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Abstract. Imaging three-dimensional, subcellular structures with high axial resolution has always been the
core purpose of fluorescence microscopy. However, trade-offs exist between axial resolution and other
important technical indicators, such as temporal resolution, optical power density, and imaging process
complexity. We report a new imaging modality, fluorescence interference structured illumination microscopy
(FI-SIM), which is based on three-dimensional structured illumination microscopy for wide-field lateral imaging
and fluorescence interference for axial reconstruction. FI-SIM can acquire images quickly within the order of
hundreds of milliseconds and exhibit even 30 nm axial resolution in half the wavelength depth range without
z-axis scanning. Moreover, the relatively low laser power density relaxes the requirements for dyes and
enables a wide range of applications for observing fixed and live subcellular structures.

Keywords: optical imaging; super-resolution microscopy; fluorescence interference; structured illumination microscopy.

Received May 17, 2023; revised manuscript received Jul. 3, 2023; accepted for publication Jul. 26, 2023; published online Sep.

19, 2023.

© The Authors. Published by SPIE and CLP under a Creative Commons Attribution 4.0 International License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.

[DOI: 10.1117/1.AP.5.5.056007]

1 Introduction

Observing three-dimensional (3D) subcellular structures at the
nanoscale level is crucial for biomedical research and other
multidisciplinary studies. To surpass the intrinsic diffraction
limit, lateral super-resolution microscopes were first proposed,
which achieve a lateral resolution of sub-100 nm or even sub-
50 nm.'" To further enhance the axial resolution, various meth-
ods as counterparts based on the existing two-dimensional
super-resolution technology were developed over the last few
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decades. Among these, stimulated emission depletion micros-
copy (STED)** and single-molecule localization microscopy
(SMLM)"*® were optimized and improved for axial resolution.
3D-STED series technologies™® generate a 3D depletion facula
with a central intensity of zero by modulating the phase of the
depletion beam. This results in non-linear depletion around the
periphery of the fluorescence emission and obtains a smaller-
size emission pattern in the 3D range; 3D-SMLM series tech-
nologies introduce point spread function (PSF) engineering,”"!
adaptive optics (AO),"”™ and multi-plane detection'>'® to im-
prove resolution to 3D scope. This is achieved by enabling
sparse distribution of fluorophores in each detection and local-
izing the 3D position of every fluorophore’s emission within
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the sub-diffraction region. Although a few 3D-STED and 3D-
SMLM technologies achieve relatively ideal axial resolution of
~30-50 nm, high-power density lasers are usually required'’
to generate the designed beam patterns or guarantee sufficient
fluorescent signals. However, these lasers cause severe photo-
bleaching and phototoxicity and hinder the long-term observa-
tion of dynamic samples. Some low-laser power methods have
been reported in recent years,' but, in those techniques, the
processes of adjusting fluorescent dyes and the composition
of the imaging buffer are still cumbersome, which makes them
widely unused. The low temporal resolution (especially in
SMLM) due to delayed image acquisition is also a defect that
cannot be ignored.

Fortunately, the advent of structured illumination microscopy
(SIM)* enables fast imaging and loosens strict prerequisites of
sample preparation and excitation power density, thus enabling
volumetric imaging with dynamic samples."” However, the
comparably low spatial resolution limits its further application
in nanoscale activities. Although 3D-SIM***' has solved the
missing-cone problem to some extent, leading to axial resolu-
tion (~200 to 300 nm), which is still far inferior to the lateral
resolution (refer to Fig. S1 in the Supplementary Material). To
improve performance in the axial direction, a 4Pi configuration
is implemented in SIM (4Pi-SIM).*** By positioning the other
objective lens opposite to the original lens, the collection angle
of the fluorescence emission was doubled. Thus, the optical
transfer function (OTF) in the Fourier space is elongated along
the kz axis*** (refer to Fig. S1 in the Supplementary Material).
Owing to six-beam interference during the excitation and fluo-
rescence interference in the detection path, the passband of the
OTF and the frequency shift range are significantly expanded in
the axial direction, which enables an axial resolution of ~100 nm.
However, 4Pi-SIM requires precise alignment of six excitation
beams and accurate acquisition of 18 frequency shift vectors in
Fourier space, resulting in high-cost system construction and
maintenance for limited resolution improvement. Therefore,
they are not widely used in practice.

