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A B S T R A C T

This paper, for the first time, presents a wavelength-scanning surface plasmon resonance microscope (WS-SPRM)
as a label-free biosensor capable of measuring cell-substrate interaction. The approach utilized a liquid crystal
tunable filter (LCTF) as a fast and flexible wavelength-scanning device that can implement a wavelength-
scanning and SPR imaging cycle within 1 s. The system was verified by monitoring the dynamics of cellular
processes including cell detachment and electroporation of individual cells. It was found that the WS-SPRM
presented better performance than the intensity-based SPRM (I-SPRM) in the imaging of cell adhesion. The
results also indicated that the WS-SPRM exhibited a larger dynamic range in monitoring cell electroporation
than that of I-SPRM. In summary, the developed WS-SPRM in this study provides a promising technique for real-
time monitoring of cell-substrate interaction.

1. Introduction

Cell adhesion is an essential process in cell growth, cell migration,
cell communication and regulation. It plays an essential role in many
physiological phenomena such as the development and maintenance of
tissues, wound healing, tumor metastasis, etc. (Khalili and Ahmad,
2015; Lidstone et al., 2011; Ungai-Salanki et al., 2019). The cell-sub-
strate interactions affect the adhesion behavior of cells significantly and
needs to be investigated for exploring the mechanism of cell adhesion.
A continuously increasing demand has emerged in developing non-in-
vasive and label-free techniques to realize real-time observation of cell-
substrate interactions. To date, the potential of cell-based biosensors,
such as electric impedance spectroscopy (EIS) sensors (Jie et al., 2013;
Susloparova et al., 2015), quartz crystal microbalance (QCM) sensors
(Chen et al., 2012; Reyes et al., 2013) and optical sensors based on
extraordinary optical transmission (EOT) (Tu et al., 2017) have already
been demonstrated for monitoring cell–substrate interactions. SPR-
based biosensors represent as another promising tool to study the in-
teractions between cells and the substrate owing to its advantages of
label-free, non-invasiveness and high sensitivity (Abadian et al., 2014;
Yanase et al., 2014; Zeidan et al., 2015).

SPR sensing technology has been steadily gaining popularity for
exploring the molecular interactions by detecting the refractive index
changes induced by the binding and dissociation of molecules on a

gold-coated chip in the last three decades (Hegnerová and Homola,
2010; Horii et al., 2011; Wang et al., 2016). It has been extensively
applied in various fields such as biochemical analysis, drug research
and development (Olaru et al., 2015; Retra and Irth, 2011), disease
diagnosis (Altintas and Fakanya) and environmental monitoring (Fen
and Yunus, 2013). Moreover, with the growing availability and new
technological advances, SPR sensors have increasingly been used to
investigate other biological systems beyond traditional molecular
binding (Abadian et al., 2014), such as membranes (Figueira et al.,
2017; Jennifer A. Maynard, 2009), bacterial cells(Baccar et al., 2010;
Wang et al., 2013) and mammalian cells (Stojanović et al., 2014;
Yanase et al. 2013, 2016).

SPR imaging (SPRi), which combines the SPR sensing technology
with an imaging equipment, enables high-throughput biosensing in
two-dimensional microarrays and parallel monitoring of multiple bio-
molecular interactions on a chip surface (Zeng et al., 2017). Moreover,
the spatial resolution of SPRi could be greatly increased by introducing
an objective into the imaging system (Shinohara et al., 2013; Yanase
et al., 2012) or by replacing the prism with a high numerical aperture
(NA) objective (Wang et al. 2011, 2012), which is also refereed as the
SPR microscope (SPRM). The SPRM has widely been applied for single
cell imaging (Yanase et al., 2010) and studying cellular activities, in-
cluding the cell interactions with surfaces (Wang et al., 2012) and cell
physiologic changes due to extracellular stimulations (Wang et al.,
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2011).
To date, four SPR sensing techniques, involving intensity, wave-

