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ABSTRACT: Wide-field photobleaching imprinting microscopy N

(PIM) can improve fluorescence image contrast by cleverly 1_.

exploiting the fluorophores’ photobleaching properties. However, Z 99 @ ® PYPRP

illumination with a nonuniform lateral fluence distribution, the °°° o ¢
field-of-view (FOV) and sampling density are largely reduced. In
addition, the slow axial fluence gradient of Gaussian illumination t,(n>1)

t
limits the signal-to-background ratio (SBR) improvement and ° ® ° °
optical sectioning capability of PIM. Here, we present flat-field Gaussian @ ... - ... - e
° ° ° °

as conventional wide-field PIM commonly adopts Gaussian g field # — B — 020
[ ] ... ° ¢

photobleaching imprinting microscopy (ffPIM) with a uniform ®
lateral excitation fluence and sharp axial intensity gradient at the
focal plane. iPIM demonstrates low background, large FOV, and
thin optical section. More importantly, compared to either conventional wide-field PIM or light-sheet microscopy, fflPIM shows
much better balance for FOV, sampling density, SBR, and optical sectioning capability. The performance of fflPIM is characterized by
simulation and resolving multiple cellular structures. Finally, ffPIM can be easily implemented to a standard commercial wide-field
microscope and, thereby, allow general laboratories to benefit from this technique.

KEYWORDS: Photobleaching imprinting microscopy, Wide-field microscopy, Flat-field illumination, Background-free fluorescence imaging,
High-throughput, Optical section

H INTRODUCTION out-of-focus background. However, almost all light-sheet
microscopes require at least two objectives, and the steric
hindrance between the two objectives results in sacrifice either
in the resolving performance (low NA, long working distance
objective) or in the operation feasibility of the system. In
recent years, several groups have developed single objective
light-sheet systems®~” that allow the LSEM to operate like an
inverted fluorescence microscope and accept traditional
biological samples. Such systems typically utilize an oblique
illumination pattern. This oblique plane is corrected by a pair
of objectives”®™'? in the detection path so that all light reaches
the focal point of the camera. However, the correction module
results in a loss of the numerical aperture, and a high numerical
aperture is essential to achieve resolution in subcellular
imaging. The second strategy for 3D fluorescence microscopic
imaging is based on detection, such as light field fluorescence
microscopy'* and point spread function (PSF) engineer-
ing.">™"" These techniques make full use of the acquired

Fluorescence microscopy is an important tool for biological
research.' Moreover, 3D imaging capabilities are indispensable
in the study of developmental and cell biology, anatomy,
biophysics, and neuroscience. 3D imaging is commonly
realized through three different strategies. The first is based
on illumination (e.g., light-sheet microscopy,” confocal
microscopy,” and two-photon and multiphoton microscopy*).
In confocal microscopy, a pinhole conjugated to the objective’s
focal plane is used to suppress the out-of-focus signal, which is
the main contribution of the background. Removing the out-
of-focus signal can improve the signal-to-background ratio.
However, the illumination still excites all fluorescence within
the depth of field (DOF) of the acquisition objective, and the
pinhole not only suppresses the out-of-focus signal but also
affects the acquisition of the signal at the focal plane, which
limits the improvement of the signal-to-background ratio.
Light-sheet fluorescence microscopy (LSFM), also named
selective-plane illumination microscopy, uses a pair of
orthogonally placed objectives with one objective for Received: July 6, 2023 SRS G
illumination and the other one for detection. The light sheet Revised:  October 8, 2023 e
illuminates a layer of the sample, and an objective orthogonal Accepted:  October 9, 2023 o
to it collects the fluorescence. Because only the fluorescence Published: October 28, 2023 :
near the focal plane of the detection objective is excited, light-

sheet microscopy has an intrinsic advantage in suppressing the
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Figure 1. Schematic and characterization of flat-field microscopy. (a) Schematic of flat-field microscopy. A uniform square spot is formed by a
customized multimode fiber bound with a vibration motor. The square spot is focused at the focal plane of the objective. M1—M6: aluminum
mirrors (Thorlabs); D1—D3: dichroic mirrors; O1: objective (10X/NAO.2S, Olympus); L1: lens (AC050-010-A-ML, Thorlabs); L2: lens (AC254-
250-A-ML, Thorlabs). The objective used for detection is an objective lens (Plan Apo 100X, 1.49 oil immersion, Nikon). The fiber (WFANS 200 X
200/238 X 238, CeramOptec) is specially designed for large-field illumination. The elements not shown in the figure are Eclipse Ti-E microscope
(Nikon) and DU-897D EMCCD (Andor). (b, c¢) The illumination pattern of the multimode fiber has speckles. Vibrating the fiber can eliminate

speckles, generating a more uniform illumination.

