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ABSTRACT The mechanical properties of cells are closely related to function and play a crucial role in many cellular pro-
cesses, including migration, differentiation, and cell fate determination. Numerous methods have been developed to assess
cell mechanics under various conditions, but they often lack accuracy on biologically relevant piconewton-range forces or
have limited control over the applied force. Here, we present a straightforward approach for using optically trapped polysty-
rene beads to accurately apply piconewton-range forces to adherent and suspended cells. We precisely apply a constant force
to cells by means of a force-feedback system, allowing for quantification of deformation, cell stiffness, and creep response
from a single measurement. Using drug-induced perturbations of the cytoskeleton, we show that this approach is sensitive
to detecting changes in cellular mechanical properties. Collectively, we provide a framework for using optical tweezers to
apply highly accurate forces to adherent and suspended cells and describe straightforward metrics to quantify cellular me-
chanical properties.
WHY IT MATTERS Cell mechanics are closely related to biological function, and altered mechanical properties of cells
have been implicated in disease. The mechanical properties of cells can be studied by quantifying how cells deform over
time in response to externally applied forces. Optical tweezers allow for mechanical manipulations with nanometer
precision and force application at single-pN resolution. Although widely used in single-molecule and microrheology
experiments, the use of optical tweezers to study whole-cell mechanics has been limited. Here, we describe a method to
deform adherent and suspended cells using optical tweezers under the control of a force-feedback system. This
approach allows us to extract several mechanical properties of cells from a single measurement while maintaining
precise control over the applied force.
INTRODUCTION

Cells are continuously exposed to mechanical forces
in vivo. These forces can be generated internally,
such as through actomyosin contractions, or can orig-
inate from the local environment. For instance, blood
and immune cells experience shear stresses in the cir-
culation, migrating cells encounter forces from interac-
tions with the extracellular matrix, and cells within
tissues are continuously exposed to compressive
stress. The physical andmechanical properties of cells
are crucial to sense, resist, and respond to such forces
and are, therefore, precisely tuned to align with their
function and the local environment (1–5). The intricate
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interplay between cell mechanics, mechanosensing,
and biological response is vital to many cellular pro-
cesses, including adhesion, migration, differentiation,
and cell fate determination (6–11). Importantly, alter-
ations in cell mechanics have been associated with ag-
ing (12,13) and disease (14–16).

The crucial role of cellular mechanics in health and
disease has motivated the development of methodolo-
gies that apply external forces to cells to quantify their
mechanical properties, each with advantages and limi-
tations (recently reviewed in (17)). The most routinely
used technique is atomic force microscopy (AFM), in
which the tip of a cantilever is used to indent cells.
AFMcanapply relatively high forces in the nanonewton
(nN) regime, resulting in large cellular deformations.
Although sub-pN stability is reached with AFM in
single-molecule force spectroscopy (18), cantilevers
used for the quantification of cell mechanics generally
lack this accuracy (19,20). Another commonly applied
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technique is micropipette aspiration, which deforms
cells by applying a local suction pressure. Although
relatively easy to implement, micropipette aspiration
lacks spatial and temporal resolution, complicating ac-
curate quantification of cellular deformation (21).
Finally, recently developed flow-based techniques,
which deform suspended cells through shear fluid
forces, enable high-throughput measurements but
have limited options for parallel confocal visualization
and lack precise control over the applied stress (22,23).
This results in heterogeneous force application across
cells, making robust quantifications challenging.

Most of our current understanding of cell mechanics
originates from studies on cells adhered to plastic or
glass surfaces. A limitation of this approach is that
the properties of the underlying surface can directly in-
fluence cell mechanics (2,4,5,8). Additionally, mechan-
ical perturbations canhaveprofoundly different effects
depending on whether cells are adhered to a surface or
not (24). Although technically more challenging,
measuring cellular mechanics in the suspended state
eliminates any influence from the surface. Therefore,
a comprehensive mechanical characterization of cells
should ideally include measurements performed on
both adherent and suspended cells. Taken together,
the ideal technique to study how cells respond to
external forces would offer 1) high accuracy in force
quantification; 2) precise control over the applied force
and its duration, ensuring all cells undergo the same
force; 3) a parallel visual readout (through bright-field
and/or confocalmicroscopy); and4) the ability to quan-
tify the mechanical properties of cells in both the
adherent and suspended states.