length, angular, and phase interrogations, have been widely reported.
The intensity-based SPRM (I-SPRM) is typically adopted in the analysis
of living cells because of its simple optical setup, convenient operation
and high imaging speed (Horii et al., 2011; Peterson et al., 2009;
Shinohara et al., 2013; Wang et al., 2012; Wei et al., 2012; Yanase et al.,
2010). However, the I-SPRM suffers from limited dynamic range. Since
the adhesion of cells varies greatly in different areas, the limited dy-
namic range of the I-SPRM may fail to reflect the real cell–substrate
interactions. The angular-interrogated SPR has also been applied in the
detection of cell activity (Chabot et al., 2009; Kosaihira and Ona, 2008;
Maltais et al., 2012; Ziblat et al., 2006). Compared with the I-SPRM, the
angular-interrogated SPR has a wider dynamic range (J Bianca et al.,
2008). However, it was rarely exploited in SPR imaging due to its in-
herent defects. One is that the homochromatic laser typically used as a
light source might induce speckles. The other is that, in the prism
structure, varying degrees of distortion would occur during the imaging
of the sensor surface when scanning at different incident angles, which
might affect the quality of imaging results.

Wavelength-scanning SRP (WS-SPR) can achieve a high sensitivity
and wide dynamic range that are similar to that in the angular-inter-
rogated SPR. Moreover, it can flexibly select the best excitation wave-
length for different areas on the chip, which is beneficial for high-
throughput detection in SPR imaging. However, it has never been ap-
plied in the development of SPR microscope (SPRM) to the analysis of
living cells so far, which might be attributed to its relatively low time
resolution. In our previous work, a fast WS-SPRi biosensing system
using liquid crystal tunable filter (LCTF) was developed for real-time
and high-throughput detection of biomolecular interactions (Chen
et al., 2016; Zeng et al., 2016). With the use of LCTF and an adaptive
spectral-dip tracking scheme, the system is capable of completing an
SPR dip measurement within 700ms (Zeng et al., 2016). The time re-
solution of the wavelength-interrogated SRP was significantly improved
compared to those using a monochromator as the wavelength scanning
device. Thus, by utilizing the developed technique, the limitation of the
WS-SPRM was resolved, and the WS-SPRM can exhibit its great po-
tential for cell research.

In this paper, a novel WS-SPRM was developed for the first time for
monitoring cell-substrate interactions. The approach utilized a LCTF as
a fast and flexible wavelength-scanning device to decrease the mea-
surement time for one wavelength-scanning and SPR imaging cycle. We
have demonstrated that the new technique could indeed be applied to
cell imaging and studying the cell adhesion under extracellular che-
mical and electrical stimulus.

2. Methods

2.1. The experimental setup

The schematic of the WS-SPRM setup is shown in Fig. 1. The system
is consisted of two optical paths: the SPRM path under the cell and the
white-light microscopic path over the cell.

In the SPRM path, a halogen lamp is used as the SPR excitation light
source. The broad-spectrum light emitted by the halogen lamp is cou-
pled into a multi-mode optical fiber (MF) through a group of lenses. The
fiber light passes through the collimating lens group (L1, L2) and dia-
phragm aperture (DA), and reaches to the liquid crystal tunable filter
(LCTF) to acquire a narrow-band light with a specified central wave-
length. The parallel narrow-band light eventually excites the surface
plasma wave (SPW) on the surface of Au-coated sensing chip coupled
by the prism. The prism is an equilateral triangle made of SF11 glass
with a refractive index of 1.71. The sensing chip is fabricated by
magnetron sputtering which is at first sputtered with a 1∼2 nm Cr
adhesive layer and a 48 nm gold sensing layer successively on the SF11
glass substrate with a size of 18mm×18mm. The sensing chip is

attached to the prism using refractive index matching oil. The reflected
light of the sensing module passes through an objective lens (Obj.1,
Nikon, N10×-PF) and a tube lens (L3, focal length: 150mm, Thorlab,
LA1433A) and is finally recorded by a CMOS (DMK33GP1300) device.

In the SPRM path, the CMOS device is used to image the sensing
surface as the LCTF switches the incidence wavelength each time. The
gray values of each pixel on the sensing surface at different wavelengths
are recorded. During a scanning process, the LCTF constantly switches
the wavelength, and the CMOS device continuously images the sensing
surface at the same time. When a scanning cycle is completed, the SPR
spectral curve of each pixel can be constructed through a series of
images. Then the resonance wavelength (RW) of each pixel is obtained
by fitting the spectral curves. Consequently, the RW imaging of the
sensing surface can be realized. In the experiments, the wavelength
scanning range is from 620 nm to 680 nm with a scanning step of 3 nm.
The duration for completing a wavelength-scanning and SPR imaging
cycle is about 1 s.

