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High-Speed High-Resolution Transport of Intensity
Diffraction Tomography with Bi-Plane Parallel Detection

Ning Zhou, Runnan Zhang, Weisheng Xu, Ruizhi Zhu, Hanci Tang, Xiao Zhou,

Jiasong Sun, Peng Gao,* Qian Chen,* and Chao Zuo*

A novel high-speed, high-resolution 3D microscopy technique named
BP-TIDT is presented that quantifies the refractive index (RI) distribution of
label-free, transparent samples. This method combines a bi-plane detection
scheme (BP) with the transport of intensity diffraction tomography (TIDT),
effectively circumventing the need for matched illumination conditions under
high numerical aperture (NA) objectives, which enables 15 fps volume rates
and 326 nm lateral resolution. The effectiveness and accuracy of the proposed
approach are validated through high-resolution imaging of polystyrene
microspheres and HepG2 cells. Moreover, the wide-ranging applicability of
BP-TIDT is demonstrated by investigating subcellular organelle motion,
including mitochondria and lipid droplets, as well as the macroscopic
apoptosis process in living COS-7 cells. To the best of current knowledge, this
is the first time that high spatial-temporal resolution dynamic ODT results are

1. Introduction

Optical diffraction tomography (ODT)
is an emerging 3D microscopy tech-
nique that enables label-free imaging
of transparent biological samples by
utilizing their intrinsic refractive index
(RI) as a natural contrast mechanism.
It offers the ability to visualize and
quantitatively characterize the internal
structures of such samples in 3D.["]
Unlike conventional fluorescence imag-
ing methods, ODT eliminates the need
for exogenous fluorescent dyes, avoiding
potential issues such as phototoxic-
ity and photobleaching.! As a result,

obtained in a non-interferometric and motion-free manner, highlighting the
potential of BP-TIDT in advancing research on dynamic cellular processes.
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this non-invasive and label-free approach
has found widespread applications in
various fields, including Dbiophysics,
cell biology, hematology, microbi-
ology, and neuroscience, providing
researchers with a powerful tool for biomedical research and clin-
ical applications.>™!

Over the past few decades, researchers have developed dif-
ferent variants of ODT techniques by combining principles
of holography and computer tomography.['®! These coherent
ODT technologies, whether based on object rotation®!!} or il-
lumination scanning,'>13] rely on coherent synthetic apertures
to capture the necessary information.'*! Non-interferometric
ODT based on asymmetric illumination only requires captur-
ing 2D intensity images at different conditions using the rel-
ative angle changes between the sample and the illumination
beam. These images are subsequently used to reconstruct the
3D RI of the specimen.['>!®] Thus, it has a unique advantage
in efficient, dynamic 3D diffraction tomography.!'”] However,
conventional imaging devices only record the intensity or
amplitude of light, resulting in the loss of valuable phase in-
formation that encodes the structural and optical properties of
transparent specimens. Only when the numerical aperture (NA)
of the illumination matches that of the objective lens, the two
anti-symmetric apertures of the 2D phase transfer function (PTF)
will displace and tangent each other, allowing the low-frequency
phase information to be accurately transferred to the intensity
image through non-interferometric measurements.['®! This phe-
nomenon also affects ODT imaging.

In response to the above mentioned issues, our previous work
captured axial intensity stacks from different illumination angles,
extending the intensity transport from “2D planar transport” to
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“3D volumetric transport”.[*] The derived transfer function the-
ory of 3D image formation showcases that the conjugated terms
in the logarithmic intensity spectrum can always be separable in
the 3D Fourier space, eliminating the requirement for matching
illumination conditions in ODT imaging. However, this method
requires extensive z-axis scanning, significantly compromising
its temporal resolution. Zhou et al.l?! further reduced the ax-
ial defocus to two images, directly compensating for the low-
frequency PTF by restoring the phase through the transport of in-
tensity equation (TI1E) method.[?!] However, this method still has
two drawbacks: 1) The low-frequency filling is still based on axial
acquisition, requiring the imaging system to introduce mechani-
cal motion (move twice); 2) Itis still based on the iterative method
of FPDT, which requires many iterations to converge.!'>2? There-
fore, the TI-FPDT method cannot achieve high-speed ODT imag-
ing, limiting its applicability in dynamic imaging of biological
samples (such as living cells). So far, obtaining high spatial-
temporal resolution dynamic 3D RI reconstructions in label-free
non-interferometric ODT is a significant challenge.

