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Extracellular matrix (ECM) rigidity serves as a crucial mechanical cue

impacting diverse biological processes. However, understanding the
molecular mechanisms of rigidity sensing has been limited by the spatial
resolution and force sensitivity of current cellular force measurement
techniques. Here we developed a method to functionalize DNA tension
probes on soft hydrogel surfacesin a controllable and reliable manner,
enabling molecular tension fluorescence microscopy for rigidity sensing
studies. Our findings showed that fibroblasts respond to substrate rigidity
by recruiting more force-bearing integrins and modulating integrin
sampling frequency of the ECM, rather than simply overloading the existing
integrin-ligand bonds, to promote focal adhesion maturation. We also
demonstrated that ECM rigidity positively regulates the pN force of T cell
receptor-ligand bond and T cell receptor mechanical sampling frequency,
promoting T cell activation. Thus, hydrogel-based molecular tension
fluorescence microscopy implemented on a standard confocal microscope
provides asimple and effective means to explore detailed molecular force
information for rigidity-dependent biological processes.

As a major mechanical cue, extracellular matrix (ECM) rigidity has
been demonstrated to influence many critical life processes, including
stem cell differentiation’, platelet activation? and tumor metastasis>.
To understand how cells sense and respond to ECM stiffness, trac-
tion force microscopy (TFM) or micropost arrays have been widely
applied to measure the mechanical force exerted by acell adhering to
asoft hydrogelsurface®. For example, Prager-Khoutorsky et al. found
that matrix stiffness may alter the polarization of fibroblasts by
influencing the mechanotransduction of focal adhesions (FAs) in
fibroblasts’. Plotnikov et al. utilized TFM to investigate the distri-
bution and dynamics of traction forces generated by individual mature
FAs on hydrogels with different stiffnesses and found that individual

FAs can exert fluctuating traction forces on the ECM to probe the
matrix rigidity and promote cell durotaxis®. Furthermore, after using
TFM to study the complex relationship between hydrogel stiffness
and cellular traction, researchers proposed that cells transmit and
regulate FA-mediated mechanotransduction through an ‘actin-
adaptor protein-integrin-ECM’ linkage, termed the molecular
clutch’®. Although TFM has greatly promoted the growth of the
mechanobiology field, the coarser force sensitivity (nanonewton)
and ~micron spatial image resolution of TFM probably limit our
understanding of the molecular mechanisms of rigidity sensing,
that s, the ability of the cell to sense and respond to the stiffness of
itsenvironment.
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Stabley et al. have recently pioneered the invention of molecular
tension fluorescence microscopy (mTFM)', atechnology that employs
immobilized mechanosensitive fluorescent molecular probes toimage
and quantify pN-level forces experienced by live cellmembrane recep-
tors. UsingmTFM, researchers were able toimage the molecular forces
of transmembrane receptors such as integrins''>and T cell receptors
(TCRs)*"inliving cellsinreal time, and revealed that ~-pN level forces
transmitted through the individual receptors mediated cell adhesion
and T cell activation. Recently, our group developed areversible shear-
ing DNA-based tension probe (RSDTP)" that expands the range of force
measurements of reversible molecular tension probes and revealed
that mechanically strong integrins (>56 pN) maintained FA matura-
tion. Although mTFM can measure cellular force at the molecular
level, the techniqueis currently limited to the study of cells spreading
on coverslips™ or lipid bilayers" that are mechanically different from
soft ECM. To the best of our knowledge, it is currently difficult to map
the molecular force duringrigidity sensing usingmTFM mainly due to
the complex chemical and physical structural properties of hydrogel
that make it challenging to specifically modify molecular tension
probes onits surface.

In this Article, we have developed an experimental procedure
to functionalize DNA tension probes on soft hydrogel surfaces in a
controllable and reliable manner. Inaddition, fluorescent nanospheres
were conjugated onthe same hydrogel surface, which allowed usto cou-
plethe mTFM with conventional TFM and gather more comprehensive
data, including molecular force mapping, net cell traction and force
orientation. Using hydrogel-based mTFM, we investigated how ECM
stiffness regulates receptor-mediated force transmission processes.
We found that fibroblasts respond to substrate rigidity primarily by
recruiting more force-bearing integrins and modulating the frequency
atwhichintegrins sample the ECM rather than by increasing the aver-
age magnitude of integrin forces of FAs. Moreover, we discovered that
ECM rigidity has a positive impact on the pN forces involved in TCR-
ligand interaction and TCR mechanical scanning dynamics, which
ultimately promotes the efficiency of T cell activation in response to
antigen recognition. Our results demonstrated that hydrogel-based
mTFM can be used to study mechanotransduction processes of cells
spreading on soft hydrogels, which are mechanically more similar to
tissues, and may provide novelinsightsinto the molecular mechanisms
underlying cell rigidity sensing and mechanotransduction.