Optical tweezers operate by using a near-infrared
focused laser to trap micron-sized beads. Moving
these optically trapped beads allows for mechanical
manipulations of various samples with nanometer pre-
cision. Forces can be quantified at single-pN resolu-
tion by tracking the deflection of the bead from the
optical trap center, often through back-focal-plane
interferometry. Although this technique has been
widely employed in single-molecule studies (25), it
also holds significant potential as a technique for
measuring cellular mechanics (26,27). Previous work
has extensively employed optical tweezers to mec-
hanically characterize several cellular components,
including the cell membrane (28,29), cytoplasm (30),
and (isolated) nuclei (31,32), and to visualize how
forces are transmitted within cells (33–35). However,
the use of optical tweezers to quantify whole-cell me-
chanics, especially upon mechanical perturbation, has
been limited and mostly restricted to red blood cells
(36–41). To date, a general and detailed description
of using optical tweezers to perform mechanical mea-
surements on whole cells is lacking.
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Here, we present a robust method to quantify the
mechanical properties of adherent and suspended
cells using optical tweezers under the control of a
force-feedback system, allowing for the direct quanti-
fication of the deformability, stiffness, and creep
response from a single measurement. We use opti-
cally trapped polystyrene beads to indent adherent
and suspended cells along the lateral direction. We
show that the use of a force-feedback system allows
for accurate force application in the pN range with
minimal deviations. To validate that our approach
accurately quantifies the mechanical properties of
cells, we manipulated the cytoskeleton through inhibi-
tion of myosin II activity and actin polymerization,
showing that these mechanical perturbations signifi-
cantly soften cells. Our findings demonstrate that op-
tical tweezers are well suited for precise mechanical
measurements on adherent and suspended cells.
Finally, we provide an overview of straightforward met-
rics for the quantification of cellular mechanics.
MATERIALS AND METHODS

Cell culture

HEK293T cells were cultured in DMEM GlutaMax (Gibco, Waltham,
Massachusetts) supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. Cells were grown at 37�C and 5% CO2.

Preparation of cells for optical tweezers experiments

For optical tweezers experiments with adherent cells, m-Slides
(0.4 mm, Ibidi, Fitchburg, Wisconsin) were precoated with 10 mg/
mL fibronectin (Sigma-Aldrich, St. Louis, Missouri, 341631) for 2 h
at room temperature (RT). Cells were seeded overnight to obtain a
confluency of roughly 50%. The medium was then replaced by fresh
medium supplemented with 25 mM HEPES (Gibco) containing 3 mL
of uncoated polystyrene beads (3.15 mm, 5% w/v, diluted 1:200 in
PBS, Spherotech, Lake Forest, Illinois). When combined with
confocal imaging as in Fig. 1 C, cells were stained with CellMask
Green Plasma Membrane Stain (1:1000, Thermo Fisher Scientific,
Waltham, Massachusetts) for 10 min directly before starting optical
tweezers experiments. Optical tweezers experiments with adherent
cells were performed for a maximum of 2–3 h at RT.

For experiments with suspended cells, cells grown until roughly
80% confluency were trypsinized, pelleted down, and resuspended
in fresh medium supplemented with 25 mM HEPES (Gibco).
�3000 suspended cells and 3 mL of uncoated polystyrene beads
(3.15 mm, 5% w/v, diluted 1:200 in PBS, Spherotech) were added
into uncoated m-Slides (0.4 mm, Ibidi). Cells were incubated in the
slide for �15–30 min before starting optical tweezers measure-
ments. Optical tweezers experiments with suspended cells were per-
formed for a maximum of 1–2 h at RT.

