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O P T I C S

Optical tweeze-sectioning microscopy for 3D imaging 
and manipulation of suspended cells
Xing Li1,2, Dan Dan1, Siarhei Zavatski3, Wenyu Gao1,2, Qiang Zhang1,2, Yuan Zhou1, Jia Qian1, 
Yanlong Yang1, Xianghua Yu1, Shaohui Yan1, Xiaohao Xu1,3*, Olivier J. F. Martin3*, Baoli Yao1,2*

Optical manipulation and detection of biological particulates are crucial procedures in biophotonics. Optical sec-
tioning (OS) opens the avenue to three-dimensional (3D) microscopy, but nonoptical approaches, including sam-
ple adhesion and mechanical scanning, have always been required in this technique, rendering it impossible to 
image suspended cells. Here, we develop optical tweeze-sectioning microscopy by coupling structured illumina-
tion microscopy (SIM) with holographic optical tweezers (HOTs). By sculpting light in HOTs, we demonstrate that 
the position fluctuations of suspended yeast cells can be optically squeezed to tens of nanometers, which is suf-
ficient for the implementation of OS with SIM. Sample scanning is achieved through optical delivery of the cells, 
instead of translation stages as in the conventional way. Our work presents an all-optical solution for OS, broaden-
ing its application to nonadherent, suspended cells. It further furnishes the original technique that enables both 
SIM-based 3D imaging and optical manipulation.

INTRODUCTION
Optical sectioning (OS) enables the differentiation of the in-focus 
signal from the out-of-focus background, which is essential for vol-
ume microscopy of cells or thick tissues (1, 2). This can be achieved 
using various demodulation systems, including confocal (3), two-
photon (4), light sheet (5, 6), and structured illumination micros-
copy (SIM) (7, 8). However, current state-of-the-art OS techniques 
rely on adhesive or mechanical forces for sample fixing and scan-
ning, which are unavailable to cells suspended in high-fluidity envi-
ronments (e.g., water and air). Extending OS to these nonadherent 
targets is of crucial importance for bioimaging because in situ living 
cells may lack mechanical attachment or support. Besides, artificial 
adhesion may substantially disturb the physiology of cells.

Developing in parallel yet independently of OS, optical tweezers 
have firmly established themselves as an important instrument in 
modern biophotonics, initially devised for noncontact manipulation 
of minute objects (9–11). In particular, holographic optical tweezers 
(HOTs) enable the simultaneous manipulation of multiple cells using 
customized structured light (12–14). Although the combination of 
fluorescence microscopy and optical tweezers for imaging has been 
successfully applied over the past decade (15–17), it is still limited to 
two-dimensional exploration.

Here, we propose a method for the three-dimensional (3D) imag-
ing of suspended cells by synergically integrating SIM-based OS with 
HOTs, which is referred to as optical tweeze-sectioning microscopy. 
A remarkable feature of this method is its utilization of optical forces 
for both cell immobilization and axial scanning, enabling the acquisi-
tion of three-step phase-shifting images at each slice, which are sub-
sequently reconstructed into OS 3D images, as illustrated in Fig. 1. 
The method therefore is all-optical, eliminating the need for coated 
surfaces to affix the samples and circumventing the use of translation 

stages. Moreover, we introduce a formula to quantify the effect of re-
sidual stripes in the reconstructed images, a challenge specific to 
SIM-based OS (18, 19). We also demonstrate that the effect from re-
sidual stripes can be minimized by preprocessing raw images with a 
background filter. Last, our microscopy method enables the assembly 
with controllable cell-cell distances and imaging of multiple desired 
targets, excluding undesired ones, which offers a unique platform for 
studying intercellular interaction and biomechanics.

RESULTS
Stability of cells trapped by structured HOTs
Our experiments are conducted using optically trapped yeast cells 
in suspension. Optical tweeze-sectioning microscopy relies on two 
structured light fields with different wavelengths: one for the SIM 
and the other for HOTs (see fig. S1 and Materials and Methods for 
details). Unlike conventional optical traps with Gaussian intensity 
profiles, we shape each trap in HOTs into a petal-like field with a 
wider lateral dimension (Fig. 2A). This structured trap is more suit-
able for trapping microsized cells as it generates intensity gradients 
on the cell boundaries, enhancing the trapping stability (20). Also, 
the highly anisotropic field can inhibit the cell rotation because of 
Brownian motion.