fluorescence signal and achieve 3D imaging by matching the
signal to its actual depth. However, these methods require
complex optical design, and few commercial microscopes are
available, limiting their use in biological research laboratories.
The third strategy is based on computation. For example,
deconvolution microscopy (DM) restores the actual image of
the object that is distorted by the imaging system in the
imaginﬁ process due to imperfection and finite aperture of any
lenses."” A successful deconvolution process depends on the
accuracy of the image data and the estimated PSF. The most
critical step of the deconvolution method is not the
computation, but the acquisition of accurate, artifact-free,
and high signal-to-noise images.'” This limits DM to
specimens with a signal-to-background ratio (SBR) not less
than 1:20.°° In addition, mismatched PSFs or low signal-to-
noise ratio images may produce artifacts and reduce image
recovery quality.”'

Photobleaching imprinting microscopy (PIM) is a computa-
tional imaging method based on the principle that the
photobleaching rate of a fluorophore is proportional to the
local illumination power density. It utilizes two sets of a priori
information to achieve optical sectioning and improve the
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SBR.”*™*" One is the photobleaching property of the
fluorophore itself, and the second is the illumination pattern
of the imaging system. Different from DM, where the PSF of
the system needs to be calibrated in advance, PIM is based on
fitting higher-order components from a series of time-lapse
images. Hence, in principle, PIM has fewer artifacts than DM.
However, as a good PIM image relies on a proper light fluence
distribution at the focal plane, conventional wide-field
microscopy with Gaussian illumination is not ideal for PIM.
First, the light fluence distribution of Gaussian illumination is
nonuniform in the x—y plane, causing the effective field-of-view
(FOV) to be limited within the central region where the PIM
computation is also approximated to constant light fluence.
Second, for fluorophores that are in the peripheral region of
the Gaussian illumination, the photobleached portions are
wasted as they are not used for PIM computation, sacrificing
the overall sampling density of the image. Third, the light
intensity gradient at the focal plane is less sharp than that out
of the focal plane, which limits the signal-to-background ratio
improvement of PIM with Gaussian illumination. In this work,
we developed flat-field photobleaching imprinting microscopy
(ffPIM), a PIM method based on uniform illumination that

https://doi.org/10.1021/cbmi.3c00079
Chem. Biomed. Imaging 2023, 1, 843—851
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Figure 2. Operation principle of flat-field PIM (ffPIM). (a) Photobleaching rate obeys a single-exponential temporal decay law. (b, c) Comparison
between ffPIM and conventional wide-field PIM. (d) Simulation results of fflPIM. I, represents a wide-field image of a 3D sample consisting of 100
randomly distributed fluorescent beads in 100 X 100 X 100 volume. I, to I, are different high-order ffPIM images.

overcomes the limitations caused by Gaussian illumination.
The excitation fluence of fIlPIM is uniform in the x—y plane
and has a maximum intensity in the focal plane. We compared
fIlPIM with conventional wide-field PIM with Gaussian
illumination. It shows that fflPIM has a better optical section
capability. flPIM can maintain a large FOV equal to the FOV
of the original images. Moreover, it avoids wasting
fluorophores and improves the sampling density. We also
compared fIPIM with light-sheet microscopy. It shows that
fIPIM has a better optical sectioning performance than light-
sheet microscopy with a high-NA objective. In addition, ffPIM
has a large FOV that light sheets with the same optical
sectioning cannot achieve, greatly compensating for the

drawback of the light sheet.

