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Abstract: Superresolution microscopy enables imaging of subcellular structures and dynamics9

with nanoscale detail. Among the various superresolution techniques, structured illumination10

microscopy (SIM) stands out for its compatibility with live-cell imaging. Linear SIM is11

restricted to a resolution improvement of a factor of two, improving the resolution to about12

100 nm. Nonlinear SIM (NSIM) utilizes reversibly switchable fluorescent proteins to generate13

a nonlinear response, allowing for the collection of higher spatial frequency information and14

theoretically extending the resolution without limit. By employing rsEGFP2 and patterned15

depletion illumination (PD) to generate the desired nonlinearity in the fluorescent response, we16

have successfully achieved 2D PD-NSIM imaging of actin in live U2OS cells with sub-80 nm17

resolution.18

© 2025 Optica Publishing Group under the terms of the Optica Publishing Group Publishing Agreement19

1. Introduction20

Structured Illumination Microscopy (SIM), a popular superresolution method for live cell imaging,21

offers a unique approach to surpassing the diffraction limit from the perspective of the frequency22

domain [1, 2]. In SIM, the sample is illuminated with a sinusoidal pattern that modulates the23

emitted fluorescence intensity to induce Moiré fringes, lower-frequency patterns resulting from24

the mixing of the illumination pattern and the structure of the sample. These Moiré fringes are25

observable with the microscope even when the sample structure is not resolvable. Because the26

illumination pattern is known, the Moiré fringes can be used to reconstruct the sample structure27

beyond the resolution limit of the microscope.28

One of the biggest advantages of SIM over other superresolution methods is the imaging speed.29

For live cell imaging, temporal resolution is important, and SIM has been demonstrated imaging30

whole live cells [3, 4]. Most of the current superresolution methods achieve remarkable spatial31

resolution often at the expense of diminished temporal resolution and/or diminished field of view.32

Since its invention [1, 2], SIM has been integrated with various imaging techniques including33

total internal reflection microscopy (TIRF) [3, 5, 6], light sheet microscopy [7, 8], and multifocal34

imaging [9–11]. However, the resolution enhancement of linear SIM is capped at a 2-fold35

improvement because the resolution improvement is proportional to the frequency of the36

structured illumination pattern. Consequently, achieving superresolution below 100 nm for in37

vivo live cell imaging with SIM remains challenging. This can be achieved with very high NA38

objectives that can use toxic immersion media [6].39

The resolution of SIM can be extended by harnessing the nonlinear response of fluorophores.40

When the fluorescence emission is a nonlinear function of the excitation intensity, higher41

harmonics of the structured illumination pattern are generated, resulting in higher-frequency42

information being shifted into the passband of the microscope. As the nonlinearity increases,43

more high frequency harmonics emerge, enabling higher spatial frequencies to be mixed down.44

Theoretically, the extent of the resolution improvement is unlimited since it is dictated by the45
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number of high-frequency harmonic terms [12]. In reality, however, the final resolution is affected46

by the noise in the system, and only the frequency terms above the noise level contribute to the47

resolution of the final image [13]. Extending the resolution of SIM with the nonlinear response48

of the fluorophores is referred to as Nonlinear SIM (NSIM).49

There are different ways of generating the desired nonlinearity. NSIM was first demonstrated50

using excitation saturation as the nonlinearity [12]. But excitation saturation requires very51

high excitation intensities and is not compatible with live-cell imaging. Reversibly switchable52

fluorescent proteins (rsFPs) that can toggle between a fluorescent and a non-fluorescent state can53

generate a non-linear fluorescent response at much lower excitation intensities and have been used54

for most NSIM realizations. rsFPs typically use two wavelengths. Negatively photoswitchable55

rsFPs (np-rsFPs) use one wavelength for activation and a longer wavelength for both excitation and56

deactivation. Positively photoswitchable rsFPs use one wavelength for activation and excitation57

and another wavelength for deactivation. NSIM with rsFPs was first demonstrated with the58

np-rsFP Dronpa [14]. NSIM has since been developed using several different np-rsFPs. NSIM59

has also been used with the positively photoswitchable rsFP (pp-rsFP) Kohinoor [15].60