Figure 2B shows an array of 3 by 3 traps where nine yeast cells are 
trapped simultaneously. The optical power for each trap is set at 
50 mW. Each trapped cell exhibits a bright edge because of diffrac-
tion. Because SIM requires a certain degree of sample stability, it is 
necessary to investigate the position fluctuation of trapped cells. We 
capture 2000 bright-field images and extract the centroid of each cell 
from them. For cell no. 5, which has a nearly round edge, the posi-
tion fluctuation is restricted within a circular area, with standard 
deviations of 52.7 nm in the x direction and 51.1 nm in the y direc-
tion. Figure 2C shows the standard deviations of the positions of all 
nine cells, with all values being below 100 nm. The mean velocity of 
the cells upon fluctuations is about 13 μm/s (Fig. 2D).

We next vary the optical power in the trap from 10 to 100 mW to 
study the cell fluctuations. For example, Fig. 2E shows the fluctuation 
velocity of cell no. 3 at different powers. It is seen from the figure that 
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the average fluctuation velocity v decreases with increasing trapping 
power as v = a

1+(Ptrap∕b)
c , where the parameters a, b, and c are shown 

in Table 1. The standard deviations of positions for nine cells at dif-
ferent powers are shown in the top panel of Fig. 2F. The mean stan-
dard deviations ( σx and σy ) decrease with increasing power Ptrap, 
which are fitted by the equipartition theorem: σi ∝ 1∕

√
Ptrap (see 

the bottom panel in Fig. 2F and Table 1). When Ptrap = 50 mW, by 
means of these fitting formulas, the mean velocity of the cell in the 
trap is v = 13.42 μm/s and the mean standard deviations are σx = 
52.74 nm and σy = 45.03 nm. Furthermore, we extract from videos 
the cells’ orientational fluctuations in the lateral plane (see fig. S2 for 
details). It shows a mean standard deviation of σα = 0.54° for the nine 
yeasts at Ptrap = 50 mW; a higher power yields smaller σα . We can 
thus infer that angular trapping occurred and a stable cell orientation 
was maintained during the entire experiment. In principle, the angu-
lar trapping is caused by torsional optical torques (21), which arise 
when both the particle and field are not axially symmetrical. In our 
configuration, the asymmetry is attributed to the petal-like optical 
traps (Fig. 2A) and the fact that the cells have a cross section with a 
nonperfect circular shape (Fig. 2B).

We note that the cell should also undergo Brownian motion in the 
axial direction, which cannot be detected by the camera. The axial 
fluctuation is thus analyzed by combining the Langevin equation and 
optical force theory, which shows an axial standard deviation twice 
those in the transverse directions (see fig. S3 for details). The larger 
deviation in the axial direction is as expected because of the weaker 
axial trapping force (fig. S3B). A common way to enhance the robust-
ness of axial trapping is the use of a counterpropagating configu-
ration, which can create a sharp intensity gradient along the axial 
direction (22).

The suppressed position fluctuations (a few tens to a few hun-
dreds of nanometers) offer a prerequisite for the implementation of 
SIM-based OS on suspended cells. The resolution of the imaging op-
tical path can be obtained by simulating the point spread function. 

Theoretically, the lateral and axial resolutions are about 230 and 
1100 nm, respectively, when using an oil-immersed objective and 
taking into account refractive index changes. In the case of a water-
immersed objective, they are 207 and 560 nm, respectively. Because 
the Brownian fluctuations are smaller than the resolutions, they have 
little effect on the precision of OS by SIM.

Axial optical translation of cells for SIM-based OS
Owing to the 3D manipulation capabilities of HOTs, the suspended 
yeast cells can be optically translated along the z axis. This translation 
is achieved by sequentially addressing computer-generated holo-
grams (CGHs) to the spatial light modulator (SLM), with each axial 
position zn (n = 1, ..., N) corresponding to a CGH (Fig. 3A). At the 
same time, the trapped cells are illuminated by the stripe-structured 
light with a period of 452.5 nm, which undergoes three-step phase 
shifts (0, 2π/3, 4π/3) (Fig. 3B). Consequently, the camera captures 
three raw images (Fig. 3C). The timing diagram of key steps is shown 
in Fig. 3D, where T1, T2, and T3 are 100, 0.6, and 100 ms, respectively 
(Fig. 3G, left).

