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A B S T R A C T   

In this paper, we have investigated multi-channel switching of light incidence in multiple directions to improve 
image clarity in surface plasmon microscopy (SPM) for robust and consistent imaging performance regardless of 
the pattern geometry and shape. Multi-channel light switching in SPM allows significant reduction of adverse 
scattering effects by surface plasmon (SP). For proof of concept, an eight-channel spatially switched SPM (ssSPM) 
system has been set up. The results with reference objects including square arrays and Siemens stars experi
mentally confirm much improved images with ssSPM by reducing the artifacts of SP scattering significantly. On a 
quantitative basis, contrast analysis preformed with square arrays shows image contrast enhanced by more than 
three times over conventional SPM. Three image reconstruction algorithms were evaluated for optimal image 
acquisition. It is suggested that averaging combined with minimum-filtering produces the highest resolution. 
ssSPM was applied to label-free imaging of primary neuron cultures and shown to present enhanced images with 
clarity far better than conventional SPM.   

1. Introduction 

Human desire to observe small objects that are invisible to naked 
eyes has been the driving force behind the development of optical mi
croscopy. One of such techniques is surface plasmon microscopy (SPM) 
(Hickel et al., 1989; Rothenh€ausler and Knoll, 1988), which visualizes 
the intensity changes as a result of refractive index variation in the 
evanescent field when surface plasmon (SP) is excited at metal dielectric 
interface by being momentum-matched with incident photon. Unlike 
bright-field microscopy, SPM may selectively visualize an event within 
penetration depth of the evanescent wave similar to TIRF microscopy. 
Because SPM does not rely on labels as a dark-field imaging method 
which operates near or under SP resonance (SPR), it has been used in 
many biomedical engineering studies, for example, to investigate cell 
adhesion (Giebel et al., 1999; Peterson et al., 2014; Soon et al., 2013; 
Watanabe et al., 2012a), cell substrate interactions (Moh et al., 2008; 
Peterson et al., 2009; Su et al., 2010; Wang et al., 2012a), intracellular 
molecular dynamics (Shinohara et al., 2013; Wang et al., 2012b; Yang 
et al., 2015.), cellular structures (Berguiga et al., 2011; Yanase et al., 
2010), lipid vesicle adsorption (Jenkins et al., 2001), and cell-electrode 

gap (Toma et al., 2014). SPM also found uses in chemical and material 
science for visualization of binding reactions (Piscevic et al., 1995) and 
electrochemical potential waves and currents (Fl€atgen et al., 1995; Shan 
et al., 2010), characterization of crystalline domains (Kooyman and 
Krull, 1991) and thin films (Knobloch et al., 1996), and quantification of 
refractive index changes (Kotsev et al., 2003) and local distances (Zhang 
et al., 2001). In addition, efforts have been made to merge SPM with 
other detection methods such as surface-enhanced Raman scattering 
(Meyer et al., 2012), spectroscopy (Yuk et al., 2008), and atomic force 
microscopy (De Hollander et al., 1995). 

One critical problem of SPM is poor image resolution due to SP 
scattering of light. SP propagation length (Lsp) often ranges from 10 ~ 
100 μm (Lamprecht et al., 2001), which causes the resolution of SPM to 
be much worse than the diffraction limit. Various approaches have been 
taken to improve the resolution in SPM (Laplatine et al., 2014; Thariani 
and Yager, 2008; Vander and Lipson, 2009), for example, based on the 
optimization of optical components (Berger et al., 1994; De Bruijn et al., 
1993; Jamil et al., 2008; Somekh et al., 2000) and nanoplasmonic 
control of SP propagation (Kim and Kim, 2010; Smolyaninov et al., 
2006). Scanning-based SPM was shown to produce near 
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diffraction-limited resolution using x/y raster scanning with a sample 
stage at the expense of much slow imaging acquisition (Watanabe et al., 
2012b). 

