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The nuclear envelope (NE) separates genomic DNA from the cytoplasm and regulates 
transport between the cytosol and the nucleus in eukaryotes. Nuclear stiffening enables 
the cell nucleus to protect itself from extensive deformation, loss of NE integrity, and 
genome instability. It is known that the reorganization of actin, lamin, and chromatin 
can contribute to nuclear stiffening. In this work, we show that structural alteration 
of NE also contributes to instantaneous nuclear stiffening under indentation. In situ 
mechanical characterization of cell nuclei in intact cells shows that nuclear stiffening 
and unfolding of NE wrinkles occur simultaneously at the indentation site. A positive 
correlation between the initial state of NE wrinkles, the unfolding of NE wrinkles, and 
the stiffening ratio (stiffness fold-change) is found. Additionally, NE wrinkles unfold 
throughout the nucleus outside the indentation site. Finite element simulation, which 
involves the purely passive process of structural unfolding, shows that unfolding of NE 
wrinkles alone can lead to an increase in nuclear stiffness and a reduction in stress and 
strain levels. Together, these results provide a perspective on how cell nucleus adapts to 
mechanical stimuli through structural alteration of the NE.

nuclear stiffening | nuclear envelop wrinkles | nuclear mechanics | intracellular measurement |  
magnetic micromanipulation

Emerging evidence shows that the cell nucleus responds to mechanical stimuli by nuclear 
stiffening, preventing significant deformation that can lead to nuclear envelope (NE) 
rupture and DNA damage (1, 2). Nuclear stiffening has been shown to occur under 
hours-long shear force application (3, 4), or low-intensity vibration (5). It can also occur 
within seconds after applying a compressive force (6) or tensile force (7).

Multiple cellular components contribute to the regulation of nuclear stiffness. The 
nuclear lamina is a mesh-like network of lamins and lamin-binding membrane proteins, 
which is anchored to the inner NE (8). As a major structural component of the NE, it 
provides resistance to nuclear deformation (9). Changes in concentration (10, 11) and 
mutation (12–15) of its major component, lamins, can alter nuclear stiffness. The cell 
nucleus was found to stiffen in conjunction with the recruitment of lamins at the nuclear 
periphery under shear force (3), indicating the contributing role of the nuclear lamina in 
nuclear stiffening. This was also found when a tensile force was applied to isolated nuclei 
with chromatin digested by DNase (7). Other cellular components including actin 
cytoskeleton, the linker of nucleoskeleton and cytoskeleton (LINC) complex, and chro-
matin also contribute to nuclear stiffening under an applied force (16). When the actin 
cytoskeleton was disrupted, a significant decrease in nuclear stiffening was observed (6). 
Although the role of actin in nuclear stiffening is not yet fully understood, studies  
(17, 18) suggest that the actin cytoskeleton may impact the stiffness of the cell nucleus 
by regulating the distribution and organization of lamins (19). Depletion of nesprin, 
which is a component of the LINC complex, was also shown to alter nuclear stiffening 
(7). Furthermore, heterochromatin accumulates at the nuclear periphery as a means of 
gene silencing (20) and impacts the mechanical stability of the cell nucleus (21–23). The 
condensation and decondensation of chromatin are associated with changes in nuclear 
stiffness (24, 25), and tension (26) and low-intensity vibration (5) can trigger the reor-
ganization of heterochromatin.

The structural characteristics of cellular components also contribute to the regulation 
of nuclear stiffness and the response of the cell nucleus to forces. For instance, when actin 
reorganizes and forms an actin cap, it provides resistance to nuclear deformation and 
protects the nuclear structural integrity under mechanical stimuli (19). Wrinkles are ubiq-
uitous on curved biological surfaces across multiple scales (27). NE wrinkles (Movie S1), 
are present in the nucleus of a variety of cells, including but not limited to fibroblasts  
(28, 29), epithelial cells (30, 31), mesenchymal stromal cells (32), and progenitor cells 
(33). NE wrinkles exhibit a high level of heterogeneity (Fig. 1A), which was suggested to 
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be associated with differences in cell contractility (30, 33). The 
shape change of adherent cells, such as from round to flat due to 
adhesion (28) or from flat to round under the treatment of trypsin 
(34), was found to be accompanied by a switch between a smooth 
state and a highly wrinkled state of the NE. Upon spatial confine-
ment, NE wrinkles can unfold (35, 36), significantly changing 
the curvature of the NE. Inspired by the mathematical relationship 
between curvature-induced stiffness and geometry of wrinkled 
sheets (37, 38), and curvature-induced stiffening caused by the 
bending of a thin sheet (39), we hypothesized that the unfolding 
of NE wrinkles contributes to nuclear stiffening.