After acquiring the raw images, the OS images are reconstructed in 
two steps (Fig. 3E). Step 1 involves enhancing the modulation depth 
via background filtering, which can be achieved by either the physical 
model–based method (23) or the rolling ball method in Fiji (24), with 
the latter being slightly less effective. Step 2 includes image reconstruc-
tion based on the root mean square (RMS) algorithm, which is the 
fastest and easiest way to obtain an OS image (18). The times con-
sumed for the two steps are 48.5 and 1.4 ms, respectively, averaged 
over 100 runs on a central processing unit (Intel Xeon E5-1620 ver-
sion 3) (Fig. 3G, right).

To emphasize the significance of modulation enhancement in 
reconstruction, we compare the OS images with and without step 1 
(Fig. 3F). The OS image without step 1 displays substantial residual 
stripes, which are nearly eliminated when step 1 is applied. To quan-
tify this, we introduce the concept of residual stripe contrast Crs 
(see Eq. 2). By calculating Crs for 70 OS images, we obtain an average 
Crs of 0.068 without step 1, which is considerably higher than 0.020 
with step 1. The results indicate that increasing the modulation de-
gree of structured light fringes before RMS reconstruction can ef-
fectively suppress the residual stripes in OS images.

It is important to note that the fluctuations of the cell position do 
not cause the residual stripes. In the case of yeast cells adsorbed onto 
a coverslip, similar residual stripes are observed for the RMS recon-
struction performed without step 1. In addition, the structured il-
lumination has a stripe period of 452.5 nm, much larger than the 
standard deviation (tens of nanometers) of position fluctuations. 
Residual stripes primarily arise from changes in the defocused back-
ground during the phase-shifting process and are less influenced by 
phase-shift errors and fringe frequency errors. One may decrease 
the relative intensity of the out-of-focus background, thus minimiz-
ing the appearance of residual stripes by improving the modulation 
depth of fringes.

OS 3D imaging of suspended cell arrays and patterns
The procedure outlined above enables OS 3D imaging of suspended 
cell arrays using an optical power of 50 mW per trap. As shown 
in Fig. 4A, which is composed of maximum intensity projections 
(MIPs), OS provides a weaker background compared to wide-field 
(WF) imaging. Consequently, the in-focus information can be dis-
played with high contrast. To compare the differences in single slices 

Fig. 1. Principle of optical tweeze-sectioning microscopy. Initially, cells are 
trapped and localized by means of HOTs. Subsequently, the trapped cells are illumi-
nated with structured light, and three-step phase-shifting images are synchro-
nously acquired. Last, HOTs are used to axially translate the cells, thereby obtaining 
z-stack images.
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Fig. 2. Position fluctuations of yeast cells at different trap powers. (A) Intensity distributions of a petal-like trap array. The transverse (i) and axial (ii) views show the 
intensity profiles of the optical trap in the upper-right corner of the array. (B) Nine yeast cells immobilized by the trap array in (A). The optical power for each cell is 
50 mW. The standard deviations of position fluctuations for cell no.5 are 52.7 and 51.1 nm in the x and y directions, respectively. The position data of the cells are ex-
tracted from 2000 bright-field images. (C and D) Standard deviations of positions and fluctuation speed distributions for the nine cells. (E) Distributions of fluctuation 
speeds for cell no. 3 in (B) at different trap powers (top) and the result of fitting the mean speed to the trap power (bottom). (F) Standard deviation distributions of posi-
tions for all nine cells in (B) at different trap powers (top) and results of fitting the mean standard deviation to the trap power (bottom).
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between WF and OS images, the imaging results are presented in the 
form of z sections within movie S1. Because the lateral resolution of 
an optical microscope is higher than the axial resolution, transverse 
views (Fig. 4B) reveal more cellular details compared to longitudinal 
ones (Fig. 4C). Furthermore, a larger array of 4 by 4 cells can be cre-
ated by trapping more cells (Fig. 4D). The middle image in Fig. 4D 
shows the out-of-focus background removed from the WF. The line 
plots in Fig. 4 (E and F) indicate that the out-of-focus background is 
notably stronger than the OS image. In addition, the axial view re-
veals that the yeast cells resemble rugby balls and tend to align their 
long axes with the optical axis. The 3D renderings of OS imaging 
results for the 3 by 3 and 4 by 4 cell patterns are shown in movies S2 
and S3, respectively.

