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Wide-field linear structured illumination microscopy (LSIM) extends resolution beyond the diffraction limit by moving unre-
solvable high-frequency information into the passband of the microscopy in the form of moiré fringes. However, due to the
diffraction limit, the spatial frequency of the structured illumination pattern cannot be larger than the microscopy cutoff
frequency, which results in a twofold resolution improvement over wide-field microscopes. This Letter presents a novel
approach in point-scanning LSIM, aimed at achieving higher-resolution improvement by combining stimulated emission
depletion (STED) with point-scanning structured illumination microscopy (psSIM) (STED-psSIM). The according structured
illumination pattern whose frequency exceeds the microscopy cutoff frequency is produced by scanning the focus of the
sinusoidally modulated excitation beam of STED microscopy. The experimental results showed a 1.58-fold resolution
improvement over conventional STED microscopy with the same depletion laser power.
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1. Introduction

Fluorescence microscopy’s noncontact detection and real-time
imaging characteristics are widely used in biological science to
observe the structure of cells and tissues. However, the resolu-
tion of fluorescence microscopy is restricted by the Abbe limit
and generally exceeds 200 nm, which greatly constrains its appli-
cation. Fortunately, a series of superresolution microscopy im-
aging techniques have been developed, allowing observation of
cellular and subcellular fine structures that are inaccessible to
conventional optical microscopy.
Stochastic optical reconstruction microscopy (STORM) pro-

posed by Rust et al.[1] and the fluorescence photoactivated locali-
zation microscopy (PALM) proposed by Hess et al.[2,3] follow a
similar principle. Further, both can control the sparse lumines-
cence of fluorescent molecules. Thus within a diffraction limit[4],
the phenomenon that two molecules emit light at the same time

hardly occurs[5], thereby making these molecules distinguish-
able in the time domain. The superresolution image can be
reconstructed by obtaining the position of each fluorescent mol-
ecule through multiple imaging and positioning. The resolution
of this type of technology depends on positioning accuracy and
can exceed 10 nm[6]. Unfortunately, both STORM and PALM
require tens of thousands of images, greatly increasing their im-
aging time and limiting their application in live-cell imaging.
In 2000, Gustafsson proposed wide-field structured illumina-

tion microscopy (SIM)[7], in which the typically unobservable
high spatial frequency information of the sample is moved
within the microscope’s bandpass by illuminating the sample
with a sinusoidal stripe pattern[8]. After taking raw images under
different phase shifts and orientations of the illumination pat-
tern projected into the sample, and then performing the appro-
priate deconvolution, we can reconstruct a superresolution
image based on the SIM algorithm[9,10]. In linear SIM, three
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illumination patterns with a phase difference of 2π=3 are
required to increase imaging resolution in a single direction.
To obtain an isotropic superresolution image, at least three ori-
entations are needed. Nine raw images are normally required for
an isotropic superresolution image. Therefore, linear SIM has a
faster imaging speed than either STORM or PALM. Moreover,
linear SIM offers a low laser power density that is 2 to 3 orders of
magnitude lower than that of STORM or PALM. However, such
a wide-field scheme typically is incompatible with point-
scanning-based microscopy. Recently, SIM was introduced
into scanning microscopy by developing scanning patterned
illumination microscopy and scanning patterned detection
microscopy[11,12], which extend the concept of spatially inhomo-
geneous imaging systems to laser scanning microscopes with
spatial or temporal modulation. Nevertheless, the resolution
improvement factor of linear SIM is twice as high as that of
wide-field microscopy because the spatial frequency of the illu-
mination pattern cannot exceed the observable passband of
microscopes. Recently, our group introduced the nonlinear
effects of the multiphoton fluorescence or second-harmonic
generation processes into point-scanning SIM to further
improve the resolution up to threefold as much as wide-field
microscopy[13–15].
In the stimulated emission depletion (STED) technique pro-

posed by Hell et al. in 1994 and realized in 2000[16,17], a high-
intensity doughnut-shaped spot depletion beam with a very
low (ideally zero) intensity at the center was used to enclose
the excitation beam, thereby selectively suppressing fluorescence
emission in the beam periphery and subsequently reducing the
effective point spread function (PSF) size of the system. The typ-
ical STED resolution range is 30 to 70 nm as recorded with the
commercial STED systems such as Leica TCS SP8 STED,
Abberior’s STED systems, and several custom-built STED
systems[18].
To improve the resolution of STED under the low-power