In this study, we conducted in situ mechanical characterization 
of cell nuclei in intact cells using magnetic tweezers. It was found 
that the unfolding of NE wrinkles occurred together with instan-
taneous nuclear stiffening, within seconds of force application 
directly to the cell nucleus. A quantitative relationship was estab-
lished between changes of the cell nucleus stiffness and the unfold-
ing of NE wrinkles. Additionally, our observations revealed that 
the applied forces caused the NE to flatten and smoothen outside 

the indentation site, impacting the entire cell nucleus rather than 
only the indentation site. The finite element simulation, which 
involved the purely passive process of structural unfolding, showed 
that unfolding of NE wrinkles alone can increase nuclear stiffness 
and reduce stress and strain levels. These results revealed the role 
of NE wrinkles in the instantaneous stiffening of the cell nucleus, 
providing an additional perspective on how the cell nucleus adapts 
to mechanical stimuli through structural alteration.

Results

In Situ Mechanical Characterization of Cell Nucleus. To measure 
the mechanical properties of the cell nucleus, a single-pole magnetic 
tweezers system was developed to apply a force directly on the 
nucleus through a magnetic bead (diameter: 2.8 µm, Dynabeads 
M-270 Streptavidin; Invitrogen) inside an intact cell (Fig. 1B). 
The system is capable of generating forces up to 10 nanonewton 
(nN) with a current of 1 A (SI  Appendix, Fig.  S1) to induce 
micrometer-scale deformations of the cell nucleus. The magnetic 
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Fig. 1. NE wrinkles and in situ mechanical characterization of cell nucleus. (A) Maximum projection confocal z-stack images of cells expressing Lap2 Beta-RFP 
(a marker of NE). The NE shows a wrinkled or folded morphology (NE wrinkles), which exhibits a high level of heterogeneity. (B) Schematic of the single-pole 
magnetic tweezers. Beads were internalized by cells via endocytosis. Hoechst 33342 and CellMask plasma membrane stain (Invitrogen) were used for the live 
imaging of DNA and cell membrane. (C and D) Experimentally measured nuclear deformation over time. A constant force of 10 nN was applied for 3 s and then 
removed. Both an irreversible deformation (represented by purple dotted line) and an elastic deformation were observed due to an immediate elastic response 
followed by a viscous flow. Data were interpreted with the anti-Zener viscoelastic model, where η1 and η2 represent viscosity and E represents effective elastic 
modulus. i, ii, and iii denote the three important time points during the measurement process: start, release, and recovery. (E) Illustration of the response of the 
cell nucleus to the applied force. The cell nucleus is bent and stretched and has an irreversible deformation after the force is removed.D
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beads were functionalized by Atto 488 dye using a streptavidin–
biotin binding approach, whereby the biotin-conjugated Atto 
488 dye was incorporated onto the surface of the streptavidin-
coated magnetic beads (SI Appendix, Fig.  S2). The beads were 
internalized by cells via endocytosis after functionalization 
(SI Appendix, Fig. S3). During mechanical measurement, a bead 
was controlled to apply a constant force of 10 nN on the cell 
nucleus for 3 s, and then the force was removed (Fig. 1 C and D). 
The magnetic force and the measured displacement were fitted 
into an anti-Zener model, which captures both the elastic and slow 
viscous behaviors (SI Appendix, Fig. S4), to calculate the effective 
elastic modulus (E) and viscosity (η1 and η2) of the cell nucleus. 
Besides elastic deformation, an irreversible deformation of the cell 
nucleus (purple dotted line in Fig. 1C) was also observed after the 
force was released, even after 20 times of time constant τ = η1/E 
(SI Appendix, Fig. S5). The cell nucleus was bent and stretched, 
and the deformation was irreversible upon the removal of the 
force, as illustrated in Fig. 1E. This behavior was attributed to an 
initial elastic response, followed by a viscous flow.

Nuclear Stiffening Occurs within Seconds. To monitor the 
structural alteration of the NE under forces, T24 cells (human 
bladder carcinoma cell line) were transfected to express Lap2β-
RFP for the visualization of NE localization and dynamics under 
fluorescence microscopy (Fig. 2A). Wrinkles are present in both 
NE and nuclear lamina, suggesting that the observed wrinkled 
morphology extends across the barrier between the cytoplasm 

and nucleoplasm (SI Appendix, Fig. S6). To investigate nuclear 
stiffening, a cyclic force was applied via the magnetic bead on 
the NE, and the stiffness of the same cell nucleus was measured 
at each force cycle (Fig. 2B). In each measured cell, the process 
of force loading, and NE recovery was repeated five times. The 
first cycle is referred to as precycle, and the subsequent four cycles 
are identified as cycles 1 to 4. In each cycle, a constant force of  
10 nN was applied for 3 s, followed by 15 s of NE relaxation, 
which was sufficiently long considering the time constant (0.34 ± 
0.17 s). The precycle was performed to ensure full contact between 
the magnetic bead and the NE. In the subsequent cycles, the 
displacement of the magnetic bead was measured to represent the 
deformation of the NE (blue dotted line in Fig. 2B).