Recently, the 4Pi configuration has been applied to the
SMLM and has achieved unprecedented axial resolution.”*™'
Periodic phase changes with varying axial position during fluo-
rescence interference enable accurate calculation of every single
molecule through phase unwrapping by applying multi-channel
detection and phase retardance to generate a fixed phase differ-
ence between each channel. Here, we propose a new imaging
method, termed fluorescence interference structured illumina-
tion microscopy (FI-SIM), which leverages 3D-SIM and fluo-
rescence interference by the 4Pi configuration. Unlike 4Pi-SIM,
FI-SIM uses only one objective lens (three excitation beams) for
illumination, avoiding the strict requirements for wave vector
directions of the six excitation beams in 4Pi-SIM. The use of
fluorescence interference and multi-channel detection have
enabled reconstructing axial structures with higher axial resolu-
tion of nearly 30 nm, while the lateral resolution comparable
with SIM has been maintained, thus making FI-SIM suitable
for super-resolution morphology imaging of cells in all three
dimensions. In this way, the axial distribution of subcellular
structures in the half-wavelength range can also be obtained
without z-axis scanning in hundreds of milliseconds while min-
imizing the adverse effects of phototoxicity and photobleaching.
Our novel method also provides a new tool for exploring the
3D morphology and movement of living cells.
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2 Principle
2.1 Theory and Setup

In the 4Pi configuration for wide-field imaging, fluorescence
interference’* is of crucial importance, as it enables amplitude
superposition rather than strength superposition and stretches the
OTF along the kz direction in the frequency domain through au-
tocorrelation of the collection-angle-doubled coherent transfer

function. The interference period is around ’152“‘, where /., denotes
the central wavelength of the emitted fluorescence. If the thick-
ness of the sample is beyond one period of fluorescence interfer-
ence, an error of axial reconstruction will occur because the same

phase corresponds to multiple axial positions.” To solve this
problem, it is necessary to filter signals beyond the % range
(optical sectioning effect). In wide-field imaging, 3D-SIM is
an ideal method to achieve this. In traditional 3D-SIM, the fluo-
rescence is collected by one objective lens, so the axial resolution
is confined to ~300 to 350 nm, which is beyond the period of
fluorescence interference and causes some signals out of range
not to be eliminated. In 4Pi-SIM, although the axial resolution
is improved to 100 nm, which is sufficient to exclude out-of-range
signals, the much more complicated modulation mode and algo-
rithm make the experiment very difficult to conduct. In this study,
we chose to excite the sample through a single objective and de-
tect it through the 4Pi configuration [refer to Fig. 1(b) and Fig. S1
in the Supplementary Material]. As shown in Fig. 1(a), the struc-
tured illumination was generated by the interference generator
module (refer to Fig. S2 in the Supplementary Material). For axial
resolution improvement, through phase modulation and path sep-
aration module (refer to Fig. S2 in the Supplementary Material),
the fluorescence was split to four channels (including two
s-polarization and two p-polarization channels; refer to Note S1
and Fig. S3 in the Supplementary Material) after interference,
which denoted four different phases and contained depth infor-
mation of the sample.

In our imaging scheme, a recently established 3D-SIM algo-
rithm named HiFi-SIM* was used to obtain a single-frame
3D-SIM image from wide-field raw SIM images. (Four sub-
images of each acquisition were summed to form 15 raw images
of SIM; refer to Fig. S3 in the Supplementary Material.) This
achieved lateral super-resolution and reduced the axial detection
range to sub-300 nm (for 560 nm excitation wavelength) through
the optical sectioning effect of our new 3D-SIM mode to minimize
axial reconstruction errors (refer to Fig. S4 in the Supplementary
Material). The 3D-SIM super-resolution image was then seg-
mented into a 2D binary mask that can exclude background, noise,
and diffraction-limit information and preserve the super-solved
target area from the wide-field images of the four channels (refer
to Fig. S3 in the Supplementary Material). After being filtered by
a binary mask, the four wide-field images were used for phase un-
wrapping (refer to Notes S2-S4 in the Supplementary Material)
and axial reconstruction from different intensity distributions of
the four phases (refer to Fig. S3 in the Supplementary Material).
Through phase unwrapping for each subregion, the map of the

axial distribution of the sample can be obtained in the %’" range.