B RESULTS AND DISCUSSION

Flat-Field lllumination

Uniform illumination is very important in wide-field
microscopy, especially in quantitative analysis.”® There are
three main strategies to achieve uniform illumination. One is
based on a beamshaper.”* ™' However, this device is expensive,
and its wavelength dependence makes the method unsuitable
for multicolor imaging. The second strategy is based on the
method of Kohler illumination, using a diffuser and a pair of
microlens arrays to achieve a uniform distribution of light in
the focal plane of the objective.””*® This method requires a
complex optical design and is thus difficult to adopt in
common laboratories. The third method is based on
multimode fiber combined with a diffuser’ or vibrating
elements™ in the optical path.

In our system, we used a customized homogenizing
multimode fiber with a square core to generate uniform
illumination. The optical setup of flat-field microscopy is
shown in Figure 1. Light from the optical coupling system
passed through an objective O1 to form a square spot. The
square spot was reduced and focused on the sample plane by
lens L2 and an objective. The size of the FOV can be adjusted
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by changing the focal length of L2. For example, a shorter focal
length can create a larger FOV.

Unlike common wide-field microscopes, which focus the
light at the back focal plane of the objective, our system
collimated light through the back focal plane of the objective
and eventually focused a square spot at the focal plane of the
objective. As a result, we obtained an excitation fluence with a
uniform intensity distribution in the x—y plane and a maximum
intensity in the z direction at the focal plane of the objective,
which is ideal for a large FOV and good optical sectioning
capability.

Theory and Simulation

As described previously,22 PIM works simply by time-lapse
imaging of photobleaching-induced fluorescent decay that is
dependent on the local excitation fluence. For wide-field PIM
with one-photon excitation, the local fluorescence intensity is
the integration of all fluorescence along the axial direction.

I(x, y) = C//Ja(x, y, z2)E(x, y, z)*PSE (x, y) dz )
where C is a constant, y, is the absorption coeflicient of the
fluorophore, F is the excitation fluence distribution, * is the
convolution, and PSF; is the point spread function at depth
2> Furthermore, the temporal decay of the fluorescence
intensity is dependent on the excitation fluence-dependent
photobleaching rate, which can be described as a first-order
exponential decay (Figure 2a). y, can be simply modeled as a
pure single-exponential function

I(x, Vs t)=C 'szo(x’ Y Z)e_F(x’y’Z)BtF(xr Vs z)

*PSE,(x, y)dz (2)

where t is time, i, is the initial absorption coefficient of the
fluorophore, and B is a constant.

For conventional wide-field PIM, the lateral illumination
profile is nearly Gaussian distributed. The nonuniform lateral
excitation fluence complicates the analysis of the temporal
decay of the fluorescence intensity at different lateral positions.

https://doi.org/10.1021/cbmi.3c00079
Chem. Biomed. Imaging 2023, 1, 843—851
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In the previous work, the excitation fluence is assumed to be
uniform along the lateral axes.”” While such an approximation
greatly simplifies the analysis, the nonuniform lateral excitation
profile considerably limits the effective FOV of conventional
wide-field PIM to the central illumination region, which
scarifies not only the imaging throughput but also the sampling
density.

As mentioned above, the excitation fluence in our system is
uniform along the lateral axes and has a Gaussian distribution
along the axial axes (Figure 2b). Hence, the excitation fluence
F is only dependent on z. Thus, eq 2 turns into

I(x,y,t) = C f p e T OPE(2)%PSE, (x, y) dz 3)

and

F(z) = o~(z=20) /20

(4)

where z, denotes the focal plane of the objective.

Similar with the previous report,22 Taylor expansion and
polynomial fitting of the fluorescence decay in eq 3 yields the
PIM component I,

(=B)"

I,=C
n!

/ p F(z)" ' %PSE,(x, y) dz )
which is dependent on the n + 1 order fluence distribution.
Given that the excitation fluence in our system is a Gaussian
distribution along the axial axes, the high-order Fr+l
approached a delta function 5(z — z,) and I, became

(=B)"

n!

I(x,y,n>1)=C %05(2 - zo)*PSan(x, )

(6)
Compared with the conventional wide-field PIM, in which
light is focused on the back focal plane of the objective, ffPIM
focuses the light on the focal plane of the objective. Thereby,
the center region of fIPIM is a thin layer with maximum
intensity in the z-direction at the focal plane of the objective,
while the center region of conventional wide-field microscopy
is a small core near the objective (Figure 2b). The sharp
intensity gradient along the z-direction renders flPIM better
optical sectioning capability than the conventional wide-field
PIM. In addition, the excitation fluence of flPIM in the x—y
plane is uniform, while the lateral excitation fluence of
conventional wide-field microscopy at the sample plane has a
Gaussian distribution. As a result, the uniform lateral
illumination renders fIPIM with a larger FOV and higher
sampling density than the conventional wide-field PIM with
Gaussian illumination (Figure 2c).