To achieve axial image acquisition without compromis-
ing speed or sensitivity, researchers proposed several ap-
proaches to attain multi-plane detection without mechanical
displacement.[?*2*] By integrating an electrically tunable lens into
a conventional microscope equipped with modified illumination,
Zhang et al.?] achieve real-time, motion-free, high spatial res-
olution all-in-focus imaging of thick specimens. Gao et al.?6%]
used an optical configuration for parallel two-step phase-shifting
digital holographic microscopy (DHM) and suppressed the DC
term by subtracting the two phase-shifting holograms from each
other for real-time phase microscopy. Zuo et al.?®! achieved par-
allel acquisition of two axial planes using a phase-only spatial
light modulators (SLM) module resembling a Michelson struc-
ture, and then reconstructed phase information by integrating
this approach with the TIE method. This technique offers the
benefits of instantaneous acquisition and adaptable defocus dis-
tance adjustment. However, these methods are all applied in the
field of QPI imaging. To our knowledge, solving the axial acqui-
sition problem through channel multiplexing in the field of ODT
has not been reported.

In this work, we specifically integrated our previous work into
the ODT method to address the abovementioned challenges. The
rationale here is twofold: 1) Based on the TI-FPDT concept, two
defocused images are sufficient to address the low-frequency
transfer function missing problems caused by mismatched il-
lumination under high NA conditions. Therefore, we only need
to consider the parallel detection of two focal planes further. 2)
In response to the iterative computation take-up time problem
of FPDT, we derived a bi-plane TIDT theoretical model, directly
solving the linear problem through a single deconvolution to
obtain the 3D RI results of the sample. In summary, we pro-
posed a new non-interferometric ODT system called transport
of intensity diffraction tomography with bi-plane parallel detec-
tion (BP-TIDT) for high-speed, high-resolution 3D RI reconstruc-
tion. We constructed a microscopy imaging system based on a
commercial microscope platform, incorporating LED illumina-
tion control and SLM aperture plane phase modulation. With a
high NA objective lens (40x, 0.95 NA) and 0.65 NA illumina-
tion, we successfully achieved a high-resolution reconstruction
of non-interferometric 3D RI with a resolution of 326 nm. Simu-
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lation and experimental results using polystyrene microspheres
demonstrated the consistency and effectiveness of our BP-TIDT
method in recovering low-frequency components under high NA
conditions. Furthermore, we showed the capability of BP-TIDT in
imaging biological samples through high-resolution RI tomogra-
phy and quantitative characterization of unstained HepG2 cells.
Finally, we showcased the high-speed 15 fps dynamic time-lapse
3D imaging of COS-7 cells in vitro. Both theoretical assessments
and experimental results suggest that BP-TIDT holds promise as
a valuable 3D imaging tool, suitable for a range of applications in
biomedical and life sciences.

2. Principle

2.1. Experimental Setup

Figure 1a depicts the experimental setup of the BP-TIDT sys-
tem. This setup leverages the benefits of non-interferometric
detection, enabling straightforward integration with a standard
inverted microscope (IX71, Olympus, Japan). The microscope
is equipped with a 40x/0.95 NA objective lens (UPLXAPO40X,
Olympus) and a high-speed quantitative CMOS camera (HAMA-
MATSU C15550-20UP, 4096x2304, 4.6 pym pixel pitch, 120
frames/s under CoaXPress). In addition, the illumination mod-
ule comprises an annular LED (containing 24 surface-mounted
LEDs, Adafruit) with a diameter of 112 mm as the source. Po-
sitioned 50 mm from the sample, this module facilitates multi-
angle illumination with a peak NA of 0.65, ensuring the center of
the illumination aligns with the microscope’s optical axis. Each
LED (WS2812B, SMD-5050) operates at approximately 200 mW,
delivering spatially coherent and quasi-monochromatic illumina-
tion with a wavelength of 523 nm and a FWHM width of 26 nm.
The ARM board controller (MIMXRT1062, ARM Cortex-M7 with
a core clock speed of 600 MHz, Teensy 4.1, NXP Semiconductors)
manages the sequential activation of the LED elements. Then,
it passes through the sample, objective, and tube lens to gener-
ate an enlarged sample image at the camera output port (image
plane).