With optical tweeze-sectioning microscopy, one may also arrange 
cells into customized patterns and then perform the 3D imaging 
with OS. The cells can be assembled into circular, hexagonal geome-
tries (Fig. 5). Figure 5A shows a circular arrangement of 12 yeast 
cells, while Fig. 5 (B and C) depicts sectional views of the cell located 
in the lower right corner of Fig. 5A. Each yeast cell features a dark 
shell surrounding a bright core. The average diameters of the shells 
are measured to be 4.16 μm in the transverse direction and 6.21 μm 
in the axial direction. Meanwhile, for the cores, the corresponding 
values are 2.72 and 4.34 μm, respectively (Fig. 5D). The mean ellip-
ticity of shells is 0.67, and that of cores is 0.63 (Fig. 5E). Figure 5F 
depicts a hexagonal pattern formed by 12 yeast cells. The 3D views 
visualize the spatial positions of all cells (Fig. 5G). The 3D renderings 
of OS imaging results for the circular and hexagonal geometries are 
shown in movies S4 and S5, respectively. In addition, we explored the 
assembly and imaging of other geometric patterns such as penta-
gons, quadrilaterals, and triangles (see fig. S4 for details).

DISCUSSION
We have developed optical tweeze-sectioning microscopy for 3D 
imaging of suspended cells. HOTs play a crucial role in the proposed 
method, facilitating the microscopy in three key aspects. First, it sup-
presses the Brownian motion of the suspended cells so that their po-
sitional fluctuations can be smaller than the imaging resolution and 
the stripe period of structured illumination, which is essential for 
SIM. Second, HOTs enable the axial scanning of suspended cells re-
quired for OS 3D imaging. This may replace the need for translation 
stages, thereby reducing potential mechanical vibrations and mini-
mizing perturbations to the samples. Last, equipped with HOTs, the 
microscopy has evolved into a versatile biophotonic technique, fea-
turing not only 3D imaging capabilities but also 3D parallel manipu-
lation functions, including trapping, delivery, and rotation.

Our method provides the scanning speed given by s × fslm, where 
s is the step size and fslm is the refresh frequency of the phase-only 
liquid crystal SLM. During our experiments, we maintained a step 

size s of 0.1614 μm and a refresh frequency fslm of ~10 Hz, resulting 
in an effective scanning speed of about 1.6 μm/s. At this level, cells 
remain stable within the optical traps and do not undergo notice-
able wobbling. While higher scanning speeds can be achieved by 
increasing either s or fslm, this may reduce the stability of cell ma-
nipulation. In that respect, it will be interesting to study the tempo-
ral dynamics of the cells during z scanning, which, however, cannot 
be precisely analyzed by the video tracking method. To reach this 
goal, one may use the power spectral method (25), as it tracks tar-
get’s dynamics by the scattering signals of trapping light, which are 
collected by additional photodetectors (independent of imaging).

The risk of photodamage is a matter of concern for cell manipula-
tion. In our study, we took several precautions to mitigate this risk. 
On the one hand, we have used for the optical traps a biocompatible 
near-infrared wavelength (1064 nm), which is generally considered a 
noninvasive wavelength that minimizes the extent of light-induced 
cell damage (26). Moreover, we have used petal-like traps with a 
wider lateral dimension instead of standard Gaussian traps, which 
effectively reduced the power density experienced by the cells. As a 
matter of fact, we did not observe damage to the cells (e.g., decompo-
sition or deformation) in the experiment, even at the highest power 
(100 mW).

Let us also note that the proposed method has been currently 
tested only on yeast cells. Nevertheless, we trust that it is applicable 
for 3D trapping and imaging of most microscale cell populations 
(e.g., lymphocytes and tumor cells). For smaller cells (e.g., Escherichia 
coli), stable trapping could be challenging because of weaker optical 
forces. Further increasing the laser power can strengthen the forces, 
but it may cause potential photodamage to the cells. A promising way 
to address this issue would be doping the cells with lanthanide ions, 
which has been shown to greatly increase the trapping stiffness for 
nanoparticles (27). For the trapping of softer or easily deformable 
cells, the petal-like traps might not suffice to overcome the deforma-
tion because of Brownian motion; hence, multipoint traps should be 
designed. In this regard, HOTs had demonstrated an excellent ability 
to customize optical force fields (12–14).

