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ABSTRACT: DNA-based tension sensors have innovated the imaging and Tandem tension sensor
calibration of mechanosensitive receptor-transmitted molecular forces, such
as integrin tensions. However, these sensors mainly serve as binary reporters,
only indicating if molecular forces exceed one predefined threshold. Here, we
have developed tandem tension sensor (TTS), which comprises two
consecutive force-sensing units, each with unique force detection thresholds
and distinct fluorescence spectra, thereby enabling the quantification of
molecular forces with dual reference levels. With TTS, we revealed that
vinculin is not required for transmitting integrin tensions at approximately 10
pN (piconewtons) but is essential for elevating integrin tensions beyond 20
pN in focal adhesions (FAs). Such high tensions have emerged during the
early stage of FA formation. TTS also successfully detected changes in
integrin tensions in response to disrupted actin formation, inhibited myosin activity, and tuned substrate elasticity. We also applied
TTS to examine integrin tensions in platelets and revealed two force regimes, with integrin tensions surpassing 20 pN at cell central
regions and 13—20 pN integrin tensions at the cell edge. Overall, TTS, especially the construct consisting of a hairpin DNA (13 pN
opening force) and a shearing DNA (20 pN opening force), stands as a valuable tool for the quantification of receptor-transmitted
molecular forces within living cells.
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C ells employ forces transmitted by mechanosensitive quantifying the local molecular force level. Although multi-
receptors within the cell membrane to orchestrate a plexing tension sensors with different force thresholds have been
diverse array of cellular and physiological activities.' ™ These practiced,"”*° the nonidentical DNA structures of the multi-
encompass vital functions such as cell adhesion,” migration, plexed tension sensors would cause a bias due to the different
embryogenesis,” cancer metastasis, and immune activation.” In accessibilities to the receptors, as one force sensor may be more
the field of cell mechanobiology, there is a keen pursuit of sterically favorable than the other for the receptors to bind,
techniques for visualizing and quantifying these molecular leading to biased classification of force levels. Even if the
forces. In the past decade, DNA has surfaced as a remarkably multiplexed tension sensors share identical DNA conformations
viable biomaterial for fabricating tension sensors due to its but exhibit different critical forces tuned by the GC content (the
extensively documented mechanical attributes’ and its adapt- ratio of GC pairs to the total number of pairs), their
ability for molecular synthesis and engineering.'”'' DNA has accessibilities to cell membrane receptors may still vary. This
been lﬁert applied to evaluate integrin tensions in live cells in is because the GC content influences the spontaneous opening
2013, in which DNAs in unzipping, shear and intermediate rates of DNA structures,”’ potentially altering the distance

configurations have been adopted to calibrate integrin tensions
at different levels. Later, hairpin DNAs,'>'* dsDNA (double-
stranded DNA),"*'® and shearing DNAs (reversible dsDNA in a
shearing configuration)'”"® have been adopted as the constructs
of reversible or irreversible tension sensors. These tension
sensors and associated microscopies have substantially
improved the resolution,'®'? sensitivity, and dynamic range of
integrin tension visualization and calibration.

Although DNA-based tension sensors have demonstrated
tremendous success for visualizing integrin tensions with high
spatial resolution, previous sensors have primarily operated as
binary probes, reporting if the force is larger than a predefined
threshold. As a result, these sensors lack the capability of

between sensor ligands and the receptors. Variations in local
densities of multiplexed tension sensors can introduce an
additional source of bias. To overcome these biases, one
effective approach is to link multiple force-reporting units in
series, which share a single ligand molecule. This design ensures

Received: April 1, 2024
Revised:  June 11, 2024
Accepted: June 27, 2024
Published: July S, 2024

© 2024 The Authors. Published b
Aeric‘;n gﬁemlilcaissgcietz https://doi.org/10.1021/acssensors.4c00756

W ACS Publications 3660 ACS Sens. 2024, 9, 3660—3670


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gopal+Niraula"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arghajit+Pyne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuefeng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.4c00756&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c00756?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c00756?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c00756?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c00756?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c00756?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ascefj/9/7?ref=pdf
https://pubs.acs.org/toc/ascefj/9/7?ref=pdf
https://pubs.acs.org/toc/ascefj/9/7?ref=pdf
https://pubs.acs.org/toc/ascefj/9/7?ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssensors.4c00756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Sensors

pubs.acs.org/acssensors

that interconnected force-reporting units experience the exact
same molecular tension transmitted by a cell receptor. Note that
this strategy has been previously adopted in at least two research
works. The You Lab linked two DNA hairpins to report the
cadherin-transmitted forces between cells.”” However, DNA
hairpins typically exhibit unzipping forces in the range of 5—13
pN that are generally lower than integrin tensions that are
capable of rupturing dsDNA in a shear configuration, which
requires tens of piconewtons of force."”'” Therefore,
interconnecting two DNA hairpins is not sufficient to quantify
integrin tensions in the broad force range. We previously
developed a ratiometric tension sensor with two linked dsDNAs,
but this sensor is irreversible and only qualitatively responds to
integrin tensions at different force levels.”