To show the spatial positions of the magnetic bead and the NE 
over time, a kymograph was plotted (Fig. 2C), and the kymograph 
line was oriented along the direction of the applied force 
(SI Appendix, Fig. S7), allowing for the visualization of dynamic 
changes in their positions. Relative deformation and relative effec-
tive elastic modulus, which were calculated by normalizing to 
those measured in cycle 1, were used to quantify the deformation 
and effective elastic modulus across different cells. The mean rel-
ative deformation of each cycle exhibits a statistically significant 
trend of decrease (cycle 1: 1, cycle 2: 0.94 ± 0.06, cycle 3: 0.88 ± 
0.07, cycle 4: 0.85 ± 0.09; posttest for trend, ****P < 0.0001), 
indicating a reduction in the deformability of the NE (Fig. 2D). 
The effective elastic modulus was interpreted from the deforma-
tion data of cycles 1 to 4 by fitting into the anti-Zener viscoelastic 
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model. The mean relative effective elastic modulus of each cycle 
exhibited a statistically significant trend of increase (cycle 1: 1, 
cycle 2: 1.11 ± 0.10, cycle 3: 1.12 ± 0.08, cycle 4: 1.18 ± 0.13; 
posttest for trend, ****P < 0.0001), indicating a stiffening process 
of the cell nucleus within seconds of the force application (Fig. 2E).

Nuclear Stiffening Occurs Simultaneously with Unfolding of NE 
Wrinkles. The cell nucleus underwent stiffening together with the 
unfolding of NE wrinkles (Movie S2). To analyze the unfolding 
of NE wrinkles, a curvature-based metric was used to quantify 
the structural alteration (Fig. 3A and SI Appendix, Fig. S9). Two 
parameters, average curvature ( � ) and average absolute curvature 
( |�| ), were defined based on the curvature ( � ) of a point in a planar 
curve to quantify the level of nuclear wrinkles inside and outside the 
indentation site, respectively. The indentation site is defined as the 
region of maximum projection of the magnetic bead’s motion path 
on the NE, which is indicated by the black dotted lines (Fig. 3A). 
When examining a cell nucleus, a decrease in � indicates that the 
applied force causes bending, unfolding, and stretching of the NE at 
the indentation site, and as a result, the NE curve transitions from 
a convex shape to a concave shape. On the other hand, a decrease 
in |�| reflects the stretching and the unfolding of NE wrinkles 
outside the indentation site, and as a result, the NE curve becomes 
less deviated from being a straight line.

The in situ measurement technique is capable of simultaneously 
monitoring structural alteration (i.e., curvature change) and quan-
tifying mechanical properties at the indentation site. The NE of 
all the measured nuclei (n = 10 cells) showed an irreversible struc-
tural alteration at the indentation site and outside the indentation 
site. Before the precycle, there was no force applied and the � 
value of the cell nucleus at the indentation site was 0.08 µm−1 
(Fig. 3B). In each subsequent cycle, � decreased (cycle 1: 0.05 
µm−1, cycle 2: −0.10 µm−1, cycle 3: −0.16 µm−1, cycle 4: −0.18 
µm−1). The |�| value decreased from 0.46 to 0.33 µm−1 after the 
cyclic force application (Fig. 3C). By comparing � and |�| right 
before the start of each cycle (Fig. 3 D and E), a significant trend 
of decrease was found (posttest for trend, � , ****P < 0.0001; |�| , 
***P = 0.0005).

The irreversible deformation started to appear at the precycle, 
and each subsequent force cycle generated an additional irrevers-
ible deformation (Fig. 3F). Irreversible deformations were also 
observed when a lower cyclic force (1 nN) was applied to the cell 
nucleus.

To explore the relationship between the unfolding of NE wrin-
kles and nuclear stiffening at the indentation site, the � of the NE 
was recorded throughout all cycles and the amount of � decrease 
from cycle 1 to cycle 4 for each cell nucleus and the stiffening ratio 
were quantified. The amount of � decrease from cycle 1 to cycle 
4 indicates the extent of the unfolding of NE wrinkles. The stiff-
ening ratio is the fold change of the effective elastic modulus 
between cycle 1 and cycle 4, which reflects the ability of a cell 
nucleus to stiffen under forces. A stiffening ratio higher than 1 
means the stiffness increases between cycle 1 and cycle 4. It was 
found that the nuclei with a higher decrease in � tended to have 
a higher stiffening ratio (Fig. 3G). The colormap of � at cycle 1 
(initial � ) (Fig. 3G) and 3D visualization of the relationship 
between initial � , decrease of � , and stiffening ratio (SI Appendix, 
Fig. S10) show that these three variables are positively correlated. 
For example, the cell nucleus with the stiffening ratio of 1.06 
showed almost no unfolding of NE wrinkles, as evidenced by 
nearly no decrease in � (0.01 µm−1). In contrast, the cell nucleus 
with the stiffening ratio of 1.49 showed significant unfolding of 

NE wrinkles, as evidenced by a marked decrease in � (0.42 µm−1). 
This suggests that a decrease in � , which occurred simultaneously 
with nuclear stiffening, can be a structural factor contributing to 
nuclear stiffening.