Results

Hydrogel-based mTFM development for cellular force imaging
Unlike glass or lipid layers, hydrogels are highly porous and heterogene-
ous'. Thus, if the molecular tension probes were directly crosslinked
with hydrogel materials, the majority will be absorbed by the inner
hydrogel matrix as notable background signal during imaging,
whichwould override the real mMTFM signal on the surface and pose a
challenge to obtaining high-quality mTFM maps on hydrogels. Here we
have developed an experimental procedure for the selective modifica-
tion of gold nanoparticle (Au NP)-based tension sensors'>'>'® on the
hydrogel surface (Fig. 1a, Extended Data Figs.1-5and Supplementary
Figs.1-4). Briefly, we first covalently attached DNA-based tension

probes to Au NPs, specifically by freezing their mixture at —80 °C for
1htoachieve a high DNA density and good colloidal stability of DNA-
Au NPs hybrid". The DNA-Au NPs hybrid colloid was then incubated
withalipoicacid-functionalized polyacrylamide (PA) hydrogel 30 min
to form stable crosslinks of hydrogel-Au NPs-DNA (Extended Data
Fig.2). Notably, the tension probes were primarily immobilized on
the hydrogel surface because the physical size of the preassembled
Au NP-DNA tension probe complex can prevent its penetration into
the hydrogel matrix. Therefore, the background noise generated by
the probesinside the hydrogel matrix could be substantially reduced.
Optionally, fluorescent nanobeads could be conjugated with the same
hydrogel surface (Fig. 1a and Extended Data Fig. 2), thus allowing us
to couplethe mTFM with conventional TFM and gather more compre-
hensive data, including molecular force images, net cellular traction
and force orientation.

Asaproofofconcept, we prepared a30 kPaPA hydrogel with17 pN
RSDTPs and 40 nm fluorescent nanospheres functionalized on its
surface to simultaneously measure molecular integrin force and
cellular traction in living cells. Figure 1b shows time-lapse confocal
images of the FAs, mTFM, TFM and bright field of mouse embryonic
fibroblasts (MEFs), where the cell traction forces visualized by both
mTFM and TFM are clearly located at the adhesion sites indicated by
enhanced green fluorescent protein (eGFP)-paxillin. Furthermore,
confocal z-stack images revealed both the mTFM signals and fluores-
centnanospheres were tightly distributed around the surface without
discernible background signal within the hydrogel (Fig. 1c). Specifi-
cally, the mechanical unfolding threshold of a given DNA-based ten-
sion probes is dependent only on the number of base pairs and force
applied geometry, which should be independent with the rigidity
of substrates (Extended Data Fig. 3) and insensitive to loading rates
within a physiologically relevant range®. This ensures the reliability
of the method. Using time-lapse imaging, we then studied the spati-
otemporal dynamics of FAs, molecular force and net cellular traction
during cell spreading on hydrogels. The temporal evolution plots of
mTFM and TFM intensities shown in Fig. 1d revealed that both mTFM
and TFM intensities coordinated with FAs, implying that the total
intensity of mTFM could also be a reliable indicator of the temporal
variation in net cellular traction. In addition, mTFM on hydrogels has
substantially higher spatial resolution than conventional TFM images
asshowninFig.1e,and the magnified image shows that the resolution
ofthe mTFMimage on the hydrogelis similar to that onacoverslip and
approaching the optical diffraction limit (zoom in Fig. 1b). Addition-
ally, TFMalso provided traction force vector data, whichindicated that
the force was directed to the cell center. If we treated MEFs with actin
polymerization inhibitor cytochalasin D, the mTFM and TFM signals
decreased virtually simultaneously as expected (Extended Data Fig. 4
and Supplementary Video 1). Importantly, this approach allows us to
continuously record mTFM, TFM and so on of cells for more than 7 h
(Supplementary Video 2).

Furthermore, given that cellular traction may cause alocal aggre-
gation of DNA probes on soft hydrogel surfaces, we sought to determine
if the unavoidable aggregation of folded DNA tension probes would
result in a false signal. Specifically, we functionalized the hydrogel

Fig.1|Molecular tension probes coupled with TFM to jointly reportcell
adhesion force on hydrogel substrate. a, Schematic of the development of
hydrogel-based mTFM method. Top left: molecular tension probe is preattached
to Au NPs. Bottom left: schematic of cells spreading on a hydrogel substrate
functioned with both molecular tension probes and fluorescent nanobeads.
Middle: schematic of imaging cell molecular tensions and net tractions using
fluorescent nanobeads and tension probes, respectively. Right: attachment
of molecular tension probe to the hydrogel substrate. b-d, Representative
time-lapse confocal imaging of eGFP-paxillin, mTFM, TFM and bright field
(BF) of MEF cells on 30 kPa hydrogel substrate (b) and their corresponding
plotasafunction of time (n =4 cells) (d), and representative 3D distribution

of fluorescent signals collected from eGFP-paxillin of MEF cells, 17 pN RSDTPs
and fluorescent nanobeads on 30 kPa hydrogel substrate (c).Inband d, data
represent mean + s.d. from three independent experiments. In ¢, the images are
representative of two independent experimental results. e, Intensity profiles of
paxillin, tension signals and net tractions along the white line marked inb.

f, Representative confocal imaging of eGFP-LifeAct, mTFM and TFM of THP-1-
M2 cells on 30 kPa hydrogel substrate. The images are representative of three
independent experimental results. g,h, Intensity profiles of actin, tension
signals and net tractions along the marked lines inzoom1(g) and zoom 2 (h)

of f, respectively.
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surface with scrambled DNA probes that do not unfold under cellular
force but have aquenching efficiency similar to that of aregular folded
DNA tension probe® (Extended Data Fig. 5a). As a result, cells could
adhere properly to the modified hydrogels (Extended Data Fig. 5b),
but we did not observe a substantial increase of background signals
in FA areas where the scrambled DNA probes should have clustered
under force similar to that of RSDTPs (Extended Data Fig. 5c). These
results further confirmed the reliability of the mTFM signal measured
on hydrogel surfaces.