In principle the activation, deactivation, and excitation light can all be structured. However,61

for a np-rsFP, the activation and deactivation/excitation beams are at different wavelengths and62

care must be taken to match the patterns accounting for chromatic aberrations. To avoid this63

problem, patterned depletion NSIM (PD-NSIM) can be used. In this approach, for an np-rsFP,64

all fluorophores are activated with uniform illumination at the activation wavelength. Then the65

sample is illuminated with a depletion pattern that turns off the rsFPs, and, finally, the sample66

is illuminated with an excitation pattern that is 𝜋 out of phase with the depletion pattern. This67

approach requires 3 separate illuminations per raw image.68

To reduce the number of required illuminations, patterned activation NSIM (PA-NSIM) has69

been used [6]. In PA-NSIM, the sample is illuminated with a sinusoidal activation pattern and70

then illuminated with a sinusoidal excitation pattern. So only two exposures are needed rather71

than three. However, care must be taken to ensure that the activation and excitation patterns72

are matched since they are at different wavelengths and chromatic aberrations may affect their73

relative magnification. As the nonlinearity is increased in PA-NSIM, the background increases74

because the DC term increases with increasing nonlinearity.75

So far, the rsFPs that have been used for NSIM include Dronpa [14], Skylan-NS [6, 16],76

rsEGFP2 [16], and Kohinoor [17]. Rego et al. succesfully demonstrated a lateral resolution of77

40 nm using PD-NSIM with Dronpa to image purified microtubules, and nuclear pores in the78

intact nuclear membrane, capturing 63 raw readout images (7 phases and 9 orientations) [14].79

They also imaged actin in intact fixed cells at 60 nm resolution. The switching rate of Dronpa is80

slow, requiring about 0.4 seconds of exposure to turn off with approximately 20 W/cm2 at 48881

nm. This limits the imaging speed. Another significant limitation with Dronpa was its inability82

to go beyond 15 switching cycles before substantial bleaching set in. Achieving even this limited83

performance necessitated the use of toxic anti-bleaching chemicals, which limits its application84

in live-cell NSIM imaging. Li and and colleagues utilized Skylan-NS to perform PA-NSIM,85

imaging intracellular dynamics in living cells. They claimed a spatial resolution of approximately86

60 nm and a time resolution of around 40 frames per second. Compared with other rsFPs, the87

contrast ratio of Skylan-NS reduces as the number of switching cycles increases, reducing the88

nonlinearity [16]. All resolution values reported by Li are stated as "theoretical", calculated based89

on the number of orders used in NSIM, and the resolution is not independently evaluated [18].90

Zhang et al. further compared Skylan-NS with rsEGFP2 and Dronpa using PA-NSIM and91

claimed that Skylan-NS outperforms other rsFPs for PA-NSIM [16]. While Skylan-NS offers92

higher photon yields and contrast ratios, rsEGFP’s faster switching kinetics, longer fluoresence93

decay, and low light intensity requirements also give it advantages. Although the studies [16, 19]94

show that rsEGFP2 is not ideal for PA-NSIM, its potential for PD-NSIM hasn’t been well studied.95
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Here, we present the first demonstration of live 2D PD-NSIM using rsEGFP2. We demonstrate96

imaging of actin filaments in U2OS cells, achieving sub-80 nm resolution in live-cell imaging.97

We examine the images in both in both real-space and Fourier-space to support our claim of98

increased resolution.99

2. Methods100

2.1. Principle of PD-NSIM101

Fig. 1. (a) Imaging formation of NSIM. (b) Frequency-space representation of object
and effective illumination pattern. (c) Frequency content of first higher-order harmonic
order NSIM within 5 circular regions. (d) Effective OTF of first higher-order harmonic
order NSIM after rotating 5 angles.