The monitoring of nuclear morphology was also performed 
after applying force of 10 nN (SI Appendix, Fig. S11). Three mor-
phological parameters, namely nuclear volume, nuclear surface 
area, and elongation were quantified at different time points 
including before indentation and 10 min, 20 min, and 30 min 
after indentation. The results showed no significant difference 
between the force applied group and the control group in these 
morphological parameters of the nucleus at these time points.

Structural Alteration Increases Nuclear Stiffness. To further 
understand the contribution of NE wrinkles unfolding to nuclear 
stiffening, a numerical simulation was conducted, which involved 
the purely passive process of structural unfolding. An axisymmetric 
three-dimensional model was established to investigate the 
relationship between � and stiffness. A curve was extracted from 
the NE wrinkles, which was then simplified to a circular arch with 
a varying radius denoted by R (Fig. 4A). The radius R was chosen 
to be variable to capture variations in the curvature of the local 
curve of the NE wrinkles. A smaller R represents a more wrinkled 
local NE structure, and a larger R represents a smoother local NE 
structure. � equaling 1/R (see Materials and Methods for details of 
the model) decreased from 0.5 to −0.5 µm−1 (Fig. 4B), recapturing 
the process of unfolding shown in the in situ measurement. In 
the simulation, a constant force was applied to the bead for 3 s 
and then removed. The deformation was monitored during force 
application (Fig. 4C). Due to viscoelasticity, the deformation of 
the NE in the simulation showed an immediate elastic response 
followed by a viscous flow. Data were interpreted with the anti-
Zener viscoelastic model. The results showed that with the decrease 
of � , a stiffening process occurred.

To visualize the stiffening process caused by the unfolding of 
the local curve of the NE wrinkles, maximum deformations of 
curves with different average curvatures ( � ranging from 0.5 to 
−0.5 µm−1) were plotted, (Fig. 4D). With the decrease of � , defor-
mation decreased (Fig. 4 E and F), and accordingly, the stiffness 
increased (Fig. 4G). Compared to the deformation observed at � 
of 0.5 µm−1, a significant decrease of 59% in deformation was 
observed at � of −0.5 µm−1, accompanied by an increase in the 
effective elastic modulus of 2.3 times. The stress and strain levels 
during force application under different � were also analyzed 
(SI Appendix, Fig. S12). With the decrease of � , the maximum 
stress and strain all decreased markedly. Compared to values at � 
of 0.5 µm−1, there was a reduction of 36% and 24% in the max-
imum stress and maximum strain at � of −0.5 µm−1, respectively. 
This result shows that the passive structural alteration under force 
can have a significant effect on stress and strain, with a lower � 
resulting in a substantial reduction in stress and strain. The finite 
element simulation suggests that the unfolding of NE wrinkles 
(decrease of � ) can contribute to nuclear stiffening. Additionally, 
the decrease in stress and strain levels indicates that NE wrinkles 
serve as a load-bearing element for protecting the integrity of the 
cell nucleus against forces through unfolding.