Optical trapping and force application

A dual-trap optical tweezers setup (C-trap, LUMICKS, Waltham,
Massachusetts) equipped with a nanostage was used. Slides
were positioned between a water objective and an oil immersion
condenser. Infrared laser beams (1064 nm) were used for the opti-
cal trapping of beads. A single bead (for measurements with
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FIGURE 1 Deformation of adherent and suspended cells using optical tweezers. (A) Schematic illustration of an optical tweezers experiment
on adherent cells. Cells are seeded on a fibronectin-coated surface. A single bead is optically trapped and moved along the lateral direction to
apply force. (B) Bright-field images of an adherent cell before force application (top) and during 100 pN force application (bottom). Scale bars,
10 mm. (C) Inverted confocal images of the cell membrane (CellMask plasma membrane marker) corresponding with the bright-field images in
(B). Scale bars, 10 mm. Zoomed-in insets show local deformation. Scale bars, 2 mm. (D) Schematic illustration of an optical tweezers experi-
ment on suspended cells. A stationary optically trapped bead serves to immobilize the cell while the other is moved along the lateral direction
to apply force. (E) Bright-field images of a suspended cell before force application (top) and during 100 pN force application (bottom). Scale
bars, 10 mm. See also Video S1. (F) Force (top) and corresponding deformation (bottom) plotted over time for the suspended cell shown in (E). A
constant load of 100 pN was applied to the cell for�10 s while the deformation was monitored. (G) Force-deformation curve of the suspended
cell shown in (E). Dashed line indicates the moment the target force of 100 pN is reached.
adherent cells) or two beads (for measurements with suspended
cells) were optically trapped and moved to the z-plane, where cells
were visually in focus by moving the nanostage along the z-axis.
For measurements with adherent cells, a single optically trapped
bead is positioned at a few mm distance from the side of a cell
(see also Fig. 1 B, top image). The optical trap is subsequently
moved along the lateral (x) direction under the control of a force-
feedback system to apply force to the cell. The force-feedback sys-
tem quantifies deviations from a predefined target force at a rate of
31.3 Hz and adjusts the optical trap position accordingly with a
maximum step size of 50 nm. For measurements with suspended
cells, two optically trapped beads are positioned on opposite sides
of a cell along the lateral (x) axis, both at a few mm distance of the
cell. One bead is manually moved toward the cell along the lateral
(x) axis until contact is made (see also Fig. 1 E, top image). Force is
then applied to the cell by moving the other bead along the lateral
(x) direction under the control of a force-feedback system, similar
to the measurements with adherent cells. For both adherent and
suspended cell measurements, a constant load (i.e., the target
force) was applied to the cell for at least 10 s. Force data were ac-
quired at a rate of 78,125 Hz using back-focal-plane detection. The
positions of the beads were acquired at a rate of 15 Hz using bead
tracking software (LUMICKS).
Drug treatments

Latrunculin-A (Sigma, Burlington, Massachusetts, L5163) was
diluted in DMSO and used at a final concentration of 1 mM. Blebbis-
tatin (Sigma, B0560) was diluted in DMSO and used at a final con-
centration of 20 mM. Cells were incubated with the inhibitors (or
an equivalent amount of DMSO as a control) for �15 min before
starting optical tweezer experiments.
Data analysis

Data analysis was performed using Pylake Python package (LU-
MICKS) and custom-made Python scripts. First, the starting point
of deformation (i.e., the point of contact between the bead and the
cell) was calculated for each measurement. We defined the point
of contact as the bead position (for adherent cells) or the distance
between the beads (for suspended cells) when the force first
Biophysical Reports 5, 100199, March 12, 2025 3



reaches a value below 0 pN (starting from the maximum force) (see
also Fig. S1, A and B). The deformation of the cell was calculated
over time by comparing the position of the bead or the distance be-
tween the beads relative to the point of contact. Mechanical proper-
ties are extracted from the resulting force-deformation curves. The
deformation was defined as the amount of deformation 10 s after
reaching the target force. The spring constant was calculated as
the slope of the linear part of the force-deformation curve through
linear regression analysis. For suspended cells, we additionally
quantified the cell diameter to derive the strain—that is, the ratio
of deformation over the cell diameter. The cell diameter was quanti-
fied as the distance between the center of the two beads at the point
of contact minus the bead diameter. The creep deformation was
defined as the additional deformation measured 10 s after reaching
the target force. The average creep response was fitted to Eq. 1:

Dx �
�
1 � e

�
� t

t

�
�
; (1)

fromwhich best fit values ofDx (creep extent) and t (relaxation time)
were derived. In 7 out of 121 measurements, the cell exhibited nega-
tive creep (i.e., the bead being pushed back by the cell), and these
measurements were excluded from the analysis of the creep
response.