Recently, simple two-channel spatially switched SPM (ssSPM) was 
proposed to achieve much improved image resolution in SPM (Son et al., 
2018a), in which images are acquired with incident light illuminated in 
opposite directions while maintaining the angle of incidence and po
larization and minimum-filtered for post-processing. More details of the 
operation principle are described in Supporting Information S1 for the 
simplest model. The two-channel ssSPM was extended to 
momentum-sampling based on galvanometer scanning (Kuai et al., 
2019). Multichannel SPM was partially demonstrated without modifi
cation of optical set-up using sample rotation and image registration 
(Banville et al., 2018). However, this method suffers from inherent 
image misregistration, which may limit the application to imaging 
sub-micron features. Plasmonic light switching was also shown to be 
useful for super-resolved fluorescence microscopy (Kim et al., 2010; Son 
et al., 2018b). In fact, spatial switching in ssSPM can be understood as 
momentum sampling of the spatial domain. In this sense, improvement 
of resolution by spatial light switching in SPM can find analogy in other 
imaging techniques, most notably, structured illumination microscopy, 
which enhances spatial resolution by sampling Fourier domain outside 
the observable frequency space (Gustafsson, 2000). Similarly, synthetic 
aperture microscopy has been investigated to enhance spatial resolution 

without labels by broadening the range of spatial frequency achievable 
in the Fourier domain (Choi et al., 2007; Cotte et al., 2013; Schwarz 
et al., 2003). By analogy, Fourier ptychography was adopted to enhance 
spatial resolution using a low NA objective lens and an incoherent light 
source with a good field of view (Guo et al., 2015; Zheng et al., 2013), 
although its performance is limited compared to commercial micro
scopes with an oil-immersion high NA objective (Ou et al., 2015). 

Despite the possibilities, ssSPM may only be effective for single-axis 
linear objects because of the nature of two-channel switching, i.e., the 
minimum-filtering works with the lowest noise when a scattering edge is 
orthogonal to the direction of plasmon scattering. Also, the two-channel 
ssSPM needs the distance between patterns to be longer than SP prop
agation length to avoid crosstalk. For this reason, we intend here to 
improve conventional SPM images of objects with complex multi- 
directional structures and to generalize ssSPM for clear visualization 
of arbitrary morphology. An obvious approach to attain this goal is to 
increase the number of channels for enhanced control of spatial fre
quency components. An important question is how many sampling 
channels are sufficient for imaging an object of any shape. ssSPM with a 
larger number of channels represents sampling in a larger area in the 
Fourier space. The effectiveness of ssSPM depends on the size of fre
quency content of an object. Assuming that an object is not bandlimited, 
although the marginal utility accompanied by the increase of the 
channel number would decrease, an increased number of switching 

Fig. 1. (a) Optical set-up of multichannel ssSPM (LP: 
linear polarizer, HWP: half wave plate, BE: beam 
expander, M1, M2, M3, and M4: mirrors, FL focusing 
lens with f ¼ 200 mm, OBJ: objective lens and TL: 
tube lens). Arrows for M2 and M3 represent 
displacement of the mirrors. (b) Conceptual illustra
tion of switched light illumination in eight-channel 
ssSPM (n ¼ 8). ki with i ¼ 1 ~ 8 represents the wave 
vector corresponding to each of the eight directions of 
switched light incidence. The arrow around the 
objective lens denotes clockwise temporal sequence 
of light switching. Images of reference square arrays 
by conventional SPM ( , , , , , , , ), two-channel 
( , , , ), four-channel ( , ), and eight-channel 
ssSPM ( ): (c) array period ^¼ 5 μm and square 
width w ¼ 2 μm and (d) ^¼ 3 μm and w ¼ 2 μm.   
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channels would always lead to the improvement in the image quality, 
which is ultimately limited by the diffraction-limit, and can reduce 
various artifacts due to crosstalk and pattern orientation that under- 
sampled SPM may exhibit and improve the utility at the expense of 
growing complexity (see Supporting Information S2). Our analysis 
shows that a design based on eight channels provides sufficient 
compromise between complexity and performance. The results were 
confirmed by imaging reference objects and neurons. 