Discussion

In situ measurement showed that the cell nucleus responded to 
forces by NE wrinkles unfolding and instantaneous stiffening. As 
the amount of unfolding decreased, represented by a decrease in 
reduced � , the stiffening ratio also decreased. A stiffening ratio 
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Fig. 3. Unfolding of the NE wrinkles and concurrent nuclear stiffening under force. (A) Schematic of the unfolding of NE wrinkles under force and curvature-
based metric for quantification of NE wrinkles. Average curvature � was used to quantify the curve on the NE at the indentation site (between dotted lines). 
Average absolute curvature |�| was used to quantify the curve on the NE outside the indentation site. In a given cell nucleus, a decrease in � reflects bending, 
unfolding and stretching of the NE that occurs at the indentation site in response to an applied force, and a decrease in |�| reflects the stretching and unfolding 
of the NE outside the indentation site. (B) Confocal images of the magnetic bead and NE at the indentation site before each cycle. In this measurement, the � 
value decreased from 0.08 µm−1 to −0.18 µm−1 during the cyclic force application. (C) Confocal images of NE wrinkles outside the indentation site during cyclic 
force application. The unfolding of NE wrinkles outside the indentation site was visualized and indicated by a decrease in |�| in the middle plane of the magnetic 
bead. (D) � decreased after each cycle. Each data point under the bin of a cycle represents � of an individual cell right before this cycle. (n = 10 cells, error bars 
represent SD, data were collected from 10 different cells and analyzed by one-way ANOVA, and posttest for trend, ****P < 0.0001). (E) |�| decreased after each 
cycle. Each data point under the bin of a cycle represents |�| of an individual cell right before the cycle. (n = 10 cells, error bars represent SD, data were collected 
from 10 different cells and analyzed by one-way ANOVA, and posttest for trend, ***P = 0.0005). (F) At indentation forces of both 10 nN and 1 nN, irreversible 
deformation started to appear at precycle, and each subsequent force cycle generated an additional irreversible deformation. Totally 20 cells were measured 
(10 cells per force level). (G) Scatter plot of stiffening ratio and decrease of � from cycle 1 to cycle 4. The stiffening ratio is the fold change of the effective elastic 
modulus between cycle 1 and cycle 4. Each data point represents an individual cell during the measurement. The cell nucleus with a higher decrease in � had a 
higher stiffening ratio. � at cycle 1 (initial �  ) is mapped to the color of data points, and each initial � is also marked next to each data point (n = 10 cells, data were 
collected from 10 different cells and analyzed by nonlinear regression, the dotted line represents 95% confidence bands of the best-fit line). 3D visualization of 
the relationship between these three variables, initial �  , decrease of �  , and stiffening ratio, is shown in SI Appendix, Fig. S10.
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Fig. 4. Structural alteration increases nuclear stiffness (finite element method (FEM) simulation). (A) Schematic of the bead-curve model. A local curve from the 
NE wrinkles was extracted and simplified to circular arches with a radius R. Then the � equals 1/R. (B) A sweep of � from 0.5 µm−1 to −0.5 µm−1 is shown. +0 is 
the arch with R of positive infinity and −0 is the arch with R of negative infinity. (C–E) Deformation during the force application (a force equivalent to 10 nN that 
is used in the intracellular experiments was applied, determination of force used in the simulation is explained in the Materials and Methods) in the simulation 
(C and D shared the same scale bar). The selected time frame with the � of 0.5 µm−1 is shown in (C). Maximum deformation of the curve with different � under 
the same constant force of 3 s is shown in (D). In (E), deformation during the force application is presented. (E) shared the same legend for � with F and G. (F) 
Deformation decreased with the reduction of �  . Deformation data are presented as relative deformation, calculated as the deformation under a � divided by 
the deformation under the � of 0.5 µm−1. (G) Stiffness increased with the reduction of the �  . The data were analyzed using the anti-Zener viscoelastic model, 
where the variable E denotes the effective elastic modulus. The model and calculation of parameters are described in Materials and Methods and SI Appendix, 
Fig. S4. Stiffness data are presented as relative effective elastic modulus (Relative E), calculated as the effective elastic modulus under a � divided by the effective 
elastic modulus under the � of 0.5 µm−1.
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close to 1 was observed when the extent of unfolding was not 
apparent, which suggests the significant role of structural alteration 
in nuclear stiffening. Furthermore, the NE wrinkles exhibited 
unfolding throughout the nucleus, potentially also altering the 
nuclear stiffness outside the indentation site. Additionally, the 
finite element simulation result showed that structural alteration 
alone, as a purely passive process, can lead to nuclear stiffening.

Cell nuclei must adapt and react to internal and external forces 
in a dynamic tissue microenvironment (40) to maintain normal 
cellular functions (1, 2, 41, 42). It was shown that the cell nucleus 
can sense and respond to spatial constraints (35, 36). Here, we 
showed that the structural alteration of NE also contributes to 
nuclear stiffening. Our data, along with previous studies on the 
general theory of wrinkling (37, 38) on thin sheets, support 
curvature-induced stiffening, where the NE’s wrinkling structure 
helps the cell nucleus withstand significant deformations via 
unfolding.

Wrinkled structures are ubiquitous on curved biological surfaces 
(27). They enable the cell membrane to expand and contract under 
chemotaxis (43, 44). Our results suggest that the wrinkles on 
curved biological surfaces also play a role in protecting structural 
integrity by preventing extensive deformation that can lead to NE 
rupture and DNA damage (1, 2). The FEM simulation results 
showed that NE wrinkles can reduce the level of stress and strain 
through unfolding. Based on the microscopic observation that 
applied forces flatten and smooth the NE throughout the entire 
cell nucleus, rather than just at the indentation site, we suspect 
that NE wrinkles may absorb the force and utilize the energy to 
alter its structure in preparation for forces that will potentially 
cause extensive deformation subsequently. These findings are con-
sistent with the concept that the NE functions as an “energy sink” 
or “shock absorber” (33, 45) that protects nuclear integrity.

The level of deformation under cyclic force observed in this 
study (~2 μm) is comparable to the deformation experienced by 
cell nuclei during cell migration (41, 46, 47) when cells squeeze 
through narrow interstitial spaces in vivo that are substantially 
smaller than the size of the cell (48). Additionally, the folding and 
unfolding of NE wrinkles were also observed when cell contrac-
tility was perturbed (33) and during the transition between attach-
ment to detachment of cells from a substrate (34).