Podosomes are specialized adhesion structures abundant in
macrophages with actin-rich cores surrounded by integrin-rich
rings less than afew microns in diameter”, and their integrin-mediated
adhesive forces have been shown to be smalland nearly perpendicular
to the substrate?, beyond the capability of conventional TFM. Thus,
we wondered whether the integrin forces of podosomes on hydro-
gels could be mapped using mTFM. We seeded macrophages trans-
fected with eGFP-LifeAct on hydrogels prepared according to the
above method for 1 h and found that both fibrillar FAs and columnar
podosomes were formed (Fig. 1f-h). Forces at FAs were recorded by
TFM at a lower spatial resolution than those of mTFM, similar to the
above MEF cellresults (zoom 2 in Fig. 1f,h). Interestingly, we found that
the small ring-like integrin forces of podosome structures that were not
visible on the TFM image were clearly visualized on the mTFM image
(zoom1inFig.1f,g), with features consistent with previous reports??*.
Overlay and time-lapse images of mTFM and actinimmunofluorescence
images show that the integrin-mediated forces are always tightly
surround the actin core (Supplementary Video 3).

Altogether, these results clearly demonstrate that the proposed
procedure of mTFM can measure molecular forces in living cells
on hydrogels; furthermore, the method could be combined with
and complemented by the conventional TFM technique to visualize
the cell tractions at subcellular and molecular scale simultaneously.

Quantifying molecular forces in cellular rigidity sensing
Given that we can measure molecular forces on hydrogels using
mTFM, we wanted to determine how cells respond to ECM rigidity
viaintegrin-mediated molecular forces. We prepared a series of hydro-
gels with different moduli ranging from 1 kPa to 80 kPa and func-
tionalized their surface with multiplexed RSDTPs (17 pN and 50 pN
RSDTPs were mixed at al:1 molar ratio) to simultaneously report total
force-bearing integrins (>17 pN) and mechanically strongly loaded
integrins (>50 pN) within the same cell (Fig. 2a, top). We adjusted
the density of tension probes by fine-tuning the concentration and
incubation time of AuNPs and RSDTPs, ensuring similar densities on
hydrogels (-1,600 DNA probes pm) with various stiffness (Methods
and Supplementary Fig. 3), thereby eliminating the effects of density
on force-stiffness characteristics. Note that the critical force for
RSDTPs" or tension gauge tethers (TGTs)** is dependent on the force
loading rate and observation time scale”. Therefore, the RSDTPs or
TGTs with varying tension values utilized in our study represent dif-
ferencesinthe mechanical stability of the DNA probes, rather than the
precise force values exceeded by integrins during the experiments.
In addition, we also measured the net traction force of cells on the
different hydrogels using TFM (Fig. 2a, bottom). The results showed
thatboththesize of FAsand the area of cell spreading increased as the
DNA tension probe-functionalized hydrogels became stiffer, indicat-
ing that DNA tension probes do not interfere with the rigidity sensing
process of MEFs (Fig. 2b). Moreover, the intensity of mTFM images
with 17 pN RSDTPs shared a similar trend with that of TFM images
(Supplementary Fig. 5), indicating that the number of integrins with
tensions higher than17 pNalsoincreased as aresponse to increasing
stiffness (Fig. 2c).

We noted that the mTFM images reported by 17 pN and
50 pN probes are both clearly distinguishable from the background.
By calculating the total fluorescence intensity of both tension probes

for each cell and correcting the fluorescence efficiency differences
between the two channels, we found, surprisingly, that percentages of
strongly loaded integrins (>50 pN) in the total force-bearing integrins
(>17 pN) in cells remained at approximately 45% (Fig. 2d), even after the
substrate modulusincreased by more thanan order of magnitude and
the net cellular tractions increased by more than four-fold (Fig. 2e).
Notably, this independence of integrin force distribution from sub-
strate stiffness was also observed in other cell lines, including mouse
myoblast cells (C2C12), human osteosarcoma cells (U20S), Chinese
hamster ovary cells (CHO), human glioblastoma cells (U251) and human
cervical cancer cells (HeLa), and the slight difference in force ratio
valuesbetween these celllines was also successfully detected (Extended
Data Fig. 6). This result suggested that the average magnitude of
integrin forces in these cells is insensitive to ECM stiffness, which
seems counterintuitive. Because it is commonly expected that if the
nettractionreported by TFM decreases as the ECM softens, the average
magnitude of single integrin forces in FAs should decrease as well®. It
isworth noting that all our experimental results were observed in the
presence of serum, while the growth factor EGFR has been reported
by Rao et al. to tune the mechanical tension threshold for outside-in
integrin activation, cell spreading and FA maturation processes™.

