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Supplementary Note.1：Light distribution for SPA-SIM 1 

The electric field distribution  of light after passing through a lens is represented as 2 

an integral of plane waves as follows: 3 

 4 

,  (1) 5 

 6 

where  and  are the position vectors in the object space and pupil plane, respectively; 7 

 is the complex-valued pupil transmission function of the lens;  is the time; and 8 

 and  are the wave number vector and angular frequency, respectively. When 9 

illumination for activation is provided by a lens and objects including photoswitchable 10 

fluorophores are placed near the focus of the lens, the distribution of the activated 11 

fluorophores is represented as 12 

 13 

,   (2) 14 

 15 

where  and  are the illuminating electric field distribution for the activation 16 

and distribution of the object, respectively. The activated fluorophores were then excited 17 

by a second illumination. The resultant distribution of the excited fluorophores is 18 

described as 19 

 20 

,   (3) 21 

 22 

where  is the electric field distribution of the structured excitation illumination, 23 

and  are the indices of the angle and phase of the illumination pattern for 24 

the SIM reconstruction. For two-dimensional (2D) SIM, the intensity distribution of the 25 

structured illumination is represented as 26 

 27 

 28 
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 30 

where  is the wave vector, and  is the phase of a sinusoidal illumination pattern 31 

with an angle-dependent global phase. Fluorescence emitted from the excited 32 
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fluorophores was measured using detection optics. The distribution of the detected 33 

fluorescence  was 34 

 35 

,   (5) 36 

 37 

where  is the point spread function (PSF) of the detection optics. By substituting 38 

(2) into (5), the relationship between the illumination patterns and the resultant image can 39 

be described as 40 

 41 

.  (6) 42 

 43 

(6) indicates that the integration of sheet illumination for activation and structured 44 

illumination for excitation determines the distribution of excited fluorophores. 45 

 46 

Image reconstruction of SIM for super-resolution 47 

Conventional SIM reconstruction methods1 are directly applicable to SPA-SIM, because 48 

the mechanism of image formation is the same as that of SIM. We now briefly explain 49 

the reconstruction procedure in the case of the 2DSIM.  50 

SIM Reconstruction was performed based on the Fourier transform and matrix-based 51 

unmixing. The Fourier transform of (5) is represented as 52 

 53 

  (7) 54 

 55 

where  represents Fourier transform of . There are 3 unknowns: ,  56 

and  to be estimated for the reconstruction. We used 3 different phases of 57 

structured illumination in the imaging to estimate these unknowns. Then, we got, 58 
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Ĩ n3(k)

=

1 1
2 e−iϕn1 1

2 eiϕn1

1 1
2 e−iϕn2 1

2 eiϕn2

1 1
2 e−iϕn3 1

2 eiϕn3

h̃det(k) 0 0
0 h̃det(k) 0
0 0 h̃det(k)

c̃act(k)
c̃act(k + kn)
c̃act(k − kn)



 3 

 61 

We estimated three components for reconstruction, , , and , 62 

by solving this equation with the estimated or measured detection PSF: . 63 

 and  are shifted back to superpose the DC components in the 64 

frequency domain and are represented as  and , 65 

respectively. The estimation is performed in three different  for a homogenous optical 66 

passband, and the summation of these nine components is the Fourier transform of the 67 

reconstructed super-resolution image: 68 

 69 

. (9) 70 

 71 

A similar reconstruction was performed using 3DSIM2. In particular, in 3DSIM, selective 72 

plane activation can modify the effective illumination pattern depending on the sheet 73 

thickness. This effect changes the weights of the frequency components derived from the 74 

structured illumination, which should be considered when choosing the coefficients in 75 

the unmixing process. In our reconstruction, the coefficients were optimized according to 76 

the weights of the frequency components in the raw dataset. 77 

 78 
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 80 

Fig. S1 Calculation conditions used in Fig. S2 and S3. (n: refractive index) 81 

  82 
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 83 

 84 

Fig. S2 Intensity distributions of activation light at the pupil of the objective lens, 85 

fluorescence emission on the xz and xy planes at the object, and the fluorescence signal 86 

on the image sensor calculated for the five imaging modes of (a) conventional SIM, light-87 

sheet with single-photon-activation using NAs of (b) 0.67 and (c) 0.1, and Bessel sheet 88 

with (d) single- and (e) two-photon-activation using an NA of 0.67. A fluorescent sphere 89 

with a diameter of 10 µm was assumed as the object. The middle plane was imaged to 90 

evaluate the imaging property inside dense sample. The light sheet activation improves 91 

the contrast of the emission and the resultant image but brings about a trade-off between 92 

the axial resolution and field of activation. A scanned Bessel sheet with single-photon 93 

activation provides a large field of view, whereas the contrast improvement is not 94 

sufficient due to the sidelobes of the Bessel beam. Two-photon activation with a scanned 95 