In fluorescence microscopy, each image is the product of sample structure and the excitation102

pattern convolved with the microscope point spread function (PSF), as shown in Fig. 1(a). If the103

excitation pattern is sinusoidal, it will create additional copies of the sample structure that are104

shifted in spatial frequency. In frequency-space additional band-limited copies of the sample105

information are generated as shown in Fig. 1(b). With SIM, the excitation pattern cannot have106

a sample frequency greater than 2NA
𝜆

, and the copies cannot be shifted further than the green107

circles shown in Fig. 1(b). Thus a frequency outside that region will still be unresolvable. In108

NSIM, the nonlinearity distorts the fluorescence emission pattern generating higher harmonics109

which create additional copies of the sample information shifted by larger amounts as shown110

in Fig. 1(c). The pattern is rotated to cover an isotropic region of frequency-space, Fig. 1(d).111

Excellent explanations of linear SIM can be found in [20].112

In patterned depletion NSIM, the sample is illuminated three times for every exposure. First113

a uniform beam at the activation wavelength, 405 nm, activates the sample. Then the sample114

is illuminated with a patterned depletion beam at the depletion/excitation wavelength, 488 nm.115

This beam serves to deactivate the fluorophores. The longer the beam is left on, the more the116

fluorophores are deactivated. However, at the intensity zeros of the pattern, the fluorophores will117

not be deactivated. So, the longer the depletion is turned on, the narrower the peaks of activated118

fluorophores as shown in Fig. 2. The fluorescence is then excited with a third beam that is 𝜋 out119

of phase with the depletion beam so that the intensity maxima are now centered on the remaining120

activated fluorophores. The excitation is then more sharply peaked than a sinusoid resulting in121

higher harmonics that provide higher resolution information.122
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Fig. 2. Patterned depletion Illumination for NSIM
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2.2. Characterization of rsEGFP2123

rsEGFP2 is an rsFP derived from the enhanced green fluorescent protein (EGFP) by replacing124

threonine 65 by alanine [21]. Fig. S1(a) shows the 3D structure of the protein. It operates in a125

negative switching mode, with a 480 nm depletion/excitation wavelength, and a 405 nm activation126

wavelength. rsEGFP2 is significantly faster than rsEGFP. At a light intensity of 5.5 kW/cm2,127

rsEGFP2 switches off about 6.5 times faster than rsEGFP. With a light intensity of 100 W/cm2,128

rsEGFP2 can achieve an off-rate greater than 90% with a 4ms exposure time at 480 nm. Similarly,129

rsEGFP2 achieves greater than 90% activation with a 5ms exposure to 250 W/cm2 at 405 nm.130

rsEGFP2 can undergo over 2,100 switching cycles without a significant reduction in fluorescence131

intensity, making it highly durable for PD-NSIM which requires more exposures than PA-NSIM.132

The relatively low light intensities required for switching between states help reduce phototoxicity133

and photobleaching making rsEGFP2 well suited for long-term live-cell imaging. Its successful134

application in RESOLFT further demonstrates its utility in high-resolution imaging [21].135

Compared to Skylan-NS, the switching time of rsEGFP2 is 4 ms compared to 10 ms for136

Skylan-NS [16]. rsEGFP2 is a factor of 4 less bright than Skylan-NS. rsEGFP2 is more137

photostable than Skylan-NS, losing 20% of intensity over 1000 switching cycles and having a138

stable contrast ratio of 20. Whereas, Skylan-NS loses over 50% of intensity and the contrast139

ratio degrades from 37 to 17.140

2.3. Optical Setup141

Fig. 3 shows our experimental setup for 2D PD-NSIM. The system is built on an Olympus IX71142

inverted microsope with a Prior Proscan XY Stage and a Prior Nanoscan SP200 Z-stage. The143

system includes a 405 nm activation laser (Coherent OBIS 405 nm LX 100 mW) and a 488 nm144

depletion/excitation laser (Coherent OBIS 488 nm LX 150 mW). The depletion beam is reflected145

by a polarizing beam splitter (PBS, 10FC16PB.3 Newport), through an achromatic half-wave plate146

(AHWP10M-600, Thorlabs) onto a spatial light modulator (SLM, Forth Dimension QXGA-3DM).147

The combination of PBS, HWP, and SLM generates binary phase-patterns as described in [3].148

The activation beam is reflected by the PBS into the excitation path without reflecting off of149

the SLM, providing a uniform illumination to activate all the rsFPs without patterning. The150

activation and depletion beams are sent through a series of relay lenses to the microscope body151

which contains the tube lens and objective (UPLAPO60XOHR TIRF Objective, 60x, 1.50 NA,152