The white-light microscope is located above the sensor chip. The
white light emitted by the halogen lamp enters a DC voltage-regulated
optical fiber source (Daheng optics, CCI-060101) through a coupling
lens. The light emitted from the optical fiber is collimated by a lens
(L4), a beam splitting (BS, Thorlab, BSW25), in which half of incidence
light directly passes through the BS. Meanwhile, the other half of light,
as the illumination light, passes through an objective lens (Obj.2,
Nikon, N10×-PF) and a tube lens (L5, focal length: 100mm, Thorlab,
LA1509A) and then irradiates at the surface of the sensing chip. The
sensing chip is located at the object plane of the Obj.2. The light illu-
minates on the sensing surface and is scattered and reflected by the
sample. The scattered light and the reflected light pass through the
Obj.2 and L5 in turn and are finally recorded by the CMOS device to
realize the sample imaging on the chip surface. In the experiments, the
white light microscopy path is controlled by two one-dimensional dis-
placement tables that can control the imaging area and a high-precision
elevatorthat is used to adjust the distance between the microscopy path
and the sensor chip.

2.2. Data processing and algorithms

The acquired SPR spectral data needs to be fitted to get the RW for
each pixel in a series of images captured by the CMOS device. Typically,
the SPR spectral curve is fitted by a high-order nonlinear function, and

Fig. 1. The schematic of the WS-SPRM setup. Cells are cultured on the SPR
sensing chip. The system is consisted of two optical paths: the SPRM path under
the cell and the white-light microscopic path over the cell. L1, L2 and L4: Lens;
L3 and L5: Tube lens; Obj.1-2: Objects lens; DA: Diaphragm aperture; MF:
Multimode optical fiber; BS: Beam splitting.
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higher fitting order can result in a smoother fitting curve and higher
calculation precision. For instance, the spectral curve with a spectral
width of 100 nm should be fitted by a 10-order nonlinear function.
However, with the increasing of the fitting order, the influence of
random noise on the curve shape is also increased, which may induce
miscalculation of the RW. In order to acquire high-precision fitting
spectrum as well as reduce the influence of random noise on the curve
shape, we proposed a nonlinear fitting method with a fixed curve model
and verified its effectiveness both in stimulation and in experiments.

In the simulation, we first stimulated an ideal SPR spectral curve by
Fresnel equations. Then the curve was fitted with 7-order polynomial
fitting. The polynomial coefficients were chosen to be the best fitting
parameters and used to describe the curve model. Then we added
random white noise to the ideal SPR curve to simulate the real SPR
spectral data. The simulated SPR data was calculated iteratively by the
Levenberg-Marquardt algorithm using the best fitting parameters to
obtain the fitting curve (MORE, 1978). When the weighted root mean
square error (WRMSE) of the fitting curve and the curve model reached
the minimum, the calculated SPR spectral curve was chosen as the best
fitting curve. The shape of the best fitting curve coincides with that of
the model curve. Levenberg-Marquardt algorithm was employed in our
study since it combined the advantages of Gauss-Newton algorithm and
gradient descent algorithm and can provide numerical solution of non-
linear minimization (local minimization). We employed the direct high-
order fitting method and the proposed fitting method to fit two hun-
dreds simulated SPR spectral data and obtained the RW through the
fitting results. As shown in Fig. 2(a), the nonlinear fitting method with a
fixed curve model has lower noise than that of the direct high-order
fitting methods.

In the experiment, the curve model was obtained by averaging
spectral curves of pixels in cell areas over a period of time when cell
condition was stable. Then the direct high-order fitting method and the
nonlinear fitting with a fixed curve model were applied to fit the ac-
quired SPR spectral data for each pixel. The real-time RW changes of
cell region obtained by these two methods are shown in Fig. 2(b). As
shown in the figure, the nonlinear fitting with a fixed curve model
method has much smaller noise than that of the direct high-order fitting
method. Typically, the spectral curve with a spectral width of 60 nm
should be fitted by a 7-order nonlinear function. However, in our ex-
periment, the fitting order was chosen to be 5 since the error of RW
obtained by the 5-order fitting method is less than the spectral resolu-
tion of LCTF (0.01 nm) and the 5-order fitting method is relatively in-
sensitive to the random noise. The above results validate that the

nonlinear fitting method with a fixed curve model performs better than
the direct high-order fitting method.

