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ABSTRACT: Cell death is a fundamental biological process with
different modes including apoptosis and necrosis. In contrast to
programmed apoptosis, necrosis was previously considered
disordered and passive, but it is now being realized to be under
regulation by certain biological pathways. However, the intra-
cellular dynamics that coordinates with cellular structure changes
during necrosis remains unknown, limiting our understanding of
the principles of necrosis. Here, we characterized the spatiotem-
poral intracellular diffusion dynamics in cells undergoing necrosis,
using three-dimensional single-particle tracking of quantum dots.
We found temporally increased diffusion rates in necrotic cells and
spatially enhanced diffusion heterogeneity in the cell periphery,
which could be attributed to the reduced molecular crowding resulting from cell swelling and peripheral blebbing, respectively.
Moreover, the three-dimensional intracellular diffusion transits from strong anisotropy to nearly isotropy, suggesting a remodeling of
the cytoarchitecture that relieves the axial constraint on intracellular diffusion during necrosis. Our results reveal the remarkable
alterations of intracellular diffusion dynamics and biophysical properties in necrosis, providing insight into the well-organized
nonequilibrium necrotic cell death from a biophysical perspective.

■ INTRODUCTION
Cell death, as a fundamental biological process, has different
forms and pathways, in which apoptosis and necrosis are two
major representatives.1,2 Apoptosis, known as programmed cell
death, is characterized by a series of cell morphological changes
and enzyme-dependent biochemical processes.3,4 In contrast,
necrosis has traditionally been considered a passive and
disordered form of cell death. Recent studies have revealed that
necrosis occurs not only in pathological situations but also in
some physiological contexts.5 Furthermore, researchers have
observed that necrosis is associated with activation of signaling
pathways and can be inhibited by specific enzymes.6−9 These
findings challenge the conventional understanding of uncon-
trolled necrosis, leading to new investigations of necrotic
mechanisms and functioning.10 Cell death is not only regulated
by biological signals but also closely associated with changes in
biophysical properties in cell.4,11,12 For example, in apoptotic
cells, intracellular transport is accelerated at an early stage as a
result of elevated adenosine 5′-triphosphate (ATP) levels,13
while intranuclear diffusion is reduced in the execution stage
due to nuclear condensation.14 In necrotic cells, structural
changes15 including cell swelling, cellular lysis, and plasma
membrane rupture would also significantly impact the
intracellular environment and dynamics, collectively coordinat-
ing the progress of necrosis.16−19 However, the spatiotemporal

characteristics of the physical properties within cells under-
going necrosis remain unclear, limiting our understanding of
the principle of necrosis.
Considering the dramatic morphological changes over time

for cell necrosis, a method to characterize the spatiotemporal
heterogeneity of intracellular environments is needed.20−22

Compared with conventional techniques for intracellular
dynamics based on ensemble-average, including fluorescence
recovery after photobleaching and fluorescence correlation
spectroscopy,23 the single particle tracking (SPT) method
enables the direct measurement of dynamic behaviors for
individual probes from their trajectories, with nanometer-scale
spatial and millisecond-scale temporal resolution.24−26 It
provides not only dynamic information about the probes but
also infers the properties of the microenvironment experienced
by the probes.20,25−27 Moreover, to faithfully follow the
evolution of necrosis with cell swelling in which the changes
in cell heights are noticeable, the three-dimensional (3D) SPT
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is needed to comprehensively determine the intracellular
dynamics in three directions.28,29 In addition, quantum dots
(QDs) as an emerging fluorescent probe with high photo-
stability and excellent biocompatibility could serve as an ideal
tracer for the long-time necrotic process.30−34 By combining
these advanced experimental techniques and biophysical
measurements, complex intracellular diffusion dynamics
associated with necrosis can be revealed comprehensively.
Here, by using the 3D long-time SPT of QDs in living cells,

we characterized the spatiotemporally intracellular diffusion
dynamics during necrosis. We observed temporally increasing
diffusion rates and spatially enhancing heterogeneity of the
diffusion map in single cells undergoing necrosis. Moreover, a
transition from anisotropic to isotropic diffusion modes was
found in necrosis. These changes in intracellular diffusion
dynamics are coordinated with cell morphological alterations
by dynamical blebbing and volume swelling, indicating a
gradually evolved intracellular environment during necrosis.
Our biophysical study reveals a well-organized nonequilibrium
process of cell necrosis, and contributes to a better under-
standing of the principles governing necrotic cell death.