Olympus). The total magnification from the SLM to the sample is 240×. The relay lenses allow153

for the alignment of the illumination beams onto the sample with mirrors M5 and M7 which154

are close to the sample and pupil conjugate planes. Relay lenses L7 and L8 are used to create155

an image of the pupil at mirror M9 which can be replaced by a deformable mirror for adaptive156

optics correction. For this work, M9 is a dielectric mirror.157

The fluorescence emission is directed to the sCMOS camera (Andor SONA 4BV6U, 6.5𝜇m158

pixel size) through the "image flat" long-pass dichroic mirror (Di03-R488-t3-25x36, Semrock).159

The total magnification from the sample to the camera is 180×, and the effective pixel size is 36.1160

nm. An emission filter (Semrock BrightLine quad band bandpass filter, FF01-446/523/600/677-161

25) and a notch filter (Semrock StopLine quad-notch filter, NF03-405/488/561/635E-25) are put162

before the camera to block unwanted light, assuring a low background noise level.163

To maximize the modulation strength of the sinusoidal pattern, the polarization state of the164

two interference beams must be normal to the direction of the pattern wave vector (s-polarized)165

to achieve maximum contrast of the pattern. Therefore, the polarization state of the incident166

beam needs to be rotated along with the pattern orientation. A half-wave plate (HWP2 in Fig. 3)167

mounted in a fast-motorized rotation stage (8MRU, Altechna) is used to control the polarization.168

All but the ±1 diffraction orders are filtered out by the mask after mirror M4 (custom design,169

Chrome mask on Soda Lime substrate, Photosciences, Inc.). The activation beam is tilted to170

align with one of the first-order diffracted beams of the depletion beam to ensure that it will pass171
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Fig. 3. Experimental setup of 2D-NSIM. HWP: half-wave plate. PBS: polarized beam
splitter. PH: pinhole. M1-M4: flat mirror. L1-L11: lens. 𝑓1 = 50 mm, 𝑓2 = 400 mm,
𝑓3 = 400 mm, 𝑓4 = 125 mm, 𝑓5 = 125mm, 𝑓6 = 100mm, 𝑓7 = 250mm, 𝑓8 = 250mm,
𝑓9= 300mm, 𝑓10 = 50mm, 𝑓11 = 200mm. The blue represents the illumination path
(488nm) and the green path is the detection path.

through the mask.172

2.4. Data Acquisition173

The data acquisition process for 2D PD-NSIM begins by activating all fluorophores using uniform174

illumination of ∼ 10 W/cm2 for 5 ms at 405 nm. Then the patterned depletion illumination of175

∼ 5 W/cm2 for 10 ms at 488 nm is applied. Finally, the phase of the illumination pattern is176

shifted by 𝜋, and the 488 nm excitation beam is turned on for 6 ms at ∼ 5 W/cm2.177

The pattern at the SLM has a period of 15 pixels split 7/8 between positive and negative178

phase pixels. The nonlinear pattern generation is repeated with 5 phase shifts and 6 angles of179

rotation. Patterns at angles 0°, 30°, 60°, 90°, 120°, and 150° were used. A total of 30 raw images180

is required to reconstruct a single 2D PD-NSIM image. To increase SNR while maximizing the181

nonlinear response of rsEGFP2, we repeat the acquisition process 5 times for each phase, rather182

than using a single long exposure. The images are then averaged to create a final image stack for183

reconstruction.184
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2.5. Cell Culture and Transfection185

The U2OS cells used in this paper were cultured in Dulbecco’s Modified Eagle Medium186

(DMEM) supplemented with 10% (vol/vol) fetal bovine serum (FBS) and 1% (vol/vol) penicillin-187

streptomycin (Pen-Strep) and maintained at 37°𝐶 and 5% (vol/vol) CO2 in a humidified incubator.188

Cells were passaged upon reaching apporximately 80-90 % confluence by washing with phosphate-189

buffered saline (PBS), detaching with 500𝜇L of trypsin-EDTA solution, neutralizing with four190

volumes of complete medium and centrifuging at 1500 rpm for 5 minutes. The pellet was191

resuspended in fresh growth medium and seeded at an appropriate density for subsequent use.192