In the configuration of the microscope’s image plane, a pair of
lenses, designated as L, and L,, both with an equal focal length
of 150 mm (f = f; = f, = 150mm), are aligned to form a tele-
centric 4f optical system. Within this system, a non-polarizing
beam-splitter cube (BS) is employed to divide the incoming beam
into two distinct beams: one of reflection and one of transmis-
sion. These two beams are then directed toward their respective
Fourier planes: namely, a spatial light modulator (SLM) and a
mirror (M). The SLM is configured with a reflective liquid crys-
tal phase-only panel (Holoeye Pluto, 1920x1080 pixels, 8 um pixel
size) to provide full 2z phase modulation with linear electro-optic
characteristics. More descriptions of the SLM can be found in
Section S6 (Supporting Information). As depicted in Figure 1D,
the setup facilitates the lateral separation and simultaneous cap-
ture of two distinct intensity images, each corresponding to a dif-
ferent defocus distance, directly onto the camera’s focal plane.
The mirror M and the SLM are tilted to form small angles with
the optical axis, where the angles a = 2°, resulting in a lateral
displacement of the two reflected beams. Consequently, the two
reflected beams experience a lateral offset of +a. Upon travers-
ing lens L,, the angular misalignment of 2a is translated into
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Figure 1. Experimental setup. BS: Non polarized beam splitter; L1, L2: lenses; M: reflector mirror; SLM: Spatial light modulator; More details about the
imaging system and the imaging acquisition procedure are illustrated in Video S3 (Supporting Information).

a linear separation of 2f sina along the image’s width, effec-
tively dividing the image into two halves. To prevent the two im-
ages from overlapping and to optimize the camera sensor’s active
area, a rectangular aperture is strategically placed behind the mi-
croscope’s imaging plane to perform plane filtering. A quadratic
phase pattern, representative of the free-space transfer function,
is projected onto the SLM, facilitating further axial focusing dis-
placement of the transmitted beam along the Az axis. The capa-
bility of the SLM to “digitally defocus” the wavefront has been suc-
cessfully showcased at macroscopic scales and is utilized in the
context of smooth wavefront sensing.[2%3% Before the SLM, a lin-
ear polarizer is installed to enhance phase modulation efficiency,
while a neutral density filter ensures equal average intensities are
distributed to the camera’s left and right sides (components not
depicted in Figure 1 for clarity).?8! The ARM controller orches-
trates synchronization between the annular LED and the camera.
This is achieved by triggering and monitoring the exposure sta-
tus via a pair of coaxial cables, which allows for the simultaneous
acquisition of bi-plane intensity dataset at a rate of 120 Hz from
the camera. Subsequently, the BP-TIDT algorithm, as proposed,
is utilized to reconstruct the 3D RI distribution of the sample un-
der high NA and unmatched illumination conditions.

2.2. BP-TIDT Forward Imaging Model
Assuming a unit-amplitude quasi-monochromatic plane wave il-

luminates the sample, it can be considered that the total field

Laser Photonics Rev. 2024, 2400387

2400387 (3 of 10)

U(r) is the coherent superposition of the incident field U,,(r) and
the scattered field U,(r), i.e., U(r) = U,,(r) + U,(r)."! It should be
noted that we do not explicitly differentiate spatial dimensions
in this paper, where the variable r = (x, y) denotes the 2D spatial
coordinates in the scene of 2D QPI and the r = (x,y,2) = (r1, 2)
denotes 3D spatial coordinates in the scene of 3D ODT, with 1y
denoting the lateral spatial coordinate. For the viability in mul-
tiple scenarios, the contribution of the target is represented as a
complex phase function ¢(r), given by:[*"]

,(r) =In [UE)/ U, (1)] =In [1+ U,/ U, (1)

_ , 1)
= a(r) +jo(r)

Note that the form of Equation (1) is suitable for both 2D and
3D scenes. Based on the derivations presented in Section S3 (Sup-
porting Information), within the framework of the first-order
Born or Rytov approximation, the logarithmic Fourier spectrum
of the captured intensity image (or intensity stack in 3D scenes)
can be formulated as follows:’]

>

I(u) = a(w) H, (1) + () H, (1) (2)

where I(u), a(u), (u) and ¢(u) are the frequency domain repre-
sentations of the field I(r), the absorption component of the ob-
ject a(r), and the phase component of the object ¢(r), respectively.
H,(u) and H,(u) denote the transfer functions of the absorption
components and of the phase components, respectively.
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Figure 2. lllustrate the importance of illumination conditions and defocus phase modulation in non-interferometric ODT from the perspective of PTF
and demonstrate the effectiveness of the BP-TIDT Method. a) Absolute value distribution of 2D PTF under different illumination conditions and defocus
planes. b) Corresponding spectra of focused and defocused intensity images captured under unmatched illumination conditions. c) 5-D phase transfer
functions under different illumination angles and defocus distances. d) Simulation and experimental results of polystyrene microspheres, including

intensity images captured using bi-plane parallel detection and reconstruction results without and with using the BP-TIDT method.