■ EXPERIMENTAL SECTION
Cell Culture and Drug Treatment. Human lung

carcinoma A549 cells (ATCC) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, GIBCO) supplemented
with 10% fetal bovine serum (FBS, GIBCO) and 1%
penicillin−streptomycin (GIBCO) at 37 °C with 5% CO2.
One day prior to the experiments, cells in the exponential
growth phase were seeded in a Petri dish with a cover-glass
bottom. To induce necrosis, the cells were treated with 20 mM
hydrogen peroxide. After approximately 30 min, cell swelling
and blebbing could be observed. The cytoplasm of cells was
stained by CellTracker Deep Red (C34565, Invitrogen) or
CellTracker Green CMFDA (C7025, Invitrogen), and the
nucleus was stained by Hoechst 33342 (Invitrogen). The actin
filament was stained by SiR-actin Kit (CY-SC001, Cytoskele-
ton), and the endoplasmic reticulum (ER) was stained by
mEmerald-ER5 plasmid (a gift from Junjie Hu’s lab) by using
Lipofectamine 3000 (L3000001, Invitrogen). The actin
filament was disrupted by 1 μM cytochalasin D for 30 min,
and the ER structure was disrupted by 2 μg/mL ionomycin for
20 min. To observe the change in membrane permeability, 0.1
μg/mL propidium iodide (PI) was added to the cell culture
medium. Chemical reagents were from Sigma-Aldrich unless
otherwise stated.
QDs Internalization in Living Cells. The quantum dots

655 (Q10121MP, Invitrogen) and 2000-kDa tetramethylrhod-
amine-dextrans (D7139, Invitrogen) were loaded into the
cytoplasm of cells through the osmotic lysis of pinocytic
vesicles (I-14402, Invitrogen). Briefly, a hypertonic solution
containing 0.5−5 nM QDs or 0.2−0.5 mg/mL dextrans was
added to the cells and incubated for 10 min at 37 °C to
facilitate the internalization of the probes within pinocytic
vesicles. Subsequently, the cells were incubated in a hypotonic
solution for 2 min to release the probes into the cellular
cytoplasm via the burst of pinocytic vesicles. Finally, the cells
were maintained in complete DMEM at 37 °C for 15 min for
recovery before imaging.
Microscope. Wide-field and highly inclined and laminated

optical sheet (HILO) fluorescence imaging of QDs was
conducted using an Olympus fluorescence microscope (IX73)
equipped with a 60× oil-immersion objective (1.45 NA) and a

back-illuminated EMCCD camera (DU-897 Ultra, Andor
Technology). QDs and tetramethylrhodamine-dextrans were
excited by a 561 nm laser (Sapphire 561, Coherent). A
mechanical shutter (Uniblitz LS6T2, Vincent Associates) was
used to control the on−off state of the laser. To maintain the
physiological state for the living cells, an on-stage chamber
(Tokia Hit) was used to provide the conditions of 37 °C and
5% CO2. The two-dimensional (2D) diffusion of QDs was
recorded at 100 Hz for 2000 frames, taken every 10 min since
the necrosis induction. The 2D diffusion of dextran was
recorded at 33 Hz for 2000 frame. For 3D SPT tracking of
QDs, the emission light signal was divided into two beams with
a 3:7 intensity ratio by a dual-view imaging system (DV2,
Photometrics). A lens with a focal length of 400 mm was
inserted into the beam path with 70% intensity, for the capture
of a defocused image of the particles with diffraction rings. To
calibrate the relationship between the z position of particles
and the radius of the diffraction rings, a piezoelectric stage was
employed. Considering the signal intensities, the 3D diffusion
of QDs was recorded at 33 Hz to improve signal-to-noise ratio,
for 2000 frames, taken every 10 min since the necrosis
induction. For cell morphological imaging, a commercial
confocal microscope (Leica SP8 with a 40× 1.3 NA and oil-
immersed objective) was used.
2D Single-Particle Tracking. The tracking was conducted

using the ImageJ plugin Particle Tracker. Typically, in each
frame, individual particles were localized by adjusting the
radius and percentile parameters to capture the maximum
number of genuine particles. During the linking process, the
same particles in consecutive frames were identified and
connected based on the parameters of linking range and
displacement, which were chosen to be 2 and 2, respectively.
This criterion allows the detection and linking of particles that
appeared within a span of no more than 2 frames and exhibited
movement of less than 2 pixels within a single frame. Only the
trajectories longer than 30 frames were selected for further
dynamical analysis.
3D Single-Particle Tracking. To accurately determine the

