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of HelLa cells in different viability states using
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Abstract: Dynamic full-field optical coherence microscopy (DFFOCM) was used to characterize
the intracellular dynamic activities and cytoskeleton of HeLa cells in different viability states.
HeLa cell samples were continuously monitored for 24 hours and compared with histological
examination to confirm the cell viability states. The averaged mean frequency and magnitude
observed in healthy cells were 4.79+0.5 Hz and 2.44+1.06, respectively. In dead cells, the
averaged mean frequency was shifted to 8.57+0.71 Hz, whereas the magnitude was significantly
decreased to 0.53+0.25. This cell dynamic activity analysis using DFFOCM is expected to
replace conventional time-consuming and biopsies-required histological or biochemical methods.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cells are the structural and functional units that make up all living creatures and contain
information about their composition [1-3]. Previous studies on cell growth, metabolism, and
death have provided many clues to various research fields including disease treatment [4—6],
early diagnosis [7-10], and drug development [11-14]. As an example, cell death assay studies
have been used as early indicators of several incurable diseases such as cancer [8—10,15,16],
and Alzheimer’s disease [7,17,18]. Because of these great potential applications, various
methods have been attempted to observe changes in internal cellular dynamic activity and
properties beyond morphology changes [4—18]. Common methods for observing cell viability
and/or structural images include: analyzing signals generated by stimulating cells using light or
ultrasound from the outside [19,20]; reactivity testing by biological markers [21]; and monitoring
the internal structure or spectral properties of cells using light characteristics [22,23]. Imaging
techniques using ultrasound can measure objects located in a deep region of a sample using
their long-wavelength features but are not suitable for observing small objects of tens of microns
or less, such as cells. Although high-frequency ultrasound transduction has been studied and
developed to improve resolution, its practical use is limited due to the manufacturing complexity
and cost of a transducer having a sub-micron resolution. Also, as the frequency of ultrasound
increases, the observable penetration depth is inversely decreased [24]. Biological markers (e.g.,
fluorophore and quantum dots) have contributed to detect phenomena, which are unobservable
with a microscope and depend only on the transmission and reflection of light by labeling
proteins, nucleic acids, or small molecules in cells [25,26]. However, the use of biological
markers by injecting a foreign substance into the cell can lead to different results rather than
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cell-specific properties [27]. Though most studies have claimed that biological markers are
rarely harmful to cells and humans [28], contradictory results have also been reported [29,30].
With fluorescent proteins, clinical trials are limited due to fluorescence property changes during
long-term experiments. Fluorescence imaging can only see the structure of the region where the
fluorophores react with a specific excitation laser [31]. Where fluorophores are rarely present, a
rather complex imaging system must be constructed to observe the overall structure of the sample
[32]. Moreover, the use of specific single-wavelength lasers for fluorescence expression may
change sample conditions [30]. In addition, biological markers may exhibit different fluorescence
and labeling intensities in similar populations, so the characteristics of the expressing entity must
be considered [28,33]. Therefore, in order to analyze the intrinsic characteristics of biological
samples, an observational method in which foreign substances are not added is preferred.

Previous studies have attempted to detect dynamic motion inside cells using optical interfero-
metric imaging techniques [22,23]. Optical interferometric-based imaging techniques using lasers
can observe signals in a sample in a non-destructive and non-invasive manner but are affected by
the distribution of scatterers and absorbers present inside the sample [22,23]. Additionally, most
optical interferometric imaging systems use a point-measurement method to observe a sample
[22,23,34], which causes a time delay in the entire sample observation and can lead to errors in
monitoring its dynamic motion. For that reason, in the studies of Meer et al. and Farhat et al.,
optical interference signals were analyzed only in a region-of-interest (part of the sample or one
point).