Besides, the cells in this study are positioned in the transverse 
plane, which means that the range of axial movement is roughly 
equivalent to the long axis of the cell. By strategically designing the 
positions of optical traps, it is also possible to construct a 3D pattern of 
cells. However, at large depths, the trapping force is weakened by pro-
nounced aberration. Using a water-immersed objective lens instead of 
an oil-immersed one can help resolve this issue. At last, despite the 
reported experiments in water, our adhesion-free microscopy should 
also be applicable in gaseous environments (28) and levitated opto-
mechanical systems (22, 29).

Last, it should be noted that while OS allows for imaging the 3D 
core-shell morphology of the yeast cells, its resolution remains con-
strained by the optical diffraction limit and hence is unable to image 

Table 1. Fitting results for cell fluctuations. R2 is the correlation coefficient.

Fitting function a b c R2

  v =
a

1+ (Ptrap∕b)
c  15.85480 107.12841 2.24075  0.97466

  σx =
a

P0.5
trap

 372.91055 – –  0.89487

  σy =
a

P0.5
trap

 318.41018 – –  0.94823
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Fig. 3. Simultaneous axial translation manipulation and stripe-structured illumination for cell arrays. (A) CGHs addressed to a phase-only liquid crystal SLM and the 
linear movement of an array assembled from trapped cells along the z axis. (B) Stripes addressed to a ferroelectric liquid crystal SLM for generating structured light at each 
axial position. (C) Three-step phase-shifting raw images acquired synchronously. (D) Timing diagram of the CGHs, stripes, and the camera. (E) Procedure for reconstructing 
OS images starting from raw images. (i) Three raw images acquired at each axial position zn (n = 1, ..., N). (ii) For each raw image, the modulation depth is enhanced using 
a background filter. (iii) OS image reconstructed using the RMS algorithm. Every three images produce an OS image. (iv) Pseudo-color 3D rendering of OS images for all 
axial positions (all zn). (F) The step of modulation enhancement can substantially reduce residual stripes. a.u., arbitrary units. (G) Time for each hardware in the experiment 
and time for each step in the image reconstruction.
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Fig. 4. OS 3D imaging of yeast cell arrays. (A) Maximum intensity projections (MIPs) of WF and OS images of a 3 by 3 cell array. (B) Lateral views (single plane) along the 
yellow dashed box in (A). The right panel shows intensity profiles along the x axis. (C) Axial views (single plane) along the orange dashed line in (A). The right panel shows 
intensity profiles along the z axis. (D) MIPs of a 4 by 4 cell array for WF, background, and OS. The background intensity (IBg) is equal to the wide-field image intensity (IWF) 
minus the OS intensity (IOS). (E) Enlarged views (single plane) along the yellow dashed box in (D). Intensity profiles in the right panel are normalized by WF. (F) Zoomed-in 
views (single plane) along the orange dashed line in (D).
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subcellular details (e.g., mitochondria or vesicles). Going beyond 
this limit requires staining of specific cells to label their interior fea-
tures; such super-resolution imaging can be implemented with SIM 
(30–32).

In summary, our work represents the initial step toward deploying 
3D microscopy powered by optical tweezers, creating opportunities 
for OS to visualize nonadherent targets. These results may inspire the 
integration of optical tweezers with other microscopy techniques for 
applications that require high speed (33), isotropic resolution (34, 35), 
large fields of view, and super-resolution imaging (17).

MATERIALS AND METHODS
Experimental setup
A schematic of the experimental setup combining HOTs and SIM-
based OS is shown in fig. S1. In the SIM path, a 473-nm laser beam 

(gem 473, Laser Quantum Ltd., UK) was expanded and collimated by 
a telescope (L1 and L2) and was horizontally linearly polarized after 
passing through a half-wave plate (HWP1) and a polarizing beam split-
ter (PBS1). Multiple diffraction orders were generated by addressing 
binary stripe maps to a ferroelectric liquid crystal SLM (SLM1; 2048 
by 1536 pixels, 8.2-μm pixel pitch, QXGA-3DM, Forth Dimension 
Displays, UK). The fast axis of HWP2 was rotated to maximize the in-
tensities of the ±1st order beams. HPW3 converted vertically linearly 
polarized beams reflected by PBS1 to the s-polarized ones. The spatial 
filter blocked the beams of all orders except ±1st orders. The ±1st order 
beams were then relayed by lenses L3 and L4 to the back focal plane of 
an objective lens (Apo TIRF, 60×/1.49, Oil Immersion or Plan Apo IR, 
60×/1.27, Water Immersion, Nikon Corp., Japan) with a high numeri-
cal aperture (NA) and interfered in the front focal plane of the objective 
to create fringes with a cosine intensity distribution. In the HOT path, 
the 1064-nm beam from the laser (VFLS-1064-B-SF-HP, Connet Laser 