2.3. Cell culturing

The HeLa cell line was derived from ATCC cell bank. The cells were
cultured in DEME medium (Hyclone) containing 10% fetal bovine
serum (Gibco) and 1% penicillin and streptomycin at 37 °C in a humi-
dified incubator with 5% CO2. The cells in flasks were passaged every 2-
3 days. To seed HeLa cells on the gold chip, 400 μl growth medium with
12,000 cells were added to a PDMS culturing well that was adhered on
the chip. The chip was then put into a culture dish and placed in the cell
incubator. After the incubation for 24 h, the chip was taken out from
the culture dish and attached to the prism using the refractive index
matching oil. The experiments were carried out at room temperature.

2.4. Acute cell responses and electroporation

To induce acute cellular responses, 1% Triton X-100 or 0.25%
trypsin (both prepared in DMEM) was added into the wells before SPR
measurements. For electroporation, 1 KHz a.c. modulation with a Vpp
of 20 V was applied on the electrode using a signal generator for a
duration time of 10 s, 20 s and 40 s.

3. Results and discussions

3.1. System optimization

Since the WS-SPRM exploited the Kretschmann prism as the cou-
pling device, aberration would occur when imaging the sensing surface.
Laplatine et al. discussed the causes of aberration and optimization
methods for decreasing the imaging aberration in a prism-coupled
SPRM (Laplatine et al., 2014). They concluded that in the prism-cou-
pled SPRM, when the light was incident perpendicularly to the oblique
edge of the prism, the sensing surface can be imaged without aberration
under ideal conditions.

Generally, the refractive index of cells ranges from 1.333 RIU to
1.370 RIU, and the scanning wavelength normally ranges from 600 nm
to 700 nm to excite the SPR phenomenon in our SPR technology.
Therefore, a specific prism should be selected to keep the RW of cells on
the chip surface being within the scanning wavelength range when the
incident light is perpendicular to the oblique edge of the prism. In the
experiments, the equilateral prism with higher refractive index made of

Fig. 2. (a) Simulation results of the RW calculated by the direct high-order fitting method and the proposed fitting method. (b) Experimental results of the RW
calculated by the direct high-order fitting method and the proposed fitting method.
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SF11 (refractive index: 1.71 RIU) glass was chosen as the coupling
device to decrease the SPR excitation angle. Under the stimulation, the
incident light was incident perpendicularly to the oblique edge of the
prism, and the refractive index of samples was chosen to be within the
refractive index range of cells. For SF11, the RW for these samples was
exactly within wavelength scanning range (600 nm–700 nm).

The objective lens in the microscope determines the magnification
rate, imaging resolution, etc.. Therefore, an objective lens should be
carefully considered for the prism-based WS-SPRM. Firstly, the re-
flected light of the sensing surface needs to pass through the prism and
reaches to the objective lens. Thus, the working distance of objective
lens should to be larger than 10mm. In addition, the optical path of the
reflected light from the sensing surface to the objective lens is not
identical for different detection sites on the sensing surface.
Consequently, an objective lens with large field depth should be
exploited in order to clearly image larger area on the sensing surface.
Lastly, the numerical aperture of the objective lens partially determines
the spatial resolution of the SPRM. In conclusion, based on the above-
mentioned issues, we selected the N10X-PF (Nikon) as the objective
lens with a magnification of 10×, NA of 0.3, working distance of
16mm and field depth of 8.5 μm.

3.2. The comparison of the WS-SPRM and I-SPRM for NaCl detection and
single cell imaging

To compare the dynamic range of WS-SPRM and I-SPRM, various
concentrations of NaCl were detected in two modes. At first, a 3×3
array of ROIs of the same size with even distribution on the sensing
surface was selected. NaCl solutions (prepared using deionized Milli-Q
water) at concentrations ranging from 0 to 25% in increments of 5% by
volume (corresponding to a refractive index ranging from 1.333 to
1.37925 RIU) were then injected. In the experiments, the incident
wavelength (600 nm–700 nm) was continuously scanned to acquire the
SPR spectral curve for each ROI. Then, the real-time RW was obtained
by analyzing the spectral curve. The light intensity of each ROI was also
acquired by the intensity of a fixed wavelength on the spectral curve.
The wavelength for I-SPRM was selected in the linear range of the SPR
spectral curve obtained in the first scanning of wavelength.