2. Results and discussion 

2.1. Multi-channel ssSPM images of square arrays 

The optical schematic for the ssSPM set-up is presented in Fig. 1(a). 
Details of the set-up can be found in Supporting Information S3. The 
eight-channel ssSPM (n ¼ 8) samples the spatial frequency of an object 
field in eight channels by illuminating with different k vectors as shown 
in Fig. 1(b). SP scattering is dominant along the direction in parallel to 
SP propagation and tends to be insignificant in the perpendicular di
rection (see Supporting Information S4 and S5). Multi-channel ssSPM 
(n > 2) can exploit the minimal SP scattering in the perpendicular di
rection under different illumination switching conditions and enable to 
resolve objects in the direction of SP propagation. This method can 
address the limited applicability of two-channel ssSPM. Fig. 1(c) and (d) 
show SPM images of reference square arrays for an array period ^¼ 5 
and 3 μm when the square width is fixed at w ¼ 2 μm (fabrication 
described in Supporting Information S6). Clearly, the images acquired 
by eight-channel ssSPM present much better resolved squares than those 
from conventional SPM and two-channel ssSPM. The improvement is, in 
fact, more significant with the distance between objects. Note that the 
geometric parameters such as period, width, and gap between squares (^
‒ w) are smaller than SP propagation length: nonetheless, image 
acquisition works by multi-channel spatial switching combined with 
reconstruction processes. Image analysis suggests significantly 
enhanced contrast by 3.05 (¼ 37.5/12.3 in 8-bit intensity, sample 
number: 218) and 1.61 (¼ 37.5/23.3, sample number: 218) times over 
conventional SPM and two-channel ssSPM (see Supporting Information 
S7 for more details of contrast analysis). Note that relative standard 
deviation (RSD) decreases from 2.52 to 1.17 and 0.395, as the channel 
number increases from n ¼ 1 to 2 and 8, which implies improved image 
quality with a larger number of channels with ssSPM. Such enhancement 
by eight-channel ssSPM was found to be repetitive and robust on the 
order, regardless of the specific way that it was measured. Substantial 
enhancement in the contrast can be translated into an improved signal- 
to-noise ratio as a result of reduced SP scattering. Fig. 1(c) and (d) 
clearly demonstrate that multi-channel ssSPM allows imaging samples 
consisting of internal structure with a size which would have been 
extremely difficult with conventional SPM (even with two-channel 
ssSPM). 

2.2. Experimental confirmation of multi-channel ssSPM with reference 
objects 

Fig. 2(a) shows a bright-field microscopy image of a Siemens star 
(30-μm size) with 12 spokes, which we used as a reference object to 
assess the effectiveness of multi-channel ssSPM. Fig. 2(b) and (c) show 
images of the Siemens star in single-channel conventional SPM, while 
the two-channel ssSPM image is presented in Fig. 2(d). The region 
marked by the blue arrow in Fig. 2(b) is resolved, while the one marked 
by the green arrow in Fig. 2(c) is distinguished. While these regions can 
be resolved by switching in two-channel ssSPM, the region marked by 
the yellow arrow remains blurred as shown in Fig. 2(d). The two- 
channel ssSPM image, as well as those acquired by conventional SPM, 
is clearly insufficient to remove the image blurring artifacts due to SP 
scattering. This is because an optimal imaging condition is not fulfilled 
when the target arrangement and the direction of the incident wave 

vector (ki) are not perpendicular. Improvement of resolution was 
attained by extending minimum filtering for multi-channel SPM images 
so that the highest achievable spatial frequency information can be 
selectively exploited depending on the channel. 