Bessel sheet realizes the fluorescence distribution highly confined within the focal plane 96 

without sacrificing the field of view. 97 

 98 

  99 
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 100 
Fig. S3 Point spread functions and optical transfer functions of conventional wide-field 101 

microscopy, SIM, light sheet SPA-SIM with NAs of 0.1 and 0.67, Bessel light sheet for 102 

single- and two-photon activation in SPA-SIM with an NA of 0.67, 3DSIM, SPA-3DSIM 103 

with a light sheet and Bessel light sheet with two-photon activation. PSFs and OTFs were 104 

normalized by their individual maxima and plotted in linear and logarithmic scales, 105 

respectively. Intensity profiles at x = 0, z = 0, kx = 0, and kz = 0 were shown. We set the 106 

contrast of OTFs to a minimum value of -4 to eliminate calculation noise. We obtained 107 

PSFs by using vector calculation3.  108 
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 109 

Fig. S4 Sheet length(x), axial resolution(z), activation efficiency and out-of-focus 110 

background with different activation modes. Spatial distributions of activation efficiency 111 

under single-photon light-sheet activation with NAs of (a) 0.1 and (b) 0.67 and scanned 112 

Bessel beam with (c) single-photon and (d) two-photon activation with an NA of 0.67 are 113 

shown. 114 

  115 

There are several options for the activation modes that have their advantages and 116 

disadvantages. For observation of relatively thicker and larger samples compared to 117 

monolayer cells, the sheet length, axial resolution (sheet thickness), activation efficiency, 118 

and out-of-focus background are factors to be considered. Single-photon light-sheet 119 

activation with low NA (Fig. S4a) provides sufficient sheet length for FOV in SIM with 120 

high switching efficiency yet compromises the axial resolution. Increasing NA improves 121 

the axial resolution but  increases out-of-focus background in a large area of FOV with 122 

reducing the sheet length (Fig. S4b). Scanned Bessel beam provides an enough sheet 123 

length with high NA objective lens, however the strong sidelobes produce background 124 

emission from out-of-focus planes (Fig. S4c). Two-photon activation mitigates sidelobes 125 

due to the nonlinear activation property (Fig. S4d), achieving large FOV and high axial 126 

resolution simultaneously, with compromised activation efficiency. Fig. 5 shows the 127 

experimental comparisons of spatial distribution of photoactivation.  128 

 In this research, we chose single-photon activation with a low-NA light-sheet (Fig. 129 

S4a) and two-photon activation with a high-NA scanned Bessel beam (Fig. S4d) because 130 

of low background nature. The single-photon activation mode is useful for increasing 131 

framerate (Fig. 2g,h). The two-photon activation mode realizes observations with higher 132 

axial resolution and lower background, which is useful for imaging dense and thick 133 

samples such as nuclei (Fig. 2p,r) and spheroids (Fig. 2u and Fig.3m-o), respectively. 134 
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 135 

Fig. S5 Comparison of activation patterns using fluorescence imaging of 100nm beads 136 

embedded in agar gel. (a) Conventional widefield, light-sheet illumination with (b) an 137 

NA of 0.1 (thickness: 1.71 µm) and (c) an NA of 0.67 (0.26 µm), and scanned-Bessel 138 

beam with (d) single-photon excitation (1.25 µm) and (e) two-photon excitation (0.30 139 

µm). The low-NA light-sheet illumination can cover the entire field of view (141.9 µm140 
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× 141.9 µm). The high-NA illumination can improve the depth discrimination 141 

performance, however the sheet length for the propagation direction becomes shorter, 142 

resulting in a smaller FOV. Using the Bessel beam, the length of plane illumination of 143 

140 µm can be achieved, and scanning the beam can cover a large area of FOV. With 144 

single photon excitation using the Bessel beam, more out-of-focus fluorescence was 145 

imaged, indicating the thicker excitation plane due to the strong sidelobes, which can be 146 

significantly reduced using two-photon excitation.  147 
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 148 

Fig. S6 optical setup.  149 

The optical setup for SPA-SIM is composed by three sections: activation section, 150 

excitation section and detection section. 151 

 152 

Activation 153 

A continuous wave (CW) laser beam with a wavelength of 405 nm (Excelsior 405, 154 

Spectra Physics) or femtosecond pulse laser with a wavelength of 780 nm (MaiTai HP, 155 