2.2 Simulations and Calibration

The reconstruction process was conducted and analyzed through
simulations of 3D microtubules and ring-shaped structures.

Sep/Oct 2023 e Vol. 5(5)


https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01
https://doi.org/10.1117/1.AP.5.5.056007.s01

Sun et al.: Fluorescence interference structured illumination microscopy: D morphology imaging...

(a) (b)
—=1 Controller
- - Y
Upper
\ 4 100 objective Phase 0
modulation 0 Py
Laser —_— and path O sCMOS
Lower separation
100X opjective 0
l N I
Interference Tube v -
> generator O DM lenses “I‘ I'O SP'I
Focus -
lens
1 (d) 125
s1
—pt
1 - —-s2

o
e ~
o o

Normalized intensity (a.u.)
Normalized intensity (a.u.)
3

0=~
-400 -300 -200 -100 O 100 200 300 400
Z position (nm)

FI-SIM | mm— Ground truth

Depth 160 nm

4 El‘: é 1AO
Axial reconstruction error (nm)

Fig. 1 Principle and simulations of FI-SIM. (a) Structure schematic diagram of FI-SIM. Excitation
beam was split by the interference generator module, which contains galvo-mirrors and piezo
stages to form a three-beam illumination mode (3D-SIM); fluorescence from both upper and lower
objectives would interfere and be modulated by phase modulation and path separation modules to
form four paths and correspondingly four sub-images, which denoted four different phases of
fluorescence interference; the images were collected by sCMOS, and all of the devices were
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Fig. 1 (Continued) synchronously controlled by computer. (b) Excitation and detection mode of
FI-SIM. (Left) For excitation, only the lower objective is used, and the pattern is generated by three-
beam illumination, which is the same as 3D-SIM but without axial scanning. (Right) For detection,
both objectives collect the fluorescence from the sample, resulting in fluorescence interference.
(c) 4Pi PSF of four sub-images with four phases (-3, 0, %, ) theoretically. (d) Signal intensities of

' 5

four interference images as a function of axial positions. (e) Simulation of ring-shaped structures.
(Left) Wide-field (WF) image and SIM reconstructed image; (middle) axial reconstruction after
spatial mask of SIM results; (right) ground truth. Expansion of the red and blue outlined region
of the image in (e) denotes the image details of corresponding region in FI-SIM and ground truth,
respectively. (f) Error map between FI-SIM and ground truth. (g) Frequency histogram of axial
reconstruction error after pixel-by-pixel axial reconstruction by FI-SIM. Scale bar in (c) 400 nm;

in (e) and (f) 5 um.