To demonstrate the advantage of filPIM, a simulation was
performed by creating a 3D sample consisting of 100 randomly
distributed fluorescent beads in a 100 X 100 X 100 volume.
Simulation results I, to I}, of the beads show that higher order
fIPIM was able to extract the signal of beads in a thinner
section with increased SBR (Figure 2d).

Experimental Results of ffPIM

To characterize the performance of fIPIM, we first prepared a
solid agar sample containing 40 nm diameter red fluorescent
beads. For each layer, 100 images were acquired (30 ms
exposure time, EM gain was set at 100, step size was 0.1 um).
The statistical axial full width at half maximum (FWHM) of
the conventional image stack and 16th PIM component are
shown in Figure 3a, which verify the effectiveness of iPIM in
improving optical sectioning. We also imaged cells with DNA
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Figure 3. Performance characterization of fflPIM. The conventional
image is the average image of the 100 time-lapse image. (a) Statistics
of the axial FWHM of 21 beads in the conventional image stack and
the 16th PIM component. (b) Statistics of the SBR of the 71 EdU
signal in the conventional image and the 16th PIM component. (c)
Improvement of SBR between the 16th PIM component and
conventional image.

replication origins labeled by S-ethynyl-2’-deoxyuridine (EdU)
pulse labeling. Similarly, we acquired 100 time-lapse images in
each FOV. The statistical SBR of conventional images and
16th PIM component are shown in Figure 3b. The
improvement of filPIM was found to be nearly 2-fold, as
shown in Figure 3c.

We next prepared a biological sample in which Lamin A/C
is fluorescently labeled. The Lamin A/C sample is ideal for
testing the optical sectioning capability of a microscopy system
for two reasons. First, Lamin A/C is a main component of the
nuclear lamina, with a small amount distributed within the
nucleus. Second, the nucleus is located deep in a cell, usually a
few micrometers away from the plasma surface, which is far
beyond the working distance of TIRFM (~200 nm).
Therefore, it is difficult to achieve a high signal-to-background
ratio imaging using wide-field fluorescence microscopy. We
acquired 100 time-lapse images using Gaussian illumination
(Figure 4a) and flat-field illumination (Figure 4c), respectively.
The wide-field image is the sum of the signal excited from the
DOF of the objective. As the light intensity gradient of
Gaussian illumination in the z-direction at the focal plane is
less sharp than that of flat-field illumination, we expect a better
optical sectioning capability with fIPIM. Indeed, the peri-
nuclear distribution of lamin A/C was clearly observed by the
averaged image of flat-field illumination shown in the left panel
of Figure 4c. In contrast, the averaged image of Gaussian
illumination in the left panel of Figure 4a failed to present the
actual distribution of lamin A/C. Additionally, the intensity
distribution in flat-field illumination images was much more
uniform than that in Gaussian illumination images. These
results confirm that flat-field illumination has better optical
sectioning in the focal plane and a larger FOV than wide-field
microscopy with Gaussian illumination. We next performed
PIM analysis of both time lapse series, and I 4 images are
shown in the right panels of Figure 4a,c. It shows that,
compared with the AVG images, PIM images have much lower
background intensity within the nuclei (Figure 4b,d),
indicating that PIM can effectively improve SBR. Notably,
due to the nonuniform lateral excitation fluence, the PIM
image (Figure 4a, right) of Gaussian illumination shows a
smaller FOV than the AVG image (Figure 4a, left). For
comparison, in flat-field illumination, the FOV remains
constant. Hence, flPIM has better optical sectioning in the