depletion laser, several techniques have been developed. For
example, the combination of STED and SIM can be theoretically
analyzed, such as surface plasmon resonance-based STED-
SIM[19] and both structured excitation light and structured
STED light-based STED-SIM[20]. Localization with stimulated
emission depletion (LocSTED) microscopy achieves 15 nm res-
olution[21]. ExSTED, a combination of expansion microscopy
(ExM), which expands the sample physically, and STED
achieves an increment in resolution of up to 30-fold compared
to conventional microscopy (< 10 nm lateral and ∼50 nm iso-
tropic)[22]. ExSTED imaging of microtubules in BS-C-1 cell line
achieves 18 nm resolution[23]. Continuing this trend, extremely
bright expansion nanoscopy with 10 nm resolution was
designed by using biotin avidin signal amplification[24].
In this Letter, a novel superresolution imaging technology

that combines STED and point-scanning SIM (STED-psSIM)
is reported. The motivation for combining STED and SIM
techniques lies in the potential to achieve superresolution imag-
ing with high resolution and reduced photobleaching. STED
microscopes excel at achieving ultrahigh spatial resolution but
require high optical power, are sensitive to photobleaching,

and are stringent in dye selection. At equivalent optical power
levels, STED-psSIM can attain even higher resolution while
effectively mitigating photobleaching. This enables extended
imaging durations and minimizes damage to fluorophores, a
critical advantage for dynamic studies or prolonged imaging
of delicate specimens, such as living cells. For SIM, in contrast
to some other superresolution techniques, SIM possesses the
distinct advantage of not necessitating the use of specialized
markers or fluorescent molecules. The simplicity of the device
and its easy integration with other optical systems are notable
attributes. However, SIM has a constraint in its lateral resolu-
tion, which may not achieve the same level as certain other
superresolution techniques. SIM reaches a lateral resolution
approximately twice that of the diffraction limit. STED-psSIM
can further enhance the resolution achievable with SIM.
Based on the optical setup of conventional STED microscopy,
an electro-optic modulator was inserted into the excitation light
path to sinusoidally modulate excitation light intensity. In this
way, scanning structured illumination patterns were produced.
Because the effective PSF of STED microscopy exceeds the dif-
fraction limit, dense stripes with high spatial frequencies exceed-
ing the observable passband of microscopes were generated on
the sample. To reconstruct an isotropic STED-psSIM image,
nine STED-based scanning illumination patterns with three ori-
entations were required. If aiming for the same level of resolu-
tion, STED-psSIM offers the advantage of reduced laser power
loss, making it well-suited for superresolution imaging studies in
live cells. The method was applied for imaging fluorescent beads
and labeled cellular actin, and the resolutions obtained using
confocal, STED, and STED-psSIM techniques were compared.

2. Results

2.1. Experimental setup

The principle of STED-psSIM is shown in Supplementary Notes
1 and 2 (see SupplementaryMaterial). The schematic diagram of
STED-psSIM is shown in Fig. 1(a). A 635 nm CW laser (LDH-
D-C-635M, Picoquant) was used for the excitation beam, and a
near-infrared femtosecond pulsed laser (UltraII, Chameleon)
running at a repetition rate of 80MHzwas used for the depletion
beam. The excitation beam passed through a half-wave plate
(HWP) and an electro-optic modulator (EOM, Model 350,
Conoptics) to produce a sinusoidal intensity-modulated beam
with a modulation depth of more than 0.34. The depletion laser
beam passed through a vortex phase plate (VPP-1C, LBTEK) to
generate a doughnut-shaped spot and was subsequently overlaid
with the excitation beam using two dichroic mirrors (DM2,
ET760lpxr-UF2 and DM1, ZT647rdc-UF2, Chroma). A quar-
ter-wave plate (WPQ10M-780, Thorlabs) was used to generate
a circularly polarized STED beam. Using right-handed circular
polarization for depletion and detection yielded a uniform effec-
tive resolution increase in the lateral directions of the focal plane
of the objective lens. The relationship among the excitation
beam, the depletion beam, and the fluorescence signal in
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temporal and spatial domain is shown in Fig. 1(b). The com-
bined beam was scanned by a 2D galvo scanner (Model
6210H, Cambridge Tech) driven by a DAQ card (PCI6110, NI)
with sawtooth waves. The scanned beam then passed through
a scanning lens (AC508-100-B, Thorlabs) and a tube lens
(TTL200MP, Thorlabs) and was focused onto the imaging plane
of the sample by a high numerical aperture (NA) objective
(100×, NA 1.4, HCX PL Apo, Leica). To achieve strong fluores-
cence inhibition, the STED wavelength was set to 750 nm, and
the fluorescence signal was collected by the same objective lens.
After passing through the tube lens, scanning lens, and the
2D galvo scanner, the fluorescence signal was detected confo-
cally using a multimode fiber. A bandpass filter (ET690/50 m,
Chroma) as emission filter was used to reject stray and ambient
light before PMT (H7422-50, Hamamatsu). Excitation illumina-
tion patterns were generated by combining the scanning of the
excitation beam and the sinusoidal modulation of its inten-
sity[25]. The phase and orientation of the illumination pattern
can be changed by varying the phase and period of sine waves
that are used to drive the EOM. To obtain high-resolution iso-
tropic images, three orientation patterns are sufficient for the
reconstruction[26]. The scanning illumination patterns with ori-
entations of 15°, 75°, and 135° with respect to the fast axis of the
scanners are used here. For each orientation, three patterns were
produced with different initial phases, i.e., 0, 2π=3, and 4π=3.
In our experiments, we wrote custom software using