The 4Pi-PSF used in the simulations was generated using vec-
torial diffraction theory.”**>* The intensity distribution of each
phase varied periodically according to fluorescence interference
and phase modulation [Fig. 1(c)]. It is worth mentioning that,
unlike ordinary 3D PSF, 4Pi-PSF possesses a hollow structure
and sidelobes.” As the axial position varied, the phase of fluo-
rescence interference changed correspondingly, and the relative
ratio of intensities between the four channels also fluctuated.
Thus, we could determine the axial position through the relative
ratio. However, when the z-position exceeded half the wave-
length, the relative intensity of the four channels circulated
[Fig. 1(d)], resulting in potential axial localization errors (refer
to Fig. S4 in the Supplementary Material). To examine our new
theory, we simulated ring-shaped structures, which were ran-
domly generated within an axial range of 160 nm (each ring
structure had a diameter of 500 nm, and its 3D posture was
random) with a three-beam excitation mode and 4Pi-PSFs
[Fig. 1(e)]. That is, 15 raw images were generated, and each
image contained four sub-images, which denoted four interfer-
ence phases (-7, 0, , ), and the simulated sample was distrib-
uted within the 160 nm axial range. From the depth-coded
image [Fig. 1(e)], we recovered all full ring-shaped structures
with high axial resolution. Through 3D SIM recovery and axial
reconstruction from four channels, the surface morphology of
the structures can be obtained accurately with lateral resolution
of SIM and ~30 nm axial resolution. As shown in Figs. 1(f)
and 1(g), the average axial reconstruction accuracy was about
3.04 nm, and the positions with axial reconstruction accuracy
better than 10 nm account for 98.9% of the total axial
reconstruction. This indicates that FI-SIM has an axial resolu-
tion better than 30 nm. The reason for applying 3D-SIM rather
than 2D-SIM was explained by Fig. S4 in the Supplementary
Material. In addition, the theoretical analysis of axial recon-
struction was derived and verified by simulations in Figs. S5,
S6, and Note S5 in the Supplementary Material.

We also examined axial reconstruction by imaging a
high-density 100 nm fluorescent bead sample (FluoSpheres
beads, F8801). In the calibration stage, by adjusting the gesture
of the BS in the detection path (refer to Fig. S2 in the
Supplementary Material), the interference fringe frequency
can be reduced in each sub-image until the frequency is mini-
mized, and the phase in each sub-image is nearly uniform
(Video 1). By applying the phase calibration algorithm,* the
phase difference between s and p polarizations (72.8 deg)
can be calculated (refer to Fig. S7 in the Supplementary
Material). The sample stage was first adjusted to the horizontal
position, and then the single-layer bead sample was imaged and
reconstructed [Fig. 2(c)]. After axial reconstruction, it can be
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found that the axial positions of beads in the field of view
(FOV) were very close, indicating ideal phase uniformity [refer
to Figs. 2(c) and 2(f) and Fig. S8 in the Supplementary
Material]. Then, by adjusting the gesture of the sample stage,
a 0.24 deg angle was generated between the sample stage
and the x direction, that is, a depth difference of theoretically
100 nm from the leftmost to the rightmost of the FOV
[Figs. 2(a) and 2(b)], which was reflected in the fluorescence
interference phase in each sub-image. The three precision piezo-
electric displacement devices under the sample stage guarantee
the accuracy of the tilt angle [refer to Fig. S2(c) and Note S1 in
the Supplementary Material]. With the axial movement of
the interference cavity of the 4Pi configuration, the four sub-
images showed shifting fringes along the x direction (Video 2).
After image reconstruction and axial reconstruction, the depth
distribution of the beads also changed along the x direction
[Figs. 2(d) and 2(g)]. According to this distribution in the axial
direction, linear functions of depth varying with x positions can
be fitted. We showed a depth difference of ~103.5 nm from
leftmost to rightmost, which was close to the theoretical value.
It can be proved that FI-SIM can achieve axial resolution close
to 20 nm with an axial reconstruction accuracy error of no more
than 10 nm [Fig. 2(g)] while maintaining the lateral resolution of
SIM [the full width at half maxima (FWHM) was 111.3 nm]. In
addition, we also generated various depth differences, such as
50 and 150 nm (refer to Fig. S8 in the Supplementary Material),
and the corresponding experimental depth differences were
45 and 148.5 nm, which repeatedly verified the axial recon-
struction performance. Obviously, for discrete samples (such
as fluorescent beads), the axial resolution of FI-SIM is closer
to techniques, such as 4Pi-SMS, and significantly better than
4Pi-SIM, as the improvement of axial resolution of the latter
relies on OTF frequency shift, and its step size is often greater
than 100 nm when performing axial scanning, which has no
advantage compared with FI-SIM.