Statistical analysis

Datasetswere tested for normality usingShapiro-Wilk test (a¼ 0.05).
Two-sample t-tests were used to compare normally distributed data.
Non-normally distributed data were compared using the Mann-Whit-
ney U test. In both cases, p values lower than 0.05 were considered
statistically significant. Data are presented as mean5 SE.
RESULTS

Cellular deformation through force application with
optically trapped beads

Optical tweezers can capture and precisely maneu-
ver beads trapped within a focused laser. Force is
measured by tracking the displacement of the trapped
bead from the center of the optical trap. In this study,
we used optically trapped polystyrene beads (3.15 mm
in diameter) to deform adherent and suspended cells.
For measuring on adherent cells, a single bead is opti-
cally trapped, positioned at a few mm distance of the
side of a cell, and then moved along the lateral direc-
tion to deform the cell (Fig. 1 A). To visualize the na-
ture and extent of cellular deformation in response
to piconewton (pN)-range forces, cells were imaged
before and while applying force through a combination
of bright-field and confocal microscopy (Fig. 1, B and
C). Using CellMask, a fluorescent dye that labels the
plasma membrane, we clearly observed local indenta-
tion of the cell (Fig. 1 C). In contrast to adherent cells,
measuring on suspended cells requires two optically
trapped beads. One optical trap remains stationary
and serves to stabilize the position of the cell while
the other trap moves along the lateral direction
(Fig. 1 D), which again resulted in small cellular defor-
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mations (Fig. 1 E; Video S1). We note that the nature of
deformation is different between adherent and suspe-
nded cells. Whereas adherent cells are locally inde-
nted by a single bead, suspended cells are squeezed
between two beads, resulting in a global deformation
of the cell. Nonetheless, application of pN-range
forces deforms cells in the adherent and suspended
state.

To take this qualitative observation to a quantifiable
metric for cellular deformation in response to force, we
track the position of the bead(s) over time. For mea-
surements with adherent cells using one optical trap,
the position of this single bead over time is sufficient.
For measurements with suspended cells using two op-
tical traps, we track the distance between the beads
over time. As the optical trap approaches the cell,
the bead initially moves through liquid and will, at
some point, contact the cell. We infer this point of con-
tact from the force curve (Fig. S1, A and B; materials
and methods). The deformation of the cell at time t
is subsequently derived by comparing the position of
the bead or distance between the beads relative to
the point of contact. Besides the precise spatial con-
trol over the bead position, another advantage of opti-
cal tweezers is the ability to maintain precise control
over the applied force, thus ensuring uniformity across
measurements. We use a force-feedback system to
apply a constant load (or target force) to cells for at
least 10 s. This system monitors deviations from the
target force at a high frequency and adjusts the optical
trap position accordingly, holding the cell in a force
clamp. A typical example of a force-clamp experiment
for a suspended cell is shown in Fig. 1, E–G, and Video
S1. After initial bead-cell contact, the target force is
reached within seconds and then stably maintained
with only minor deviations (Fig. 1 F). In the corre-
sponding force-deformation curve, two distinct stages
of cellular deformation can be recognized (Fig. 1 G).
First, while the force is ramping up from 0 to 100 pN,
the force response is elastic (force is directly propor-
tional to the deformation). Second, under a constant
load of 100 pN, the cell exhibits viscous flow (creep)
in which the deformation continues but at a slower
rate (Fig. 1, F and G). This characteristic viscoelastic
creep behavior is universal among different cell types
and has been observed with a variety of techniques
(42). Taken together, the deformation of adherent
and suspended cells can be accurately quantified
over time while maintaining precise control over the
applied force.
Quantification of cellular mechanical properties

To further standardize our approach for quantifying
cellular mechanics, we monitored cellular deformation



at two different target forces (50 and 100 pN). The
standard deviation from the target force was generally
less than 1.5 pN for adherent cells and �2–3 pN for
suspended cells (Fig. S2 A). The deviations are likely
slightly higher for suspended cells because these
cells, unlike adherent cells, are not fully immobilized.
Representative force and deformation curves for sus-
pended (Fig. 2 A) and adherent cells (Fig. 2 B) again
show a rapid deformation as the force increases,
with a creep response once the target force is reached.
From these experiments, we can now quantify the
deformation, which we define as the amount of defor-
mation 10 s after reaching the target force. The defor-
mations typically range from 0.2 to 1.5 mm (Fig. 2 C),
depending on the applied force, with the average
deformation increasing as more force is applied
(Fig. 2 C). As suspended cells are, by approximation,
spherical in shape, we can additionally measure the
cell diameter and express the deformation as a per-
centage of the cell diameter (referred to as strain).
The strain of suspended cells typically ranges from
5% to 15% and increases as more force is applied
(Fig. S2 B). When we compare the deformation of
adherent to suspended cells, we find that adherent
cells deform significantly less at the same forces
(Fig. 2 C).