The relationship between the refractive index and the intensity shift
and RW shift is shown in Fig. 3(a-b). Each point represents the
mean ± SD of nine ROIs. It is seen from this figure that the intensity
has linear relationship with the refractive index in the refractive index
range of 1.333 RIU-1.3515 RIU (r2= 0.992) and the RW has linear
relationship with the refractive index in the refractive index range of
1.333 RIU-1.37925 RIU (r2= 0.998). Thus the dynamic range of I-
SPRM and WS-SPRM system are 1.85×10−2 RIU and 4.625× 10−2

RIU. Since the adhesion of cells varies greatly in different areas, the WS-
SPRM would have unique advantages for cell imaging due to wider
dynamic range. Furthermore, we compared the capability of the SPRM
based on intensity interrogation and wavelength interrogation for
single cell imaging.

Fig. 3(c) presents the intensity image of a single cell acquired by the
I-SPRM. The incident wavelength was obtained by subtracting 20 nm
from the average RW of pixels in the cell region, at which the intensity
varies linearly with the change of the refractive index. For the cell in
the image, the incident wavelength was calculated to be 621 nm. As
shown in the figure, several cell areas cannot be observed in the image
acquired by the I-SPRM. The dynamic range of I-SPRM wad about
1.85×10−2 RIU. While the refractive index range of cells on the chip
surface was about 3.5×10−2 RIU, which was calculated by the dif-
ference of RW on the cell region (Fig. 3(d)). Thus the SPR response at
some sites exceeded the dynamic range of the I-SPRM. Therefore, the I-
SPRM results can hardly ensure that the intensity of all pixels can ac-
curately reflect their true SPR conditions when the refractive index of
different sites on the sensor surface varies greatly.

Fig. 3(d) showed the RW image of a single cell acquired by the WS-

SPRM. As shown in the figure, the cell has a clear profile and better
morphologic integrality compared with that in the I-SPRM image. At
this interrogation, we could obtain the RW for each pixel, which reflects
the real SPR condition of each detection site and induces better de-
tection consistency. Moreover, the variation of cell adhesion could be
accurately reflected by the difference in RW. From the above results, it
is demonstrated that the WS-SPRM can achieve better performance than
the I-SPRM for single cell imaging.

3.3. Cell detachment monitoring under the stimulus of trypsin and Triton X-
100

Trypsin and Triton X-100 could both induce acute cell detachment
by digesting extracellular matrix proteins and dissolving the lipid bi-
layer of plasma membrane, respectively. Therefore, the two reagents
were used to verify the capacity of the WS-SPRM for measuring the cell-
substrate interaction. Fig. 4(a) shows the RW images of a single cell
undergoing trypsinization. It could be clearly observed that the RW of
cell region gradually reduced when the trypsin took effect on cells. In
the meantime, the cell adherent area became smaller due to the
shrinkage of the cell. After 80 s of chemical treatment, the RW of most
cell regions decreased to that of the background, and the cell became a
small dot eventually. It could also be confirmed by the time-dependent
RW changes of different regions at cell area shown in Fig. 4 (b). The
region of interested 1(ROI 1) is located at the cell center area, while ROI
2 is located at the cell edge area (Fig. 4 (a)). The RW of ROI 2 decreased
earlier than that of ROI 1 since the cell edge area was the first to detach
from the substrate and shrink after trypsin took effects on the extra-
cellular matrix protein. At the end of trypsinization, the cell almost
completely detached from the substrate, and the RW of ROI 1 and ROI 2
reached a plateaus same as that of the background shown in ROI 3.