In summary, the experimental and simulation results provide 
a perspective on how the cell nucleus adapts to mechanical stimuli 
through structural alteration of the NE wrinkles. Besides the 
unfolding of NE wrinkles, other active cellular processes such as 
the recruitment of lamin filaments (7), reorganization of chroma-
tin (26), and force-sensitive protein–protein interactions (49, 50) 
may also occur upon indentation. It is likely that the structural 
alteration and these active processes together contribute to nuclear 
stiffening. Further study may decouple the contribution of other 
factors, providing a more comprehensive understanding of nuclear 
stiffening, together empowering the cell nucleus to protect its 
integrity and genome stability.

Materials and Methods

Single-Pole Magnetic Tweezers. To generate a large magnetic field gradient, 
the magnetic pole was made of HIPERCO® 50A (ASTM A801 Alloy Type 1, MIL 
A 47182; Carpenter Technologies Inc.), which is an iron–cobalt–vanadium soft 
magnetic alloy possessing high magnetic saturation (24 kG), high Direct current 
(DC) maximum permeability and low DC coercive force. The magnetic pole was 
fabricated to be 6 mm in diameter and 100 mm in length. One end of the pole 
was sharpened to an angle of 30°. The pole was polished and ground after heat 
treatment (annealing) to reach the maximum permeability of the material. To 
induce a magnetic gradient, a current was applied to a solenoid made of copper 

wire (24AWG) wrapped 544 times around the pole using 3D-printed support. 
The support was customized with a water-cooling system to dissipate the heat 
generated by the solenoid during the experiment. The solenoid was connected 
to a programmable DC power supply (Keithley 2260B-30-36) to generate a con-
trollable magnetic field. The pole was mounted on a three-axis micromanipulator 
(MP-285; Sutter Instruments).

Magnetic Field Simulation and Force Calibration. Magnetic field simula-
tion was performed in COMSOL Multiphysics 6.0 (COMSOL Inc.). The B-H Curve 
of HIPERCO® 50A was imported into the software and assigned to the pole. All 
simulation parameters (geometry, materials, and coil) are set the same as the real 
device. A sweep function from 0.5 to 2 A with a step size of 0.5 A was performed 
in the simulation to calculate the magnetic field under different currents. A partial 
differential equation was used to calculate the magnetic field gradient and force 
applied to the magnetic bead. Magnetic beads (Dynabeads M-270 Streptavidin; 
Invitrogen) were dispersed in glycerol (Sigma-Aldrich Inc.) of known viscosity (η). 
To avoid bead aggregation, 10 μL of beads were added to 1 mL of glycerol and 
sonicated (model 505; Fisherbrand). After placing the pole tip inside the bead–
glycerol solution, wait for 10 min until all flows in the solution were settled. Then, 
the single-pole magnetic tweezers system was activated, and the movements of 
beads were recorded (30 FPS). Beads tracking and calculation of velocity (v) were 
performed by NIS-Elements AR (Nikon Inc.). The tracking algorithm was from 
Jaqaman, K (51). Force acting on the bead was calculated using Stokes’s law F = 
6πrηv, where r is the radius of the magnetic bead (1.4 µm), and force–distance 
curves were generated. SI Appendix, Fig. S1 shows more details.

Cell Culture. Human bladder cancer T24 cells used in this study were purchased 
from American Type Culture Collection (ATCC). ATCC-formulated McCoy’s 5A mod-
ified medium with 10% fetal bovine serum and 0.1% penicillin-streptomycin was 
used to culture the cells at 37 °C and 5% CO2. The cells were passaged every 3 to 
4 d using 0.05% Trypsin-EDTA (Gibco).

Transfection. Two plasmids were used in this study. pmRFP_LAP2beta_IRES_
puro2b was a gift from Daniel Gerlich (Institute of Molecular Biotechnology, 
Dr. Bohr-Gasse 3, 1030 Vienna, Austria; Addgene plasmid #21047; http://
n2t.net/addgene:21047; RRID: Addgene_21047). pBABE-puro-GFP-wt-lamin 
A was a gift from Tom Misteli (Center for Cancer Research, National Cancer 
Institute, Bethesda, MD 20892, USA; Addgene plasmid #17662; http://n2t.net/
addgene:17662; RRID: Addgene_17662). Cell transfection was performed with 
the Lipofectamine 3000 Transfection Reagent (Invitrogen) according to the man-
ufacturer’s instructions.