MATLAB. Based on the traditional SIM reconstruction algo-
rithm[27], nine raw structured fluorescence illumination images
were utilized to reconstruct an isotropic STED-psSIM image.
The process includes the following four major steps. (i) Rescaling
raw images. To compensate for intensity fluctuations of light
source and photobleaching, we rescaled the raw images to equal-
ize their total background-subtracted intensity. (ii) Calculating
the separated frequency components based on three raw images
of each direction. We slightly trimmed the spectra using the
apodization method to reduce the noise and edge artifacts

introduced by discrete Fourier transform. (iii) Shifting the sep-
arated frequency components in the three directions back to
their initial positions, and then linearly integrating them accord-
ing to their weight. (iv)Wiener-filtering the added spectrum and
reconstructing a superresolution image.

2.2. Experimental results

To analyze the resolution improvement capability, STED-
psSIM, confocal microscopy, and conventional STED micros-
copy were used to image 23 nm-sized beads (Bead R, GATTA)
whose sizes were below the theoretically possible resolution of
STED-psSIM. A 635 nm excitation light with 5.6 μW power
and a 750 nm STED light with 30 mW power were used for
STED and STED-psSIM. The images were reconstructed for dif-
ferent imaging methods, and the normalized intensity curves
along the blue and yellow dashed lines passing through the
center of a diffracted image point are shown in Fig. 2. As shown
in Fig. 2(e), the two adjacent fluorescent beads (120 nm apart)
were clearly distinguished by STED-psSIM. The average
FWHMs of the beads for a confocal microscope, STED, and
STED-psSIM were 193, 117, and 74 nm, respectively, as shown
in Fig. 2(f). Compared with conventional STED microscopy,
STED-psSIM showed a 1.58-fold improvement in lateral
resolution.
To investigate the potential of STED-psSIM for biological im-

aging, an Abberior STAR READ-stained NPC was imaged using
the three aforementioned imaging modes. Results are shown in
Fig. 3(a); locally enlarged images are shown in Fig. 3(c). Abberior
STAR READ is a traditional fluorophore used for STED imag-
ing. A wavelength between 630 and 650 nm is recommended for
excitation light, and a depletion wavelength of around 750 to
800 nm is recommended for STED light. In the experiments,
the 635 nm excitation light with 5.6 μW power was used for
all images, and the 750 nm STED light with 15 mW power
were used for STED and STED-SIM. Figure 3(c) shows that

Fig. 1. (a) Schematic diagram of STED-psSIM; (b) relationship among the excitation beam, the depletion beam, and the fluorescence signal in the temporal and
spatial domain.
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STED-SIM can clearly distinguish the two very close samples
[108 nm apart, Fig. 3(d)], but both the confocal microscope
and STED are unable to do so. Therefore, STED-SIM can
improve spatial resolution and enhance the visibility of the
structure of NPC.
Similarly, to test STED-psSIM’s capabilities in the field of cell

imaging, we imaged red-fluorescent Alexa Fluor 647-labeled
actin in a commercial huFIB cell sample (GATTA-Cells 3c,
GATTA) with the three imaging modes. The results are shown
in Fig. 3(b); a locally enlarged image is shown in Fig. 3(e). In the
experiments, a 635 nm excitation light with 5.6 μWpower and a
750 nm STED light with 15 mW power were used for STED
microscopy and STED-psSIM. The STED-psSIM can clearly
distinguish the two closely placed actins [84 nm apart, shown
in Fig. 3(f)], but both the confocal microscopy and STED
microscopy were unable to do so. Therefore, STED-psSIM
has improved the spatial resolution and enhanced the visibility
of the structures of actin. Figure 3(g) shows the signal-to-
background ratio (SBR) of the two biological samples in the
three methods. The STED-psSIM image has the highest signal-
to-noise ratio (SNR), which further verifies that STED-psSIM
has the highest resolution compared with confocal and STED
microscopy.