https://doi.org/10.1021/cbmi.3c00079
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Figure 4. fflPIM has better optical sectioning at the focal plane and a larger FOV than wide-field microscopy with Gaussian illumination. (a) Images
acquired by Gaussian illumination. Left: We collect 100 time-lapse images with 30 ms exposure time and then average. Right: PIM image ;. (b)
Intensity profile from yellow lines on (a). (c) Images acquired by flat-field illumination. Left: We collect 100 time-lapse images with 30 ms exposure
time and then average. Right: PIM image I;4. (d) Intensity profile from yellow lines on (c). Green solid line: fflPIM; red solid line: AVG. The AVG
images demonstrate the various illumination fluence between the two illumination modes along axial axes. The PIM images show fIlPIM has better
optical sectioning at the focal plane and a larger FOV than wide-field microscopy with Gaussian illumination. Scale bar, 10 ym.
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Figure S. Comparison of fflPIM and light-sheet microscope. We prepared an EdU sample that labeled DNA replication origins within the nucleus.
(a) Images of flat-field, ffPIM, and light-sheet in the same FOV. (b) Intensity profile from white lines on (a) shows the SBR of I,4 was superior to
that of the light-sheet image (green solid line: ffPIM; red solid line: flat-field; pink solid line: light-sheet). (c) Full-frame image of the nucleus. The
camera in our system is an EMCCD camera with 512 X 512 pixels (DU-897D, Andor). (d) PIM image associated with I, which indicates ffPIM
has high SBR and high throughput. Scale bar, 10 ym.

To further characterize the optical sectioning capability of

focal plane and a larger FOV than wide-field microscopy with fIPIM, we performed a comparison with light-sheet microscopy
Gaussian illumination. for intranucleus imaging. Light-sheet microscopy with a high
847 https://doi.org/10.1021/cbmi.3c00079

Chem. Biomed. Imaging 2023, 1, 843—851


https://pubs.acs.org/doi/10.1021/cbmi.3c00079?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00079?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00079?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00079?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00079?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00079?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00079?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00079?fig=fig5&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.3c00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

(a)

(b)

° o <
- = =

Normalized intensity
°
°

= PIM
= flat-field

o

2 3 4 5
Position(pum)

Figure 6. High-throughput and high SBR observation of actin. In the sample, actin was labeled with Actin stain 555. (a) Averaged image of 100
time-lapse images with 30 ms exposure time of actin by a flat-field microscope. (b) PIM image associated with I;s The arrows in (a) and (b)
indicate the part of the area where the SBR has improved. (c) Magnified sections from the boxed region in (a) and (b). (d) Intensity profile from
white lines on (c) shows about a 2-fold improvement in SBR (red solid line: flat-field; green solid line: ffPIM). Scale bar, 10 ym.

numerical aperture (NA) objective is currently an effective
wide-field imaging approach for high spatiotemporal imaging
of nuclei.”**?” We have developed a tilted light-sheet
microscope and set the thickness of the light sheet to 1.6
um and FOV to 5 um for this comparison.” Hela S3 cells were
pulse-labeled with EdU for 20 min to label the DNA
replicating signal, followed by Alexa 647 labeling with the
Click reaction (Methods). For comparison, we acquired 100
time-lapse flat-field images and light-sheet images in the same
FOV (Figure Sa, left and right). Then, we calculated the PIM
image, I} (Figure Sa, middle). It is obvious that the SBR of I;4
is better than that of the averaged light-sheet image (Figure
5b). In addition, it is well-known that there is a trade-off
between the light-sheet thickness, i.e., SBR and FOV for light-
sheet microscopy. In this regard, fIPIM shows a great
advantage in the balance of SBR (Figure Sab) and FOV
(Figure Sc,d), allowing high-throughput and high quality
cellular imaging,

We used the first 10 images to calculate the 16th PIM image.
Compared to the PIM image that used 100 images for the
calculation, the structure computed with 10 images is sparser
(Figure S1). Because we fitted the photobleaching parameters
pixel by pixel, if the photobleaching rate is slow, PIM
computation with 10 images would fail, and this pixel would
be set to zero, leading to information loss. Hence, fIPIM is
more suitable for applications where the photobleaching rate is
fast. The faster the photobleaching rate, the fewer images
needed for computation. Researchers can acquire images
during photobleaching in several frames and then calculate an
image with high SBR by fIPIM. Without fiPIM, these data will
be considered unavailable. Hence, this method can save time
to optimize labeling methods.
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We next applied filPIM to cellular structures with large size
to emphasize the overall image quality with large FOV and
high SBR. We labeled the actin cytoskeleton in BS-C-1 cells
using actin stain 555 (cytoskeleton). As the spreading of BS-C-
1 cells on the culture dish is generally tens of micrometers, its
actin cytoskeleton is suitable for checking the quality of large
FOV for single cell imaging. Flat-field imaging with the full
camera sensor of a 82 X 82 um? FOV shows a clear and even
image of the whole actin network of a cell (Figure 6a). flPIM
further increases the SBR by extracting the signal in the focal
plane and rejecting the out-of-focus background (Figure 6b).
The arrows indicate an area where the SBR improves. The
magnified area in the image (boxed area in Figure 6a,b) shows
the blurred network structure due to the low SBR (Figure 6c,
left). In contrast, we obtained a clear structure with PIM,
which was about a 2-fold improvement of the SBR (Figure 6c,
right and Figure 6d). This result confirms that ffPIM is a
valuable method to observe biological samples with high-
throughput and high SBR.