Magnetic Bead Functionalization and Internalization of Beads. Atto 488 
biotin (Sigma-Aldrich Inc.) was coupled to magnetic beads (Dynabeads M-270 
Streptavidin; Invitrogen) through the streptavidin–biotin reaction (SI Appendix, 
Fig. S2). Then, 40 μL magnetic beads solution was placed into an Eppendorf tube. 
The bead solution was washed three times with Phosphate Buffered Saline (PBS) 
to remove preservatives. A permanent magnet was placed under the tube for  
5 min to collect the magnetic beads. The beads were then resuspended in 90 μL 
of deionized water. Atto 488 biotin (1 mg) was diluted in 200 μL of DMSO. Then, 
10 μL of this dilution was mixed with 90 μL of the magnetic bead suspension 
for 30 min. Finally, the solution was washed with PBS five times to remove the 
Atto 488 biotin surplus through magnetic separation. Lastly, the supernatant 
was removed, and the beads were resuspended in 40 μL of deionized water. The 
cells were seeded together with the functionalized magnetic beads in a Petri dish 
(μ-Dish 35 mm, low Grid-500; ibidi GmbH, Martinsried, Germany) on the second 
day after transfection. The T24 cell line is active at macropinocytosis (52). T24 cells 
endogenously express oncogenic Ras, which has been shown to stimulate and 
enhance macropinocytosis (53–55). In our experiments, the magnetic beads with 
a diameter of 2.8 μm were effectively internalized through macropinocytosis 
(SI Appendix, Fig. S3). In situ measurements were performed 24 h after seeding.

Live-Cell Fluorescence Imaging. A CSU-W1 spinning disk laser confocal micro-
scope (Nikon Inc.) was used to conduct in-situ mechanical characterization and 
stiffening measurement experiments of the cell nucleus. An ORCA-Flash4 camera 
(Hamamatsu Photonics K.K.) and a 100× objective lens (CFI60 Plan Apochromat 
Lambda 100× Oil Immersion Objective Lens; Nikon Inc.) were used to cap-
ture images and videos during the experiment. The imaging settings for bead D
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displacement measurement include the following: laser source, 488 nm and 561 
nm; exposure time, 100 ms per channel. A customized rotational stage was used to 
hold the sample during the experiments to align the bead and the cell nucleus with 
the direction of the force. Hoechst 33342 (Invitrogen) and CellMask plasma mem-
brane stain (Invitrogen) were used for the live imaging of DNA and cell membrane.

Viscoelastic Model. As can be seen in Fig. 1C, the cell nucleus underwent both 
an irreversible and elastic deformation shown as an immediate elastic response 
followed by a slow viscous flow. Viscoelasticity of cells and cell nuclei has been 
widely studied using different techniques (56). Among the viscoelastic models, 
the anti-Zener model (57), which consists of a dashpot in series with a Kelvin–Voigt 
model, describes the time-dependent slow viscous flow of the cell nucleus follow-
ing an immediate elastic response under a constant force condition (SI Appendix, 
Fig. S4). In the 75 fittings (5 fittings per cell, 15 cells total), the anti-Zener model 
had a lower root mean squared error than the Zener model (0.039 ± 0.031 vs. 
0.076 ± 0.029). The anti-Zener model has also been applied to capture the vis-
coelastic creep behavior of cell nuclei in intact cells during micropipette aspiration 
(58) and isolated cell nuclei under tensile forces applied by magnetic tweezers 
(7). The compliance in the anti-Zener model is

where ε is the strain, σ is stress, η1 and η2 are viscosity, τ = η1/E is the time 
constant, and E is the effective elastic modulus. The displacement of the bead 
in the direction of force can be related to the force by a simple relationship as 
shown below (6, 7, 59, 60)

where r is the radius of the magnetic bead (1.4 µm), and F is the force. Original 
MATLAB codes (MathWorks R2022a) were utilized for curve fitting. The codes 
take raw data of bead displacement as input and output deformation, residual 
(irreversible deformation), viscosity and the effective elastic modulus (E).

Quantification of NE Wrinkles. The value of a point curvature ( |�| ) is defined 
through the osculating circle, which is the circle that best approximates the curve 
at a point (x, y). |�| is the reciprocal of the radius of the osculating circle. |�| is the 
deviation from a straight line that a curve exhibits,

or defined as (61)

where R is the radius of the osculating circle. In this study, the rule for the sign 
of the point curvature in the plane can be visualized as follows. If the center 
of the osculating circle is outside the cell nucleus, then the sign is positive. If 
the center of the osculating circle is inside the cell nucleus, then the sign is 
negative (SI Appendix, Fig. S9). The average curvature ( �  ) is defined as the 
average point curvature of this curve. The average absolute curvature ( |�| ) 
is defined as the average of the absolute value of the point curvature of this 
curve. �  was used to quantify the curve on the NE inside the indentation site, 
which reflects the process of the NE curve transitioning from a convex shape 
to a concave shape. |�| was used to quantify the curve on the NE outside the 

indentation site, which shows the amount that a NE curve deviates from being 
a straight line. A lower average curvature on the same cell nucleus means that 
the indentation site is more bent, stretched, and unfolded. A lower average 
absolute curvature of the same cell nucleus means that the NE outside the 
indentation site is more stretched and unfolded. Plugin Kappa in ImageJ was 
used for curvature capture (62).