3D positioning of single particles, a combination of in-focused
and off-focused images was utilized. The x and y coordinates
were determined from the in-focused images, using the same
method employed for 2D. The z coordinates were determined
from the diffraction rings in off-focus images. To calibrate
between the diffraction ring radius and the z position of a QD,
a piezoelectric stage was utilized to displace the Petri dish
along the axis by 50 nm every 5 s, and simultaneously,
immobilized QDs located at the glass bottom were imaged. By
performing a linear fitting of the ring radius and the
displacement of the piezoelectric stage, the calibration
relationship between the ring radius and z position was
obtained. Consequently, the z coordinates of the QDs could be
determined using this calibration curve. The calibrations were
determined in each experiment. The diffraction ring detection
and fitting were performed by a user-defined program in
Matlab.
Dynamical Analysis. Trajectory analysis was performed

utilizing a customized program in Matlab. First, to remove the
immobilized probes, trajectories with the displacement smaller
than 0.5 pixels (equivalent to 0.1333 μm) were excluded. The
mean square displacement (MSD) for each trajectory was
calculated by MSD(τ) = ⟨|r(t + τ) − r(t)|2⟩, where τ represents
the time lag. The exponent α was derived through a nonlinear
fitting approach: MSD(τ) = Aτα, and the diffusion rates D were
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calculated through the linear fitting approach, MSD(τ) = 2kDτ,
where k represents the number of dimensions measured.
Specifically, an α value close to 1 indicates Brownian motion,
while values below 1 suggest subdiffusion. Considering the
similar α between normal cells and necrotic cells, it is
acceptable to compare diffusion dynamics by diffusion rates D.
Spatial Analysis. The maps of diffusion rates D and

exponent α were plotted using a user-defined program in
Matlab. Initially, the cell area was divided into a grid of 2 by 2
pixels. At each grid intersection, the average values of D and α
were calculated based on the segments of the tracks within a
circular area with a radius of 1.5 pixels. Briefly, the spatially
local MSD for each grid point was calculated using these
trajectory segments, and then the local diffusion rates D and
exponent α were determined by fitting the local MSD curves
with the same equations shown above. The D and α maps were
plotted in Matlab, with a built-in smoothing process.
Measurements of Cell Morphological Parameters.

The cells were stained by CellTracker and images under a
Leica SP8 confocal microscope. The ImageJ plugin 3D Objects
Counter was utilized for measuring cell volume. Initially,
individual cells were extracted using the 3D Viewer tool.
Subsequently, an appropriate and uniform threshold was
selected to accurately measure the volume of cells. To
determine the cell area, a stack of all layers was created by
superimposing all cell images. The area measurement was then
performed on this stacked image, providing an accurate
representation of the total cell area. For the measurement of
cell height, the vertical distance between the highest and lowest
points of the cellular image in three dimensions was calculated.
This distance accurately reflects the height of the cells under
investigation.
Image Processing. All image processing tasks were

conducted using the ImageJ software. The cell boundaries
were manually determined in the bright-field images.
Statistics. Comparisons were performed using a two-

sample t test in Origin software: *P < 0.05; **P < 0.01; ***P

< 0.001; NS, not significant. All the measurements were taken
in more than three independent experiments.