Note that, despite the reduction in mechanical stability of DNA
probes when the ambient temperature increases to 37 °C (ref. 25),
the mechanical stability difference between 17 pN RSDTPs and 50 pN
RSDTPs remains notable (Extended Data Fig. 7). Furthermore, the
magnitudes of integrin forces of cells adhering to various hydrogel
surfaces were also challenged by 55 pN TGTs at room temperature
(Fig. 2f), and the results showed that while alterations in ECM stiffness
can substantially influence the spreading area and FA size of cells, the
mechanical strength of integrin molecules within these celladhesions
is not substantially affected.

Moreover, we specifically knocked out vinculin using CRISPR/
Cas9 (Vcl-KO), which disrupted the nuclear translocation of YAP
without affecting the formation of FAs (Supplementary Fig. 6), and
then compared the FA area, net tractions, and integrin tensions of
Vcl-KO MEFs to those of wild-type MEFs using the same procedure
described above (Fig. 2g). While Vcl-KO MEFs were still able to sense
and respond to stiffness by regulating the size of the FAs (Fig. 2h),
mTFM results showed that integrins carrying large forces (>50 pN)
were substantially inhibited (Fig. 2g,i and Extended Data Fig. 8) by
knockout of vinculin, consistent with the recent findings of Austin
et al.”, and this appears to be the main reason for the decrease in
net traction of Vcl-KO MEFs (Fig. 2j). Furthermore, the magnitude of
molecularforce ofintegrinsin FA did notincrease no matter the Vcl-KO
MEFs were spreading on soft, stiffer hydrogel substrate, or even on
glass (Extended DataFig. 8).

Taken together, our results indicated that cells respond to
substrate rigidity, at least between 1 kPa and 80 kPa, probably in a
‘digital’ manner. As substrate stiffness increases, cells would recruit
more integrins into FAs to carry part of the increased mechanical
loading, rather than by increasing the mechanical strength of the
existing integrin-ligand bonds, to facilitate FA maturation.

Exploring impact of hydrogel stiffness on integrin dynamics

Although priorinvestigations and theories have indicated that cells may
respond to ECM stiffness viaintegrin-ECM binding dynamics®’, there
isno experimental approach to directly examine this concept. Maet al.
recently developed a technique that utilizes locked oligonucleotides
toirreversibly bind mechanically stretched DNA probes, therefore
locking up the short-lived TCR-mediated forces and storing them in
an mTFM history map?. Inspired by this idea, we attempt to extend
the application of this method for probing receptor-ligand binding
dynamics on different hydrogel substrates. Specifically, we designed
a29 ntsingle-stranded DNA molecule, called the locking strand, that
canselectively hybridize to the mechanically unfolded RSDTPs on the
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Fig.2|Probing the integrin-mediated molecular forces and net tractions of
FAs during rigidity sensing. a, Representative fluorescentimages of paxillin-
tagged MEFs on multiple hydrogel substrates with rigidities ranging from
1kPato 80 kPa, and corresponding mTFM simultaneously reported by mixed
17 pN RSDTPs and 50 pN RSDTPs (top), and representative TFM results of
cells seeded on hydrogels co-modified with fluorescent nanobeads and

17 pN RSDTPs (bottom). The images are representative of three independent
experimental results. b-e, Plots of FA area (b), molecular tensions (c), ratio of
strongly loaded integrin to total loaded integrins (n = 64, 54, 59, 69, 62, 35 cells
for each stiffness) (d), and net traction of MEFs (n =4, 18,59, 62, 44, 26 cells for
each stiffness) as a function of hydrogel stiffness (e). Data are mean + s.d. from
three independent experiments. f, Top: schematic of the measurement
ofintegrin force on the hydrogel surface using TGTs labeled with a Cy3B and
aBlack Hole Quencher (BHQ). Bottom: representative fluorescentimages

of paxillin-tagged MEFs on soft (3 kPa) and stiff (30 kPa) hydrogels, and

corresponding signals of 55 pN TGTs at room temperature (22 °C). The images
arerepresentative of threeindependent experimental results. dsDNA,
double-stranded DNA. g, Representative fluorescent images of paxillin-tagged
Vcl-KO MEF cells on soft (3 kPa) and stiff (30 kPa) hydrogel substrates and
corresponding TFM and mTFM results visualized either by 17 pN RSDTPs or

50 pNRSDTPs. Theimages are representative of three independent experimental
results. h—j, Quantification of the effect of Vcl-KO on the mechanical responses
of MEFs to substrate stiffness using FA area (control, n =131, 48 cells for each
stiffness; Vcl-KO, n = 97,46 cells for each stiffness) (h), 17 pN tension signals
(control, n=24,92 cells for each stiffness; Vcl-KO, n = 31, 23 cells for each
stiffness) (i) and net tractions (control, n =18, 44 cells for each stiffness;
Vcl-KO, n =108, 121 cells for each stiffness) (j). Data are mean + s.d. from three
independent experiments. Two-tailed Student’s ¢-tests are used to assess
statistical significance.
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surface and preventitsrefolding, evenifthe integrin-ligand link is sub-
sequently ruptured (Fig. 3a). Thus, if the dynamics of integrin-ligand
binding vary with substrate rigidity, we can quantify the dynamics of
integrin-ligand interactions as the mechanical sampling rate of the
force-bearing integrins (Fig. 3b), which is the increasing rate of the
total mTFM intensity computed using time-lapse imaging of mTFM
after the addition of the locking chain (Supplementary Fig. 7).