Fig. 5. OS 3D imaging of geometric patterns formed by yeast cells. (A) MIPs derived from OS images of a ring-like pattern consisting of 12 cells. (B) x-y view (single 
plane) along the yellow dashed box in (A). (C) x-z view (single plane) along the orange dashed line in (A). (D) Diameters of shells and cores for 12 cells. (E) Ellipticities of 
shells and cores for all cells. (F) MIPs of a hexagonal cell pattern. (G) 3D views of the hexagonal pattern.
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Technology Co., Ltd., China) was expanded and collimated by the 
telescope (L6 and L7) and was horizontally linearly polarized after 
passing through HWP4 and PBS2. A prism was used to reflect the 
beam so as to shorten the optical path. The incident beam was 
shaped by addressing a CGH to a phase-only liquid crystal SLM2 
(1920 by 1080 pixels, 8-μm pixel pitch, PLUTO-2-NIR-049, Holoeye 
Photonics AG, Germany). The panel of SLM2 was relayed through 
a 4-f system (L8 and L9, 1:1 conjugate ratio) to the back aperture of 
the objective lens, and optical traps were generated in the front focal 
plane of the objective. A quarter-wave plate (QWP1) converted the 
linearly polarized beam to a circularly polarized one. Dichroic mir-
rors DM1 (Di03-R488/561-t1-25×36, Semrock Inc., US) and DM2 
(Di02-R1064-25×36, Semrock Inc., US) enabled wavelength-specific 
beam combination/separation. The setup supported fluorescence 
imaging using a 473-nm laser or bright-field imaging using a light-
emitting diode source (MCWHL7, Thorlabs Inc., US). Emission 
signals were separated through a filter cascade (F1: excitation; F2: 
emission; F3: 1064-nm notch) before detection by a scientific com-
plementary metal-oxide semiconductor camera (2048 by 2048 pixels, 
6.5-μm pixel pitch, ORCA-Flash 4.0 V2 C11440-22CU, Hamamatsu 
Photonics K. K., Japan). An optimized imaging path incorporating a 
300-mm achromatic tube lens and a 1.8× magnification lens pro-
vided about 160× total system magnification. CGHs and SIM pat-
terns were computationally generated using MATLAB. Hardware
synchronization and image acquisition were managed through a
custom software suite developed in the QT framework (version 6.5.1).
The crucial experimental parameters are presented in table S1.

Image acquisition
At the onset of experiments, the pixel size was calibrated using a mi-
croscopic scale to facilitate subsequent image reconstruction. When 
imaging biological samples, a 473-nm laser was used to excite dyes 
and the fluorescence emission was collected within the wavelength 
range of 500 to 550 nm. Samples were axially scanned by refreshing 
CGHs on the SLM2 to obtain stack data. The axial step was preset to 
0.15 μm in the CGHs, while the experimentally measured scanning 
step was 0.1614 μm. At each axial position, the samples were illumi-
nated by stripe-structured light featuring three phase shifts (0, 2π/3, 
and 4π/3). Three images were synchronously acquired, with an expo-
sure time of 100 ms for each frame.

OS image reconstruction
Cells suspended in water were trapped using an oil-immersed objective 
lens with a nominal NA of 1.49 and an effective NA of 1.3. The fluores-
cence wavelength is defined as λ = 525 nm. Consequently, the diffrac-
tion limit is calculated as δ = 0.5λ/NA, which amounts to 201.9 nm. The 
experimentally measured period of the stripes in the structured illumi-
nation was 452.5 nm. Therefore, the stripe frequency was ~0.45 times 
the cutoff frequency. When using a water-immersion objective with an 
effective NA of 1.27, the result was 0.46 times. Image reconstruction 
was accomplished in two steps. Initially, the raw images underwent pre-
processing with a background filter to enhance the modulation depth of 
the stripe-structured illumination. Subsequently, OS reconstruction 
was carried out using the RMS algorithm (18)

Here, D1(x, y), D2(x, y), and D3(x, y) are images with phase shifts 
of 0, 2π/3, and 4π/3, respectively. m denotes the modulation depth, 

and Din(x, y) represents the OS image. Note that the RMS algorithm 
is the algorithm of choice for OS reconstruction.