Spectra Physics) is used for single- or two-photon activation. Neutral density (ND) filter 156 

is placed after the laser to attenuate the power of the light. The pulse width and the 157 

repetition rate are 100 fs and 80 MHz, respectively. The laser beam is passed through an 158 

acousto-optic modulator (AOM, ASM-802B8, IntraAction Corp.) for digital modulation 159 

of the irradiation power to the samples and is collimated by two lenses with a spatial filter 160 

pinhole. The beam is shaped in two ways: a cylindrical lens or an axicon lens and a 161 
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galvanometer mirror to form a light sheet on the sample plane. The laser beam was then 162 

focused using a water immersion objective lens (28.6×, NA0.67, working distance (WD) 163 

3.74 mm, model 54-10-7, Special Optics) to activate the sample. An adjustable slit is 164 

placed at the intermediate pupil plane in the path of cylindrical lens to adjust the effective 165 

NA used for single-photon light-sheet activation. Flip mirrors (FMs) were used to change 166 

the activation modes for the comparison between wide-field and selective plane activation. 167 

We put FM1 out, and FM2, FM3 in for two-photon activation using a scanned Bessel 168 

beam. Wide-field activation was conducted with opposite procedure. We put FM1 in and 169 

FM2, FM3 out for single-photon light-sheet activation. Wide-field activation was 170 

conducted with the opposite. An axicon lens or a cylindrical lens was removed for each 171 

comparison. 172 

 173 

Excitation 174 

For excitation, a CW laser beam with a wavelength of 488 nm (Sapphire 488-500 LPX, 175 

Coherent) collimated by two lenses with a spatial filter pinhole is reflected by a polarized 176 

beam splitter (PBS, PBS251, Thorlabs) to a spatial light modulator (SLM, SXGA 3DM, 177 

Fourth Dimension Display) after passing through a λ/2 plate (WPH10M-488, Thorlabs). 178 

The SLM digitally modulates the beam pattern into sinusoidal patterns for structured 179 

illumination. After passing through PBS and a quarter-wave plate (QWP, WPQ-4880-4M, 180 

Sigma Koki) for circular polarization, the polarization conditions are adjusted for all 181 

structured illumination angles. 0th-order diffracted beam and other unwanted diffractions 182 

are blocked using a silver-coated mask in the 2DSIM mode. In the 3DSIM, a different 183 

patterned mask that can pass through a 0th-order beam is used. The beams passing 184 

through the mask are reflected by two long-pass dichroic mirrors (DM, Di03-R488-t3-185 

25×36, Semrock) to compensate for the phase delay and were focused on the samples 186 

using a water objective lens for excitation (25×, NA1.1, WD 2.00 mm, CFI75, Nikon).  187 

 188 

Detection 189 

The Fluorescence emission from the samples is collected using the same objective lens, 190 

passed through the DM, and imaged using a sCMOS camera for detection (OLCA-Flash 191 

4.0 v3, Hamamatsu Photonics). Long-pass (LP500, BLP01-488R-25, Semrock) and 192 

short-pass (SP765, FF01-790/SP-25, Semrock) filters are set in front of the camera to 193 

reject illumination and activation light. Nine or fifteen images are acquired with three 194 

angles and three or five phases of structured patterns for each super-resolution image. 1D 195 

piezoelectric stage (SFS-H40X, OptSigma) was used to move the samples for 3D imaging.  196 

  197 
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 198 

Fig. S7 Timing diagram of the measurement system. The top row shows the brief imaging 199 

procedure of SIM. Nine images with structured illumination of three angles by three 200 

phases are obtained to reconstruct super-resolution images. 3DSIM imaging requires five 201 

phases for each angle. For time-lapse imaging, the same process is repeated to fulfill the 202 
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designated time slot. For 3D imaging, the sample stage moves a single step after a single 203 

SIM-imaging process. Detailed diagrams in cases of with and without deactivation are 204 

shown below. AOMs for excitation and activation, spatial light modulator, and camera 205 

are triggered by a PC, which is indicated by black dotted lines. The imaging process 206 

without deactivation, which is used in time-lapse or 3D imaging, consists of activation, 207 

excitation, and relaxation for SLM. Activation is separated from the excitation process to 208 

avoid the temporal crosstalk of fluorescence excited by activation light and excitation 209 

light. Excitation, SLM, and camera are triggered at the same time to obtain the 210 

fluorescence images under structured illumination. A negative pattern for structured 211 

illumination is applied to SLM for avoiding the burn-in. Deactivation with uniform 212 

illumination and another excitation step are added in another imaging mode to avoid the 213 

on-state proteins being left in the next measurement and observe the distribution of the 214 

fluorescence from off-state proteins. 215 

 216 

 217 

  218 
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 219 

Fig. S8 3D images of mitochondria in living HeLa cells with (a) conventional SIM and 220 