For unlabeled transparent biological samples in 2D QPI and
3D ODT, the phase component A¢ is the primary determinant
of the intensity contrast.[*!] Figure 2a displays the 2D PTF of an
imaging system free of aberration across various illumination
configurations. It can be observed that an imaging system that is
optimally focused and employs axial illumination (U,, = 0) fails
to produce phase contrast due to two asymmetrical pupils negat-
ing each other’s effects, which indicates why we can hardly ob-
serve the structure of the pure-phase object. However, increas-
ing the illumination angle (0 < |U,,| < NA,,;/4), can enable the
separation of the pupils, preventing them from overlapping com-
pletely and making the phase information of the non-overlapping
region visible. Nevertheless, the phase component in the low-
frequency region (close to zero frequency) can be fully trans-
ferred to the intensity image only when the angle of illumina-
tion aligns with the NA of the objective lens (|U,,| = NA,,/4).
The phenomenon of missing low-frequency phase components
in the captured original intensity image at the focal plane is illus-
trated in Figure 2b, which further verifies this issue. This match-
ing illumination condition is crucial for accurate phase recovery
in non-interferometric QPI methods based on asymmetric illu-
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mination. However, it is challenging for high NA objectives to
achieve matched illumination.

Besides modulation of the illumination angle, we can also in-
troduce the phase part through defocus modulation in the trans-
fer function to achieve the goal of encoding the phase infor-
mation into the intensity image.[*?! The absolute distribution of
the defocused PTF in Figure 2a indicates that H,(ur;z = Az)
is always non-zero in the shifted pupil function. As depicted
in Figure 2b, it implies that the phase components, particularly
those in the lower frequency range, are capable of being com-
pletely transferred to the intensity image. The absolute value of
the phase contrast in the non-overlapping region remains un-
changed compared to the focused case, indicating that defocus
is an energy transfer process.

The 3D PTF in Equation (2) can be written in the following
form:

H,(u) = —% P(u - uin) exp {=in(u-u;,)-n(u;,)|z+ad }

exp {n{uru,) =+ 20} } ¥

r[(u+um)

nu-—uy,

—-P(u+u,)

© 2024 Wiley-VCH GmbH

85UB01 T SUOWILIOD SA 181D 8|qedl|dde sy Aq paueob 818 saole O ‘88N JO SojnI o) ArIqiT8UIIUO A8|IA UO (SUONIPUCD-PUR-SWLIBY WD A3 1M Afe.q 1 uljuo//SdNy) SUOIIPUOD pue SULB | 84} 88S *[7202/20/T0] Uo AriqiTauliuo A8|im ‘8ousids JO Aisieaiun BuifueN Aq 2880020z 10d|/200T OT/I0p/L0o™ A8 imAReIq Ul juo//Sdiy Wiy pspeojumod ‘0 ‘6688E98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

where u = (k,, k,, z) denotes the frequency domain coordinates,
(k.. k,) represents the frequency coordinates, u;, = (k, k,;) rep-

resents the spatial frequency of the incident field, n(u) =
\/ k2 — |u]’ represents the axial wave vector, and Ad represents

the axial defocus distance of the sample. P(u) is an ideal low pass
filter with the cut-off frequency of NA,, /4, presents the pupil
function of the objective lens."®! By discretizing the 3D sample
along the z-axis, the axial position is represented as z = mAz,
where Az is the axial sampling interval (i.e., the spacing between
slices), and m is the index of the M slices distributed along the
z-axis. The detailed derivation process of the Equation (3) is pro-
vided in Section S4.2 (Supporting Information). In the context
of 3D tomographic imaging, it is important to recognize that the
traditional distinction between the focal plane and various defo-
cus planes is not as rigid. This is because, in tomographic recon-
struction, information from both the nominal in-focus and nom-
inal out-of-focus planes contributes to the overall 3D image.[33]
For the sake of convenience in our representation, we designate
the central layer of the sample as the focal plane and consider
all other planes to be defocused. Thus, as shown in Figure 2c,
the transfer function corresponding to the bi-plane parallel mea-
surement can be represented as:

ot

where | — u;, = (k,;, k) represents the I intensity image ac-
quired under the illumination angle. Therefore, the intensity
images obtained from bi-plane measurements can fully capture
the phase components of different layers in the sample scatter-
ing potential. By combining angle-scanning illumination and bi-
plane parallel measurements, BP-TIDT allows for the recovery of
RI at arbitrary illumination angles (0 < |U,,| < NA,/4) without
suffering from low-frequency missing and degraded reconstruc-
tion quality.

in — focus

(ko k2,1 Ad = 0)

x7 Vyr

H,(k, k.21, Ad = d)

x7 My

)

de — focus

lth

2.3. BP-TIDT Reconstruction Algorithm

In the fundamental theory of ODT, the desired physical quantity
to retrieve is the scattering potential O(r) = k2 [n(r)* —n? ] of a
thick 3D sample, where n(r) represents the complex RI distribu-
tion of the object, k, = 2z /A is the wave vector in free space, A
is the illumination wavelength, and n,, is the scattering potential
of the surrounding medium. Assuming A¢(r) = n(r) — n,, stands
for the dielectric constant of the sample, which represents local
variations in RI, and Ag(r) is taken as smaller, we can express the
complex scattering potential O as:(3%

=k} [Aeg(r) + iAg (1) (5)

The FT is performed along x and y at each given z of the ob-
ject yields O (k, k,,z) = k2 [AERC (k. k,z) +ike,, (k. k z)]

o Ky o Ky o Ky
In the equation, Aey, represents the real part of Ag, indicating
the influence of phase on the object, while Ag,,, represents the
imaginary part, which indicates the influence of absorption. In

Section 2.2, we discussed the forward model for intensity forma-
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tion. This section will focus on reconstructing the sample’s RI
and absorption from the measured intensity images in BP-TIDT.

First, the background is removed from each intensity image,
as shown in Section S5 (Supporting Information) step 2. Next,
based on the derived transfer function from the forward model,
the interpolation between actual measured values and predicted
measured values is minimized using the /,-norm through a least
squares algorithm.[**] It is worth noting that because of the lim-
ited angular coverage of illumination and imaging optics, “miss-
ing cones” exist along the axial dimension in both the phase and
absorption transfer functions. Therefore, direct inversion would
lead to high-frequency artifacts due to information loss.[3¢37 This
issue can be effectively mitigated by applying a least total energy
constraint and Tikhonov regularization:

_min HI ~ H,Aey — H ASMH + a”AsRe
Aege ey, 1Ad

ol o

where ||. ||§ represents the l,-norm of a vector, @ and f are regular-
ization parameters, 1 is the normalized Fourier transform of the
collected intensity data, H, and H, are the transfer functions for
phase and absorption, respectively, as derived from Section 2.2.
Finally, setting the first derivatives of the equations to zero yields
a closed-form solution:

T 3

- ¥ H,(L Ad)ST[L, Ad)
Agp, = F713 e > e 7)
| Ho(L Ad)a+ 3 |H,(, Ad)| p+ap
7y [ad
- 2 H,(, Ad)aT[l, Ad]
Ay, = F'3 > (®)
Y |H,(, Ad)| a+2|H lAd)ﬁ+aﬁ
[Ad
where F ! represents the 2D inverse Fourier transform, I rep-

resents the intensity image acquired under the I illumination
angle, H, and H, represent discrete absorption and phase 5-D

transfer functions respectively, and T[l, Ad] is the Fourier spec-
trum of the intensity image after background subtraction. The
detailed derivation of Equations can be found in Section S4.3
(Supporting Information). Then, based on the relationship be-

tween ny, = \/<(né + Agg,) + \/(n(z) + AeRe)2 + Aefm> /2 and

Ny = Agy, /20,1 the 3D RI distribution of the sample can be
reconstructed. The detailed workflow of BP-TIDT for 3D RI re-
construction can be found in Section S5 (Supporting Informa-
tion).