■ RESULTS AND DISCUSSION
To induce necrosis in A549 cells, we applied excess oxidative
stress by adding 20 mM hydrogen peroxide to the culture
medium.35 It shows that bleb formation occurs on the cell
membrane and enlarges over time, and the nucleus remains
morphologically unfragmented (Figures 1A and S1).3,15 After
excessive blebbing and remarkable swelling, the plasma
membrane becomes ruptured, as indicated by propidium
iodide (PI) signals at the nucleus. These phenomena suggest
the occurrence of necrosis in our experiments,36 which is
obviously distinct from the apoptotic features with fragmented
nucleus and integrated plasma membrane (Figures S2 and S3).
In order to measure the diffusion of QDs within necrotic cells,
QDs were loaded into the cytosol using the osmotic lysis of
pinocytic vesicles,37−39 prior to the induction of necrosis.
Considering the possible toxicity of QDs,40,41 we examined the
cell proliferation and death rates, and found that the loaded
QDs have no influence on the cell viability (Figure S4). The
diffusion of QDs was recorded at a rate of 100 Hz for 20 s,
every 10 min during the progress of necrosis. To analyze the
diffusion dynamics, trajectories of the QDs were first extracted
from the videos (Figure 1B), and then the mean square
displacement (MSD) was calculated by MSD(τ) = ⟨|r(t + τ) −
r(t)|2⟩, where τ is the time lag.27,30 By fitting MSD with the
nonlinear equation MSD = Atα, we could determine the
exponent α, which is an indicator of anomalous diffusion.25,30
The diffusion rates D are determined by linear fitting of the
first three points of MSD by MSD = 2kDt, where k is the
number of dimensions.25,30 We observed a significant increase
in MSD of intracellular QDs for necrotic cells with blebbing,
with the diffusion rates increasing from 0.198 to 0.670 μm2/s,
while the α remains similar (∼0.8) (Figures 1C,D and S5). It is
known that the diffusion rate in cells is largely hindered by
molecule crowding compared with that in solution. These

Figure 1. Intracellular diffusion of QDs is enhanced in necrotic cells. (A) Fluorescent images of an A549 cell undergoing necrosis. Top view (upper
panels), side view (lower panels). The cytoplasm is labeled by CellTracker (green) and the nucleus is labeled by Hoechst 33342 (blue). Propidium
iodide (red) was added to indicate the cell membrane permeability. Scale bar, 10 μm. (B) Fluorescent image of the QDs diffusing in the cytoplasm
(left), with their trajectories shown in different colors (right). (C) Comparison of the mean MSD curves for QDs in control and necrotic cells. (D)
Comparison of the diffusion rates D for QDs in control and necrotic cells. The necrotic cells treated with H2O2 for 60 min. Ctrl, 5 cells, 2563
trajectories; necrosis, 5 cells, 217 trajectories. ***P < 0.001. Error bars indicate the standard error of the mean (SEM).
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results suggest that the intracellular environment underwent a
profound alteration with reduced molecule crowding, likely
resulting from the obvious swelling of necrotic cells.25,42 To
exclude the possible influence of the QDs on intracellular
diffusion, we used 2000-kDa tetramethylrhodamine-dextrans as
the nonspecific probes and observed similar results (Figure
S6). Moreover, these phenomena could also be observed in
HeLa cells, suggesting the universality of the increased
intracellular diffusion in necrotic cells (Figure S7).
With cell swelling and bleb formations, necrotic cells show

distinct changes in morphology.43 To further investigate the
spatial characteristics of intracellular diffusion dynamics
associated with these morphological alterations, the diffusion
map was plotted, showing the local diffusion rates at each point
within the cell.20,44 Briefly, the cell area was divided into a grid,
and at each grid point, the local D and exponent α were
calculated from the segments of the trajectories around the
point. Interestingly, we found that the diffusion map becomes
more heterogeneous during cell necrosis, with obviously
increased D values emerging at the newly formed bleb regions
(Figures 2A and S8). Subsequently, we made a close analysis of
QD trajectories within the bleb. It is shown that, with the

gradually enlarging size of the bleb, the diffusion rates of QDs
increase accordingly. Thus, a positive correlation between the
intracellular diffusion rates and the bleb sizes is observed
(Figure 2B,C). To further verify this, a statistical comparison
was made between the small (<50 μm2) and large blebs (>100
μm2), showing a significant increase in intracellular diffusion
rates (0.92 ± 0.10 μm2/s) for the larger blebs compared to that
(2.16 ± 0.43 μm2/s) for smaller blebs (Figure 2D,E). The
increasing intracellular diffusion rates with the bleb sizes
indicate a gradually reduced molecular crowding inside the
blebs, which could be attributed to the influx of water through
the plasma membrane.45 Along with more bleb formation, the
cell periphery shows faster intracellular diffusion compared
with the perinuclear region. Collectively, our results suggest
that intracellular diffusion is more spatially heterogeneous in
necrotic cells, resulting from the peripheral blebbing.
The intracellular diffusion mentioned above is measured by

two-dimensional SPT. However, considering the substantial
swelling of necrotic cells, a three-dimensional SPT of QDs in
cells was needed to characterize the changes of intracellular
properties in the axial direction. To do so, we used two-focal
imaging to capture the diffraction ring of QDs. The axial