In this work, we developed tandem tension sensors (TTSs) in
which two DNA-based force-sensing units are linked in series.
Always under the same molecule force, these units have different
opening forces and report the force in separate fluorescence
spectra. By rational design, we synthesized TTS;’ consisting of
two hairpin DNAs and TTS}3 consisting of one hairpin DNA
and one shearing DNA. The superscript and subscript of the
TTS are the two critical forces in unit of piconewtons. We
validated their functionality using integrin tensions in FAs and in
platelets, alongside vinculin knockout (VinKO) and several
other approaches perturbing the generation and transmission of
integrin tensions within cells. The results demonstrate that
TTS3) effectively distinguishes various levels of integrin tensions
in focal adhesions (FAs) and platelets, whereas TTS:® is not
sensitive to these tension disparity. This suggests that TTS,
comprising a hairpin DNA and a shearing DNA, has a dynamic
range that aligns well with the range of integrin tensions in live
cells.

B MATERIALS AND METHODS

Cell Culture. HeLa cell lines were used as the cell models for TTS
validation and integrin tension study in this work. Wild-type and
vinculin knockout HeLa cell lines were purchased from American Type
Culture Collection (CCL-2, ATCC) and Abcam (ab265580),
respectively. Dulbecco’s modified Eagle’s medium (DMEM, 30—
2002, ATCC) with high glucose supplemented with 10% fetal bovine
serum (FBS, 30—2020, ATCC) and 1X penicillin-streptomycin
(15140—122, Gibco) was used for cell culture of both HeLa cell lines
(wild-type and vinculin knockout). HeLa cells were passaged every 72 h
using the standard cell culture and passaging procedure, which can be
found in the ATCC Web site.

TTS Construction. All DNAs are customized and purchased from
Integrated DNA Technologies. The sequences and modifications are
listed below. The detailed molecular structures are depicted in SFigures
1 and 2.

DNA sequences for TTS;"

DNA 1: /SThioMC6-D/CCC ACC AGC GAC GCC CGG/
3Cy3Sp/

DNA 1: /RGDfK/CCC ACC AGC GAC GCC CGG/3Cy3Sp/
(After RGDfK conjugation)

DNA 2: /SAtto647NN/TCG CGG CGA CCT CAG CAC TTT
GTATAAATG TTTT CAT TTATAC TTT CCG GGC GTC GCT
GGT GGG

DNA 3: /SBHQ_2/GTG CTG AGG TCG CCG CGA TTT CGC
GCGCGCTTTT GCG CGC GCGTTTAGC GCCACGTAGCCC
AGC

DNA 4: /5BiotinTEG/GCT GGG CTA CGT GGC GCT/
3BHQ_2/

DNA sequences for TTS, ;>

DNA 1: /SThioMC6-D/CCC ACC AGC GAC GCC CGG/
3Cy3Sp/
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DNA 1: /RGDfK/CCC ACC AGC GAC GCC CGG/3Cy3Sp/
(After RGDfK conjugation)

DNA S: /5Atto647NN/TGG TCG TGC CTC TTT TCG CGG
CGA CCT CAG CAC TTT CGCGCGCGC TTTT GCGCGCGCG
TTT CCG GGC GTC GCT GGT GGG

DNA 6: /5BHQ_2/GTG CTG AGG TCG CCG CGA TTT GTA
TAA ATG TTTT CAT TTA TAC TTT GAG GCA CGA CCT TTT
AGC GCC ACG TAG CCC AGC

DNA 4: /3BiotinTEG/GCT GGG CTA CGT GGC GCT/
3BHQ_2/

In DNA 1 strand, /5ThioMC6-D/represents a thiol modification
used for conjugation with RGD peptide. /BHQ_ 2/is the Black Hole
Quencher 2. DNA 1 was conjugated with a peptide ligand RGD{K
before DNA hybridization. The conjugation of DNA 1 with RGDfK
produces/RGDfK/CCC ACC AGC GAC GCC CGG/3Cy3Sp/.
Briefly, the conjugation was conducted as follows:

Step I: 10 uL solution of SO mM TCEP solution (77720,
Thermo Scientific) +50 mM EDTA in PBS (phosphate-buffered
saline) at pH 7.4 was prepared. The mixture of TCEP and EDTA
solution was used to deprotect the thiol group on the DNA and
makes it accessible for thiol-maleimide reaction. The obtained
10 uL mixed solution was added to 20 uL X 1 mM thiol-DNA-
Cy3 (DNA 1) in PBS and incubated for 30 min at room
temperature.

Step I1: Next, 10 mg of RGD-NH, (PCI-3696-PI, Biosynth) was
dissolved in 200 uL of ultrapure water. The RGD-NH, solution
was added to 2 mg of solid sulfo-SMCC (A39268, Thermo
Fisher Scientific) in a tube dipped in an ultrasonicator for quick
dissolving and mixing. Afterwards, 22 yL 10X PBS was added to
the mixture. This mixture was incubated for 15 min at room
temperature.

Step III: The DNA 1 solution (obtained from Step I) and RGD
solution (obtained from Step IT) were then mixed and incubated
for 1 h at room temperature and then overnight at 4 °C. After
this step, the majority of DNA (>90% according to our
experience) should be conjugated with RGD. The RGD-DNA
was purified by ethanol precipitation to remove unreacted RGD,
SMCC and TCEP. Optionally, RGD-DNA purity can be
examined with acrylamide gel electrophoresis which separates
RGD-DNA and unconjugated DNA to two visible bands. RGD-
DNA is in the lagging band which can be cut off, minced to small
pieces, and soaked in PBS to further purify RGD-DNA. The
RGD-DNA reconstituted in PBS can be stored at —20 °C for
long-term storage. No noticeable degradation was observed after
one year according to our experience.