Through careful calibration and adjustment, our method en-
abled mapping of the surface morphology of the sample within a
lateral resolution equivalent to SIM and even 20 nm-resolution
axial distributions of subcellular structures in the /137“ range. In
addition to calibrating the phase of fluorescence interference,
the fluorescent beads can also be used in the process of aberra-
tion correction, which can improve the image quality and reli-
ability of axial reconstruction (refer to Note S10 and Fig. SO in
the Supplementary Material).

3 Cell Imaging

To verify the performance of our method in applications, a series
of experiments were conducted. Fixed microtubule networks of
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Fig. 2 Calibration by fluorescent beads and schematic diagram of sample stage tilting.
(a) Schematic diagram of 0.24 deg tilting between the sample stage and x axis, which generates
~100 nm difference in axial direction from leftmost to rightmost of the ROI. (b) Expansion of the red
outlined region in (a), the size of the FOV is 25 um, which is consistent with images in (c) and (d).
(c) WF, SIM, and axial reconstruction result when sample stage stayed level. (Left) WF and SIM
image; (right) 3D volume super-resolution image. (d) WF, SIM, and axial reconstruction result
when sample stage tilts 0.24 deg. (Left) WF and SIM image; (right) 3D volume super-resolution
image. (e) Lateral profile of the red line in (c) and the FWHM is 111.3 nm. (f) In (c), regard the
average axial position of the leftmost fluorescent beads in the FOV as 0 nm and measure the
average relative depth (axial position) of the fluorescent beads every 2.5 um along the x direction
in the FOV. The red points represent the average values of the relative depth at corresponding
x-coordinate, the black line represents the theoretical relative depths along the x direction, and the
blue histogram represents the differences between the actual relative depths and corresponding
theoretical values. (g) In (d), regard the average axial position of the leftmost fluorescent beads in
the FOV as 0 nm and measure the average relative depth (axial position) of the fluorescent beads
every 2.5 um along the x direction in the FOV. The red points represent the average values of the
relative depth at corresponding x coordinate, the black line represents the theoretical relative
depths along the x direction, and the blue histogram represents the differences between the actual
relative depths and corresponding theoretical values. Scale bar: 5 ym.
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BSC cells were first tested (Fig. 3). Labeled with the Abberior
STAR Orange, a laser (4 = 561 nm) was used to excite the flu-
orophores under the 3D-SIM illumination mode. To guarantee
the quality of the 3D-SIM, the power of the laser should be kept
constant, and the power density of the patterns in every direction
should be approximately equal. As for fluorescence interfer-
ence, the images from the upper and lower objective should
be merged, and the 4Pi cavity should be adjusted to “interfer-
ence area,” where the contrast of fluorescence interference
reaches the maximum. By collecting 15 images for each
channel, up to 60 images can be acquired in 0.75 s (35 ms
exposure time for each acquisition). Both 3D-SIM and axial
reconstruction can be performed, and, consequently, a 3D mor-
phology image can be obtained.

With image reconstruction, a super-resolved morphology im-
age can be obtained with optical sectioning. Through image seg-
mentation and classification, the spatial mask of the SIM image
was used in axial reconstruction. According to the actual phase
difference (refer to Fig. S7 in the Supplementary Material) be-
tween the s and p polarizations, the axial positions of each ROI
can be obtained and displayed as both depth-coded visualiza-
tions and 3D volumes [Figs. 3(b) and 3(d)]. From the depth-
coded images and 3D volumes [refer to Figs. 3(b) and 3(d)
and Figs. S10(b) and S10(d) in the Supplementary Material],
we measured the growth and distribution of bending micro-
tubule networks that changed continuously in the axial direction
from the edge to the center (cell nucleus) of the cell. The axial
resolution of the reconstructed volumes was ~30 nm, which can
be observed in both the reconstructed image stacks and axial
sections [refer to Figs. 3(b) and 3(e), and Figs. S10(b) and
S10(d) in the Supplementary Material]. We then imaged the
migrasomes™ using this setup. In live 1.929 cells labeled with
DID (4 =647 nm), we used the same imaging parameters
for microtubule networks to obtain the data of the mitochondrial
network [Fig. 3(f)]. Similar to microtubules, the branches of
migrasomes were not distributed in the same plane, but formed
a 3D structure, which indicates the trajectory of cell movement.
It can be noted that there existed discrepancies between the axial
resolution of fluorescent beads and fixed cells. That is because
the fluorescent beads were sparsely distributed in the FOV.
Both microtubules and migrasomes, however, were continuous,
which results in the performance of each axial reconstruction
being affected by other fluorophores within the sub diffraction
limit range.