Figure 2. Spatial characteristics of intracellular diffusion in necrotic cells. (A) Comparison of exponent α and diffusion rate D maps for diffusing
QDs in single cells. The shown necrotic cell was at 50 min after the H2O2 treatment. Red circles and arrows indicate the location of a necrotic bleb.
(B) Images of the necrotic bleb at 30 min (left) and 80 min (right) after hydrogen peroxide treatment. The QD trajectories were plotted in
different colors. (C) The bleb area, and the average exponent α and diffusion rates for QDs diffusing inside the bleb, at different time points after
treatment. (D) MSD for QDs in small blebs (<50 μm2) and large blebs (>100 μm2). (E) Average diffusion rates for QDs in small blebs (n = 11,
containing 132 trajectories) and large blebs (n = 12, containing 161 trajectories). *P < 0.05. Error bars indicate the SEM.
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location of the QD is determined by the radius of the
diffraction ring for the QD, with a calibrated relationship
between them (Figure 3A).21,46 In control cells, the diffusion
of QDs is mainly in the lateral direction and restricted in the
axial direction, in agreement with a previous report for quasi-
2D diffusion (Figure 3B,C).46 Notably, in necrosis cells, the
axial diffusion of QDs becomes motile, with the range of QD
motion in the z-direction approaching those in the x and y
directions (Figure 3D,E). The MSD curve further illustrates
the distinct differences in the axial direction between the
control and necrotic cells (Figure 3F−I). The α in the z
direction increases from 0.4 to 0.63 after cellular necrosis,
while the lateral diffusion only has a slight increase in the α
values, indicating the axially constrained motion is obviously

relieved in the necrotic cells. Together, our results reveal an
intracellular diffusion mode transition from strong anisotropic
to nearly isotropic diffusion, suggesting a remodeling in the 3D
cytoarchitecture during the cellular physiological state change
from control to necrosis.
The remarkably increased intracellular diffusion and altered

3D diffusion mode imply that the cytoplasmic environment
and its physical properties underwent a profound alteration
during necrosis.39,47 Considering the complexity of cell
necrosis process, multiple factors may be involved in
intracellular diffusion.15 We first checked the actin filament
as it is closely correlated with intracellular transport dynamics
and tends to reorganize under various physiological circum-
stances.48 We observed a slight rearrangement of the actin

Figure 3. 3D SPT reveals an intracellular diffusion mode transition from anisotropic to nearly isotropic diffusion during necrosis. (A) Calibrated
relationship between the axial location (z) and the diffraction ring radius (r). The yellow line represents a linear fit of the data, yielding z = −0.107
+ 0.273r. The right panel shows representative fluorescent images of diffraction rings of a QD with a radius of 7 and 4.5 pixels, respectively. Pixel
size, 0.2667 μm. (B) A representative 3D trajectory for a QD in control cells. (C) The displacement in x, y, and z directions over time for the
trajectory shown in (B). (D) A representative 3D trajectory for a QD in necrotic cells. (E) The displacement in x, y, and z directions over time for
the trajectory shown in (D). (F) Average MSD of QDs in control cells in one dimension (x, y, and z). (G) Average α of QDs in control cells in one
dimension (x, y, and z). (H) Average MSD of QDs in necrotic cells in one dimension (x, y, and z). (I) Average α of QDs in necrotic cells in one
dimension (x, y, and z). Sample size: ctrl (7 cells, 904 trajectories), necrosis (13 cells, 549 trajectories). ***P < 0.001; NS, not significant. Error
bars indicate the SEM.

