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A multiplexed tension sensor reveals the distinct
levels of integrin-mediated forces in adherent
cells†

Xiaojun Liu,ad Jiangtao Li,a Xiaoyun Wang,b Feng Shao, b Xingyou Hu,c Juan Li,e

Lei Yu,e Jicheng Zang,*f Guixue Wang *gh and Yongliang Wang *ai

Integrins are crucial for cell adhesion, spreading, and cell–cell interactions, contributing significantly

to cellular functions. Various tension sensors have been developed to measure integrin tensions across

different cell types and conditions. However, there is a lack of tools to accurately calibrate the high-level

force range of integrins required for cell adhesion. In this study, we engineered a multiplexed tension

sensor (TS) by combining a yellow fluorescence protein tension sensor (YFP TS) with a DNA integrative

tension sensor (ITS) previously used. This innovative approach enabled us to detect integrin-mediated

forces in adherent cells. Our findings revealed that high-motile fish keratocytes exhibited integrin-

mediated forces ranging from 44 to 100 pN, whereas low-motile 3T3L1 and NRK cells generated

integrin-mediated forces exceeding 100 pN. This difference may be attributed to the shorter dwelling

time or interaction time between an integrin and a RGD ligand in keratocytes, suggesting a need to

examine the loading rate information for the integrin and the ligand in focal adhesions.

Introduction

Integrins are transmembrane glycoproteins responsible for
mediating cell adhesion, spreading, and cell–cell interactions.
They form heterodimers composed of a and b subunits, facili-
tating the transmission of forces between the cell cytoskeleton
and the extracellular matrix in adhesive cells.1 In T and B cells,
integrins also contribute to the activation of the T cell receptor

and B cell receptor, playing a crucial role in immune
responses.2,3 Integrins can exist in an active, extended confor-
mation or an inactive, bent conformation.4 Upon cell adhesion,
integrin monomers aggregate and bind their ligands on the
substrate, leading to sustained clustering through the ligand–
integrin–adaptor proteins within the cell. Talin, vinculin, and
integrins act as mechanosensors, detecting the local microen-
vironment and regulating cell proliferation, differentiation,
and migration as needed.5–7 Biomechanical signals involving
integrins have been extensively studied, including their impact
on signaling pathways like FAK, ERK, Ca2+, Wnt, and AMPK.8–11

Researchers have explored integrins not only in terms of their
expression and mutations linked to certain diseases but also
in understanding force transmission characteristics. Despite
progress in demonstrating the heterogeneity of force distribu-
tion in focal adhesions12 and variations in force levels and
directions across different cells,13 further investigations are
needed to delve into integrin tensions in various cellular contexts
and their nuanced regulatory roles in cell migration.

Cell migration varies depending on the components and
lifespans of adhesive structures. Some adhesive structures exhibit
high dynamics, with a relatively small number of clustered
integrins. In contrast, structures like focal adhesions are larger
in size, spanning micrometers and persisting for tens of minutes
or even hours.14 Dynamic structures such as invadopodia and
podosomes tend to adhere to smaller surface areas.15 High-
motility cells such as neutrophils and fish keratocytes exhibit
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rapid migration. In contrast, 3T3L1 cells migrate infrequently,
while NRK cells show slower migration on fibronectin-coated
surfaces compared to fish keratocytes. Despite all three cells
migrating in a mesenchymal mode, it remains uncertain whether
integrin-mediated forces significantly differ among cells with
varying levels of motility.

Various tools have been utilized to study cell mechanics,
including atomic force microscopes, magnetic tweezers, optical
tweezers, biomembrane tension probes, traction force micro-
scopes, and single-molecule tension probes.16,17 These cutting-
edge methods offer advantages such as high-frequency sam-
pling and the ability to investigate single receptor–ligand
interactions in vitro or ex vivo. A robotic fluidic force micro-
scope (fluidFM BOT) has been designed to improve throughput
while simultaneously detecting force dynamics.18,19 However,
it measures the force at the level of the whole cell. To obtain
detailed force distribution information for specific cell mem-
brane receptors, single-molecule tension sensors (SMTS) have
emerged as powerful tools for calibrating integrin tensions
and understanding force distribution. SMTS have been used
to map platelet integrin-mediated forces at submicron resolu-
tion and to study mechano-dependent activation in T cells
and platelets.20,21 Recent studies have also analyzed adhesive
structures in terms of integrin tensions at invadopodia and
podosomes.22 Despite their capabilities in studying these inter-
actions, it remains unclear whether integrin-mediated forces
exhibit distinct properties in adherent cells.