Residual stripe contrast
The reconstructed OS image may exhibit residual stripes. The inten-
sity of these stripes can be quantitatively determined by the residual 
stripe contrast Crs, as defined below

where

and (𝑢+1, 𝑣+1) represent the center coordinates of the +1st order 
component within the spectrum.

Generation of optical traps
The weighted Gerchberg-Saxton algorithm (36) was used to gener-
ate petal-like trap arrays. To begin with, a dimensionless metric

where

is defined. ϕj is the phase of the jth pixel of an SLM, and N is the total 
number of pixels. (xj, yj) are the Cartesian coordinates of the jth pixel on 
the SLM plane, and (xm, ym, zm) are the Cartesian coordinates of the 
mth trap. λ is the wavelength, and f is the focal length of a Fourier lens.

Subsequently, commencing with a random initial estimate for ϕj 
and assigning the weights wm = 1, the iterations of the weighted 
Gerchberg-Saxton algorithm are carried out in the following manner

where γm is a random phase. Upon completing 30 (or more) itera-
tions, it outputs the phase ϕj, which can generate Gaussian op-
tical traps.

In the end, to get petal-like traps, the binary phases of 0 and π are 
superimposed onto ϕj

Here, (r, θ) denote the polar coordinates of the SLM plane. This 
is accomplished by saving ψ(r, θ) as a CGH.

Calibration of the scanning step
Before visualizing a 3D image, the spacing between axially adjacent 
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by incorporating the phase function exp(ikzz) to the CGH. First, 
values z1, z2, ..., zj were assigned to generate axial multifoci. Second, 
a piezoelectric displacement stage was used to conduct a scan along 
the z axis to obtain the axial intensity distribution. Last, the actual 
axial positions dj corresponding to zj were measured, and a linear 
fit was performed between them using the function d = bz + a. In 
fig. S5A, seven foci were designed to have an axial spacing of 1 μm. 
The fitting result yielded the equation d = 1.08214z + 0.09234, with 
a correlation coefficient R2 = 0.99928 (as depicted in fig. S5B). In 
addition, the spacing was adjusted to 1.5 μm, and the corresponding 
seven foci were obtained, as shown in fig. S5C. The resulting fitting 
equation was d = 1.06964z + 0.00577, with a correlation coefficient 
𝑅2 = 0.99922 (fig. S5D). In both instances, the linear correlation 
coefficient 𝑅2 between d and z approaches 1. This shows that the 
way the optical tweezers move the cells is linear within a certain range 
along the optical axis. In our experimental setup, the predefined mov-
ing step in the CGHs was δz = 0.15 μm. Consequently, the resultant 
scanning step was calculated as dz = (b1 + b2)/2 × δz = 0.1614 μm. 
This calibration value was measured when a 60× oil-immersed objec-
tive lens was used. The value for a 60× water-immersed objective is 
close to it.

Sample preparation
The yeast cell sample used in the experiments was sourced from a 
commercial product (Zymosan A Bioparticles, Alexa Fluor 488 con-
jugate, Thermo Fisher Scientific Inc., US) and had undergone stain-
ing. Initially, a limited amount of freeze-dried yeast powder was 
dissolved in deionized water, and then a 5-min ultrasonication pro-
cess was performed to formulate a cell suspension. Subsequently, a 
sample chamber was constructed using a slide, a coverslip, and 
double-sided tape, with the chamber having a depth of ~100 μm 
along the z axis. Next, around 50 μl of the cell suspension was care-
fully aspirated and injected into the chamber, which was then sealed 
with an appropriate adhesive. Ultimately, the sample was examined 
using the custom-built experimental setup.

Statistics and reproducibility
Cell fluctuation data corresponding to each power level were extract-
ed from a set of 2000 bright-field images by using the TrackMate 
plugin (version 7.13.2) (37) within the Fiji software (version 2.16.0). 
Experimental images were subjected to processing using MATLAB 
(release R2021a). Curve plots, bar plots, and box plots were gener-
ated using Origin (version 2018).

Supplementary Materials
The PDF file includes:
Figs. S1 to S5
Table S1
Legends for movies S1 to S5

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S5
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