Step IV: Finally, TTS}® was assembled by hybridizing the RGD-
DNAI1 and DNA2, DNA3, DNA 4 at molar ratio DNA1:D-
NA2:DNA3:DNA4 = 1.3:1.2:1.1:1 with a final concentration of
10 4M in PBS. TTS}J was assembled by hybridizing the RGD-
DNAI and DNAS, DNA6, DNA 4 at molar ratio DNA1:D-
NAS:DNA6:DNA4 = 1.3:1.2:1.1:1 with a final concentration of
10 #M in PBS. The obtained TTS solutions were annealed by
heating to 90 °C and cooling it back to room temperature. These
obtained TTS can be stored in a freezer for more than a year
without noticeable quality degradation.

TTS Immobilization on Glass-Bottomed Petri Dishes. The
substrates for cell assays were glass-bottomed Petri dishes (D35—14—
1.5-N, Cellvis) which support cell imaging with a 100 X oil lens. In our
study, we immobilized TTS adopting the biotin-neutravidin chemistry
to bind the sensor onto glass surfaces:

Step I: A solution of 100 ug/mL BSA-biotin (biotin-conjugated
bovine serum albumin, A8549, Sigma-Aldrich, USA) and 2 pug/mL FN
(fibronectin, 1918-FN, R&D System) in PBS buffer was added onto the
well of a glass-bottomed Petri dish and incubated for 15 min at 4 °C.
BSA and EN both can physically adsorb on the glass surface, and FN
was used to facilitate cell adhesion. The surface was washed with cold
PBS three times.
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Figure 1. Construction and principle of TTS. (A) Schematics of TTS;* and TTS}3. A molecular force higher than 5 pN would activate Cy3 of a TTS;>
construct, and a molecular force higher than 13 pN would activate both Cy3 and Atto647N. (B) Typical TTS force map, with Cy3 fluorescence
reporting >5 pN integrin tensions and Atto647N reporting >13 pN integrin tensions. Scale bar: 10 ym. (C) Conversion factors were obtained to
convert Atto647N-Cy3 fluorescence ratios to molecular force ratios (>13 pN/ >S pN). TTSs were fully opened by complementary ssDNAs. The
molecular ratio of two opened force-sensing domains is 1:1, and fluorescence ratios are 1.39 and 1.48 for TTS;*> and TTS33, respectively. (D)
Fluorescence intensities in both channels were calculated for 40 individual FAs, which were collected from four cells in one experiment. (E)
Fluorescence ratios for individual FAs. (F) Molecular force ratios for individual FAs were obtained by dividing fluorescence ratios by 1.39.
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Step II: The washed surface was incubated with a solution of 50 pg/
mL neutravidin (31000, Thermo Fisher Scientific) in PBS for 15 min at
4 °C and washed with cold PBS three times.

Step IIT: The surface was incubated with a solution of 100 nM TTS in
PBS for 15 min at 4 °C and washed with PBS three times. The surface is
ready for cell plating and further experiments.

TTS Immobilization on the PDMS Surface. In order to
investigate whether cells sense elasticity via stress sensing and whether
substrate rigidity impacts integrin molecular tension in cells,
polydimethylsiloxane (PDMS) samples were prepared with different
values of base:cross-linker ratio. PDMS is biocompatible and its
mechanical properties are tunable. PDMS substrates with Young’s
modulus ranging from 1.704 MPa and 12 kPa were prepared by
changing the base:cross-linker ratio from 10:1 and 50:1. The obtained
stiffness in respective base:cross-linker ratio was previously calibrated
using atomic force microscopy (Bioscope catalyst AFM, Bruker
corporation, details given in later section). Elastomer base and cross-
linker (04019862, SYLGARD 184 silicone elastomer base and curing
agent kit) were combined thoroughly with a spatula in a 1.5 mL
microcentrifuge tube. A 2 yL droplet of each mixture was sandwiched
between two glass coverslips and kept for 10 min before separation. The
two coverslips coated with PDMS mixture were kept to rest for 30 min
so that the PDMS coating becomes uniform on the surfaces. Next, the
coverslips were cured at 70 °C overnight on a hot plate. The coverslips
were then removed from the hot plate and cooled down slowly. The
ready-for-use PDMS coverslip was mounted onto an empty bottom
Petri dish by an UV light-activated glue. The process of TTS
immobilization on these surfaces was identical to that on regular glass
surfaces.

Hela Cell Detaching and Plating on to TTS Surfaces. First, cell
culture medium was removed from Petri dish and the cells were rinsed
with mild cell detaching solution [recipe: 100 mL of 10 X HBSS + 10
mL of 1 MHEPES + 10 mL of 7.5% sodium bicarbonate +2.4 mL of 500
mM EDTA + 878 mL of ultrapure water, pH 7.4]. The cells were then
incubated in 2 mL of detaching solution inside an incubator with 5%
CO, for 5 min. Cells were then pipetted off gently from the Petri dish
and transferred into a centrifuge tube and centrifuged for 3 min at 300g.
The cell pellet was suspended with the culture medium and added onto
a TTS glass surface. The sample was incubated in a cell incubator for 1 h
or otherwise stated time before imaging.