2.4. Validation of BP-TIDT

To validate the quantitative 3D RI reconstruction capability of our
BP-TIDT system, we conducted experiments using polystyrene
microspheres as test samples and compared the results with sim-
ulations of a pure phase microsphere. Both the experimental and
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simulated reconstructions were performed with consistent pa-
rameters to ensure the validity of our comparative analysis. The
ideal microsphere with a 6 um diameter and RI of 1.60 was im-
mersed in a matched medium (n,, = 1.518, Olympus, Japan). Ex-
perimentally, the LEDs on the ring were sequentially illuminated,
generating planar waves with a central wavelength of 523 nm and
illumination NA;; = 0.65 from different angles, passing through
the sample. Phase modulation patterns were generated on the
back-end SLM to create axial “digital defocus” effect. The reflected
beams in the 4f system were laterally displaced by +a angles
to spatially separate and synchronously capture intensity images
with different defocus distances on the camera’s focal plane. In
Section S1 (Supporting Information), we analyzed the selection
of defocus distance based on the PTF, and provided the optimal
defocus distance suitable for our current system based on sys-
tem’s parameters. The first row of Figure 2d shows the intensity
images captured in different focal planes during simulation and
experiment, respectively. The combination of bi-plane parallel de-
tection and illumination angle scanning resulted in 24 images.

Since the maximum 0.65 NA illumination was less than the
40x 0.95 NA objective, the traditional IDT method failed to re-
cover the microsphere’s RI correctly, only reconstructing sharp
edges (high-frequency details), as shown in the second row of
Figure 2d. This phenomenon is consistent with our prediction
of low-frequency RI loss resulting from unmatched illumination
conditions. With the bi-plane parallel detection, the additional
defocused intensity images acquired at each illumination angle
provided low-frequency phase contrast, enabling the proposed
method to recover the microsphere’s low-frequency RI. As shown
in the third row of Figure 2d, the experimental results showed
indistinguishable differences from the simulation results, indi-
cating that the BP-TIDT technique can effectively achieve quan-
titative RI recovery without the need for additional axial mechan-
ical displacement, overcoming the degradation in reconstruction
quality and underestimation of RI observed in traditional IDT
under non-matched illumination conditions.

3. Results

3.1. Tomographic Imaging of Unstained Hepg2 Cells

To demonstrate the biological applications of BP-TIDT, we first
imaged unlabeled HepG2 cells and achieved high-resolution RI
tomography. Figure 3a,b display the reconstructed RI results of
two different subregions within a 40x field of view (FOV) us-
ing BP-TIDT, along with the reconstruction results using IDT as
a control. The enlarged RI distributions and nucleoli contours
corresponding to the rectangular subregions shown in Figure 3
c1-d2 highlight the differences in low-frequency components
between the reconstruction results using the two different al-
gorithms. The comparative results suggest that BP-TIDT over-
comes the RI underestimation caused by unmatched illumina-
tion conditions and accurately recovers the RI of biological cells.

Figure 3e,f shows that the tomographic scans of two regions
of interest (ROI) at different axial depths demonstrate high-
resolution visualization of filamentous extensions and other sub-
cellular features, including cell boundaries, nucleoli, and dark
vesicles. Experimental results confirm that the traditional IDT
method is limited by missing low-frequency information in com-

Laser Photonics Rev. 2024, 2400387

2400387 (6 of 10)

www.lpr-journal.org

plex biological samples under high NA objective lenses due to
mismatched illumination conditions. The profiles in Figure 3g,h
validate that while ensuring near-diffraction-limited lateral res-
olution of approximately 328 nm, the BP-TIDT method signif-
icantly enhances the low-frequency information in the recon-
structed RI, resulting in more accurate cellular morphology.

3.2. Dynamic 3D RI Imaging of Live Cells

Finally, we applied the proposed BP-TIDT method to perform
label-free time-lapse 3D imaging of live COS-7 cells. It should be
noted that when measuring live samples, it is necessary to choose
appropriate illumination schemes and exposure times to reduce
motion-related artifacts. The qCMOS camera in this experiment
provides extremely low readout noise of 0.27 electrons,*®! en-
hancing the signal-to-noise ratio in low-light imaging conditions.
In Section S2 (Supporting Information), we analyzed the illumi-
nation scheme and found that at least eight original images can
provide better data support for the solution. Therefore, each RI
stack reconstruction utilized 8 frame images in the time-lapse se-
quence, these images were acquired with a 5 ms exposure inter-
val. It was then separated into focused and defocused intensity
image sets. This allowed us to break the matched illumination
imaging conditions under a 0.95 NA objective lens and achieve
an imaging speed of 15 fps for displacement-free high spatiotem-
poral resolution 3D RI imaging.