Nuclear Morphology. Three morphological parameters, namely nuclear volume, 
nuclear surface area, and elongation were quantified using 3D imaging after 
staining DNA with Hoechst. Elongation (SI Appendix, Fig. S11A) characterizing 
the shape of the nucleus was calculated as the ratio of major and minor axis 
lengths. Totally 16 nuclei with magnetic beads internalized by the cells (force 
applied group) were monitored before applying force of 10 nN, and 10 min, 20 
min, and 30 min after force application. The nuclei of another 800 cells without 
internalizing magnetic beads (control group) were also quantified at the same 
time points to establish a baseline of nuclear morphology. Statistical analysis was 
performed to test whether there were statistically significant differences between 
the control group and the force applied group (SI Appendix, Fig. S11 B–D).

Numerical Simulation. Structural mechanics simulation was performed in 
COMSOL Multiphysics 6.0 (COMSOL Inc.). The geometry was defined in two-
dimensional under axisymmetric assumptions and revolved to form the 3D 
model. Structural mechanics module and a time-dependent solver were used. 
The bead was modeled to be a rigid body with a radius of 1.4 µm. The local curve 
of the NE was modeled to be viscoelastic with an elastic modulus in the range 
of previously studied elastic modulus of cell nucleus (1 to 10 kPa) (63), and a 
time constant of 0.3 s. A Poisson ratio of 0.4 (64) was assigned to the NE. To use 
a force equivalent to 10 nN as in the experiments, the force was calculated based 
on force per unit area (pressure). The area of the contact surface (assumed to be a 
spherical cap) was calculated based on the average deformation in all force cycles 
in the intracellular experiments. Then the pressure was calculated and used in 
the simulation. The load type in the simulation was set to force per unit area. A 
sweep function (from −0.5 to 0.5 µm−1) was added to the simulation to alter the 
curvature of the local curve. To simulate one cycle in the cyclic force, a constant 
force was added for 3 s and then removed.

Statistical Analysis. The relative deformation, relative elastic modulus, average 
curvature, and stiffening ratio were reported as mean ± SD. Comparisons of each 
group were conducted by one-way ANOVA and posttest for trend. The t test was 
used in quantification and comparison of nuclear morphology. For each compari-
son, the significance level was evaluated as *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. GraphPad Prism was used for statistical analysis.

Data, Materials, and Software Availability. The data that support the findings 
of this study are included in the paper and supporting information. All origi-
nal codes used in this paper are available at https://github.com/WentianTang/
Viscoelastic-Model-fitting (DOI: 10.5281/zenodo.8133130) (65).

ACKNOWLEDGMENTS. This work was supported by the National Sciences and 
Engineering Research Council of Canada, by the Ontario Research Fund via the 
Research Excellence Program, and by the Canada Research Chairs Program.

Author affiliations: aDepartment of Mechanical and Industrial Engineering, University of 
Toronto, Toronto, ON M5S 3G8, Canada; bArthur and Sonia Labatt Brain Tumour Research 
Centre, The Hospital for Sick Children, Toronto, ON M5G 1X8, Canada; cProgram in 
Developmental and Stem Cell Biology, Research Institute, The Hospital for Sick Children, 
Toronto, ON M5G 1X8, Canada; dDepartment of Molecular Genetics, University of 
Toronto, Toronto, ON M5S 1A8, Canada; eDivision of Orthopaedic Surgery, The Hospital 
for Sick Children, Toronto, ON M5G 1X8, Canada; fDepartment of Electrical and Computer 
Engineering, University of Toronto, Toronto, ON M5S 3G4, Canada; gDepartment of 
Computer Science, University of Toronto, Toronto, ON M5S 3G4, Canada; and hInstitute of 
Biomedical Engineering, University of Toronto, Toronto, ON M5S 3G9, Canada

1.	 C. M. Denais et al., Nuclear envelope rupture and repair during cancer cell migration. Science 352, 
353–358 (2016).

2.	 M. Raab et al., ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA 
damage and cell death. Science 352, 359–362 (2016).

3.	 J. T. Philip, K. N. Dahl, Nuclear mechanotransduction: Response of the lamina to extracellular stress 
with implications in aging. J. Biomech. 41, 3164–3170 (2008).

4.	 S. Deguchi, K. Maeda, T. Ohashi, M. Sato, Flow-induced hardening of endothelial nucleus as an 
intracellular stress-bearing organelle. J. Biomech. 38, 1751–1759 (2005).

5.	 J. Newberg et al., Isolated nuclei stiffen in response to low intensity vibration. J. Biomech. 111, 
110012 (2020).

6.	 X. Wang et al., Intracellular manipulation and measurement with multipole magnetic tweezers. Sci. 
Robot. 4, aav6180 (2019).

J(t) =
�

�

=
1

E

(

1 − e

(

−
t
�

))

+
t

�2

,

displacement(t) =
1

6�r
J(t)F ,

|�| =
1

R
,

|�| =
|
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