To test the performance of fflPIM in 3D volume imaging, we
scanned the Lamin A/C sample along the depth axis, and a
total of 100 time-lapse fluorescence images are captured at
each depth for PIM calculation. The SBR of the flat-field
fluorescence images is low due to crosstalk from the out of
focal fluorescence signal (Figure 7a, top), while for the ffiPIM
images, owing to optical sectioning at the focal plane, the ring
structure of nuclear lamina is more distinguishable, especially
at the top and bottom depth of the nucleus (Figure 7b,
bottom). Moreover, Figure 7a shows patterns of Lamin A/C at
different planes of the nucleus detected by our system. The
ring structure is most distinct near the central plane of the
nucleus and blurred at the bottom and top of the nucleus. This
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Figure 7. Optical sectioning image and dual-color image of ffPIM. (a) Images of Lamin A/C at different depths from the nucleus bottom to top.
Upper images are averaged images captured by a flat-field microscope. Lower images are PIM images I;4 of them, respectively. At each depth, we
acquired 100 time-lapse images with 30 ms exposure time and then averaged. (b) Dual-color images of EdU and Lamin A/C. For both EdU and
Lamin A/C images, 100 time-lapse images with 30 ms exposure time were acquired and then averaged. PIM images are associated with I,4. Scale

bar, 10 ym.

proves that, in Gaussian illumination, the light intensity near
the focal plane is not sharper than that of flat-field.

Finally, we applied fflPIM to dual-color imaging. Dual-color
or multicolor imaging is usually used to investigate the
colocalization relationship between different components. We
captured images at the same FOV and depth of the sample
dual-labeled with Lamin A/C and EdU. For each channel, we
acquired 100 time-lapse images to calculate PIM images. It is
clearly shown that fIlPIM is able to improve the SBR in dual-
color imaging (Figure 7b).

B CONCLUSION

In summary, we present flPIM which has fewer artifacts”* and
higher SBR and throughput than PIM with Gaussian
illumination. Additionally, we demonstrate the volume imaging
capability by acquiring samples at different depths. Finally,
fIPIM can be easily implemented to a standard fluorescence
microscope, which allows general laboratories to benefit from
this technology.

Furthermore, due to the uniform distribution of light
intensity in the xy-plane, molecules labeled by the same
fluorescent dye or fluorescent protein have the same bleaching
curve (eq 2). The curves can be regarded as fingerprints of
different fluorophores. Supermultiplexed fluorescence imaging
may be realized by applying this principle in the future.
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B METHODS