In this paper, we demonstrate a method to quantitatively analyze the dynamic activities of cell
in different viability states using dynamic full-field optical coherence microscopy (DFFOCM)
equipped with a high-speed complementary metal-oxide-semiconductor (CMOS) camera. Since
DFFOCM observes the entire area of a cell in a full-field observation method, both optical
properties of cells and its dynamic movement can be measured and analyzed quantitatively. When
healthy cells undergo the cell death process, the intracellular dynamic activity and cytoskeleton are
transformed (such as blebbing, cell swollen), so we hypothesize that large dynamic changes will
occur, and these characteristic changes are expected to be observed in the DFFOCM system. To
confirm our hypothesis, we used the DFFOCM system to monitor the dynamic activities of HeLa
cells, which is an immortal human cell line widely used in cell research, at 15-minute intervals
during the first 10 hours of the experiment, and then at larger intervals for the subsequent 14 hours.
It was continuously monitored over the course of the experiment. In addition, the histological
experiments were conducted to confirm cell viability states. The dynamic activities measured
with DFFOCM will be a key indicator of cell death evaluation by visually and numerically
analyzing the features that appear when undergoing cell death and these quantitative results are
expected to contribute significantly to the existing cytology studies that are subjective to the
experts’ experience.

2. Materials and methods
2.1. Cell culture and membrane preparation

The HeL a cell line was obtained from the American Type Culture Collection (Manassas, VA) and
cultured in DMEM growth media supplemented with 10% Fetal Bovine Serum, 2 mM Glutamine,
and Pen-Strep antibiotic mixture. The flask containing cells were placed in an incubator which
was maintained at a temperature of 37°C and 5% concentration of carbon dioxide (CO,) gas.
When preparing samples for the experiment, cells were detached from the flask by using 0.05%
Trypsin. Approximately 30,000 cells were plated on a Snapwell insert membrane fabricated out
of Polyethylene (3801, Corning Inc., Corning, NY). The membrane containing cells were placed
back in the incubator for 24 hours prior to imaging. Three Snapwell membranes were prepared
for cell imaging and viability checks over time.
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2.2. DFFOCM system

The dynamic full-field optical coherence imaging system was developed and reported [35]
to present an endogenous approach to reveal intracellular metabolic contrasts. DFFOCM is
designed by mounting a CMOS camera capable of acquiring high-speed images in a Linnik
interferometer system and constructed based on full-field illumination, as a usual full-field optical
coherence microscopy (FFOCM) [35,36]. The representative difference between FFOCM and
DFFOCM is the method of acquiring an interfering signal that contains sample information. In
a typical FFOCM, when the reference arm and sample arm are within a coherence-gating, the
reference arm is modulated with a specific phase distance for each depth of the sample to obtain
information about the interferometer amplitude and phase [36]. On the other hand, DFFOCM,
with the contribution of a high-speed CMOS camera, collects continuous interfering signals
at the same depth of a sample without modulation of the reference arm and observes only the
movement of the scatterers inside the sample. In other words, during a short recording time, the
sample is stationary, hence only inner cell movements show up. In addition, high sensitivity
measurement is required to observe objects with a small backscattering level, such as cells.
CMOS cameras can improve the signal-to-noise ratio for samples with low backscattering levels
by time oversampling. As a result, only motion inside the sample contributes to the modulation
of the interfering signal [35]. The DFFOCM system used in the experiment is a product of a
commercialized Light-CT scanner (LLTech SAS, France). The system schematic of the scanner
was reported in our previous paper [35]. Based on the full-field observation method, the system
is equipped with a 10x objective lens as standard and provides a field of view of 1.2 mm?. The
combination of a low-coherence broadband light source and a high-precision stage allows the
DFFOCM system (Light-CT scanner) used in our experiment to detect signals in the sample
with an axial resolution of 1 um and a transverse resolution of 1.5 um. The axial and transverse
resolution can be improved by replacing the light source, mechanical stage, and/or objective lens.
In addition, the system is equipped with a high-speed CMOS camera with a frame rate of 300 Hz,
which allows it to achieve a temporal resolution of up to approximately 6.7 ms (150 Hz).

2.3. Experimental procedure

Prior to imaging, the three Snapwell membranes were removed from the incubator and transferred
to optical sample holders. The sample holders were filled with warmed cell culture media (37°C)
and two Snapwell membranes (Sample 1 and 2) were placed upside down. At the same time, a
mixture of culture media and Trypan blue (1:1 ratio) was added to the third Snapwell membrane
(Sample 3). The total time for the sample preparation was approximately 10 minutes. After that,
all three samples were brought to an experiment room, where the temperature was maintained
at 22°C. Sample 1 was then placed into the DFFOCM system for optical imaging for 24 hours
and Sample 2 was kept near the DFFOCM system to have a similar environmental condition for
both samples. When the optical imaging started, Sample 3 was placed under a microscope to
check cell viability. The same cell viability test was performed on Sample 2 after 6 hours and on
Sample 1 when it was removed from the DFFOCM system after 24 hours.