Figure 4a illustrates the RI slice of the entire field of view
reconstructed at z =0 pm under a 40x 0.95 NA objective lens
for COS-7 cells. We selected three ROIs and magnified these
areas to highlight subcellular details and dynamics at different
depths. ROI 1 shows x — y slices at different axial depths at 00 :
00, demonstrating high-resolution visualization of mitochondria,
cell boundaries, lipid droplets, and dark vesicles (indicated by ar-
rows in ROI 1). The ROI2 region highlights the rapid transport of
small black vesicles and lipid droplets within the cytoplasm (indi-
cated by the circle in ROI2) and the nuclear membrane structures
of two nucleoli (indicated by the arrow in ROI2). Furthermore,
another subregion emphasizes the fast movement of mitochon-
dria and the fish fin-like oscillation effect generated by the coordi-
nated movement of cilia (indicated by the circle in ROI3), exhibit-
ing high resolution and high RI contrast. Figure 4b illustrates the
3D volume rendering views of COS-7 cells reconstructed from
four perspectives, visually illustrating the sample’s 3D structure
and distribution. It can be referred to Video S1 (Supporting Infor-
mation) for more information on RI stack slices and correspond-
ing temporal evolution videos of live COS-7 cells.

Figure 5 further provides the dynamic apoptosis process 3D
RI imaging results of other COS-7 cells. Mitochondria and lipid
droplets are crucial organelles in cell energy production and
storage, which regulate cellular metabolism energy balance and
influence cell growth, division, and function. With enhanced
spatiotemporal sensitivity, the BP-TIDT method enables the
observation of intense movements of mitochondria and lipid
droplet structures during the apoptosis process in COS-7 cells,
as well as the interactions between these two organelles, as
shown in Figure 5b—d. ROI2-ROI4 correspond to the magnified
images of the regions enclosed by the white dashed boxes in b—d,
where distinct subcellular particles with different RI values can

© 2024 Wiley-VCH GmbH
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Figure 3. 3D RI reconstruction of unlabeled HepG2 cells under a 40X 0.95 NA objective lens. a,b) 3D RI reconstruction of two different subregions of
HepG2 cells at 0 um and -0.7 um planes, respectively, within a 40X field of view using BP-TIDT and IDT. c1,c2,d1,d2) Rl slices recovered by IDT and
BP-TIDT corresponding to the rectangular subregions in (a) and (b). e,f) Rl distribution of HepG2 cells at multiple z planes corresponding to the two
square subregions in (a) and (b). g,h) RI profiles across subcellular structures quantifying the lateral resolution and Rl values. Scale bar, (a,b,e,f) 5 um;

(c,d) 2 um.

be observed, such as high-RI lipid droplets and low-RI black vesi-
cles (indicated by white arrows). Moreover, at 14 min, the cells
exhibited noticeable contraction, with the fin-like pseudopodia
moving toward the center. The RI contrast increased signifi-
cantly, but the overall morphology of the fin-like pseudopodia
remained adhered to the glass substrate (indicated by circles in
Figure 5¢). In Video S2 (Supporting Information), we provide a
dynamic apoptosis video of COS-7 cells, showcasing the move-
ments of mitochondria, lipid droplets, and fin-like pseudopodia,
visible on high-resolution RI slices with negligible motion blur
over time. In Figure 5e-h, the line contours spanning these
submicron-scale organelles exhibit a lateral resolution close to
the diffraction limit of 326 nm. Furthermore, since the BP-TIDT
method overcomes the issue of low-frequency loss in high-NA
imaging, it allows high-NA objectives in application scenarios
where illumination angles are limited, such as 96-well plate sam-
ple chambers. Therefore, the BP-TIDT method is particularly
suitable for high-throughput/high-content imaging. In Section

Laser Photonics Rev. 2024, 2400387
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S7 (Supporting Information), we observed the division process of
COS-7 living cells using a 96-well plate. Further dynamic results
and detailed visualizations are provided in Video S4 (Supporting
Information). These findings demonstrate the capability of BP-
TIDT to observe unlabeled live cells in a conventional inverted
microscope setup, allowing for long-duration, high-resolution,
and high-contrast 3D microscopy imaging.