Cell Transfection. HeLa cells were transfected with pGFP(c3)-
vinculin (plasmid #30312, Addgene) and pGFP(cl1)-talin 1 (plasmid
#26724, Addgene). DNA transfection was performed in wild-type and
vinculin knockout HeLa cells with Lipofectamine LTX (15338—030,
Invitogen) in opti-MEM media (11058021, Gibco) according to
manufacturer’s instructions. Briefly, ~2.5 pg plasmid was mixed with 5
UL of Lipofectamine LTX in 500 L of opti-MEM culture media and
incubated at room temperature for 25 min. The mixture was then added
to HeLa cells at 70% confluency in a Petri dish. The transfection was
allowed for 24 h before further experiments.

Inhibition Treatments. CK666 (Arp2/3 inhibitor) and SMIFH2
(formin inhibitor) at a final concentration of 100 M were added to cell
solution. The treated cells were plated onto T'TS surfaces and incubated
for 10, 30, and 60 min at 5% CO, and 37 °C prior to TTS imaging.

During Y-27632 treatment, cells were preincubated for 1 h to allow
FAs to form. The cell sample was mounted on a microscope. After that,
the cell medium was exchanged with medium spiked with 20 uM Y-
27632 and the cells were further incubated for 20 min. TTS imaging was
performed on the cells right after adding Y-27632.

Quantification and Statistical Analysis. Image processing and
data analysis were performed using the software (NIS-element)
provided with the microscope combined with the MatLab code. The
algorithm for the analysis of TTS signals in FAs is detailed in SFigure 3.
GraphPad, Prism 10, was used for graph plotting. P values in figures
were obtained using an unpaired ¢ test.

Calculating Standard Deviations of the Product of Two
Independent Variables. For two independent variables, X and Y,
each following a normal distribution with means y and v, and standard
deviations ¢ and 7, respectively, the standard deviation of XY is
calculated as

3663

Std(XY) = \/0'212 + ot + TP

For example, the product of two variables, 86% + 12% and 27% +
14%, is accompanied by a standard deviation of

V0. 122 x 0. 14 + 0. 122 X 0. 27% + 0. 14° X 0. 86 = 0. 12 = 13%.

B RESULTS AND DISCUSSION

Construction of TTS. We designed two TTS constructs,
TTS}® and TTS]y (Figure 1A), with the subscript and the
superscript numbers representing the critical forces (F,, unit of
piconewtons, pN) required to unfold the two force-sensing units
in one TTS construct. These critical forces have been calibrated
by previous work.'#** Refer to the next section for detailed
discussion. Each TTS was synthesized by hybridizing four DNA
oligonucleotide strands. The DNA sequences and modifications
for each TTS are listed in SFigures 1 and 2. For each TTS
construct, there are six DNA modifications: an integrin peptide
ligand, a Cy3 dye, an Atto 647N dye, two blackhole quenchers
(BHQ2) and a biotin. The biotin tag is to enable the surface
immobilization of the TTS on surfaces through the biotin-
neutravidin interaction. A Cy3-quencher pair and an Atto647N-
quencher pair are adopted to label the two force-sensing units in
each TTS. The molecular force acting on a TTS construct is
detected through the fluorescence of Cy3 and Atto647N. When
the force surpasses the respective critical force of a force-sensing
unit, it causes DNA unfolding and pulls the dye away from the
quencher, hence freeing the dye from quenching. The dyes of
Cy3 and Atto647N were selected for their fluorescence stability.

We designed the DNA structures to ensure that each DNA
strand has no more than two modifications to reduce the
complexity of DNA synthesis. In both TTS constructs, the
quenchers are positioned on the DNA strands closer to the
substrate than the strands with the paired dyes. This design
ensures that the quenchers, not the dyes, remain on the substrate
if some TTS molecules spontaneously dissociate or become
ruptured by ultrahigh integrin tensions, therefore eliminating
the potential nonspecific fluorescence signal during TTS
applications.

Critical Forces Required To Activate the Force-
Sensing Units in the TTS Constructs. TTS;® was constructed
by interconnecting two hairpin DNAs and tested to determine
whether the critical force range of hairpin DNAs matches with
the force range of integrin tensions in live cells. 5 pN and 13 pN
were selected for constructing TTS:? as they represent the two
extremes of critical unzipping forces for opening hairpin DNAs,
which are determined by the GC content in the DNAs. We
constructed TTS?3 by adopting a hairpin DNA (13 pN critical
force) and an 11-bp (base pair) shearing DNA (dsDNA in a
shearing configuration) as force-sensing units. The critical force
of 11-bp shearing DNA was previously found to represent a
threshold value of integrin tensions required for cell adhesion
but not sufficient for FA formation."”

Multiple research groups have conducted calibrations on the
critical forces that dissociate hairpin DNAs and shearing DNAs,
thereby aiding in the development of DNA-based tension
sensors. The two force-sensing units of TTS:? are hairpin DNAs
whose critical forces are determined by the GC content, with
22% GC content corresponding to S pN critical force and 100%
GC content corresponding to 13 pN critical force, which were
previously calibrated by the method of biomembrane force
probe.'* The calibrated critical force of a hairpin DNA
represents a force level at which the hairpin DNA has equal
probabilities of being at the folded state or the unfolded state.

https://doi.org/10.1021/acssensors.4c00756
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Figure 2. TTS calibrated integrin tensions in FAs of wild-type cells and vinculin knockout cells. (A) Integrin tension signals in WT HeLa cells and
VinKO HelLa cells reported by TTS%. Scale bar: 10 um. (B) Molecular force ratios (115;}’;\1) of WT and VinKO cells. There is no significant difference
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been repeated for three times. 55 and 67 FAs in WT and VinKO cells, respectively, were pooled from three separate experiments. P values are <0.0001.