2.4. Data analysis
2.4.1. Image acquisition

The DFFOCM system used in the experiment exhibited a drift of less than about 1 pm in the
axial direction during 24 hours stability measurements. We observed the cell dynamic movement
inside the cell at a height of about 5 um from the Snapwell membrane surface, taking into
account the stability of the system. A single image acquired with the DFFOCM system without
modulation of the reference arm does not clearly provide information on scatter signals of the
sample (Fig. 1(a)). Figure 1(a) is an actual bright-field image continuously acquired through
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our DFFOCM system, and the black rectangle represents the same single pixel in each image.
However, by calculating the standard deviation (STD) for each image pixel as shown in Eq. (1)
[35] for a number of interfering images acquired at a high speed by the CMOS camera, it is
possible to distinguish between random noise and signals caused by scatterers.

D(x.y) = <\/ % U (S, 1) = (S(x.y)) >2> M

The STD structural image of DFFOCM can be reconstructed by dividing the total raw images
continuously acquired using a high-speed CMOS camera into a sub-data set which have N number
of frames and calculating the average of the STDs of each sub-data set over time (S(x, y, t;)).
D(x,y) is the mean standard deviation calculated from the total raw interference images and
represents each pixel of the DFFOCM image (shown in Fig. 1(b)). The number of sub-data
images can be efficiently adjusted according to the object of interest. For example, for a small
number of sub-stack images, it is appropriate to observe an object with relatively fast dynamic
motion, and a large number of sub-stack images are required to observe an object with relatively
slow dynamic motion [35]. To get the dynamic motion inside a cell in our experiment, 1000
images of the interfering signal inside the cell were acquired without changing the depth position,
then they were divided into 10 sub-data (each sub-data has 100 frames) and the DFFOCM image
was restored. No averaging was conducted on image acquisition, and it took around 3.3 seconds
to acquire 1000 frames of raw images. Identical data acquisitions were performed for 24 hours.

(a) (b)

Sub-data {- =

|

Fig. 1. (a) Experimental raw images of HeLa cells observed through the DFFOCM system.
To reconstruct the dynamic image, 1000 frames of raw images were acquired continuously.
(b) Image of HeLa cells reconstructed by taking the average of sub-data STDs. The HeLa
cell analyzed for dynamic changes were enlarged and inserted.

Time
oo

2.4.2. Dynamic activity calculation

By using more than two DFFOCM images continuously observed faster than the cell movement,
dynamic motion inside and outside of the cell can be analyzed with frequency spectrum. To
remove the external noise caused by the experimental environment in the intracellular dynamic
frequency spectrum, the extracellular dynamic motion was simultaneously observed. However,
since the cell’s intrinsic dynamic motion is very small, it is difficult to observe this motion using
the commonly used frequency analysis method called the full-time Fast Fourier Transform (FFT).
Full-time FFT analysis is sensitive to non-stationary noise (e.g., mechanical, and environmental
noise) but it is not suitable for identifying small signals such as dynamic cell movements. To
alleviate this problem, we used the Welch’s method to analyze frequency information. Welch’s
method [37] partially calculates frequency characteristics of raw data according to the size of a
window. By overlapping each window, the spectral characteristic of the entire signal is maintained
and smoothed over non-systematic noise. The frequency spectrum was calculated for each pixel
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as shown in Fig. 1(a). We used a Hamming window and selected the window size to match
the number of sub-data frames defined to obtain the DFFOCM image. To compensate for the
signal loss due to frequency analysis using the windowing method, each window was calculated
by overlapping 50%. The calculated frequency spectrum of each pixel was used to reconstruct
dynamic images of the cells (shown in Results Section 3.1), mean frequency and magnitude
values (shown in Results Section 3.2).