To visualize actin structures, the Actin-chromobody plasmid (a gift from Testa’s lab) was193

obtained. We performed standard transformation into E. coli strain 𝛼5, followed by inoculation194

into a large flask (50 mL culture volume) and overnight culture at 37° C. The next day, after195

centrifugation, the bacterial pellet was collected, and the plasmid was purified using a Qiagen196

midiprep kit. The purified plasmid, dissolved in ddH2O at a concentration of 1 − 2µg/µL, was197

used for subsequent transfection into U2OS cells.198

The transfection was performed using PEI reagent. The imaged U2OS cells were plated on199

35 mm ibidi dishes pre-coated with 0.1% PBS-diluted fibronectin human plasma and incubated200

overnight to achieve 90-95% confluence. For transfection, 3𝜇g of rsEGFP2 plasmid DNA was201

diluted in 50𝜇L of Opti-MEM medium, while 6𝜇L of PEI reagent was diluted in another 50𝜇L202

of Opti-MEM. The diluted PEI was added to the DNA solution, mixed thoroughly, and incubated203

at room temperature for 10 minutes to form complexes. The transfection mixture was added204

dropwise to the cells and incubated at 37°C and 5% CO2 for 24 hours. The cells were then205

imaged within 6 hours.206

3. Results207

3.1. Modulation Strength208

Fig. S2 shows simulation results demonstrating how depletion and excitation exposures affect209

modulation strength. The modulation strength is measured as the OTF overlap magnitude. As210

expected, with excitation expsoure time fixed at 10 ms, an increase in depletion exposure time211

enhances modulation strength for both linear and nonlinear orders. Conversely, with depletion212

exposure fixed at 10 ms, longer excitation times diminish modulation strength for both harmonic213

order. However, the simulation results only show the effects of the depletion and excitation214

illumination exposures and do not account for specific characterists of rsEGFP2 such as the215

switching-off time, activation time, or photobleaching. We did measurements using rsEGFP2216

labeled actin in U2OS cells; the results are shown in Fig. 4. We measure the modulation contrast217

for both the first and second order signals as a function of the excitation exposure or depletion218

exposure time. Each measurement was repeated on five different cells, and we plot the error bars219

from the different measurements.220

For excitation exposure, similar to the simulation results, increasing exposure time led to221

higher modulation strength for both harmonic orders. However, in the case of depletion, the222

modulation contrast for the first harmonic initially increased with longer depletion times, leveling223

off at 0.25 at 6 ms. In contrast, for the second harmonic, increasing depletion exposure resulted224

in a reduction in modulation strength. This may be due to a lower than desired modulation225

contrast of the excitation pattern. This will result in the fluorophores being turned off everywhere226

if the depletion beam is kept on too long. Therefore, to balance the linear and nonlinear response,227

we chose 10 ms for the depletion exposure and 6 ms for the excitation exposure.228

To increase the SNR of the collected data, we repeated each imaging cycle multiple times and229

averaged the images. To determine the number of times to repeat each image, the illumination230

cycle was repeated with the setting of 10 ms depletion exposure and 6 ms excitation exposure for231

up to 50 cycles. The results, Fig. 4(c), show the modulation strength increases rapidly initially232
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Fig. 4. (a) Experimental results showing the effects of depletion and excitation pattern
exposure on the nonlinear response. Data was collected from rsEGFP2-labeled U2OS
cells with a coarse pattern spacing of 0.5NA/𝜆. For each plot, five cells were imaged,
and the data represents the mean values with error bars indicating the standard deviation.
Top inset: Relationship between excitation exposure time and modulation depth, with
depletion exposure time fixed at 10 ms. Bottom inset: Relationship between depletion
exposure time and modulation depth, with excitation exposure time fixed at 10 ms. (b)
Experimental result of repeating test. Data was collected from same U2OS cell with an
illumination pattern spacing of 0.5NA/𝜆. (c) Synchronization trigger sequence of all
components during 2D PD-NSIM data acquisition for a single imaging cycle at one
angle.

but only very slowly after 5 cycles. The increase in OTF overlap indicates an increase in the233