For this purpose, we have used eight-channel ssSPM based on three 
image reconstruction methods: minimum filtering (Method M shown in 
Fig. 2(e)), simple averaging (Method A in Fig. 2(f)), and minimum 
filtered two channel averaging (Method A&M in Fig. 2(g)), in which 
averaging is performed after minimum-filtering opposite channels. More 
details of the three image reconstruction methods can be found in 
Supporting Information S8. Eight-channel minimum filtering provides 
the sharpest edges by best conserving the high spatial frequency infor
mation as presented in Fig. 2(e). While the advantages of minimum 
filtering were confirmed in two-channel ssSPM (Son et al., 2018c), the 
algorithm using multi-channel images (n > 2) is likely to lose signal in
tensity at some pixels in the presence of coherent speckle noise by 

Fig. 2. (a) Bright-field image of a Siemens star (30-μm size) with 12 spokes. (b, 
c) SPM images of a Siemens star with different directions of light incidence. 
Scale bar: 10 μm. (d) Two-channel ssSPM images reconstructed from (b) and (c). 
The region marked by the blue arrow is resolved in (b), while the one marked 
by the green arrow is distinguished in (c). The region marked by the yellow 
arrow remains unresolved in neither of (b) and (c) in two-channel ssSPM. (e–g) 
Eight-channel ssSPM images with different reconstruction methods: (e) eight 
channel minimum filtering, (f) eight channel averaging, and (g) minimum 
filtered two channel averaging. Red arrows of (b–g) mark the direction of light 
incidence. (h) Averaged radial profiles along the azimuthal direction of the 
Fourier transform. The magnitude on the y-axis is on a logarithmic scale. Inset: 
Fourier transform of SPM images of a Siemens star in eight-channel ssSPM 
images with averaging (Method A) and minimum filtered two channel aver
aging (Method A&M). Concentric red circles in the inset represent the spatial 
frequency of k0NA and 2k0NA in the Fourier domain. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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scattering dust particles or surface imperfections. On the other hand, 
averaging is the simplest reconstruction method, in which all 
eight-channel images are averaged. Despite the simplicity, strong 
background blur due to SP scattering remains substantial in the area 
between spokes of the Siemens star, as shown in Fig. 2(f). Therefore, we 
have implemented a hybrid method of minimum-filtering two-channel 
images and then averaging four minimum-filtered images to synthesize 
the Fourier domain, as shown in Fig. 2(g). 

The reconstruction process can be better understood in the Fourier 
domain, as we have presented in Fig. 2(h). Inset shows Fourier transform 
images of the Siemens star in eight-channel ssSPM based on the image 
reconstruction by Method A and A&M. The reconstruction by Method M 
tends to be dominated by the channel with significant intensity loss as 
described in Methods, thus was excluded from Fig. 2(h). Low frequency 
components represent blur while strong high frequency improves image 
clarity, although it also emphasizes artifacts such as speckle. Simple 
averaging (Method A) shows mild high frequency components with 
strong presence of low frequency blur. On the other hand, the Fourier 
spectrum obtained by minimum-filtering suggests a broad Fourier 
spectrum with relatively weak low frequency components. The 
complementarity between Method A and M leads to the combination 
into a Fourier spectrum shown in Fig. 2(h) for Method A&M. 

For the quantitative evaluation, we define an averaged radial profile 
(ARP) as the amplitude sum of an image in the Fourier space over the 
ring-shaped radial profile shown in Fig. 2(h) in the range of 

k0NA < fr < 2k0NA (fr: radial spatial frequency in the polar coordinate 
representation), i.e., 

ARP ¼
Z 2k0NA

k0NA

Z 2π

0
Lðfr; fθÞ dfθdfr (1)  

Lðfr; fθÞ¼ jFfobjectgAðfr; fθÞj (2)  

where F{} denotes Fourier transform operation of an object and A(fr,fθ) 
is the amplitude transfer function of the optical system. The integration 
range in Eq. (1), where k0NA corresponds to the diffraction-limited 
cutoff frequency, was selected to exclude low frequency blur and high 
frequency artifacts. Overall, L(fr,fθ) is the Fourier transform amplitude at 
a specific spatial frequency evaluated in the image plane. ARP is an 
indirect measure of image quality representing high frequency infor
mation without blur which affects the final image. In this sense, higher 
ARP may lead to enhanced spatial resolution. In Fig. 2(h), ARP(Method 
A&M)/ARP(Method A) ¼ 1.51, which suggests improved SPM image 
reconstruction with Method A&M over Method A by more than 50%. 