2.4.3. Mean frequency and magnitude calculation

Images of cells observed with DFFOCM equipped with a high-speed CMOS camera can quantify
changes within cells (cytoplasmic migration, changes in membrane state, cell swelling, and
others) by frequency and magnitude values. To numerically observe activities changed inside a
cell, a mean frequency (feqn) Was calculated by using Eq. (2) with a frequency inside a cell and
a power spectral density. M is the number of frequency bins of the observation range frequency
spectrum (in our case, from 0 Hz to 30 Hz), and f; is the frequency of spectrum at bin i of M.
Then, P; is the power density of the spectrum at bin i of M. To minimize the influence of external
noise, the cell area is segmented, and the calculated background frequency is subtracted from the
cell area before calculating f ,.q,. The dynamic activity magnitude of cells was calculated by
summing the P; of the observed frequency spectra. The f .., and the magnitude of dynamic
activity of the cell over time is shown in Results Section 3.

fmean = ZZI P[fi / ZZI P; 2

2.5. Cell viability measurement

To check cell viability, a mixture of cell culture media and Trypan blue (1:1 ratio) was added to
the Snapwell membranes at the beginning of the experiment, after 6 hours, and after 24 hours
(Sample 3, 2, and 1, respectively). Trypan blue selectively stains dead tissues or cells and does not
stain cells with intact cell membranes that have not undergone a cell death process. The Trypan
blue staining method makes it difficult to explore the metabolic processes occurring inside the
cell, but it can be compared with the results observed over time using the DFFOCM system. The
stained HeLa cells in three Snapwell membranes were observed through a bright-field microscope
(EVOS XL, Thermo fisher Scientific, USA).

2.6. Statistical analysis

A two way-ANOVA test was conducted to confirm the justification of the difference in the
dynamic activity of living and dead cells. Data for statistical analysis was acquired by 3 times
repeating the cell dynamic activity observation for 24 hours performed in Methods Sections 2.3
to 2.4. Attime t = Oh, HeLa cells were considered to be alive, while they were assumed to be dead
at time t = 24h. Cell dynamic activities (f .4, and magnitude) of HeLa cells observed at t = 0h
and t = 24h were used as the main comparator for the ANOVA test. In the test, cell viability states
(live and dead) and cell samples (three samples) were used as the two factors for the two-way
ANOVA test. The results analyzed for f ..., and magnitude are shown in Results Section 3.4.

3. Results

3.1.  Dynamic intracellular motion analysis

Major scatterers of cells that can be observed through optical imaging techniques are nucleus,
membrane, mitochondria, and cytoplasm [36-38]. Figure 2(a) shows the changes in intracellular
migration and structure monitored for 24h of a single cell enlarged in Fig. 1(b) (Observations
at 15-minute intervals are shown in Visualization 1). Figure 2(a) represents results of the
reconstructed intracellular motion through frequency and power spectrum density. Each pixel
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contains several frequency spectra, but the dominant frequency and its power density make up
the image. Figure 2(b) is a segmentation mask of the cell through image processing to calculate
only frequency inside the cell, and the external structure change of the cell can also be clearly
observed. In Fig. 2(a), when t = 0h, relatively uniform scatterers were spread throughout the
cell. Considering that there is no clearly distinct region, we carefully assumed that the observed
scatterers are cytoplasm including mitochondria. At t=4h, the dominant movement of the
scatterers was concentrated in the center of the cell, and the transformation of the cytoskeleton
was observed. At t=6h, the dynamic image indicates that the scatterers moved toward the cell
membrane. Considering the characteristics of blebbing and swelling when cells die, it appears
that cell death is progressing through the segmentation image in Fig. 2(b). At t=24h, most
scatterers with active dynamic activity inside the cell were moved to the outside and maintained
only the swollen cytoskeleton. Small spots were observed in the swollen cytoskeleton even after
the scatterers were released from the cells, which we carefully considered as vesicles, taking into
account the nature of their morphology and dynamic activity [39]. The cell then decomposed
into small fragments and, the disappearance of the dynamic movement inside the cell was clearly
observed in dynamic and segmentation images (i.e., The power density for the movement of
scatterers inside the cell decreases).