Both P values were evaluated by using an unpaired Student ¢ test.

The construct of TTS}S consists of one hairpin DNA and one
11-bp shearing DNA. The latter is coupled with an additional
hairpin DNA to enable the reversible unfolding and refolding of
the shearing DNA (Figure 1A). The unfolding force of an 11-bp
reversible shearing DNA (60—70% GC content), characterized
as the mean force rupturing the 11-bp reversible shearing DNA
under a force loading rate of 1 pN/s, was recently calibrated by
two groups using magnetic tweezers. The Liu group obtained a
result of 45 pN at 22 °C"” and the Yan group obtained a result of
20 pN at 37 °C.** Because all cell experiments in this work have
been performed at 37 °C, and the reversible shearing DNA in
TTS}3 shares a similar conformation to that in ref 24, we adopted
“20 pN” as the critical force of the 11-bp shearing DNA in this
work. Note that a higher critical force of shearing DNA can be
achieved by using longer DNA strand. For example, 15-bp
shearing DNA has a critical force of “35 pN” as shown in ref 24.
Therefore, TTS with higher critical forces can be constructed
accordingly if needed.

Although we adopted the term “critical forces (F.)” to denote
all the force levels activating the force-sensing units in the TTS
constructs, the reversible shearing DNA, consisting of a dsDNA
(double-stranded DNA) and a hairpin DNA in TTS?, has
unique force-dependent kinetics which is different from that of a
hairpin DNA. In a nutshell, the reversible shearing DNA is prone
to unfolding when sustaining a force at the level of the dsSDNA
shearing force, but it is not folded back until the force becomes
lower than the unzipping force of the coupled hairpin DNA,
hence exhibiting a strong hysteresis in the force-dependent
kinetics.'” In this consideration, the 20 pN force-sensing unit in
TTS13 may not be a real-time sensor reporting a current force
level, and may have a memory that records past experience of a
high-level force, until the current force is low enough to allow the
refolding of the shearing DNA, thereby resetting its force-
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sensing ability. TTS}3 can be regarded as a real-time tension
sensor if the detected force is known to be a constant force with
binary states (on or off) or a monotonically increasing force.
Demonstration of TTS Application. First, we demon-
strated the application of TTS using TTS:’ as an example. Figure
1B shows a HeLa cell plated on a glass surface coated with
TTS}>. The coating concentration is 100 nM, which is expected
to produce a surface density of TTS at ~1000/um>"° After
incubation for 1 h, HeLa cells generated integrin tensions in
streak patterns reported by both Cy3 and Atto647N signals,
contributed by integrins in FAs. We verified that Cy3 and
Atto647N fluorescence channels have no crosstalk in our
experimental setup. The fluorescence signals suggested that
both DNA hairpins in the TTS;® respond to integrin tensions.
The ratio of Atto647N-Cy3 fluorescence intensities was
calculated for individual FAs using the algorithm demonstrated
in SFigure 3. To obtain the molecular ratio of two force-sensing
units at the unfolded states (denoted as molecular force ratio),
we prepared the versions of TTS}® and TTS]3 with all force-
sensing units fully opened by complementary DNAs hybridizing
to the force-sensing units (Figure 1C). These complementary
DNAs are detailed in SFigures 1 and 2. Because both force-
sensing units in a TTS construct are fully unfolded, the
molecular ratio of these two units at the unfolded states is 1:1.
The Atto647N-Cy3 fluorescence ratios of fully extended TTSs?
and TTS}3 were obtained to be 1.39 and 1.48 (Figure 1C),
respectively. These two numbers are used as conversion factors
that convert fluorescence ratios of TTS signals to molecular
force ratios in FAs. For example, the Atto647N-Cy3
fluorescence ratios within individual FAs (Figure 1D,E) were
converted to 13 pN/S pN molecular force ratios (Figure 1F),
representing the ratios between integrin tensions above 13 pN
and integrin tensions above S pN. The average 13 pN/S pN
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Figure 3. Vinculin expression by cell transfection restored >20 pN integrin tensions. (A) WT and VinKO cells were transfected to express vinculin-
GFP or talin 1-GFP. Scale = 10 ym (2 ym in the zoom-in images). (B) Fluorescence intensity of vinculin-GFP is positively correlated with that of >20
pN force signal. (C) Line profiles of talin 1, >13 and >20 pN integrin tensions. Talin 1 is colocalized with integrin tension signals. (D) Integrin tension
signals reported by TTS33. Vinculin expression restored >20 pN integrin tensions, but talin 1 expression did not. The P value was evaluated by using an
unpaired Student ¢ test. 5SS FAs pooled from three separate experiments were analyzed for each group of cells.

force ratio shown in Figure 1F is 0.86 + 0.12, suggesting that
86% of all integrin tensions above S pN also exceed 13 pN.

We also demonstrated the performance of TTS?; in assessing
integrin tensions in FAs and compared it to multiplexed single-
threshold tension sensors, which consist of a hairpin tension
sensor with a critical force of 13 pN and a shearing DNA tension
sensor with a critical force of 20 pN as shown in SFigure 4A.
These two tension sensors were mixed and coated on a surface at
equal densities. HeLa cells were plated on the surfaces coated
with TTS3 and multiplexed tension sensors, respectively. The
average 20 pN/13 pN molecular force ratio shown in SFigure 4B
is 0.75 + 0.13, suggesting that 75% of all integrin tensions above
13 pN in FAs also exceed 20 pN, while the average 20 pN/13 pN
molecular force ratio reported by multiplexed tension sensors is
0.55 + 16. The significant difference between the two molecular
force ratios indicates that multiplexed tension sensors cannot
replace TTS in accurately reporting the force profile of integrin
tensions. The lower molecular force ratio reported by multi-
plexed tension sensors could be due to the bulkier structure of
the shearing DNA tension sensor (20 pN critical force)
compared to the hairpin DNA tension sensor (13 pN critical
force), potentially reducing its accessibility to integrins and
causing a lower 20 pN/13 pN molecular force ratio.