The spring constant is a direct measure of cell stiff-
ness, with a higher spring constant indicating that
more force is required to deform the cell. We can
calculate the spring constant by linearly fitting the
initial elastic force response, where force is directly
proportional to the deformation (Fig. 3 A). The spring
constant is defined as the slope of this fit. When
applying a target force of 50 pN, for suspended cells,
A B

FIGURE 2 Quantification of cellular deformation. (A) Representative f
pended cells deformed with a target force of 50 or 100 pN. (B) Represe
of adherent cells deformed with a target force of 50 or 100 pN. (C) Cellul
as mean 5 SE. n ¼ 10, 7, 19, and 22 cells, respectively. *p < 0.05 and *
we find an average spring constant of 99 5 12 pN/
mm. For adherent cells, the average spring constant
is significantly higher at 267 5 52 pN/mm. Since we
did not yet observe strain stiffening (42) when
applying forces up to 100 pN, the spring constant is
expected to be independent of the amount of force
applied. Indeed, the average spring constant did not
change when increasing the target force from 50 to
100 pN, for both suspended and adherent cells
(Fig. 3 B). For both target forces, the spring constant
for adherent cells is roughly twofold higher than for
suspended cells (Fig. 3 B).

Next, we focused specifically on the viscous part of
the force response: the deformation of cells under a
constant force (referred to as creep) (Fig. 3 C, inset).
We quantified the amount of creep 10 s after reaching
the target force and found that cells continue to
deform up to 0.4 mm in this regime (Fig. 3 D). Sus-
pended cells generally exhibit more creep deformation
than adherent cells, but this difference only reaches
significance at 100 pN (Fig. 3 D). We noted that the
creep response of individual cells is quite heteroge-
neous but, on average, can be described by an expo-
nential decay function: Dx � ð1 � eð� t=tÞÞ, where Dx
is the creep extent, t is the time, and t is the relaxation
time (Fig. S3, A and B). Here, the relaxation time t is a
measure of how quickly the creep deformation levels
off under a constant force. The shape of the curves in-
dicates that the creep response has not plateaued yet.
Thus, t offers little insight on this timescale but could
be an insightful metric for longer experiments.

Together, the presented quantifications allow for
direct comparison between cells experiencing differ-
ent forces. In addition, we can compare the stiffness
C

orce (top) and corresponding deformation (bottom) curves of sus-
ntative force (top) and corresponding deformation (bottom) curves
ar deformation after 10 s of target force application. Data are shown
*p < 0.01, two-sample t-test.
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FIGURE 3 Quantifications of cellular mechanical properties. (A) Representative force-deformation curves of a suspended and an adherent
cell deformed with a target force of 50 (left) and 100 (right) pN. Red lines indicate linear fits to calculate the spring constant (k). (B) Spring
constants calculated from linear fits of individual curves as shown in (A). Data are shown as mean 5 SE. n ¼ 10, 8, 19, and 22 cells, respec-
tively. *p < 0.05 and **p < 0.01, Mann-Whitney U test. (C) Representative force (top) and corresponding deformation (bottom) curves of an
adherent cell deformed with a target force of 100 pN (left) and a zoom-in on the creep response (right). The creep response was monitored
for 10 s after reaching the target force. (D) Creep after 10 s of target force application. Data are shown as mean 5 SE. n ¼ 10, 6, 17, and
21 cells, respectively. ***p < 0.001, two-sample t-test.
of adherent and suspended cells. The mechanical or-
ganization of cells becomes fundamentally different
when adherent cells are detached from a substrate,
most notably is the absence of stress fibers in sus-
pended cells (24). In line with these mechanical
changes, we found that suspended cells are sig-
nificantly more deformable at both target forces
(Fig. 2 C), have a roughly twofold lower spring con-
stant (Fig. 3 B), and exhibit more creep deformation
(Fig. 3 D) compared to adherent cells—each suggest-
ing that cells soften when detached from a substrate.
Validation using pharmacological inhibition of
myosin II and actin polymerization