SNR. Therefore, we chose to repeat each raw image cycle 5 times. Fig. 4(d) shows the timing234

sequence of the lasers, polarization rotation, SLM, and camera.235

3.2. NSIM236

The performance of 2D PD-NSIM was demonstrated by imaging actin labeled live U2OS cells237

transfected with rsEGFP2. Results are shown in Fig. 5, Fig. S4, and Fig. S5. Fig. 5(a) shows live238

cell imaging of the U2OS cells with a pattern frequency of 1.66NA/𝜆. The effective OTF after239

the NSIM reconstruction has an extended bandwidth of 5.32NA/𝜆, as shown Fig. 5(b), 2.66× the240

extent of the widefield OTF. This corresponds to a resolution of ∼ 70 nm. A clear improvement241

in resolution can be observed between WF, SIM, and PD-NSIM images as shown in the insets242

in Fig. 5(b) and (c). The Fourier Transform (FFT) of the spatial images also reveals strong243

features in frequency space, demonstrating the extended frequency space captured by PD-NSIM.244

Fig. 5(d) shows a different cell imaged with the same pattern spacing. A line profile through245

an actin fiber is shown in Fig. 5(e). The measured Full-Width at Half-Maximum (FWHM) of246

the fiber measured from the NSIM image is measured to be 80 nm, three times smaller than the247

measurement from the WF image. This improvement is greater than the increase in the OTF248

extent, because the Wiener filtering provides a further increase in the measured resolution.249
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Fig. 5. Live-cell imaging of 2D PD-NSIM with rsEGFP2. (a) A live U2OS cell
transfected with rsEGFP2 imaged with widefield (WF), Linear SIM, and 2D PD-
NSIM. (b) Bottom inset: zoomed-in view of the pink boxed region in (a). Top inset:
corresponding fast Fourier transform (FFT) image. (c) Top inset: zoomed-in view of
the orange boxed region in (a). Bottom inset: corresponding fast Fourier transform
(FFT) image. (d) A live U2OS cell transfected with rsEGFP2 imaged with WF, Linear
SIM, and 2D PD- NSIM. Right inset: Zoomed-in view of the blue boxed region in the
left construction image. (e) Intensity plot of the yellow line marked in yellow boxed
region from (d). The FFT image is displayed with logarithmic scaling for clarity with
the green, red, and yellow circles represent effective OTF for WF, Linear SIM and the
NSIM reconstructions in frequency domain.

Theoretically, for a pattern spacing of 1.66NA/𝜆 (NA=1.5 and 𝜆 = 503 nm), the WF resolution250

is 167.6 nm. From simulations, the resolution after SIM and NSIM reconstruction with a Wiener251

filter is 92 nm and 68 nm respectively. To better demonstrate the repeatability of our approach252

and the real resolution improvement, we quantified the FWHM of 19 actin filaments from 7253

different U2OS cells. We measured the filaments about 1𝜇m from the edge of the actin fiber to254

increase the chance that we are measuring a single actin fiber, and the FWHM represents the255

system resolution. Fig. S3 shows the resolution distribution of the measured actin fibers, giving256

a mean FWHM of 208 nm for WF, 97 nm for SIM, and 70 nm for PD-NSIM. The resolution257

improvement of PD-NSIM is 3×.258

4. Conclusion259

We successfully achieved live-cell superresolution imaging using 2D PD-NSIM with rsEGFP2.260

We optimized the data acquisition based on the characteristics of rsEGFP2 to enhance both the261

nonlinearity and modulation contrast. Live-cell imaging was successfully demonstrated with262

sub-80 nm resolution. In the future we plan to use PD-NSIM to perform time-lapse imaging of263

actin dynamics.264

Several promising developments could further enhance the utility and performance of 2D265

PD-NSIM. One promising direction is to combine PD-NSIM with TIRF or light-sheet illumination266

which could improve the SNR and modulation contrast, and thereby increase the strength of267
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the nonlinear harmonic orders [14, 19]. Another potential direction is extending 2D PD-NSIM268

into three-dimensions. By implementing 3D structured illumination patterns and performing269

axial scanning superresolution volumetric live-cell imaging could be achieved. Additionally,270

integrating Adaptive Optics into PD-NSIM could significantly improve image quality, and may271

even be essential for 3D PD-NSIM, particularly for deep tissue imaging, where optical aberrations272

pose substantial challenges [22, 23].273

Funding274

National Institutes of Health (1R01GM149978)275

Acknowledgments276

We thank Dr. Ilaria Testa for providing the actin-chromobody plasmid.277

Disclosures278

The authors declare that there are no conflicts of interest related to this article.279