Vinculin Is Critical for Generating Integrin Tensions
above 20 pN in FAs. We tested the functionalities of TTSs
using VinKO and WT HeLa cells. Vinculin is a mechanosensi-
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tive FA protein acting as a key regulator binding with talin and F-
actin, connecting cells to the matrix and transmitting tension.”
In addition, it also regulates the cell spreading and tension levels
in FAs.””*” We applied TTS}® and TTS2J to assess the altered
force levels of integrin tensions in VinKO cells. VinKO and WT
HeLa cells were plated on TTS:® and TTS}S surfaces,
respectively, as shown in Figure 2A,C. Data analysis shows
that the 13 pN/S pN force ratios generated by WT and VinKO
cells are 0.86 + 0.19 and 0.84 + 0.19, respectively, showing
insignificant difference (P value = 0.63S, unpaired t test)
between the two cell lines (Figure 2B). In contrast, on TTS}3
surfaces, the 20pN/13pN force ratios generated by WT and
VinKO cells are drastically different, with values of 0.73 + 0.14
generated by WT cells and 0.08 & 0.04 generated by VinKO cells
(Figure 2D). The results suggest that 73% of all integrin tensions
above 13 pN also exceed 20 pN in WT cells, while only 8% of
such tensions exceed 20 pN if vinculin is knocked out.

The TTS?3 data revealed that integrin tensions in FAs readily
exceeded 20 pN, and vinculin is critical for elevating integrin
tensions to this high level. Meanwhile, vinculin is not required
for bringing integrin tensions above the level of 13 pN. We
speculate that vinculin elevates integrin tension level by
stabilizing the connection between talin and actin network.
Talin is the important adaptor protein connecting integrins to
actin network,” transmitting actomyosin force to integrin529_31
and initiating inside-out integrin activation’>”’ through the
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integrin-talin-actin linkage. While the integrin-talin bond has
been reported to be stabilized by kindlin,>* the talin-actin
connection could be reinforced by vinculin which binds to both
talin and actin.” A recent work investigated the mechanical
stability of vinculin-talin bonds,*® reporting a bond lifetime in
the order of seconds under a pulling force 15—25 pN, which is
sufficient to transmit actomyosin-generated force to unfold the
20 pN force-sensing unit in TTS}3. In the absence of
reinforcement from vinculin, a talin-actin bond might rupture
before the integrin tension reaches 20 pN, or it may only persist
for a brief period when sustaining a >20 pN force, insufficient to
trigger the activation of the 20 pN force-sensing unit.
Vinculin Transfection in VinKO Cells Restored >20 pN
Integrin Tensions. To further confirm that vinculin is the
pivotal protein responsible for raising integrin tensions beyond
20 pN, we conducted transfections in VinKO cells to induce the
expression of vinculin-GFP (green fluorescent protein). The
transfected cells were incubated on the TTSS surface for 1 h
prior to imaging. Vinculin and TTS}} signals were then
coimaged as shown in Figure 3A. Indeed, vinculin expression
in VinKO cells restored high-level integrin tensions (>20 pN) in
FAs. In addition, the vinculin expression level is also positively
correlated with >20 pN integrin tension signal as shown in
Figure 3B. To rule out the possibility that cell transfection or
GFP expression induced >20 pN integrin tensions in vinculin-
transfected VinKO cells, we transfected VinKO cells to express
talin 1-GFP and found that this transfection did not restore >20
pN force signals in VinKO cells (which endogenously express
talin). By talin transfection, we also observed that talin and >13
pN force signal are colocalized exceptionally well, as shown in
the subimages in Figure 3A,C, affirming the important role of
talin in transmitting integrin tensions. Overall, the transfection
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of vinculin into VinKO cells successfully restored >20 pN
integrin tensions (Figure 3D), demonstrating that vinculin is the
critical protein elevating integrin tensions beyond 20 pN.

20 pN/13 pN Force Ratio in FAs Increases Gradually by
the Time of FA Formation. In the field of cell mechanobi-
ology, an intriguing question concerns the force profile of
integrin tensions in FAs during their initial formation stage.
Using TTS]3, we explored the temporal dynamics of integrin
tension level in FAs. First, WT HeLa cells were incubated on
TTS3? surfaces for 10, 30, and 60 min prior to imaging (Figure
4A), producing 0.50 + 0.1S, 0.67 + 0.20, and 0.70 + 0.20 20
pN/13 pN force ratios, respectively. Next, we performed time
trace imaging of TTS13 signal in live cells and tracked individual
FAs from initial formation to a mature state. As shown in the
supplementary Movie 1 and Figure 4C, in a WT cell plated on a
TTS}3 surface, FAs were formed with a turnover time of ~20
min. We tracked a number of FAs and calculated the 20 pN/13
pN force ratios as shown in Figure 4D. The TTS signals of FAs
were synchronized by treating the moment of TTS signal
appearance as the time zero of an FA formation. The real-time
TTS monitoring also exhibits a global increase of molecular
force ratio by FA formation time, from 0.37 + 0.15 at time zero
to 0.74 & 024. Overall, these experiments revealed significant 20
pN/13 pN force ratios even with 10 min cell incubation time or
during the initial FA formation, suggesting that integrin tensions
in FAs readily exceed 20 pN at the early stage of FA formation.
The results also suggest the possibility that the portion of high-
level integrin tensions (>20 pN) in FAs increases by time.