To validate whether our method can successfully
quantify changes in cell mechanics due to mechanical
6 Biophysical Reports 5, 100199, March 12, 2025
perturbations, we applied force to cells treated with
inhibitors that are well known to perturb the cytoskel-
eton. We first treated cells seeded on a fibronectin-
coated surface with 20 mM blebbistatin, an inhibitor
that prevents actomyosin cross-linking by interfering
with the ATPase activity of myosin II (43). Treatment
with blebbistatin has previously been shown to
decrease cell stiffness (44–46). Accordingly, we found
that cellular deformation is significantly increased in
blebbistatin-treated cells (Fig. 4, A and C). Further,
the spring constant of cells almost halved in the pres-
ence of blebbistatin (Fig. 4, B and D). Thus, adherent
cells significantly soften upon inhibition of myosin II
activity. Interestingly, we did not find a significant dif-
ference in the creep response (Figs. 4 E and S4), sug-
gesting that myosin II inhibition mainly affects the
elastic part of the force response. Together, these
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FIGURE 4 Validation using inhibition of
myosin II. (A) Representative force (top) and
corresponding deformation (bottom) curves
of adherent cells treated with DMSO or 20
mM blebbistatin. (B) Representative force-
deformation curves of adherent cells treated
with DMSO or 20 mM blebbistatin. Red lines
indicate linear fits used to calculate the spring
constant (k). (C) Cellular deformation after
10 s of target force application. Data are
shown as mean 5 SE. n ¼ 25 and 17 cells,
respectively. **p < 0.01, two-sample t-test.
(D) Spring constants calculated from linear
fits of individual curves as shown in (B).
Data are shown as mean 5 SE. n ¼ 25 and
17 cells, respectively. **p < 0.01, Mann-Whit-
ney U test. (E) Creep after 10 s of target force
application. Data are shown as mean 5 SE.
n ¼ 23 and 17 cells, respectively. p ¼ 0.17,
two-sample t-test.
data thus confirm that mechanical changes on
adherent cells can be accurately quantified using opti-
cal tweezers.

To establish whether our approach is also able to
quantify the effect of mechanical perturbations when
cells are in suspension, we trypsinized and resus-
pended cells in medium containing 1 mM latrunculin-
A, an inhibitor that prevents actin polymerization by
sequestering monomeric G-actin (47). When cells are
brought in the suspended state, actin forms a thick
cortical layer beneath the cell membrane known as
the actin cortex, which provides structural and me-
chanical support (24,48). Depolymerization of actin fil-
aments using latrunculin-A is, therefore, expected to
soften cells. Indeed, we found that suspended cells
treated with latrunculin-A are highly deformable, with
the average deformation and strain increasing approx-
imately fourfold compared to untreated cells (Figs. 5,
A and C and S5, A and B). Similarly, the spring constant
of suspended cells is greatly reduced in the presence
of latrunculin-A (Fig. 5, B and D). Finally, latrunculin-A-
treated cells exhibited significantly more creep defor-
mation (Figs. 5 E and S5 C). These results confirm
that the actin cortex of suspended cells is key to
providing resistance to external force. Collectively,
these data show that optical tweezers can accurately
detect changes in mechanical properties upon pertur-
bation when cells are in the suspended state.
DISCUSSION

Here, we demonstrated the use of optical tweezers for
mechanical measurements on adherent and sus-
pended cells. Our approach allows for the quantifica-
tion of cellular deformation, the spring constant, and
the creep response from a single force-deformation
curve. By keeping the optical trap position under the
control of a force-feedback system, we show that
forces can be precisely applied to cells with minimal
deviations, thus ensuring uniformity across measure-
ments. Using drug-induced perturbations of the cyto-
skeleton, we show that this approach is sensitive to
detecting changes in the mechanical properties of
both adherent and suspended cells.

