array on
the SPR chip. Noted that each data point in the figure is the average value of nine detection
sites. The inset is the zoom-in figure at the 15% saline water concentration.

Another importance technological parameter for a sensing system is the sensitivity which
can be calculated from formula 4.1 [21], where σRI is sensitivity, the δn is the refractive index
change, the δλ is the corresponding shift of resonance wavelength, and the σSD is the root mean
square (RMS) noise of our system.

σRI =
δn
δλ
∆σSD (4.1)

To access the sensitivity, we detected the shift of the resonance wavelength induced by
small variation of saline water concentration. And the results are illustrated in the Fig. 5(a).
Then, because the signal intensity is relatively weaker near the resonance wavelength, we
conducted multiple imaging and obtain the averaged value to reduce the random noise. As
shown in Fig. 5(b), the RMS noise is reduced with the increasing of averaging time, after
the number of averaging exceed 15, RMS noise tend to become stable and small. In our
experiments, to ensure best performance, the number of averaging is set to 20, so it totally costs
2 × (25ms + 5ms × 20) = 250ms for two wavelengths scanning, where 25ms is the response
time of LCTF and 5ms is the exposure time of CMOS. Therefore, based on the aforementioned
calculation and analysis, the sensitivity of the system is 2.4 × 10−6 RIU.
In addition, we also conducted traditional large range uniform-step scanning mode [14] to

verify the accuracy of the two-point tracking algorithm. In traditional scanning mode, the step
and spectrum width are 1 nm and 100 nm respectively, and the order of generalized polynomial
fitting is 7th order. We detected difference concentrations of saline using two different scanning
modes under the same experimental condition. And results are illustrated in Fig. 6 it indicates
that the two-point scanning mode measurement method is coincided with the traditional large
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Fig. 5. The sensitivity test results. (a) The resonance wavelength shift obtained from low
concentration saline water. (b) The relation between number of averaging and RMS noise.

range uniform-step scanning mode. Therefore, the accuracy of two-point tracking algorithm is
comparable to the traditional whole spectral range scanning method.

Fig. 6. Resonance wavelength obtained from saline water concentration variation (from
0% to 25%) via two-point scanning mode and traditional large range uniform-step scanning
mode.

Moreover, we also tested the capability of our λSPRi sensor for monitoring biomolecular
interactions, we performed real-time monitoring of binding interactions between protein A and
human IgG antibody (Solarbio, Shanghai, China). In the experiment, the sensor chip was first
rinsed by deionized water, and dried with nitrogen gas, then placed onto the prism, the chip was
attached to the coupling prism via a drop of refractive index matching oil. A three-channel flow
chamber was adopted for injecting sample. And the probe fixation process is: 1) Phosphate
buffered saline (PBS, 0.01 M, pH= 7.4) was injected into the 3 channels respectively and flushing
for 5 min, and then the resonance wavelength of three channels is monitored in real time; 2)
When the resonance wavelength was stable, probe A (100 µg/ml) was injected into the three
channels simultaneously in a flow rate of 30 µl/min, when the protein A were steadily bonded on
the sensing surface, resonance wavelengths become stable, then PBS was injected.
In the biological binding process, the three channels were injected with PBS, human IgG in

concentration of 2mg/ml and 1mg/ml respectively, the channel with PBS is reference channel,
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the other two channels are reaction channels. Before the chemical binding, the system conducted
wavelength scanning of the sensing surface and stored the imaging data. The corresponding
resonance wavelengths were recorded for all channels. When the resonance wavelengths reached
stationary status, PBS were injected to wash the nonspecific binding sites. After obtaining steady
baseline, the system imaged the sensor chip again.

As shown in Fig. 7(a), we obtained the time responsive curve of resonance wavelength change
upon biological sample injection in three channels. The black curve is the reference channel, the
red and blue curve are the reaction channels. The real-time wavelength detection diagram of the
reference channel is unchanged before and after the reaction, while the resonance wavelength in
the reaction channel is significantly different after the reaction, which is induced by the specific
binding of antigen and antibody. Moreover, the 2D λSPRi scheme also allows us to obtain the 2D
resonance wavelength difference in each pixel before and after the reaction of the sensing surface.
As illustrated in Fig. 7(b), the color of each pixel in the figure represents the resonance wavelength
shift on the sensing surface before and after the reaction. Therefore, this fast 2D λSPRi scheme
is also favorable for real-time 2D bio-reaction monitoring.

Fig. 7. Measurement of antigen-antibody interaction between probe A and human IgG. (a)
Real-time wavelength response of three channels. The arrow indicated the very moment that
the corresponding bio-samples are injected (b) The image of shift resonance wavelength, the
samples introduced in the three channels from left to right are 2mg/ml, 1mg/ml human IgG
and PBS.

5. Conclusions

Herein, we have demonstrated a novel fast λSPRi sensor based on two-point tracking algorithm,
and the scheme is free from mechanical moving parts. The combination of LCTF for incident
light wavelength scanning and CMOS for 2D imaging has made our system capable of detecting
multiple samples simultaneously and rapidly. In addition, the two-point tracking algorithm
has reduced the number of scanning points per cycle to two. It has greatly mitigated the time
consumption for wavelengths selection in scanning device. Compare to a conventional λSPRi
system, our device shows high sensitivity and large dynamic range. And the speed of imaging
is among the fastest reported in the literature [5,22–23]. Our experiments have shown that the
system sensitivity and the dynamic range are 2.4 × 10−6 RIU and 4.6 × 10−2 RIU respectively,
and the imaging speed is 0.25 s per frame. The antigen-antibody interaction results also verified
the biosensing capability for simultaneous detection in multiple sites. Therefore, the reported
scheme is a powerful tool for monitoring multi-sample biomolecular interactions in real time.

In terms of future optimization, noted that there is a sensitivity disparity between the theory and
our system which is induced by the spectral bandwidth (10 nm) from the wavelength switching
device LCTF. If one chooses a high-performance filter as the wavelength switching device which
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can provide a narrower bandwidth, the sensitivity can be further improved. As for the dynamic
range, it is also limited by the excitation spectrum range of lamp. If the light source with lager
spectrum range is adopted, the dynamic range can be further expanded. In addition, the speed
of detection can also be further raised by using AOTF (acousto-optic tunable filter) whose
wavelength switching time is only 2∼4ms. Moreover, the sensor’s exposure time is another
reason that limit the speed of detection. The speed can be further increased if one can improve
the efficiency of light utilization.
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