(@)

Oh dynamic image 4h dynamic image 6h dynamic image 24h dynamic image

Pow.

10
Frequency (Hz)

[}

Oh segmentation 4h segmentation 6h segmentation 24h segmentation

Fig. 2. Dynamic and structural changes in HeLa cell over time. (a) The frequency component
with the dominant dynamic motion of the scatterers is prominently displayed in the image.
The intracellular migration of main dynamic active elements is indicated by white arrows.
The power density was normalized. (b) The segmentation mask image of the cell. The mask
is segmented by using STD images and frequency spectral information.

3.2. Mean frequency, frequency and power density spectrum of cells

Figure 3(a) shows the spectrum of dynamic activity in cells at 15-minute intervals during the first
10 hours of the experiment, and then at large intervals for the subsequent 14 hours. In the early
stage of the experiment, the main scatterers inside the healthy cells had remarkable movements
below 6 Hz. As time passed, the magnitude of scatterers’ movement gradually decreased, and
after about 4 hours the movement within the cell clearly and remarkably disappeared. The spectral
change after 4 hours in Fig. 3(a) is consistent with the dynamic and segmentation images at 4h in
Fig. 2 when the cytoskeleton is transformed. Figure 3(b) is the f ¢4, that numerically represents
the spectrum of Fig. 3(a), and Fig. 3(c) indicates the magnitude of the dynamic movement of the
cell. After 4 hours, f;eqn (the red dashed line in Fig. 3(b)) had a sharp increase in frequency
temporarily due to the movement of the scatterer inside the cell and the change of the skeleton as
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shown in Fig. 2. After 6 hours (red solid line), the scatterers inside the cell moved outside and
lost the intrinsic dynamic motion. Thereafter, a tendency was observed for the f ., of cells to
converge to a relatively high frequency by vesicles (as shown Fig. 2(a)). Following a similar
trend, the magnitude also decreases at the same time point after 6 hours and then converges to
the vesicles level.

(a) (b) (c)

Magnitude
;f"(?

Magnitude
o o
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Fig. 3. Dynamic motion analysis of single HeLa cell measured for 24 hours. Shows a
pronounced dynamic change after 4 hours (red dash line). (a) The frequency spectrum of
the cell. (b) Mean frequency of the cell frequency spectrum. (c) Magnitude of the dynamic
movement of the cell.

3.3. Cell viability at t=0, 6, and 24 hours

In parallel with the DFFOCM experiment, viability of the HeLa cells cultured under the same
conditions were observed using Trypan blue. As shown in Fig. 4(a), the membrane of HeLa cells
was intact at the beginning of the experiment and live cells were not stained with Trypan blue.
After 6 hours, the HeLa cells reacted to Trypan blue and were partially stained (Fig. 4(b)). By 24
hours, some cells were degraded and disappeared, resulting in an overall decrease in the number
of cells, and the remaining cells were stained with Trypan blue (Fig. 4(c)). This result does not
provide information on the changes inside a cell, but it is consistent with the results shown in
Results 3.1 and 3.2. The skeletal structure of the cell has changed, and the decomposed shape
can be observed at 6 and 24 hours.

Oh 6h 24h

Fig. 4. Observation of the histological cell death process using Trypan blue (a) at the
beginning of the experiment, (b) after 6 hours, and (c) after 24 hours. The inset white scale
bar represents 100 pm.

3.4. ANOVA analysis of live and dead cells

Figure 5 shows the dynamic activity parameters of live (t = 0h) and dead (t =24h) HeLa cells
of three membrane samples. The f,.., was significantly different between live and dead cells
(F(1,72)=752.1, p=0). However, there was no significant difference in the f .., between
observed membrane samples (£(2,72) = 1.2, p=0.3) and no interaction between samples and
viability (F(2,72)=2.4, p=0.1). In dynamic magnitude, there was no significant difference
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between membrane samples (F(2,72) = 1.2, p =0.3), but there was a slight interaction between
samples and viability (F(2,72) =3.5, p =0.04). On the other hand, the dynamic magnitude of
live and dead cells was significantly different (F(1,72) = 135.4, p=0).
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Fig. 5. Dynamic activities of HeLa cells in three samples were observed for 24 hours using
the DFFOCM system, and mean frequency and magnitude of live (t =0h) and dead (t = 24h)
are shown. The three samples are each marked with different colors (red, green, blue).