Studies using optical tweezers to quantify cellular
mechanics are limited and mostly measured on red
blood cells, in part due to their mechanical and struc-
tural simplicity, allowing for large cellular deforma-
tions even under relatively small forces. In these
studies, two optically trapped beads are adhered to
the surface of a red blood cell. Subsequently, one
bead is displaced to stretch the cell while its deforma-
tion is recorded (36–41). A similar approach has
recently been used for mechanical characterization
of suspended fibroblasts (49) and monocytes (50). In
this experimental setup, variability in bead-cell attach-
ment may reduce experimental robustness. We and
Biophysical Reports 5, 100199, March 12, 2025 7
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FIGURE 5 Validation using inhibition of actin
polymerization. (A) Representative force (top)
and corresponding deformation (bottom) cur-
ves of suspended cells treated with DMSO
or 1 mM latrunculin-A. (B) Representative
force-deformation curves of suspended cells
treated with DMSO or 1 mM latrunculin-A.
Red lines indicate linear fits used to calculate
the spring constant (k). (C) Cellular deforma-
tion after 10 s of target force application.
Data are shown as mean 5 SE. n ¼ 13 and
8 cells, respectively. ***p< 0.001, two-sample
t-test. (D) Spring constants calculated from
linear fits of individual curves as shown in
(B). Data are shown as mean 5 SE. n ¼ 13
and 9 cells, respectively. ***p < 0.001,
two-sample t-test. (E) Creep after 10 s of
target force application. Data are shown as
mean 5 SE. n ¼ 12 and 8 cells, respectively.
***p < 0.001, two-sample t-test.
others focused on the indentation rather than the
stretching of cells. For example, the indentation of
adherent cells using optical tweezers was accom-
plished along the axial direction using a single opti-
cally trapped bead (19,51,52), with forces reaching
up to �20 pN. We indent cells along the lateral rather
than the axial direction, which has the advantage that
it is applicable to both adherent and suspended cells.
Furthermore, in contrast to previous work, we kept the
optical trap under the control of a force-feedback sys-
tem to precisely apply the same amount of force to
each cell. The use of a force-feedback system addi-
tionally allows us to quantify the creep response of
cells, i.e., how the deformation evolves over time under
a constant amount of force.

In addition to single-cell methods (such as AFM and
optical/magnetic tweezers), several high-throughput
techniques have been developed in recent years. For
example, flow systems are used to deform suspended
cells by lasers (optical stretching (53)) or shear fluid
forces (22,23). Another recently developed technique
is acoustic force spectroscopy, in which several cells
are stretched simultaneously by pulling beads that
are attached to cells toward an acoustic node (54).
An important advantage of these techniques is the
rapid screening of many cells in a short time com-
pared to optical tweezers or other single-cell methods
(only several cells per hour). These high-throughput
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techniques are particularly powerful for a rapid com-
parison of two (or more) populations of cells, whereas
single-cell methods provide higher sensitivity and a
more extensive description of mechanical properties
on a single-cell level.

Although optical tweezers enable accurate force
application and quantification at pN resolution, it
does come at the expense of a relatively low force
limit, which is typically 200–400 pN. Other contact-
based methods, including AFM and magnetic twee-
zers, can reach higher (nN-range) forces, but such
forces can induce damage to the cell (20), and may
even deform the underlying substrate (44). Our results
using blebbistatin and latrunculin-A show that pN-
range forces are sufficient to accurately measure the
effect of these perturbations on cellular mechanics.
Thus, measurements under controlled but relatively
small forces, which are often unattainable with other
techniques, are well suited to accurately measure
changes in mechanical properties. Importantly, stiff-
ness measurements can be influenced by the shape
of the probe used to apply force (55). It is therefore
critical that comparisons of the mechanical properties
measured with any contact-based method are done
using probes of the same geometry.

Our current understanding of cell mechanics has
mostly been gained from mechanical measurements
on adherent cells. We show that optical tweezers



can accurately measure on adherent cells as well as
on suspended cells, which has several advantages.
First, the actin cytoskeleton is heterogeneously orga-
nized in adherent cells, with stress fibers spanning
from one focal adhesion point to another. The
measured stiffness of cells can therefore be pro-
foundly different when probed in an area with high or
low abundance of stress fibers (56). Suspended cells
have a more homogenously organized cytoskeleton,
so the quantification of mechanical properties is less
dependent on the location of force application. Sec-
ond, surface modification can directly affect the quan-
tification of cell stiffness (4,5,8), which is ruled out
when cells are in the suspended state. Finally, this
approach is attractive for mechanical characterization
of naturally nonadherent cells such as immune cells,
which strongly rely on their mechanical organization
for normal functioning (57).

Inconclusion, ourfindingsshowthatoptical tweezers
are suitable for the robust quantification of cell me-
chanics. We provide a straightforward method to
extract several mechanical properties from a single
experiment. Thecombinationwithconfocalmicroscopy
provides interesting opportunities for the visualization
of thecellularmechanical response tocalibrated forces.
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