2.3. Neuronal imaging with multi-channel ssSPM 

The multi-channel ssSPM has been applied to the visualization of 
dried cortical neuron. Preparation of neuron is detailed in Supporting 
Information S6. Fig. 3 presents conventional SPM and eight-channel 

Fig. 3. Images of a cortical neuron by eight-channel ssSPM: (a) Bright-field image of the neuron. (b) Conventional SPM and (c) two-channel ssSPM image of neuron. 
Red arrow marks the direction of light incidence. (d) Eight channel minimum filtering (Method M), (e) eight channel averaging (Method A), and (f) minimum filtered 
two channel averaging (Method A&M). Dotted square represents a magnified image of neuronal axon in an identical location. (g) Intensity distribution across 
neuronal axon (dotted line in b, d-f) with respect to the image reconstruction methods compared to conventional SPM. (h) Bright-field, SPM, and ssSPM images of 
another neuron. (i) Intensity distribution across neuronal axon (dotted line in h). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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ssSPM images of a neuron with a bright-field microscope image in Fig. 3 
(a). As shown in Fig. 3(b), neurites placed along the direction parallel to 
light illumination were found to be brighter than along the perpendic
ular direction. However, blurring also became significant along the 
parallel direction and, therefore, makes it almost impossible to recog
nize the spatial information along the direction of light illumination. In 
contrast, neurites placed along the perpendicular direction can be better 
identified. Even after minimum filtering in two-channel ssSPM shown in 
Fig. 3(c), it was difficult to obtain morphological variation along the SP 
propagation directions. This is mainly because of higher complexity of 
an object than the Siemens star. On the other hand, we emphasize that 
with an increasing the number of channels, a whole morphology of 
neuron can be quite clearly observable as shown in Fig. 3(d–f), i.e., 
multi-channel ssSPM enables visualization of complex details of neuron 
which would be impossible with conventional SPM. 

Considering that SPM images represent cell adhesion (Giebel et al., 
1999; Son et al., 2018c), the neuron presented in Fig. 3 appears to be 
well attached to the surface, although the clarity differs depending on 
the image reconstruction methods. In general, the difference between 
the three image reconstruction methods is much starker for neurites 
than for the Siemens star of Fig. 2 because of the complexity of a cell. 
Although eight-channel averaging (Method A) in Fig. 3(d) presents a 
reasonably good reconstructed image along all the azimuthal directions 
with relatively blurred edges. On the other hand, minimum filtering 
(Method M) presented in Fig. 3(e) emphasizes the critical problem of 
losing details of cell morphology, which is caused by intensity loss while 
finding the minimum value of each pixel. It is thus suggested that an 
eight-channel minimum filter may not be applied for general purposes. 
On the other hand, the hybrid image reconstruction method based on 
minimum-filtering and averaging (Method A&M) shown in Fig. 3(f) 
presents much enhanced result in agreement with the case of the 
Siemens star. The method produces an image with better image contrast 
than eight-channel averaging. The image is also error-free compared to 
the one reconstructed by minimum filtering. 