References280

1. R. Heintzmann and C. G. Cremer, “Laterally modulated excitation microscopy: improvement of resolution by using a281

diffraction grating,” in Proc. SPIE, vol. 3568 of Proc. SPIE I. J. Bigio, H. Schneckenburger, J. Slavik, K. Svanberg,282

and P. M. Viallet, eds. (SPIE, 1999), pp. 185–196.283

2. M. G. Gustafsson, “Surpassing the lateral resolution limit by a factor of two using structured illumination microscopy,”284

J. Microsc. 198, 82–7 (2000).285

3. P. Kner, B. B. Chhun, E. R. Griffis, L. Winoto, and M. G. L. Gustafsson, “Super-resolution video microscopy of live286

cells by structured illumination,” Nat. Methods 6, 339–U36 (2009).287

4. L. Shao, P. Kner, E. H. Rego, and M. G. Gustafsson, “Super-resolution 3d microscopy of live whole cells using288

structured illumination,” Nat. Methods 8, 1044–6 (2011).289

5. R. Fiolka, M. Beck, and A. Stemmer, “Structured illumination in total internal reflection fluorescence microscopy290

using a spatial light modulator,” Opt. Lett. 33, 1629–1631 (2008).291

6. D. Li, L. Shao, B.-C. Chen, X. Zhang, M. Zhang, B. Moses, D. E. Milkie, J. R. Beach, J. A. Hammer, M. Pasham,292

T. Kirchhausen, M. A. Baird, M. W. Davidson, P. Xu, and E. Betzig, “Extended-resolution structured illumination293

imaging of endocytic and cytoskeletal dynamics,” Science 349, aab3500 (2015).294

7. B.-C. Chen, W. R. Legant, K. Wang, L. Shao, D. E. Milkie, M. W. Davidson, C. Janetopoulos, X. S. Wu, J. A.295

Hammer, Z. Liu, B. P. English, Y. Mimori-Kiyosue, D. P. Romero, A. T. Ritter, J. Lippincott-Schwartz, L. Fritz-Laylin,296

R. D. Mullins, D. M. Mitchell, J. N. Bembenek, A.-C. Reymann, R. Böhme, S. W. Grill, J. T. Wang, G. Seydoux,297

U. S. Tulu, D. P. Kiehart, and E. Betzig, “Lattice light-sheet microscopy: Imaging molecules to embryos at high298

spatiotemporal resolution,” Science 346 (2014).299

8. B. Chen, B.-J. Chang, P. Roudot, F. Zhou, E. Sapoznik, M. Marlar-Pavey, J. B. Hayes, P. T. Brown, C.-W. Zeng,300

T. Lambert, J. R. Friedman, C.-L. Zhang, D. T. Burnette, D. P. Shepherd, K. M. Dean, and R. P. Fiolka, “Resolution301

doubling in light-sheet microscopy via oblique plane structured illumination,” Nat. Methods 19, 1419–1426 (2022).302

9. S. Abrahamsson, H. Blom, A. Agostinho, D. C. Jans, A. Jost, M. Müller, L. Nilsson, K. Bernhem, T. J. Lambert,303

R. Heintzmann, and H. Brismar, “Multifocus structured illumination microscopy for fast volumetric super-resolution304

imaging,” Biomed. Opt. Express 8, 4135–4140 (2017).305

10. M. L. Senftleben, A. Bajor, E. Hirata, S. Abrahamsson, and H. Brismar, “Fast volumetric multifocus structured306

illumination microscopy of subcellular dynamics in living cells,” Biomed. Opt. Express 15, 2281–2292 (2024).307