Furthermore, integrin tension was previously calibrated
using tension sensors. It has been demonstrated that many
cells spreading on a PEGylated glass surface require an integrin
tension greater than 40 pN, with tensions below 40 pN con-
sidered low.23 Platelets have shown two levels of integrin
tension during adhesion and spreading.20 Previous studies
calibrated the unfolding force of YFP at a pulling speed of
400 nm s�1, which was found to be 100 pN24 and 44 pN for
shear-structured 20 bp dsDNA,25 respectively. The dissociation
between biotin and avidin requires even higher force, 4160 pN.26

We assumed that the integrin pulling speed remains unchanged at
the single-molecule level, such as 400 nm s�1. Subsequently, we
designed and combined YFP and ITS as probes to verify integrin
pulling forces in three adherent cells. Interestingly, we observed
different pulling strengths for RGD binding integrins between
keratocytes, 3T3L1 cells and NRK cells, which may be caused by
the interaction time between the integrin and the ligand is
different. In the future, quantifying the loading rate of integrins
in different cell types appears to be essential for a comprehensive
understanding of cell mechanics.

Materials and methods
Biotin-YFP-RGD tension sensor preparation

The biotin-YFP-RGD construct was inserted into a pQE80 vector
and expressed in BL21(DE3) cells. An avi-tag and a 6� His-tag
were engineered at the N-terminal of YFP-RGD. Subsequently,
the protein was purified using affinity chromatography due to

the presence of the His-tag. Biotin conjugation was performed
using the BirA enzyme, which was co-expressed in E. coli via the
plasmid pET28a. The amino acid sequence for biotin-YFP-RGD
is provided below:

MRGSHHHHHHGSYFEAQKIEWHERSSAEELFTGVVPILVELD
GDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTFG
YGLMCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTR
AEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMAD
KQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHY
LSYQSKLSKDPNEKRDHMVLLEFVTATGITLGMDELYKRSTVYAVT
GRGDSPASSRSGGTK.

44 pN ITS preparation

The short single-stranded DNA fragment was synthesized by
GenScript (Nanjing, China). One strand was modified with an
SH group and a BHQ2 quencher group, while the other was
linked with biotin and the Cy3 fluorophore. The cyclic RGDfK
peptide was obtained from allpeptides (Cat. No. 144182,
Hangzhou, China). The conjugation process was facilitated
using a linker sulfo-SMCC (Cat. No. 22322, Thermo Fisher,
USA), with one end reacting with the SH group and the other
end with the NH2 group in cRGDfK. The sequences of the
ssDNA used are provided below.

Upper strand: 50-/BiosG//iCy3/ATG CTG AGG TCG CCG
CCC/-30

Down strand: 50-/TiolMC3-dG/GGG CGG CGA CCT CAG CAT/
dT-BHQ2/-30

Tension sensor immobilization

The tension sensor was immobilized on a confocal Petri dish by
first coating it with 200 mg mL�1 BSA-biotin (bovine serum
albumin, A8549, Sigma-Aldrich) for 30 minutes, followed by
Neutravidin (200 mg mL�1, Cat. No. 31000, Thermo Fisher
Scientific) for another 30 minutes. The third coating involved
applying 0.2 mM ITS and/or 1 mg mL�1 YFP TS for 30 minutes.
Each coating step was followed by washing with PBS three
times. After completing these steps, the Petri dish was ready
for use.

Fish keratocyte isolation

All animal experiments comply with the ARRIVE guidelines and
were carried out in accordance with the U.K. Animals (Scientific
Procedures) Act, 1986 and associated guidelines, EU Directive
2010/63/EU for animal experiments, or the National Institutes
of Health guide for the care and use of Laboratory animals
(NIH Publications No. 8023, revised 1978). In brief, the scales of
a male goldfish were removed using clean tweezers and placed
in a 35 mm Petri dish for 1 minute. Subsequently, 2 mL of the
DMEM with 10% FBS and 1% P/S was added for overnight
culture at room temperature. The keratocytes migrated out and
were detached using EDTA solution [100 mL of 10 � HBSS +
10 mL of 1 M HEPES (PH7.6) + 10 mL of 7.5% sodium
bicarbonate + 2.4 mL of 500 mM EDTA +1 L of H2O] and then
re-seeded onto the tension sensor surface on confocal dishes
for a specified period. Imaging was performed using a Nikon
Ti2E microscope.
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Cell culture

3T3L1 cells were procured from Procell (Wuhan, China) and
cultured in the DMEM supplemented with 10% FCS and 1% P/S
in a standard mammalian cell culture incubator. Cells reaching
70% confluence were chosen for the cell force measurement.
Sub-culturing was carried out every 2 to 3 days with an appro-
priate dilution. NRK cells were cultured in the DMEM with 10%
FBS and 1% P/S, and the passage procedure was performed
every 2–3 days.