(b) SPA-SIM with single-photon light sheet activation. The imaging volumes were 71×221 

71×25 µm3. The experimental conditions are shown in Extended Fig. 2. SPA-SIM was 222 

used to visualize the mitochondrial components distributed inside the cells owing to out-223 

of-focus rejection. 224 

225 
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 226 
Fig. S9 Fluorescence images of the same MEF as Fig. 2k-l observed with (a) wide-field 227 

and (b) SPIM mode. (c) SPA-SIM image (Fig. 2k) is shown for comparison.  228 

  229 
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 230 

Fig. S10 Fluorescence images of the same cell spheroid sample as Fig. 2s-u observed with 231 

(a) SPIM. (b) SPA-3DSIM image (Fig. 2u) is shown for comparison. The reconstruction 232 

of the super-resolution image failed because the structured illumination pattern at the 233 

focus plane was not detected due to the high out-of-focus signal. 234 

  235 



 17 

 236 

Fig. S11 Fluorescence images of actin filaments labeled by rsGamillus-S in a cell 237 

spheroid with a diameter of ~200 µm at the depth of 69 µm observed with (a) wide-field, 238 

(b) 3DSIM, (c) SPIM, and (d) SPA-3DSIM with two-photon activation by a Bessel sheet.  239 

 240 

 241 

  242 
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 243 

Fig. S12 Fluorescence images of nuclei labeled by rsGamillus-S in a cell spheroid with a 244 

diameter of ~100 µm at the depth of 25 µm observed with (a) wide-field, (b) 3DSIM, (c) 245 

SPIM, and (d) SPA-3DSIM with two-photon activation by a Bessel sheet. Experimental 246 

conditions were the same as those shown in Fig. 2 (q)-(s).    247 
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 248 

Fig. S13 Representative fluorescence images of histone H2B in a nucleus of a living HeLa 249 

cell labeled by rsGamillus-S and Skylan-NS. The images were captured after three 250 

different procedures as follows. (a,d) RSFPs were activated by 405 nm in 100 ms, 251 

switching almost all FPs to on-state. (b,e) Two-photon activation with Bessel sheet was 252 

applied in 500 ms which is same as the experimental conditions in the main text. (c.f) 488 253 

nm light was irradiated for switching FPs to off-state. Activation laser (405 nm and 780 254 

nm) powers were 248 µW and 67 mW, respectively, and 488 nm excitation with 6.05 255 

(W/cm2) was used for imaging. (g) Averaged integrated intensity of 5 fluorescence 256 

images of a cell labeled by rsGamillus-S and Skylan-NS. Different cells in the same dish 257 

were measured. Integrated intensities under different activation conditions were 258 

normalized by the value of 405 nm activation. We confirmed rsGamillus-S was 3.37 times 259 
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more efficiently activated by two-photon Bessel sheet presumably due to the higher on-260 

switching rate, which is suitable for SPA-SIM imaging. Central circles and error bars 261 

represent the mean and the s.d., respectively (rsGamillus-S, n = 5 cells; Skylan-NS, n = 262 

5, P<0.0001; Welch’s t-test). 263 

  264 
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 265 

Fig. S14 Definition of aperture ratio (AR). L is the radius of pupil in an objective lens. d 266 
is the distance of the spot for structured illumination from center of the pupil. 267 

 268 

269 
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Supplementary Video 1 270 

Time-lapse images of actin filament movement in living a HeLa cell labeled with Skylan-271 

NS observed by SPIM and SPA-SIM shown in Fig. 2 (g). The acquisition rate was 0.6 272 

frame/s with an interval of 7 s to visualize slow actin motion.  273 

 274 

Supplementary Video 2 275 

Time-lapse images of mitochondria in a living HeLa cell labeled with Skylan-NS 276 

observed by SPIM and SPA-SIM at 1 fps with an interval of 4 s. Several images at 277 

different time points and enlarged views are shown in Fig. 2 (h). 278 

 279 

Supplementary Video 3 280 

3D images of mitochondria in a living HeLa cell labeled with Skylan-NS obtained using 281 

3DSIM and SPA-SIM. The images from a single viewpoint are shown in Fig. 2 (i,j). The 282 

imaging volumes were 71×71×25 µm3. 283 

 284 

Supplementary Video 4 285 

3D images of mitochondria in living HeLa cells labeled with Skylan-NS obtained using 286 

conventional SIM and SPA-SIM. The images from a single viewpoint are shown in Fig. 287 

S8. The imaging volumes were 71×71×25 µm3. 288 

 289 

 290 
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