Despite scrutinizing data thoroughly, we observed no FAs
exclusively generating a force signal greater than 13 pN but not
exceeding 20 pN in WT cells, suggesting that a subpopulation of
integrin tensions in FAs have already exceed 20 pN once the FAs
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are formed. We speculate that talin and vinculin recruitment
may occur concomitantly in wild-type cells. This finding aligns
with a recent publication, demonstrating the concurrent
enﬁer%ence of vinculin-GFP signals and integrin tension in
cells.”

TTS2 Signals in FAs Respond to the Disruption of
Actomyosin and Varied Substrate Stiffness. Previous
studies have shown that both actin polymerization and myosin
contraction contribute to integrin-transmitted forces in
cells.** ™ To test if TTS can report altered integrin tension
levels with the perturbed actin polymerization and myosin
contraction, we treated WT HeLa cells with Arp2/3 inhibitor
CK666, which blocks actin filament branching, and formin
inhibitor SMIFH2, which inhibits formin-mediated actin linear
nucleation and grow‘ch.41 The result shows that CK666
treatment did not have significant influence over the 20 pN/
13 pN force ratios in FAs (Figure SA,B), with values of 0.66 +

Molecular force ratio (20pN/13pN) 0

Control CK666 SMIFH2

g
3

Add 20 uM Y-27632

€
[T}
S £
@&
o o

-
]

-
@

Molecular force ratio (20pN/13pN)
>

— R
€ s k.
g3 e
Eo P
s o 0.5 5
5 X o R
58 Feste]
58 [
£ 0.0
< > 0 min 10 min

Incubation time

Figure 5. Actin polymerization and myosin II activity contribute to the
20 pN/13 pN molecular force ratios in FAs. (A) Force signals of TTS}3
in HeLa cells with the treatment of CK666 inhibiting Arp2/3, or
SMIFH2 inhibiting formin. Scale = 10 um. (B) Molecular force ratios of
TTS23 with the inhibition of Arp2/3 or formin. 60 FAs pooled from
three separate experiments were analyzed for each group of cells. (C)
Force signals of TTS}3 of a HeLa cell before and after the treatment of
Y-27632,a ROCK inhibitor. (D) Molecular force ratio of TTS33. 36 and
20 FAs were analyzed for time points of 0 and 10 min, respectively. All P
values were evaluated by using an unpaired Student ¢ test.

0.19 and 0.67 + 0.17 for the control group and the CK666-
treated one, respectively. However, SMIFH?2 treatment reduced
the force ratio in FAs to 0.50 =+ 0.15. These results suggest that
Arp2/3-mediated actin branching has insignificant role, but
formin-mediated actin linear nucleation is important for
transmitting high-level integrin tensions. This observation aligns
with a previous study showing that formin-mediated actin
polymerization, but not Arp2/3-mediated actin branching, is
essential for generating cytoskeletal forces on integrins.*”
Next, cells were treated with 20 M Y-27632 that inhibits
myosin II through the Rho-associated protein kinase (ROCK)
pathway. While Y-27632 clearly reduced the TTS}y signal
intensities in both fluorescence channels, the result also shows
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that the force ratio was reduced from 0.74 + 0.15 to 0.26 + 0.14.
Taken together, the results suggest that the integrin tension level
decreases if actomyosin in cells is perturbed. However, unlike
vinculin knockout, none of these treatment completely
abolished >20 pN integrin tensions while retaining >13 pN
integrin tensions.

Integrin Tension Level in FAs Responds to Substrate
Stiffness. One significant aspect of cell mechanotransduction is
the capacity of cells detecting and responding to changes in
matrix rigidity,"”** which has been shown to affect many cellular
functions including cell adhesion, migration, and differ-
entiation.””~** Because integrins are pivotal in cell mechano-
transduction, we tested if TTS reports the potential change of
integrin tension levels on elastic substrates. HeLa cells were
plated on TTS}j-coated glass and polydimethylsiloxane
(PDMS) surfaces with elastic modulus (E) of >1 GPa, 1.7
MPa and 12 kPa, respectively. The elastic modulus of PDMS
substrates were previously calibrated.”® The cells were incubated
for 60 min prior to imaging (Figure 6A). Results show that
molecular force ratios are 0.69 + 0.20 and 0.71 + 0.18 on the
glass surface and the PDMS surface with E 1.7 MPa,
respectively, showing no significant difference. However, the
molecular force ratio was reduced to 0.59 + 0.18 on the PDMS
surface with E = 12 kPa (Figure 6B), suggesting that integrin
tension level in FAs reacted to the substrate rigidity, and TTS}3
detected this change. Nevertheless, the alteration in molecular
force ratio is surprisingly marginal across the tested substrate
elasticities (GPa to 12 kPa), and high-level integrin tensions are
consistently generated in FAs. A similar outcome was also
reported in a recent publication, where tension sensors
immobilized to hydrogels were employed to investigate integrin
tensions.'®

TTS?? Revealed Two Force Regimes of Integrin
Tensions in Platelets. Platelets are small blood cells playing
pivotal roles in blood coagulation. Integrins in platelets transmit
tensions to orchestrate platelet activation, adhesion, and
contraction. Previously, dsDNA-based tension sensors"> and
hairpin DNA-based tension sensors*’ have been applied to
visualize integrin tensions in platelets. Here, we applied TTS}®
and TTS3S to evaluate the force level of integrin tensions in
human platelets.