Myosin inhibition

After detaching the cells with an EDTA solution and resuspend-
ing them in the culture medium, the diluted cells were replated
onto Petri dishes containing different concentrations of
blebbistatin (2.5, 3.75, and 5 mM). The cells were incubated in
a standard cell culture incubator for a specified time before
imaging.

Integrin inhibition

The detached cells were replated onto Petri dishes with either
the 1 mM peptide GACRRETAWA (Genscript) or the 10 mg mL�1

12G10 monoclonal antibody (Thermo Fisher). The cells were
then cultured for 2 hours before imaging.

Mn2+ treatment

The detached cells were replated onto Petri dishes containing
0.5 mM MnCl2 and incubated in a cell culture incubator for a

specified time. The cells were cultured for 2 hours before
imaging.

Imaging and data analysis

After allowing the cells to settle for a specific duration (30 minutes
for fish keratocytes and 2 hours for 3T3L1/NRK cells), the Petri
dishes were positioned on the imaging stage of a Nikon Ti2E
fluorescence microscope. Images were captured using consistent
exposure times for each dye. A time-lapse recording of keratocytes
was conducted with 10-second intervals. All images were subse-
quently analyzed using MATLAB software, and the associated
codes are accessible upon request. The key equation is listed
below:

The rupture (%) = (IITS in FA � Ibackground)/Ibackground � 100%,

where IITS in FA is the fluorescence intensity in focal adhesion
and Ibackground is the background intensity.

Results and discussion
Integrin tension ranges from 44 pN to 100 pN in fish
keratocytes

The high-motile keratocytes were cultured on surfaces coated
with either YFP TS or ITS or a combination of both (multiplexed
surface), allowing us to observe the ruptured tension sensor
signals through changes in fluorescence intensity. In Fig. 1,
both probes were tested on separate glass surfaces, and only the

Fig. 1 The integrin tension of keratocytes was measured using two tension sensors separately. (A) The predominance of two distinct tracks of the
integrin-mediated force distribution on the 44 pN ITS surface by keratocytes. (B) The YFP tension sensor showed no fluorescence loss, suggesting that
keratocytes were unable to generate an integrin-mediated force exceeding 100 pN. (C) The fluorescence intensity was compared along the yellow lines
in (A) and (B).
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44 pN ITS showed an increase in fluorescence, as seen in the
two distinct tracks depicted in Fig. 1A. This pattern closely
resembled Xuefeng Wang’s findings.27 To further validate the
integrin tension of keratocytes, we immobilized multiplexed
YFP TS and 44 pN ITS on a glass surface, enabling simulta-
neous monitoring of integrin-mediated forces within the same
cell. Fig. 2 illustrates the integrin tension recorded on the
multiplexed probes surface, where only the 44 pN ITS exhibited
a change in rupture signal. The discrepancy between YFP TS
and 44 pN ITS signals was clearly evident, with a detailed
representation provided in Movie S1 (ESI†). Fig. 2C displays
typical images from Movie S1 (ESI†), showcasing the accumula-
tion of integrin tension signals. The decrease in the YFP TS
signal was likely due to photobleaching of YFP, a consideration
for future real-time recording using YFP TS. Keratocytes
migrate rapidly at approximately 10 mm per minute, adopting
a fan-like spreading pattern with focal adhesions concentrated
at the trailing edges. These fast-moving cells are invaluable for
studying cell migration modes and force distributions. Studies
by Barnhart et al.28 demonstrated that keratocytes initiate

migration and spontaneously break symmetry, a behavior dis-
tinct from human epithelial cells, which cannot migrate
as swiftly. Neutrophils, on the other hand, exhibit relatively
high-speed translocation towards chemoattractants, warrant-
ing further comparative analysis.