The RW images of cells undergoing the treatment of Triton X-100
are shown in Fig. S1(a). In the images, the RW of cell region decreased
rapidly with the addition of Triton X-100. Moreover, the RW of some
cell areas decreased to that of the background at 10 s, illustrating the
complete detachment of cells by the dissolution of Triton X-100. The
time-dependent RW changes of different regions at cell area displayed
in Fig. S1(b) indicated that Triton X-100 dissolved cell membrane
uniformly. Notably, visible cell residues or incomplete cell detachment
can still be observed after extended trypsinization and Triton X-100
exposure, and these residues could be removed thoroughly with
washing steps. The above results of the WS-SPRM for monitoring the
real-time cell detachment under the treatment of trypsin and Triton X-
100 have proved that the WS-SPRM could be applied for the sensing of
cell-substrate interaction.

3.4. Electroporation monitoring

We have also exploited the WS-SPRM to study electroporation, a
phenomenon that the membrane permeability of cells can be in-
stantaneously enhanced through the effect of a high intensity electric
field so as to absorb extracellular molecules in the surrounding
medium. We recorded the RW images and optical images of electro-
poration processes with different durations. Fig. 5 shows a sequence of
optical images (Fig. 5(a)) and RW images (Fig. 5(b)) of an electro-
poration process with an electrical stimulation duration of 10 s (started
at 10s, ended at 20s). The optical images present negligible changes
during the electroporation process. As a contrast, the RW images reveal
significant changes during the process. The RW of cell regions de-
creased in varying degrees as the electrical stimulation lasted for dif-
ferent time, indicating local detachment of the cell membrane from the
surface. As the electrical stimulation progressed, several prominent
perforated areas appeared on cells, and the RWs of these perforated
regions decreased to that of the background because the electroporation
created openings in the cell membranes. When the electrical stimula-
tion was stopped, the RWs of cell region gradually recovered to the pre-
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stimulus level.
The time-dependent RW changes of different regions (Fig. 5(c)) at

two cells (ROI 1, ROI 2, ROI 3 and ROI 4) and background area (ROI 5)
are shown in Fig. 5(d). The electrical stimulation did not affect the SPR
conditions of the gold film and culture medium since the RW of ROI 5
barely changed during the electrical stimulation process. Thus, the RW
changes of cell region were solely caused by the cellular physiological
changes. The RWs of ROI 1-4 decreased rapidly during the electrical
stimulation process and then gradually increased when the electrical

stimulation was stopped. The RWs reached to a plateau over 50 s. It was
apparently observed that the RW change was not uniform across the
entire cell as the SPR responses of ROI 1 and ROI 3 were much larger
than that of ROI 2 and ROI 4. The reason is that only partial cell area
underwent electroporation, thus resulting in the different RW changes
in different sites. It is worth noting that the RW did not fully recovered
to pre-stimulus level due to the damage of electrical stimulation to cells,
and full recovery of cells can usually take hours (Wang et al., 2011).

Figure. S2-3 shows a sequence of RW images of the electroporation

Fig. 3. (a) The relationship between the intensity shift and the increasing refractive index. (b) The relationship between the resonance dip shift with the increasing
refractive index. Each point represents the mean ± SD of nine ROIs. (c) The intensity image of a single cell acquired by the I-SPRM. (d) The RW image of a single cell
acquired by the WS-SPRM.

Fig. 4. Cell detachment monitoring under the stimulus of trypsin. (a) The RW images of a single cell undergoing trypsinization. The time format in the images is set to
mm: ss. The same below. (b) The time-dependent RW changes of ROIs.
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process when the duration was 20 s (started at 10s, ended at 30s) and
40 s (started at 10s, ended at 50s). Similarly, the RWs of cell regions
decreased rapidly in the first 10 s of the electrical stimulation and
started to increase when the electrical stimulation was stopped. Fig. 6
presents the time-dependent RW value of ROI 1 and ROI 5 during the
whole electroporation processes, beginning from the 10s of electrical
stimulation to the 40s of electrical stimulation. It can be seen that the
RW of ROI 1 decreased to the background level at the end of each
electrical stimulation. With the extension of stimulation duration, the
longer recovery time was required, and the degree of cell recovery
became lower. This result is because that the electrical stimulation with
longer duration time causes more severe damage to cell viability.