As shown in Figure 7, integrin tensions in platelets were
generated in two distinct patterns: the ring-like pattern at the cell
edge and the plaque-like pattern within platelets, consistent with
the previous report.49 Integrin tensions in both patterns
produced fluorescent signals in the two force channels of the
TTS}? surface, suggesting that integrin tensions in both patterns
exceed 13 pN in platelets (Figure 7A). However, on the TTS}3
surface, while integrin tensions in the plaque-like pattern are
visible in the two force channels, integrin tensions in the ring-like
region only activate 13 pN force-sensing unit, but not the 20 pN
force-sensing unit (Figure 7B). These results revealed that
integrin tensions in the ring-like pattern are below 20 pN in
platelets, but integrin tensions in the plaque-like region can
surpass 20 pN. This force disparity is solely reported by TTS}3
and not by TTSs®, indicating that a combination of a hairpin
DNA and a shearing DNA in TTS is required to gauge the force
of integrin tensions in platelets.

B CONCLUSIONS

Integrins within FAs consistently transmit tensions that are
critical mechanical signals regulating cell mechanotransduction.
Numerous lines of evidence have shown that integrin tensions
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are active across a wide spectrum, ranging from a few
piconewtons to tens of piconew‘cons.lz’17 To monitor integrin
tensions within FAs, there is a growing need for molecular
tension sensors that can quantitatively categorize these tensions
across various molecular force levels in a broad dynamic range.
To this end, we have designed the TTS, comprising two
interconnected force-sensing components that assess the same
molecular force using distinct detection thresholds. Two TTS
constructs, TTS}? consisting of two hairpin DNAs with different
GC contents and TTS}3 consisting of a hairpin DNA and a
shearing DNA, were developed by rational design and validated
with VinKO cells, platelets, and common approaches perturbing
cellular forces.

First, we tested TTS with HeLa cells, which readily form FAs.
The results show that TTS:> yielded 0.86 + 0.12 molecular force
ratio, suggesting that, for all >5 pN integrin tensions, there are
14% =+ 12% in the range of 5—13 pN and 86% =+ 12% in the
range of >13 pN. The TTS}} construct reported 0.73 + 0.14
molecular ratio in live HeLa cells, suggesting that, for all >13 pN
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integrin tensions, there are approximately 27% =+ 14% in the
range of 13—20 pN and 73% =+ 14% that exceeded 20 pN at
some time points. Based on these results, we collectively
estimate that, for all >5 pN integrin tensions, there is 14% + 12%
integrin tensions in the range of 5—13 pN, 86% X 27% = 23%
(£13%) in the range of 13—20 pN and 86% X 73% = 63%
(£15%) that exceeded 20 pN at some time points. The standard
deviations of 13 and 15% were calculated using the method
described in support information. These findings indicate a
substantial portion of integrin tensions have exceeded 20 pN
within FAs, implying that a prior study which reported a small
fraction of integrin tensions exceeding 11 pN>’ may have
underestimated the prevalence of high integrin tensions. TTS
results also show that both 13 pN/5 pN and 20 pN/13 pN
molecular force ratios are rather uniform inside individual FAs.

To further confirm TTS’s ability of assessing mechanical
forces, we utilized both VinKO and wild-type HeLa cells to
investigate how T'TS responds to potential alterations in integrin
tensions resulting from the vinculin knockout. In VinKO cells,
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the TTS® signal had little change in terms of force signal
intensity or molecular force ratio. However, TTS]3 result shows
that nearly all >20 pN integrin tensions are abolished and >13
pN integrin tensions are retained with vinculin knockout. The
>20 pN integrin tensions and the 20 pN/13 pN molecular force
ratio were restored by transfecting VinKO cells to express
vinculin. This result not only validates that TTS}3 effectively
responded to alterations in integrin tensions due to vinculin
knockout but also strongly underscores the essential role of
vinculin in elevating integrin tensions beyond 20 pN. This
observation is consistent with several previous studies that have
demonstrated the role of vinculin in increasing integrin
tensions,”””>” attesting to the functionality of TTS in assessing
integrin tension levels. T'TSs have also been shown to respond to
changes in integrin tensions resulting from the inhibition of
actomyosin and variations in substrate elasticities. Furthermore,
we validated the performance of TTS;* and TTS} with human
platelets. The results show that platelets generate integrin
tensions in two distinct force regions, with peripheral region
transiting integrin tensions in 13—20 pN and the central region
transmitting integrin tensions above 20 pN. The different force
levels were only reported by TTS}9, which consists of a hairpin
DNA and a shearing DNA, indicating that TTS consisting of two
hairpin DNAs is insufficient to gauge integrin tensions in live
cells. Overall, with the capability to quantify force levels of
integrin tensions in real time and within live cells, TTS,
especially the one consisting of a hairpin DNA and a shearing
DNA, provides a valuable and convenient tool for investigating
cell mechanotransduction, expanding our knowledge of how
cells respond to mechanical stimuli.
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