4 Time-Lapse Imaging

To verify the capability of FI-SIM to explore microcosms, we
imaged microtubules and mitochondria in live U20S cells
labeled with Tubulin-Tracker Deep Red and Mito-Tracker Deep
Red (4 = 647 nm), respectively, to study the dynamics of their
subcellular structures. By staining U20S cells, our method was
applied to image these live cells. The reconstructed 3D volume
images clearly illustrated that the mitochondria in the FOV were
distributed within a range of 120 nm (while microtubules were
distributed within 260 nm) in the axial direction (Fig. 4).

In this study, we acquired a time-lapse image sequence of live
cells at 1-min intervals with an exposure time of 35 ms. A few
continuous depth-coded images showed the movement, migra-
tion, deformation, fusion, and separation of mitochondrial and
microtubule networks after 3D-SIM reconstruction and axial
reconstruction, as well as the depth change in the axial direction.
As shown in the depth-coded images, although there was no
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obvious activity in the lateral direction for microtubules, the
axial movement can be caught and observed with high axial
resolution by our FI-SIM [Figs. 4(c)—4(e)]. As for mitochondria,
it can be observed that the axial activities can be conducted
along the mitochondrial structure [Figs. 4(h)—4(j)], just like the
propagation of waves (as shown by the red arrows). With time,
the concave position changed along the direction of mitochon-
drial growth. Similarly, when two segments of mitochondria
were fused, the structures originally distributed at different
depths first moved to the same depth and then fused with each
other, which is consistent with our common sense and other
researches ™' (as illustrated by the white arrows).

To verify the performance of fast image acquisition of
FI-SIM, a continuous FI-SIM image sequence of migrasomes
in live L929 cells was acquired at a temporal resolution of
0.75 s per volume with an exposure time of 35 ms (Fig. 5).
For the convenience of displaying the axial movement of the
migrasomes in a short period of time, in Fig. 5, we show the
FI-SIM images of migrasomes every five frames (that is, 3.75 s).
Even within 15 s, it can be clearly observed that due to the
migration of 1929 cells, significant axial changes of migra-
somes can be observed in the FI-SIM image sequence. This also
indicates that the migrasomes are not fixed after production by
cells but are rapidly changing and participate in cell life activ-
ities. The complete continuous FI-SIM images are shown in
Video 3.

5 Discussion

In summary, we report FI-SIM, a powerful approach to image
dynamic subcellular structures and morphologies of both fixed
and live cells. This method combines 3D-SIM and axial
reconstruction of fluorescence interference, performing fast
and accurate 3D imaging without z-axis scanning, which other
super-resolution configurations cannot provide. As a result, the
proposed method can provide precise axial reconstruction and
thin optical sectioning of fine structures using fluorescence in-
terference and phase unwrapping, which make it a promising
approach to investigate the morphologies and activities of the
fine structures of cells.

In previous SMLM technologies, to solve the problem of
axial reconstruction error due to a limited period of fluores-
cence interference, the high-order Gaussian weighted central
moment™ and deformable mirror’' were used to extend the axial
detection range, which were both challenging and cumbersome.
Owing to the 3D-SIM and 4Pi-PSF, the limited detection range,
which has been puzzling the axial reconstruction of fluorescence
interference for a long time, has been solved perfectly.