For quantitative evaluation, intensity distribution across neuronal 
axon corresponding to the dotted lines in Fig. 3(d–f) is shown in Fig. 3(g) 
obtained with different image reconstruction methods. In conventional 
SPM and ssSPM with image reconstructed by minimum-filtering 
(Method M), we were unable to find a distinct peak that corresponds 
to the axon. In contrast, an intensity peak corresponding to axon was 
clearly identified by ssSPM after reconstruction by averaging (Method 
A) or minimum-filtering and averaging (Method A&M). These trends 
were largely similar in other parts of the neuron and another neuron as 
shown in Fig. 3(h) and (i). If we define contrast (C) as the peak-to- 
background intensity difference (details of the statistical analysis 
described in Supporting Information S9), C ¼ 82.1 � 17.5 (Method A) vs. 
81.3 � 8.5 (Method A&M) and the background noise intensity itself was 
measured to be 75.1 � 9.7 vs. 35.1 � 3.0 (in 8-bit intensity). In other 
words, while background noise is significantly reduced by 53.3% (¼
(75.1–35.1)/75.1) after image reconstruction with Method A&M, peak 
intensity is also reduced by an amount commensurate with this reduc
tion so that the obtained contrast was almost identical between Method 
A and A&M. Full-width-at-half-maximum (FWHM) decreased to 
1.97 � 0.73 μm with Method A&M, compared to 2.70 � 0.49 μm with 
Method A, a decrease by 27% (¼ (2.70–1.97)/2.70). The results confirm 
that the hybrid reconstruction (Method A&M) performs the best and 
achieves both good contrast and FWHM. Despite considerable 
improvement in contrast by Method A and A&M, it is much lower than 
the improvement that we observed with reference square arrays in the 
previous section. This is caused by the difference in the shape of 
neuronal axon from the square array, i.e., the edge that defines the axon 
is smooth while squares have relatively abrupt edges. 

Overall, the use of eight-channel ssSPM allows anatomical charac
teristics of a neuron, such as the projection of axons and dendrites, to be 
clearly identified, which would in general be extremely difficult with 
conventional SPM. The eight-channel ssSPM can be easily extended to 

imaging cells under normal buffer ambiance with improved stage con
trol, in which case higher resolution may be obtained because of reduced 
Lsp. Spectral analysis was performed for additional account of 
improvement by eight-channel ssSPM based on Fourier transform im
ages of neuron as well as the radial intensity averaged over 
k0NA < fr < 2k0NA, as provided in Supporting Information S10. 

2.4. Discussion 

The resolution in ssSPM is not limited by SP scattering, therefore 
much enhanced over conventional SPM. Background noise and delete
rious interference unrelated to SP scattering remain to affect the reso
lution even after image reconstruction by minimum-filtering, i.e., the 
effect of channel number on the resolution is weak in ssSPM. Nonethe
less, the advantages of multi-channel ssSPM are clear in the sense that 
imaging of an object with arbitrary shape including circles and complex 
geometry and internal structure that is much smaller than SP scattering 
length is readily available. Multi-channel ssSPM provides much 
improved image clarity to distinguish an object in the presence of im
purities that may affect the quality of an image. Most importantly, we 
emphasize that the significance of this study can be understood as a 
milestone to reach high resolution 3D SPM imaging. Without point 
scanning, an image with a wide field-of-view may by acquired simul
taneously with multi-channel switching and/or angle scanning. 

3. Conclusions 

We have investigated multi-channel ssSPM to remove artifacts of 
severe SP scattering, which restricts the use of conventional SPM. Multi- 
channel ssSPM takes advantage of switching light incidence in multiple 
directions for robust and consistent imaging performance regardless of 
the pattern geometry and shape. An eight-channel ssSPM system was set 
up for visual assessment with reference objects such as square arrays and 
Siemens stars and applied to imaging neurons. Contrast analysis 
confirmed significant enhancement by more than three times using 
eight-channel ssSPM over conventional SPM with much reduced scat
tering artifacts. Three image reconstruction algorithms were evaluated 
for optimal image acquisition, i.e., minimum-filtering (Method M), 
averaging (Method A), and averaging and minimum-filtering (Method 
A&M), among which Method A&M was shown to outperform the other 
image reconstruction algorithms. Further improvement should be made 
to achieve higher image resolution by optimized noise management. 
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