To demonstrate this strategy, we first seeded MEF cells on the
hydrogels (3 kPa) for 3 h, and the time lapse of mTFM signals with
and without locking strands was collected. Apparently, mTFM sig-
nals remained stable, displaying no notable change in fluorescence
intensity in the absence of locking strands or after the addition of
unpaired locking strands (Extended Data Fig. 9). In contrast, after
the addition of locking strands, mTFM clearly recorded the traces of
cellular tension variation, which persisted even after treating cells
with Cytochalasin D at a later timepoint to eliminate cellular forces
(Extended Data Fig. 10). Furthermore, the cumulative amount of
mTFM signals increased progressively over time following the addi-
tion of the locking strand until the locking strand was exhausted, and
their rates were clearly higher than that of background signals resulted
fromforce-independent locking strands-RSDTPs competitive pairing
in non-cellular regions (Supplementary Fig. 7). These observations
demonstrated the functionality and specificity of the locking strands
in this experiment.

Next, we sought to further investigate the effect of hydrogel
stiffness onintegrin-RGD binding dynamics by conducting the afore-
mentioned experiments on different hydrogel surfaces. The results
showed that the intensity of all mTFM images gradually increased
over time after adding the locking strands, as expected (Fig. 3¢). By
subtracting the background and normalizing the meanintensity of the
mTFMimages at ¢t = 0 (before adding the locking strand), we obtained
agrowth curve over time (Fig. 3d). Moreover, by calculating the slope
of the curve’s increase during the first 5 min as a mechanical sam-
pling factor, which reflects the fold increase of the integrated mTFM
signal and quantitatively describes the integrin binding dynamics,
we determined a mechanical sampling factor for a cell in relation to
the ECM stiffness. The results of these analyses clearly revealed the
distinguished response of the integrin-RGD binding dynamics of
cells to hydrogel stiffness (Fig. 3e). Specifically, on a soft hydrogel
(1kPa), the mTFM signal could rise four-fold in S min but only two-fold
within the same period on an intermediate rigid hydrogel (6 kPa).
Interestingly, the mTFM signal again increased substantially when
cellsspread on astiffer hydrogel (80 kPa). Further, this biphasic rela-
tionship between mechanical sampling factor and matrix stiffnessis
more notable in the statistics diagram as illustrated in Fig. 3e, thus
suggesting that the binding frequency between integrins and RGD
molecules is faster when cells are spread on soft and stiff hydrogels
versus intermediate stiffness hydrogels. A possible explanation for
this observationis that onasoft surface, where fibroblasts fail to form
stable adhesions, the cells may frequently test the surface by forming
transient force-transmission linkages, resulting in a high mechanical
sampling rate of cells. Atintermediate stiffness (for example, 30 kPa),
mature FAs containing numerous ECM-bound integrins form, con-
nected to the cytoskeleton by crosslinked stress fibers, resulting in

morestableintegrin—-ECM linkages and alower mechanical sampling
rate. On astiffer substrate, the development of coarser stress fibers,
larger FA size and reduced hydrogel deformability may contribute
to an increased force loading rate for integrins within FAs, which is
likely to ultimately reduce the stability of individual integrin-ECM
linkage in FAs’.

Interestingly, after further characterizing the mechanical sam-
pling factors of human glioblastoma cancer cell (U251), which have
recently been shown to exhibit negative durotaxis behavior?, we
found the biphasic relationship was clearly absent (Fig. 3f,g), and the
mechanical sampling factors of U251 on soft hydrogels (-1-10 kPa)
were much lower than those on rigid hydrogels (>30 kPa), which
is distinguished from MEFs (Fig. 3h). Although we do not yet fully
understand the underlying molecular mechanism causing these dis-
tinct stiffness-dependent mechanical sampling rates between MEF
and U251 or their link to cell migration behavior, it is evident that
integrin-ECM binding kinetics are more sensitive to substrate
rigidity compared to the magnitude of integrin tension in these cells
(Fig.3e,h). Taken together, these results experimentally confirm that
cells can sense and respond to ECM rigidity through integrin-ligand
binding dynamics. And these stiffness-dependent integrin-ECM
binding kinetics, along with stiffness-invariant integrin tension,
probably orchestrate the intricate mechanical response of cells to
hydrogel stiffness.