11. Q. Chen, W. Gou, W. Lu, J. Li, Y. Wei, H. Li, C. Wang, W. You, Z. Li, D. Dong, X. Bi, B. Xiao, L. Chen, K. Shi, J. Fan,308

and X. Huang, “Fast, three-dimensional, live-cell super-resolution imaging with multiplane structured illumination309

microscopy,” Nat. Photonics (2025).310

12. M. G. L. Gustafsson, “Nonlinear structured-illumination microscopy: Wide-field fluorescence imaging with311

theoretically unlimited resolution,” Proc. Natl. Acad. Sci. 102, 13081–13086 (2005).312

13. E. A. Ingerman, R. A. London, R. Heintzmann, and M. G. L. Gustafsson, “Signal, noise and resolution in linear and313

nonlinear structured-illumination microscopy,” J. Microsc. 273, 3–25 (2019).314

14. E. H. Rego, L. Shao, J. J. Macklin, L. Winoto, G. A. Johansson, N. Kamps-Hughes, M. W. Davidson, and M. G. L.315

Gustafsson, “Nonlinear structured-illumination microscopy with a photoswitchable protein reveals cellular structures316

at 50-nm resolution,” Proc. Natl. Acad. Sci. 109, E135–E143 (2012).317

15. D. K. Tiwari, Y. Arai, M. Yamanaka, T. Matsuda, M. Agetsuma, M. Nakano, K. Fujita, and T. Nagai, “A fast- and318

positively photoswitchable fluorescent protein for ultralow-laser-power resolft nanoscopy,” Nat. Methods 12, 515–518319

(2015).320

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2025. ; https://doi.org/10.1101/2025.05.11.653285doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.11.653285
http://creativecommons.org/licenses/by-nd/4.0/


16. X. Zhang, M. Zhang, D. Li, W. He, J. Peng, E. Betzig, and P. Xu, “Highly photostable, reversibly photoswitchable321

fluorescent protein with high contrast ratio for live-cell superresolution microscopy,” Proc. Natl. Acad. Sci. 113,322

10364–10369 (2016).323

17. H.-W. Lu-Walther, W. Hou, M. Kielhorn, Y. Arai, T. Nagai, M. M. Kessels, B. Qualmann, and R. Heintzmann,324

“Nonlinear structured illumination using a fluorescent protein activating at the readout wavelength,” PLOS ONE 11,325

1–14 (2016).326

18. S. J. Sahl, F. Balzarotti, J. Keller-Findeisen, M. Leutenegger, V. Westphal, A. Egner, F. Lavoie-Cardinal, A. Chmyrov,327

T. Grotjohann, and S. Jakobs, “Comment on “extended-resolution structured illumination imaging of endocytic and328

cytoskeletal dynamics”,” Science 352, 527–527 (2016).329

19. G. Wen, L. Wang, X. Chen, Y. Tang, and S. Li, “Frequency–spatial domain joint optimization for improving330

super-resolution images of nonlinear structured illumination microscopy,” Opt. Lett. 46, 5842–5845 (2021).331

20. M. G. L. Gustafsson, L. Shao, P. M. Carlton, C. J. R. Wang, I. N. Golubovskaya, W. Z. Cande, D. A. Agard, and J. W.332

Sedat, “Three-dimensional resolution doubling in wide-field fluorescence microscopy by structured illumination,”333

Biophys. J. 94, 4957–4970 (2008).334

21. T. Grotjohann, I. Testa, M. Reuss, T. Brakemann, C. Eggeling, S. W. Hell, and S. Jakobs, “rsegfp2 enables fast resolft335

nanoscopy of living cells,” eLife 1, e00248 (2012).336

22. R. Lin, E. T. Kipreos, J. Zhu, C. H. Khang, and P. Kner, “Subcellular three-dimensional imaging deep through337

multicellular thick samples by structured illumination microscopy and adaptive optics,” Nat. Commun. 12, 3148338

(2021).339

23. Q. Zhang, Q. Hu, C. Berlage, P. Kner, B. Judkewitz, M. Booth, and N. Ji, “Adaptive optics for optical microscopy340

[invited],” Biomed. Opt. Express 14, 1732–1756 (2023).341

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2025. ; https://doi.org/10.1101/2025.05.11.653285doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.11.653285
http://creativecommons.org/licenses/by-nd/4.0/