4, Discussion and Conclusion

To conclude, we proposed a novel BP-TIDT method and
constructed a corresponding ODT experimental setup. By
combining a bi-plane detection scheme with the transport of
intensity diffraction tomography technology, this novel approach
can effectively overcome the problems of reconstruction quality
deterioration and RI underestimation of conventional non-
interference ODT under non-matching illumination conditions
without compromising speed and resolution. Through PTF

© 2024 Wiley-VCH GmbH
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COS-7 cell RI

0.05

Figure 4. Time-lapse 3D Rl imaging of COS-7 cells. a) Full-field RI slices of COS-7 cells located at the z = 0 pm plane are recovered at t=0 s, with
three different ROI regions magnified within the field of view. The complete visualization process of the COS-7 cell is provided in Video S1 (Supporting
Information). b). 3D volume renderings of COS-7 cells reconstructed at t=0 from different perspectives. Scale bar, (a) 20 um; (ROI1) 5 um; (ROI2)
(ROI3) 10 pm.
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Figure 5. Label-free visualization of the complete apoptosis process of a COS-7 cell in three dimensions, in which various subcellular structures are
observed. a) 3D Rl rendering of COS-7 cells at 00:00. b—d) Magnified images of the regions enclosed by the white dashed box in (a) at three different time
points, illustrating the entire process of cell apoptosis (see Video S2, Supporting Information). (RO12)-(ROI4) correspond to the magnified images of the
regions enclosed by the white dashed boxes in (b—d), showing smaller structures such as vesicles, mitochondria, lipid droplets (indicated by arrows),
as well as the contraction of filopodia during the apoptosis process (indicated by dotted circles). (e~h) Line profiles across subcellular structures to
quantify the reconstructed resolution. Scale bars: a) 30 um; b—-d) 10 um; ROI2, ROI3, ROI4 5 um.

analysis, we derived a bi-plane TIDT theoretical model, directly
solving the linear problem through a single deconvolution to
obtain the 3D RI results of the sample, which can solve the com-
putational time consumption inherent in the traditional iterative
solution method. Additionally, we analyzed the effects of the de-
focus distance and illumination scheme of BP-TIDT on imaging
quality and speed. Reconstruction results on polystyrene micro-
spheres, HepG2, and living COS-7 samples demonstrate that
the proposed BP-TIDT enables 15 fps volume rates and 326 nm
lateral resolution. As far as we are aware, this marks the initial
instance of achieving high spatial-temporal resolution dynamic
ODT outcomes without the use of interferometric or motion
manner. This breakthrough underscores the promise of BP-TIDT
as aleading non-invasive technique for probing the structure and
dynamics of biological phenomena at cellular and subcellular
scales.

Nonetheless, there are still several key issues that warrant
further exploration or elucidation. The BP-TIDT tomographic
method, which we proposed, frees itself from the need for
matched illumination through defocus phase modulation. How-
ever, it continues to depend on the first-order Rytov approxima-
tion for its theoretical framework. The efficacy of this model
is contingent upon the RI within the sample, which may re-
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strict its use in samples that exhibit multi-layering or signif-
icant scattering.’>*l Furthermore, because of the restricted
range of incident beam angles, certain spatial frequency com-
ponents along the light axis are unattainable, i.e., missing cone
problem.[*!] This issue not only degrades axial resolution but also
impedes the precision of RI reconstruction and can introduce a
halo effect at the periphery of cell imaging. This problem may be
alleviated by incorporating previously proposed opposite illumi-
nation strategies in our future work.[*?] Alternatively, the emerg-
ing field of learning-based 3D tomographic methods could be
utilized to properly parameterize the missing cone artifacts and
unknown experimental variables, such as optical aberrations and
slight misalignments of the LEDs. This method could further op-
timize the imaging performance. Moreover, to gain additional
biomolecular specificity, the integration of fluorescence super-
resolution 3D technology such as confocal,*! 3D-SIM*4 into
BP-TIDT can be considered. A more expansive and profound un-
derstanding of biological processes can be unlocked by harness-
ing the precision of fluorescence methodologies in tandem with
the non-invasive nature of diffraction tomography. This synergy
paves the way for a more comprehensive exploration of cellular
and subcellular dynamics, promising to significantly advance the
field of biological imaging.[*>46]
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