On the other hand, compared with 4Pi-SIM, FI-SIM signifi-
cantly improves axial resolution to the sub-30 nm scale while
reducing the complexity of the excitation path, enabling more
accurate axial reconstruction with fast data collection. This is
something that existing techniques cannot achieve. Moreover,
owing to its fast image acquisition process, dynamic live-cell
imaging, especially exploring the minor movement of subcellu-
lar structures in the axial direction, can be performed using
our configuration. In current methods, such as 4Pi-SMS,*
isoSTED,*** and other ultra-high axial-resolution methods,**’
it is almost impossible to measure living cells with a high axial
resolution in such a fast data acquisition process. However,
due to the high requirements for the phase uniformity of fluo-
rescence interference and the complexity of the subcellular
structure, the FOV of our method is confined within 25 pm,
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Fig. 3 Reconstructed image and 3D volume of microtubules and migrasomes. (a) 3D-SIM image
without axial scanning. The top-left of (a) is the corresponding wide-field image. (b) 3D volume
super-resolution image of microtubules labeled with STAR Orange in BSC cells. (c) Lateral profile
of the white line in (b) and the FWHM is 185.6 nm. (d) 3D visualization of the microtubules using
Vutara SRX Viewer. (e) Continuous x-y section of the 3D volume from 0 to 66 nm depth with
a 5-nm axial interval, illustrating the changing morphology of microtubule networks in a narrow
axial range. (f) 3D-SIM image without axial scanning. (g) 3D volume super-resolution image
of migrasomes labled with DID in live L929 cells. (h) Lateral profile of the white line in (g).
(i) 3D volume visualization of the microtubules using Vutara SRX Viewer. (j) Continuous x-y
section of the 3D volume from 0 to 220 nm depth with a 20-nm axial interval. Scale bar: 5 um.
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Fig. 4 Reconstructed results of live-cell time-lapse imaging of microtubules and mitochondria.
(@), (f) Wide-field image of microtubules and mitochondria in live U20S cells labeled with
Tubulin-Tracker Deep Red and Mito-Tracker Deep Red, respectively. (b), (g) 3D-SIM image of
microtubules and mitochondria. (c), (h) Time-lapse wide-field image sequence of the ROIs marked
with red outline in (a) and (f) during 2 min with time interval of one minute. (d), (i) Time-lapse
3D-SIM image sequence of the ROls marked with the red outlined region in (b) and (g).
(e), () Time-lapse depth-coded 3D volume image sequence of the ROIs marked as red outlined
regions in (b) and (g). Scale bar in (a) and (f): 5 um; scale bar in (c) and (h): 2 gm.

and it is difficult to scan and image dense and thick samples. originating from that the axial position is assigned to each sub-
FI-SIM has difficulty observing some tiny axial structures pixel for 3D-SIM results. We believe that these limitations can
when these structures are axially close and mapped to the same be overcome with the development of relevant algorithms and
lateral subpixel (such as hollow structure of the microtubules), computational imaging in the future.
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0 Depth (nm) 250

Fig. 5 Reconstructed results of live-cell fast image acquisition of migrasomes in live L929 cells
labeled with DID. (a) 3D-SIM image of migrasomes in live U20S cells labeled with Tubulin-Tracker
Deep Red. (b) Wide-field image of migrasomes. (c), (d), and (e) Time-lapse FI-SIM morphology
image sequence of the different ROls marked with red outline in (a) with fast image acquisition.
Scale bar in (a) and (b): 5 um; scale bar in (c), (d), and (e): 1 um.

6 Appendix: Supplementary Information

Video 1. Fluorescence interference of fluorescent beads without
sample tilting (AVI, 15.6 MB [URL: https://doi.org/10.1117/1
.AP.5.5.056007.s1]).

Video 2. Fluorescence interference of fluorescent beads with
0.24 deg tilting of sample stage (AVI, 3.78 MB [URL: https://
doi.org/10.1117/1.AP.5.5.056007.52]).

Video 3. Imaging migrasomes of live cells (AVI, 2.08 MB
[URL: https://doi.org/10.1117/1.AP.5.5.056007.s3]).

Code, Data, and Materials Availability

All data in support of the findings of this paper are available
within the article or as supplementary material.
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