3T3L1 cells generate the integrin tension in the range of
4100 pN

After examining high-motile keratocytes, we found that the
range of integrin tension in low-motile cells may vary and
warrants further investigation. We selected 3T3L1 cells and
plated them on the multiplexed sensor surface, assessing the
integrin-mediated force signals after a 2-hour incubation per-
iod. As depicted in Fig. 3, we imaged both the fluorescing of
44 pN ITS and the darkening of YFP TS, comparing the
colocalization of forces in focal adhesions (FAs) in both chan-
nels (Fig. 3B). Clearly, low-motile 3T3L1 cells exhibited a higher
force (4100 pN) compared to high-motile keratocytes. This
measurement aligns well with findings by Salaita, where low-
motile cells were capable of rupturing bonds between avidin

Fig. 2 Recording integrin tensions in keratocytes using multiplexed YFP TS and 44 pN ITS. (A) Force signals reflected by fluorescence changes, with only
44 pN ITS fluorescing upon integrin stretching. (B) The relative fluorescence changed along the yellow lines in (A) are illustrated, showing a flat YPF TS
intensity along the baseline. (C) Real-time recording of keratocyte integrin tension, where keratocytes at different sites exhibited increasing ITS signals
with no change in YPF TS. (D) Fluorescence intensity at four time points, with ITS signal augmentation over time while YFP decreased due to
photobleaching. YFP is easily faded after each laser exposure, so the YFP channel showed decreased total fluorescence gradually.
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and biotin, exceeding 160 pN in HCC 1143 cells.29 We then
compared the rupture signals in FAs between ITS and YFP TS,
revealing values of 0.025 in YFP TS versus 0.033 in ITS. The ratio
of YFP TS to ITS was calculated to be 0.78 � 0.49, indicating
that integrins dissociated more ITS in FAs. Additionally, the
high-level force distribution in FAs was calibrated, and the
analysis of 103 FAs suggested variable forces in FAs, depicted as
scattered dots in Fig. 3D.

NRK cells generate the integrin retraction forces over 100 pN,
but different from 3T3L1

After testing fibroblasts, we plated kidney epithelial cells on the
multiplexed probe surface. Fig. 4A clearly showed the fluores-
cence change in both channels. To visualize the fluorescence
merge information, we displayed the YFP TS signal in the
opposite color. In Fig. 4B, the ITS exhibited a longer focal
adhesion pattern, ranging from 15 to 64 pixels. The colocaliza-
tion between YFP TS and ITS was typically observed at the distal
end of FAs, depicted as a whiter area indicating increased
colocalization. Fig. 4C and D monitor integrin tensions in

104 FAs, confirming that the ITS could be ruptured more by
integrins. However, the ratio between YFP TS and ITS was much
lower in NRK cells compared to 3T3L1 cells, with values of
0.28 � 0.19 for NRK versus 0.78 � 0.49 for 3T3L1. Notably, NRK
cells exhibited migration on fibronectin-coated glass surfaces
in our system,30 with many cells achieving a migration speed
of 4 0.3 mm min�1 (not presented). In contrast, 3T3L1 cells
did not migrate at a 2-h period, with a speed considered to be
zero. We speculate that the difference in integrin-mediated
forces may be attributed to the interaction time or the dwelling
time between the integrin and the RGD motif. These results
suggest that the calibration of integrin tensions with various
tension sensors may align with each other, as the tension
sensor calibration was performed either at a constant pulling
speed mode31 or at a constant force mode,32 depending on
the parameter settings. In other words, faster pulling speeds
require a higher force to rupture the given probe. As a result,
when in a hypothetical state, the speed of cell migration
will impact the duration of interaction between the integrin
and the ligand, potentially necessitating a greater force to

Fig. 3 The integrin tensions of 3T3L1 cells were evaluated on the multiplexed tension sensor surface. (A) Delineated the integrin-mediated force pattern
across both channels. The colocalization of the integrin-mediated force pattern was analyzed (B), showcasing force signals within a typical focal
adhesion. (C) The force signals in the two channels, revealing a higher number of ITS probes being ruptured. (D) Compared the force signals in each
FA (n = 103), presenting the ratio of force signals.
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unfold YFP in highly mobile fish keratocytes compared to NRK
and 3T3L1 cells.