Stiffness regulates T cell activation by TCR-mediated force

T cells exhibit mechanical sensitivity>>*, and their TCR on the cell
membrane transmit pN forces to improve immune recognition®.
Furthermore, T cells are extremely sensitive to the stiffness of the
interacting surface, and a more rigid matrix can notably boost the
T cell immune response®***. Despite this, how T cells regulate the
mechanical properties of TCR-ligand interactions at the molecular
level in response to variations in matrix rigidity remains unclear.

To quantitatively examine theimmune response changes during
T cell rigidity sensing, we cultured mouse naive CD8 T cells on rigid
(30 kPa) and soft (1 kPa) hydrogels functionalized with anti-CD3 and
anti-CD28 antibodies. Using Fluo-4 time-lapse imaging, we tracked
intracellular Ca** concentration changes, an earlyimmune indicator™*°
(Fig.4a,b). CD8T cells onrigid substrates showed higher Ca* concen-
trations within2 min compared to the cells on soft substrates (Fig. 4¢).
In addition, comparing the rigid and soft substrates, cell spreading
area, phosphorylation of ZAP70 (Y319), and CD69 expressionincreased
by 12%,50.4% and 59.6%, respectively (Fig. 4d-g).

We sought to further investigate the impact of matrix stiffness
on the mechanical properties of the TCR-anti-CD3 complex using
hydrogel-based mTFM. Initially, we explored the differencesin TCR ten-
sionsignals by using 12 pN DNA hairpin probes after T cells adhered to
softand rigid hydrogels for 15 minat room temperature (Fig. 4h). Note
that previous single-molecule experiment® as well as T cell mechanics
studies using DNA hairpin probes' has shownthat-12 pNisathreshold
force for effective TCR activation.mTFMimaging revealed that T cells
on arigid matrix exhibited a notable circular mechanical pattern at
their edges (Fig. 4i), similar to that observed on glass™*. In contrast, on
the soft hydrogel, TCR force was substantially attenuated, displaying

Fig.3|Probing the integrin-ECM binding dynamics on different hydrogels.
a, Schematic diagramillustrating the principle of integrin-mediated force
information storage. b, Characterizing the mechanical sampling rate of
theintegrins to ECM using locking strands. c,d, Representative time-lapse
confocal imaging of 50 pN RSDTPs signals of MEF cells on hydrogel substrate
with different stiffness after adding locking strands (c) and corresponding
plots of their normalized accumulative intensity as a function of time (n =13,
17,19,22,22,19 cells for each stiffness) (d). Data represent mean + s.e.m. from
threeindependent experiments. e, Quantification of the relationship between
substrate stiffness and mechanical sampling factors of MEFs at 5 min after the

addition of locking strands (n=13,17,19,22, 22,19 cells for each stiffness). Data
represent mean + s.d. from three independent experiments. f,g, Representative
time-lapse confocal imaging of 50 pN RSDTPs signals of U251-MG cells on
hydrogel substrate with different stiffness after adding locking strands (f) and
corresponding plots of their normalized accumulative intensity as a function of
time(n=5,11,8,9, 8, 9 cells for each stiffness) (g). Data represent mean +s.e.m.
from three independent experiments. h, Quantification of the relationship
between substrate stiffness and mechanical sampling factors at 5 min after

the addition of locking strands (n = 5,11, 8,9, 8, 9 cells for each stiffness). Data
represent mean + s.d. from three independent experiments.
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only minimal, discontinuous and dot-like signals at cell edge (Fig. 4j).
It should be noted that conventional TFM has difficulty in detecting
the mechanical forces of T cells on more rigid hydrogels due to the
relatively weaker forces of T cells (Supplementary Fig. 8). Additionally,

similar to Fig. 3, we used a 4.7 pN DNA hairpin probe to investigate
how the stiffness of the interacting surface regulates the kinetics
of TCR-anti-CD3 interactions (Fig. 4k,I). Remarkably, on a rigid
hydrogel, we observed a rapid increase in locked TCR tension signals
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Fig. 4| Stiffness-dependent activation of naive T cells modulated by
mechanical response of TCRs. a, Schematic diagramillustrating the response
ofintracellular Ca*" concentration to substrate stiffness. b,c, Representative
time-lapse fluorescent imaging of intracellular Ca** concentration of T cells
seeded on soft (1 kPa) and rigid (30 kPa) hydrogels using Fluo-4 (b) and
corresponding plots of their fluorescence intensity as a function of time
(n=21,24 cells for each stiffness) (c). Data represent mean + s.e.m. from three
independent experiments. d-g, Representative immunofluorescence results
ofactin, CD69,and ZAP70 (pY319) of T cells after seeded on different hydrogel (d)
and corresponding statistical comparison between their intensities on soft
and rigid substrates (spreading area, n = 85, 76 cells for each stiffness (e); CD69,
n=78,80 cells for each stiffness (f); ZAP70 (pY319), n =75, 75 cells for each
stiffness (g)). Datarepresent mean * s.d. from three independent experiments.
h, Schematic diagramillustrating the mechanism of hydrogel-based mTFM to

report TCR-anti-CD3 interaction forces using 12 pN-hairpin. i,j, Representative
bright field (BF) and mTFM images of T cells seeded on soft and rigid hydrogels