Figure 4. Quantification of cell morphological parameters in control and necrotic cells. Cell volume (A), height (B), and spreading area (C) for
control and necrotic cells. The cells were labeled by CellTracker and then imaged under a confocal microscope. These morphological parameters
are analyzed from the 3D images of cells. Ctrl, 20 cells; necrosis, 20 cells; ***P < 0.001; NS, not significant. Error bars indicate the SEM.
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filaments in necrotic cells (Figure S9), consistent with previous
reports.49,50 We further disrupted the actin filament with
cytochalasin D, and the diffusion coefficient of QDs did not
change significantly (Figure S10). This suggests the actin
filament cytoskeleton is irrelevant to the intracellular diffusion
in necrotic cells. Second, we examined the endoplasmic
reticulum (ER), as it is associated with the intracellular
diffusion.20 The ER becomes fragmented after necrosis (Figure
S11). Thus, we measured QD diffusion in cells with
fragmented ER induced by ionomycin, and found the about
49% increase of diffusion rates (Figure S10). However, we note
that the intracellular diffusion rates increase by over 200% in
necrotic cells, which is significantly more than that induced by
ionomycin. It implies that although the fragmental ER
contributes to the increase of intracellular diffusion during
necrosis, it is not the dominant factor. Then, we quantified the
changes in cell volume, as it is tightly associated with
intracellular molecular crowding and thus impacts intracellular
diffusion.39,47 Our results show that necrotic cells have swollen
to approximately four times the size of control cells, which
could be attributed to the increased cell membrane
permeability (Figure 4A). With a mass of water influx from
the extracellular environment into necrotic cells, intracellular
molecule crowding is greatly attenuated, leading to increased
diffusion in necrotic cells.42 Furthermore, we compared the cell
heights and spreading areas and found that the necrotic cell
swelling is mainly contributed by the expanded cell height, not
the area (Figure 4B,C). Since it is reported that the axial
constraint on QD diffusion is the result of laterally distributed
subcellular structures, we speculate that the pronounced
increase in cell height may impair the layered cytoarchitecture
and relieve the physical constraint on the axial diffusion.

■ CONCLUSIONS
In this study, for the first time, we characterized the 3D
spatiotemporal intracellular diffusion dynamics during necrosis
using the SPT of QDs. Temporally, we observed accelerated
diffusion within necrotic cells, which gradually increased with
cell swelling over time. Spatially, we demonstrated enhanced
heterogeneity in the diffusion map, with faster diffusion in
peripheral regions due to the presence of blebs. Interestingly,
we observed a positive correlation between intracellular
diffusion rates and bleb sizes. Furthermore, employing the
3D SPT method, we found that axial diffusion becomes mobile
after necrosis, in contrast to the axial constraint in control cells,
indicating a transition of the 3D diffusion mode from
anisotropy to nearly isotropy. Compared with traditional 2D
SPT mainly in adherent cells,51 our 3D SPT extends to the
studies of 3D-cultured cells and the 3D cellular behaviors.
More importantly, by integrating molecular diffusion dynamics,
subcellular blebbing, and cellular death behaviors, our work
provides a new way to characterize the spatiotemporal
evolutions of complex multiscale biological systems.
The spatiotemporal intracellular diffusion dynamics provide

insights into the changes of cytoplasmic properties underlying
cellular necrosis. The overall increased diffusion observed in
necrotic cells indicates less molecular crowding,52 as a result of
increased cell volume due to necrotic swelling. Moreover, the
diffusion in blebs depends on and increases with the bleb sizes,
suggesting that the necrotic blebs contain cytoplasmic
contents, instead of being solely a liquid environment, which
would have a stable intracellular diffusion rate. Furthermore,
the isotropic diffusion in necrotic cells implies that the

cytoplasmic architecture becomes isotropic, which is quite
different from planar-distributed structures in normal adherent
cells.46,53,54 These results are coordinated with the cell
morphological alterations during necrosis. Nevertheless,
further investigations are necessary to directly explore the
ultrafine structures in necrotic cells using advanced imaging
and detecting methods.54−56 Moreover, the metabolic activity
also changes in necrotic cells, the role of which in intracellular
diffusion needs to resolved.15

Previous studies have shown changes in intracellular
dynamics and their correlations in cell apoptosis.13,14 In our
study, we observed spatiotemporal heterogeneity in intra-
cellular diffusion rates and identified an isotropic 3D diffusion
mode in necrosis cells. These results highlight the importance
of intracellular dynamics in cell death behaviors. The evolution
of intracellular diffusion characteristics during necrosis reveals
a typically nonequilibrium biological process,57 and, more
importantly, contribute to our understanding of necrotic cell
death under control.
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