Flat-Field Microscopy Setup

The system is shown in Figure la. The optical system was built on a
Nikon Eclipse Ti-E inverted microscope with 4 lasers of wavelengths
642 nm (2RU-VFL-P-1000-642-B1R, MPB Communications), 560
nm (2RU-VFL-P-1000-560-BIR, MPB Communications), 488 nm
(2RU-VFL-P-300-488-BIR, MPB Communications), and 405 nm
(OBIS, Coherent). Each laser beam is reflected by an aluminum
mirror and a dichroic mirror and then pointed into an AOTF
(AODS20160, Crystal Technology). Finally, laser beams are focused
into a fiber adapter (SM1FCA, Thorlabs) and coupled into a
customized multimode fiber, which is 20 m long with a 200 pm?
square core, a 238 ym cladding diameter, and FC/APC connectors at
both ends (WFANS 200 X 200/238 X 238, CeramOptec). The NA of
the square-core fiber is 0.22. The optical fiber is blended into a circle
with a radius of 15 cm and bound to a vibration motor with high
frequency (~11 000 rpm) to remove speckles. The output beams pass
through an objective lens (10X/NA 0.25, Olympus) to form a
uniform square spot. Then, the square spot is reduced and focused on
the sample plane by lens L2 (AC254-250-A-ML, Thorlabs) and an
objective lens (Plan Apo 100X 1.49 oil immersion, Nikon). We can
adjust the size of the field-of-view (FOV) by changing the focal length
of L2. For example, a shorter focal length can create a larger FOV.
Emitted fluorescence from the sample is collected by the same
objective, filtered with a dichroic mirror (Di01-R405/488/561/635,
Semrock) and an emission filter (FF01-446/523/600/677-25,
Semrock), and imaged by a tube lens (f = 200 mm, MXA20696,
Nikon) onto an EMCCD camera (DU-897D, Andor). The width of a
square camera pixel corresponds to 157 nm in the sample. A detailed
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description of the customized light-sheet microscopy setup can be
found in our published article.”

Sample Preparation

Cell Culture. All cell lines are cultured in DMEM (Invitrogen,
C11995500BT) supplemented with 10% fetal bovine serum (FBS)
(Hyclone, SV30087.02). To prevent bacterial contamination, 100 ug/
mL penicillin and streptomycin (Invitrogen, 15140-122) are added to
the culture medium. To avoid mycoplasma infection, 0.1 mg/mL
mycoplasma inhibitors (C0288S, beyotime) are also added in the
culture medium. All cell lines are routinely tested for potential
mycoplasma contamination (C0296, beyotime), and all tests showed
negative results. Cells are grown under standard cell culture
conditions (5% CO,, humidified atmosphere at 37 °C) and are
plated on #1.5 glass bottom dishes (Standard Imaging Biotech.,
STGBD-036-1) over 24 h before sample preparation. For cell passage,
cells were washed with pre-warmed PBS (Life Technologies,
#14190500BT) 3 times and digested with 25% trypsin (Gibco,
#25200-056).

EdU and Lamin A/C Sample

Hela S3 cells are seeded in a glass-bottom dish. When the cell density
reaches about 70%, cultured cells are pulse-labeled with EdU (10 uM)
for 20 min to label the replicating signal. Then, cells are fixed with 4%
PFA (OKA, R20497), followed by PBS washing three times. Fixed
samples are blocked with 5% BSA (sigma, B265988), followed by
labeling with a click reaction by Alexa647 (Invitrogen, C10340). After
that, samples are incubated with Lamin A/C primary antibody
(Proteintech, 10298-1-AP), followed by incubation of secondary
antibody (Gen Fluor, GFR-R). Finally, the samples are fixed again
with 4% PFA.

Actin Sample

The kidney epithelial cell of an African green monkey, called the BS-
C-1 cell line, was purchased from American Type Culture Collection
(ATCC). BS-C-1 cells are grown on 35 mm, #1.5 glass bottom dishes
(Standard Imaging Biotech., STGBD-036-1). On the day of sample
preparation, cell density should be about 50—70%. Cells are fixed with
37 °C pre-warmed fixation buffer for 10 min, containing 4% EM-level
paraformaldehyde and 0.1% glutaraldehyde in PBS. Then, the sample
is washed three times with 2 mL of PBS. For quenching the
background fluorescence of glutaraldehyde, we incubate the cells with
2 mL of 0.1% NaBH, solution in PBS for 7 min. The sample is
washed three times with 2 mL PBS and then incubated for 30 min in
PBS containing 5% BSA (Jackson, #001-000-162) and 0.5% Triton X-
100 (Fisher Scientific) at room temperature. Actin stain $5$
(Cytoskeleton, PHDH1-A) was diluted in the BSA and Triton
solution as described above. Next, we incubate the sample for over 12
h with the appropriate dilution of Actin stain 555 in 4 °C. The sample
is protected from light. After the incubation, the cells are washed S
min with 2 mL PBS three times. After being washed with PBS, cells
are fixed with post-fixation buffer for 10 min. The samples are washed
S times with sterile water. Finally, the sterile water is removed, and the
sample is ventilated, dried, sealed with parafilm, and stored at —20 °C.
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