(i) and corresponding total intensity per cell of mTFM signals (n = 115,110 cells for
eachstiffness) (j). Datarepresent mean + s.d. from three independent experiments.
k, Schematic diagramillustrating the mechanism of locking strands in recording
traces of TCR-anti-CD3 bonds. I, m, Representative time-lapse confocal imaging

of 4.7 pN-hairpin signals of T cells on soft and rigid hydrogel after adding locking
strands (I) and corresponding plots of their normalized accumulative intensity
asafunction of time (n =44, 44 cells for each stiffness) (m). Datarepresent

mean *s.e.m.from three independent experiments. n, Quantification of the
relationship between substrate stiffness and mechanical sampling factors of T cells
at5 min after the addition of locking strands (n = 44, 44 cells for each stiffness).
Data represent mean +s.d. from three independent experiments. Two-tailed
Student’s t-tests are used to assess statistical significance.

before reaching a plateau in approximately 10 min, similar to
that observed on glass®, which markedly differed from the slow and
subtle changes in mTFM on soft hydrogels (Fig. 4m and Supplemen-
tary Videos 4 and 5). The statistical analysis of mechanical sampling
factors further confirmed these differences in the temporal charac-
teristics of TCR-anti-CD3 interactions (Fig. 4n).

These findings indicate that, when interacting with a soft
antigen-presenting cell (APC), T cells face challenges in applying forces
above the 12 pN threshold required to induce TCR conformational
changes. Increased rigidity of the APC not only increases the force of
TCR-ligandinteractions, but also raises the mechanical scanning rate of
T cells using the TCR against APC antigens, which ultimately improves
the efficiency and precision of T cell recognition and activation.

Discussion
The invention of mTFM based on immobilized molecular tension
probes has generated increasinginterest in the field of mechanobiology
because of its ability to visualize the mechanical force in living cells at
the molecular level'***. Unfortunately, mapping the cellular forces using
mTFM on hydrogel surfaces that are closer to the Young’s modulus of
tissues has been challenging. To address this shortcoming, we present
ageneral approach to specifically functionalize the hydrogel surface
rather thanthe entire hydrogel matrix with tension probes by introducing
Au NPs as specific docking sites on the hydrogel surface, thus enabling
us to map the molecular force of living cells on hydrogels using mTFM.
In addition, the developed method can be coupled with the conven-
tional TFM method to provide more comprehensive information such
as molecular force information, net cell traction and force orientation.
Hydrogel-based mTFMreveals an unexpected ‘digital’ response of
integrin tension in adhesion sites to substrate stiffness, maintaining
anearly stable distribution of integrin force magnitude even when
substrates stiffen more than ten-fold. We suspect that this digitalbehav-
ior represents a conserved strategy allowing cells to recognize and
respond to a wide range of stiffness without frequently fine-tuning
the mechanical strength of existing integrin-ligand bonds to accom-
modate changing mechanical loads. Furthermore, by employing a
locking strand reaction to quantify the dynamic characteristics of
integrin—-ECM interactions at the molecular level, we discovered that
the sampling frequency of loaded integrins is more mechanosensitive
to matrix stiffnessthanintegrin tension distribution. This could be an
effective strategy for cells to navigate in mechanically complex micro-
environments. For instance, by accelerating the sampling frequency
of force-bearing integrins on overly soft or stiff substrates, cells can
rapidly explore the microenvironment until settling on substrates
with favorable stiffness, at which point the sampling frequency can
be downregulated. Notably, theimportance of integrin-ECM kinetics
in rigidity sensing suggested by our results is consistent with previ-
ous studies®”’ that suggested the governing role of integrin-ligand
dynamics in modulating durotaxis. These findings may offer a new

perspective for exploring the relationship between the deconstruction
of mechanosensory modules and the loss of rigidity sensing in tumor
cells during transformed growth®,

Moreover, hydrogel-based mTFM reveals that ECM rigidity posi-
tively modulates both the pN force and frequency of TCR-ligand inter-
actions, ultimately enhancing T cell activation. These findings not only
demonstrate the potential of the hydrogel-based mTFM in examining
the molecular forces of T cell rigidity sensing but also offer a unique per-
spective tointerpret the stiffness asamechanical checkpoint for T cell
activation®* . For instance, by increasing the number of >12 pN force
activated TCRs and the ‘trial and error’ frequency during T cell activa-
tion, T cells could rapidly complete the screening of potential antigens
presented by stiffening cancer cells as well as initiate the following
up activation and killing if necessary. In contrast, when interacted
with softer cancer cells, T cells are more likely to miss positive targets
due to the weaker forces exerted on the TCR-ligand and the reduced
efficiency of antigen screening, leading to possible immune escape
and hampered T-cell-mediated cancer-cell killing inimmunotherapy.