3. Conclusion

To reduce the effect of the sine pattern rotation, we changed only
the driving function of EOM without rotating samples; other
information, including the control parameters of the 2D galvo
scanner and acquisition parameters of PMT were unchanged
in experiments. Therefore, all nine frames of raw structured

fluorescence illumination image data for STED-psSIM were
continuously obtained after the homemade control program
was executed once, without rotating samples. All control signals
were generated by a PCI6110 card: a 6.55 kHz sine wave was
used to drive the EOM to generate a 15°-oriented structured illu-
mination pattern, 23.8 kHz for a 75°-oriented structured illumi-
nation pattern, and 17.5 kHz for a 135°-oriented structured
illumination pattern. 1024-Hz and 2 Hz sawtooth waves were
used to synchronously drive the 2D galvo scanner. Thus, a sinus-
oidally scanning structured illumination pattern with a spatial
period of 132 nm was generated, which corresponds to a theo-
retical resolution improvement of 1.88-fold. The acquisition
time of each raw sinusoidally structured fluorescence illumina-
tion pattern was 0.5 s, and the field of view was 6 μm × 6 μm.
To summarize, we have developed a STED-psSIM that

improved the resolution without increasing the excitation light
power. Although STED microscopes have indeed showcased
extraordinary capabilities in achieving resolutions on the order
of tens of nanometers, it is crucial to note that the improvement
of resolution in STED microscopy is indeed associated with the
erasure light, and specifically, the higher the erasure light power,
the greater the potential for improved resolution. This is a fun-
damental principle of STED microscopy, where the focused
erasure beam selectively de-excites the fluorophores in the
periphery of the excitation spot, thereby reducing the effective
PSF and enhancing resolution. However, as mentioned earlier,
the use of higher erasure light power can pose challenges related
to photodamage and other sample-related considerations.
Balancing these factors is a key consideration in optimizing
STED microscopy experiments for specific applications. Our
proposed method involves using STED-psSIM under the same
optical power to achieve higher resolution, all while effectively

Fig. 2. Comparison of imaging resolutions of confocal microscopy, STED microscopy, and STED-psSIM. (a) Images of 23 nm fluorescent beads captured by the
confocal microscopy (lower left), STED microscopy (middle), and STED-psSIM (upper right) separated by a dashed green line; (b)–(d) magnified view of the area
encircled by the green dashed box in (a): (b) confocal microscopy, (c) STED microscopy, and (d) STED-psSIM[28]; (e)–(g) observable spatial frequency regions
obtained by Fourier transforming images in (b)–(d); (h), (i) normalized intensity profiles of fluorescence beads along the (h) blue and (i) yellow dashed lines in (b)–
(d), respectively. The profiles show average FWHMs of 193, 117, and 74 nm. Scale bars, 1 μm in (a) and 0.2 μm in (b)–(d).
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reducing the intensity of the erasure light. This strategic
approach enhances the suitability of STED for live-cell imaging,
addressing the crucial balance between resolution enhancement
and minimizing the impact of the erasure light on living
samples.
Theoretically, the resolution of STED-psSIM is twice higher

than that of STEDmicroscopy. In our experiments, a lateral res-
olution of 74 nm was achieved, which is a 1.58-fold improve-
ment over conventional STED. There are three main aspects
that reduce the experimental resolution. First, the STED light
path may have a minor system aberration or residual beam mis-
alignment. Second, the illumination fringe parameters (i.e., ini-
tial phase, fringe period, phase difference) used in the image
reconstruction process are estimated based on the original
images, thus introducing estimation errors. Additionally, photo-
bleaching will reduce quality and resolution in the reconstructed
images. If the parameters of point-scanning structured illumina-
tion patterns in our experiments and reconstruction process
were optimized, the resolution can be further improved.
As far as we understand, if both the excitation beam and

STED beam are modulated, similar to Ref. [18], the SNR of each

excitation spot will change with the STED modulation function,
resulting in different resolutions of each sample spot, which will
affect the image quality of STED-psSIM. Therefore, we prefer to
use a constant energy density of the STED beam. Although
improving the resolution in our STED-psSIM comes at the
expense of increasing the number of STED imaging frames, res-
onant scanners ormultifocal excitation schemes could be used to
improve the imaging speed in the future[29]. We noted that the
requirement of more frames (nine times) than normal STED
methods may cause photobleaching. We will address this issue
by developing photobleaching-resistant dyes in future studies.
The method of resolution improvement could be attributed to
the development of the superresolution technologies. This
STED-psSIM provides an efficient high-resolution imaging
strategy for visualizing cellular fine structures.
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