High concentrations of blebbistatin block distinct integrin tensions

Cells transmit forces through the actomyosin system to integrins.33

We aimed to determine if myosin inhibition could selectively
eliminate the 100 pN integrin tension without affecting the 44
pN tension. Different concentrations of blebbistatin (2.5, 3.75, and
5 mM) were added to the culture medium during replating. 3T3L1
and NRK cells were plated on sensor-coated glass surfaces for 2
hours before imaging. The force signals in both channels clearly
declined due to the treatment (Fig. 5). At 3.75 mM, NRK cells could
not rupture the YFP TS but still showed some force signals on ITS
TS. In contrast, 3T3L1 cells were less sensitive to blebbistatin as the
3.75 mM concentration did not dampen the integrin signal of YFP
TS completely. Our results confirmed that high integrin tension
relies on actomyosin contraction. Additionally, the 100 pN YFP TS
distinguished the tiny differences between NRK and 3T3L1 cells,
indicating greater sensitivity in NRK cells. This observation sug-
gests a mechanistic role of myosin tension in influencing high
integrin tension.

Inhibition of integrin a5b1 does not eliminate 100 pN integrin
tension

Different integrins contribute to specific aspects of integrin
adhesion complex formation and mechanotransduction, and

that their force-related dynamics vary.34–38 Integrin a5b1 is
responsible for firm adhesion and is supposed to sense higher
integrin tension. It was reported that integrin avb3 is respon-
sible for mechanotransduction, and integrin a5b1 transmit
stronger cell forces.34 These two subtypes both recognize the
RGD peptide in an extracellular matrix. So, we tried to collect
more information regarding the integrin avb3 mechanical force
range by a5b1 inhibition. To inhibit integrin a5b1, we used a
specific inhibition peptide at 1 mM or the integrin a5b1 mono-
clonal antibody 12G10 at 5 mg mL�1. After 2 hours of incubation
with these inhibitors or antibodies, the 100 pN integrin tension
was still detected in Fig. 6. This may be because integrin avb3
can generate integrin-mediated forces higher than 100 pN. It is
important to note that the previous statement was based on the
total force generated by a cell, whereas tension sensors report
the force range. Longer pulling times significantly increase the
probability of unfolding events of YFP TS.

Pre-activation of integrins did not change the integrin
sensitivity

It has been reported that the availability of activated integrins
by Mn2+ strongly influences force development in integrin-
mediated cell adhesion.39 Mn2+ treatment is known to pre-
activate integrins.40 Therefore, we aimed to determine whether
cell integrin tension was affected by adding Mn2+. As low-motile
cells rupture both integrin tension sensors, we concentrated on

Fig. 4 High-level integrin tension in FAs in NRK cells. (A) The NRK cells could break both tension sensors. (B) The fluorescence intensity in a marked focal
adhesion from (A) is shown. Notably, more ITS loss was observed from pixels 15 to 64, while the YFP loss occurred between pixels 20 and 43. (C) and (D)
Detailed high-force data from 104 focal adhesions, highlighting a greater number of ITS signals being recorded (0.070 � 0.026 for ITS vs. 0.020 � 0.014
for YFP TS). The ratio of YFP TS to ITS was measured to be 0.28 � 0.19.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 1
0:

50
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00600c


9226 |  Mater. Adv., 2024, 5, 9220–9230 © 2024 The Author(s). Published by the Royal Society of Chemistry

migrating fish keratocytes to test Mn2+ influence. In Fig. 7, the
addition of Mn2+ (0.5 mM and 2 mM) did not affect the integrin
pulling force for 100 pN TS, and the YFP TS still kept in a folded
state. It is reasonable that Mn2+ primarily activates integrins to
bind their ligands with high affinity.41 The integrin-mediated
force level may be altered if the keratocytes was restricted for
migration speed as macro-migration speed perhaps determines
the integrin-ligand binding time.

Keratocytes initiate the integrin tension properties differing
from the later fan-shape

Replated keratocytes typically adhere to the glass surface,
achieve shape polarization, and maintain a persistent migra-
tion pattern with the integrin-mediated force at the trailing
edges. To gather information about polarization and persistent
movement, we compared integrin tension at the onset of
keratocyte adhesion and during the persistent stage. Interest-
ing details emerged, as shown in Fig. 8. During the polarization
stage, keratocytes attached to the surface with minimal move-
ment, resulting in distinct integrin signals. Conversely, at a
later stage, keratocytes migrated much faster, significantly

reducing the number of ruptured ITS TS in the same selected
region (indicated by the arrow in Fig. 8). Although early adhe-
sion might be expected to generate low integrin tension due to
the underdeveloped actomyosin network, our results suggest
that the cell dwelling time has a more significant effect on
integrin–ligand force levels. Another potential reason is that the
integrin adhesion complexes might still be small and imma-
ture, and the single molecular clutches might therefore be
exposed to higher forces deriving from the actomyosin contrac-
tion, because integrin clustering has not yet been concluded.
Further research is needed to elucidate the relationship among
focal adhesion maturation, integrin tension, and cell migration
velocity.