Fig. 6 also displayed the time-dependent intensity value of ROI 1
during the whole electroporation processes. When the duration of
electrical stimulation was 10 s, the changing trend of the intensity was
consistent with that of the RW, indicating that the intensity could also
reflect the electroporation of cells. However, when the duration of
electrical stimulation was 20 s and 40 s, the intensity value reduced to a
certain degree and remained unchanged until after the electrical sti-
mulation was stopped for several seconds. The results suggested that
the SPR response of the cell electroporation region was beyond the
dynamic range of the I-SPRM. On the contrary, the RW value continued

Fig. 5. The optical images (a) and RW images (b) of an electroporation process when the duration of electrical stimulation was 10 s. (c) The RW image of cells before
the electrical stimulation, indicating the location of ROIs. (d) The time-dependent RW changes of ROIs.

Fig. 6. The time-dependent intensity and RW value of ROI 1 and RW value of
ROI 5 during the whole electroporation processes.
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to decrease slightly before the electrical stimulation was stopped and
then increased immediately when the electrical stimulation was
stopped, indicating that the WS-SPRM has larger dynamic range and
could monitor intense cell activities in a more accurate manner.

3.5. Discussions

The spatial resolution of the developed WS-SPRM is calculated as
3.96 μm (X axis) and 4.43 μm (Y axis) using the gold nanoparticles, and
the field of view the system is 230.4 μm×297.6 μm. The spatial re-
solution of our system is limited by several main factors. Firstly, the
propagation distance of evanescent wave in metal determines the spa-
tial resolution of the system. Using an incident light with shorter wa-
velength can reduce the distance of evanescent wave propagation dis-
tance and improve the spatial resolution. Under these circumstances,
the spatial resolution further depends on the numerical aperture of the
objective. An objective lens with high numerical aperture would help
increase the spatial resolution of the system. In the future work, we
would consider to develop a WS-SPRM system based on total internal
reflection fluorescence (TIRF) structure. Consequently, the aberration
of the coupling prism can be eliminated, and the spatial resolution can
be increased as well due to the objective lens with high numerical
aperture and TIRF structure design. Parallelism of incident light is an-
other factor affecting the spatial resolution of the system. The halogen
lamp used in the system as the light source can avoid speckle noise
caused by incoherent light source, but it is difficult to collimate. The
incident light with low parallelism could cause mutual interference
between different detection sites on the sensing surface, which would
affect the spatial resolution. By utilizing specially-designed aspheric
lens as the collimating lens group, the parallelism of incident light can
be improved.

The time resolution of the system, determined by the measurement
time, is 1 s for completing a wavelength-scanning and SPR imaging
cycle, in which it takes about 30ms for the LCTF to switch the wave-
length of the incident light and 20ms for the CMOS device to image the
sensing surface. The time for wavelength-scanning could be shorten by
replacing the LCTF with one device that offers shorter wavelength-
switching time. The intensity of light source is another factor that limits
the time resolution. By increasing the intensity of the light source, the
exposure time of the CMOS device could be reduced.

The third aspect of improvement that needs to be considered is the
sensitivity of the system. Firstly, the weak light intensity near the re-
sonance wavelength is susceptible to external interference and dark
noise of the detector, which is the main reason for limiting the sensi-
tivity of WS-SPRM. Increasing the intensity of incident light can im-
prove the anti-noise capacity of the system and reduce the calculating
error of resonance wavelength, which is beneficial for the enhancement
of system sensitivity. Secondly, in wavelength-interrogated mode, the
full width at half maximum (FWHM) of incidence light that emitted
from wavelength-scanning device is one of the key factors that limits
the sensitivity of the system. The smaller the FWHM of incidence light
is, the higher sensitivity of the system would have. Thus, the sensitivity
of the system could be enhanced by replacing the LCTF with one device
that offers smaller FWHM light.

4. Conclusions

This paper, for the first time, presents a WS-SPRM as a label-free and
efficient analytical approach for measuring cell-substrate interactions.
It allows us to monitor the changes of cell behaviors during cell de-
tachment under the stimulation of chemicals and electroporation in a
real time manner. Compared with the I-SPRM, the WS-SPRM exhibits
larger dynamic range, which is beneficial for the imaging of cell ad-
hesion. Although there are still many works to be done to improve the
resolution and sensitivity of the WS-SPRM, the new reported system
may be considered as a promising platform for broad applications in

cell research such as cell-based clinical diagnosis, intracellular pro-
cesses monitoring, cell–stimulus interactions and the binding kinetics of
cell surface protein.
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