In addition, the numerical results (frequency and magnitude of dynamic movement) after cell
deaths in Fig. 5 confirmed that the properties of vesicles were similarly observed in all three
different membrane samples.

4. Discussion

This study presents a method to evaluate intracellular dynamic activities quantitatively. Experi-
ments were conducted on HeLa cells and their internal dynamic movements were continuously
monitored for 24 hours using a DFFOCM system. Movements of scatterer insides of live cells
were observed at an averaged f eq, Of 4.79+0.5 Hz and dynamic magnitude of 2.44+1.06. In
the process of cell death, the movement of scatterers inside a cell and the transformation of the
cytoskeleton (such as blebbing of the cell membrane) changed cell dynamic motility. As a result,
dynamic f;.q, and magnitude shifted to 8.57+0.71 Hz and 0.53+0.25, respectively. At a first
glance, an increase in the f',.4, during a cell death process seems to be contradictory because
dynamic activities are expected to decrease when the cell is dead. However, in the current
study, we used the f .., Which represents the frequencies with high weights. As can be seen in
Fig. 3(a), dynamic activity in viable cells at the beginning of the experiment is mostly in low
frequency spectrum (< 6 Hz). With a dominance of low frequency bands, the f .4, is shifted
toward a lower frequency. As cell death progresses, cell dynamic activity is suppressed and
low-frequency dominance vanishes (around after 4 hours), hence the f ¢4, is shifted toward a
higher frequency considered by vesicles. In addition, reduction of cell dynamic activities during
the cell death process has been demonstrated through a significant decrease in magnitude value.
Two-way ANOVA test with dynamic activity parameters analyzed through our method showed
that live and dead cells can be clearly distinguished by F(1,72) =752.1, p =0 in mean frequency
and F(1,72) = 135.4, p = 0 in magnitude. Our experimental results have proved that the developed
DFFOCM system can visually and quantitively monitor changes in the dynamic movement of the
scatterers inside the cells.

Previous studies have used the optical interference imaging technique of a point-measurement
method [22,23,38] to analyze the cell death process using optical properties. Though optical
interference imaging techniques could observe movement inside cells in a non-invasive and
non-destructive manner, without staining or chemical treatment, it was difficult to measure the
intrinsic cellular signals due to a weak scattering and absorption property of intracellular scatterers.
In addition, when scanning a sample by the point-measurement method, there exists a time delay
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difference in each area, making it difficult to analyze a wide area. The DFFOCM system can
analyze optical properties of a sample as well as dynamic movements of scatterers inside the
sample over an entire field, enabling a clear visualization and numerical analysis in real-time. In
the future, we plan to apply deep learning technology to enable real-time apoptosis and necrosis
analysis through repeated experiments. We observed different morphology and dynamic activity
trends in cells considered apoptosis and necrosis, and we will use these characteristics to train
deep learning models. Although apoptosis and necrosis can be morphologically distinguished
after the cell death process has progressed, early diagnosis is expected to be more helpful for
medical development. In addition, if the structure of the DFFOCM system is simplified and
technologies such as fiber-optic probe endoscopes [40] are combined, it is expected to be used
in combination during clinical trials and surgery, contributing to the development of medical
technology.

5. Conclusion

We demonstrated a method of using DFFOCM to capture dynamic intracellular motion and
analyze state changes inside cells with dynamic images and numerical values. In a DFFOCM
experiment that monitored dynamic activities of HeLa cells for 24 hours, it was confirmed
that when cells were alive (early in the experiment), intercellular scatterers were evenly spread
throughout the interior and showed uniform movement with a low f ..., and high magnitude of
dynamic movement. After that, we observed that cell blebbing occurred at the point where the
skeleton of the cell was deformed (after 4 hours in the experiment), and the cell’s f,cq, changed
sharply, while the magnitude of the dynamic movement was significantly reduced. In addition to
cell death, this method can also be applied in cytology, stem cell, cancer research, and various
medical fields, and is expected to replace conventional time-consuming and biopsies-required
histological or biochemical methods.
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