Monitoring integrin dynamics in cell–matrix interactions in
real-time presents a significant challenge. Professor Müller’s
work demonstrated that integrins initiate cell adhesion in less
than 1 second.42 Using a biomembrane force probe, Zhu
detected three states of the integrin aIIbb3: bent, extended
closed, and extended open states.43 However, there is currently
no method to monitor integrin dynamics in focal adhesions
concerning pulling speed. Our method suggests that the

Fig. 5 The actomyosin tension affects the distinct high integrin tension. (A) The 3T3L1 cells were treated with different concentrations of blebbistatin,
and then the integrin-mediated force maps were recorded. (B) The normalized fluorescence intensity of ITS and YFP TS was compared between 3T3L1
cells with 2.5 mM and 3.75 mM blebbistatin n = 35. (C) The NRK cells were replated on mixed-tension sensors under various concentrations of blebbistatin,
and the integrin-mediated forces were mapped. (D) The fluorescence signal in C were compared under the treatment with 2.5 mM and 3.75 mM
blebbistatin, n = 33.
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dwelling time between the integrin and its ligand might vary
if the integrin’s power remains unchanged. However, we lack
information about whether integrins operate at the same pull-
ing speed in all three cell types. The comparison of integrin
tension among these different cells limits our ability to
conclusively demonstrate the duration and force required to
rupture probes at the cellular level. Future investigations may

benefit from using tools like atomic force microscopes, optical
tweezers, and magnetic tweezers, which are more adept at
studying single receptor–ligand interactions. If the dwelling
time Td between the integrin and the ligand is calibrated in
these three cells, the comparison among them will be more
precise, eliminating the need to estimate the dwelling time
based on the whole cell migration speed. Nonetheless, these

Fig. 6 The inhibition of integrin a5 b1 did not inhibit high integrin tension. (A) The integrin-mediated force map for 3T3L1 cells. (B) The integrin tension
map for NRK cells.

Fig. 7 Integrin activation by Mn2+ did not rupture the 100 pN YFP TS. (A) Force mapping of integrin tension in fish keratocytes. (B) Analysis of integrin
tension with and without pre-activation by Mn2+, showing a slight increase in rupture signal (n = 20).
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methods also encounter challenges in accurately calibrating
integrin tension within focal adhesions due to their systemic
setups.

This method still has limitations in measuring the exact
force for integrins, which is a common drawback of all types of
tension sensors. For YFP TS, the unfolding force is in the range
of 97 pN � 27.1 pN at 400 nm s�1, with an error of 27.8%.
To date, the loading rate was examined by T. Ha,44 Z. Liu,45 and
K. Salaita,46 and their measurements were based on loading
rate sensors, calibrated with optical tweezers or magnetic
tweezers. Their quantification considered the unfolding force
of DNA sensors at a fixed value and the Dt of fold-to-unfold of
the sensor was detected. The loading rate was then derived by
DF/Dt. These innovative designs have advanced our under-
standing of integrin mechanics.

Conclusions

This study primarily focused on monitoring the variation in
integrin-mediated forces in adherent cells with differing moti-
lity, by combining two integrin tension sensors, YFP TS and
ITS. It introduces a new approach to detect high-level integrin
tensions exceeding 44 pN (equivalent to 54 pN as calibrated by
Xuefeng Wang). Upon comparing three cell lines, we found
that highly motile cells like fish keratocytes could not rupture
100 pN probes but could rupture 44 pN ones, whereas low-
motility cells generated integrin tensions higher than 100 pN.
This study suggests that cells with lower motility might rupture
higher tension sensors potentially due to a longer pulling time.

Pre-activating integrins with Mn2+ did not induce stronger
integrin retraction, as reflected by the tension sensor signal.

Inhibiting integrin a5b1 with an antibody and a specific pep-
tide could not completely suppress 100 pN integrin tension,
indicating that integrin avb3 is capable of rupturing 100 pN
sensors. By selectively inhibiting myosin, we demonstrated that
high integrin tension can be modulated pharmacologically,
further proving the complexity of force transmission in cells
and the varying efficiency of the actomyosin system.
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