It should be noted that the reliance of hydrogel-based mTFM on
a conventional confocal microscope for imaging presents potential
challenges. Compared to the total internal reflection fluorescence
(TIRF) microscopy typically used for mTFM experiments on coverslips,
the signal-to-noise ratio of the confocal system s inferior, potentially
compromising the precision of single-molecule images. In addition,
our method, which was primarily developed for two-dimensional (2D)
hydrogel interfaces, does not adapt seamlessly to three-dimensional
(3D) hydrogels. Establishing robust techniques for measuring
molecular mechanicsina3D environmentis akey direction for future
effortsin this field.

Altogether, our results firmly demonstrated that the hydrogel-
based mTFM method can enable the real-time imaging of the molecu-
lar forces as well as their dynamics in living cells on 2D hydrogels.
Thus, we believe that this method will provide apowerful tool to reveal
the molecular mechanisms underlying life processes involved
in ECM stiffness-regulated mechanotransduction, such as rigidity
sensing®, durotaxis®**°, immune cell-ECM interactions®® and stem
cell differentiation’.
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Methods

Animals

C57BL/6-Tg (TcraTcrb)1100Mjb/J transgenic mice were housed and
bred following the protocolapproved by the Institutional Animal Care
and Use Committee, ABSL-3 Laboratory Institutional Biosafety Com-
mittee of Wuhan University (Animal Using Protocol: WP2020-08127)
after kindly provided by the laboratory of Prof. Yucai Wang (University
of Science and Technology of China). Mice were maintained under
specific pathogen-free conditions (20-25 °C temperature and 50-60%
humidity), and there were five mice housed in each standard cage under
12 h-lightand 12 h-dark cycles while fed ad libitum with a standard chow
diet. Before splenocytes wereisolated, mice were anesthetized with car-
bon dioxide and sacrificed for cervical dislocation. The experimental
protocols of this study were designed according to the ‘3Rs’ principle—
replacement, reduction and refinement—and strictly in accordance
with the Regulations on the Management of Laboratory Animals, the
Guiding Opinions on the Ethical Treatment of Laboratory Animals of
the Ministry of Science and Technology of China, the Regulations on
the Management of Laboratory Animals of Hubei Province, and other
relevant national laws and regulations. All mouse experiments were
conducted in accordance with internationally accepted guidelines,
and there was no abuse of laboratory animals or ethical violations.

Cell culture, transfection and constructs

THP-1 (SCSP-648), CHO (SCSP-507), MEF (SCSP-105), U20S (SCSP-
5030), U251-MG (TCHu 58), C2C12 (SCSP-505) and HeLa (SCSP-504)
cells were purchased from Stem Cell Bank, Chinese Academy of
Science. MEF, HeLa, U20S and C2C12 cells were cultured in Dulbecco’s
modified Eagle Medium (Sangon Biotech, E600003-0500) supple-
mented with 10% fetal bovine serum (FBS, VivaCell, C04001-500),
penicillin G (100 IU mI™, Sangon Biotech, E607011-0100) and strepto-
mycin (100 pg ml™, Sangon Biotech, E607011-0100) and incubated
at 37 °C with 5% CO,. CHO cells were cultured in F-12K Medium
(Kaighn’s Modification of Ham’s F-12 Medium, Gibco, 21127022), supple-
mented with10% FBS and incubated at 37 °C with 5% CO,. U251 cells were
culturedinDulbecco’s modified Eagle medium/F-12 (Gibco, 11320-074)
supplemented with10% FBS, penicillin G (100 IU mI™) and streptomycin
(100 pg mI™?) and incubated at 37 °C with 5% CO,.

THP-1 cells were cultured in Roswell Park Memorial Institute
medium (RPMI-1640, Sangon Biotech, E600028-0500) supplemented
with10% FBS, penicillin G (100 IU ml™), streptomycin (100 pg mi™) and
0.55 mM 2-mercaptoethanol (Gibco, 21985023) at 37 °C with 5% CO,.
The suspended THP-1monocyte cells were differentiated into adherent
macrophage-like cells with 10 pg ml™ phorbol 12-myristate 13-acetate
(Sigma, P8139) for 48 h. Macrophage M2 polarization was obtained
by incubation with 20 ng mI™ of interleukin 4 (R&D Systems, 204-IL).

Naive CD8T cells wereisolated fromthe splenocytes of C57BL/6-Tg
(TcraTcrb)1100Mjb/) transgenic mice (6-8 weeks of age, both male and
female) using Mouse CD8 T Cell Isolation Kit (BioLegend, 480008)
following protocol provided by the manufacture. CD8 T cells were
cultured in RPMI-1640 supplemented with 10% FBS, penicillin G
(100 IU mI™) and streptomycin (100 pg mi™).

eGFP-LifeAct and eGFP-paxillin lentiviral expression plasmids
were gifts from Prof. Congying Wu lab (Peking University, China).
To knock out vinculin using CRISPR, the selected DNA sequences
(target sequences 1: 5’-gctgacggccgectgeacgg-3/, target sequences
2: 5’-gcacctggtgattatgcacg-3’) were designed and cloned into
PX459-CPISPR/Cas 9 plasmid gifted by Prof. Kai Jiang lab (Wuhan
University, China). All transfections were carried out using the
Lipofectamine 3000 Transfection Reagent (Invitrogen, L3000015)
following the manufacturer’sinstructions.

Synthesis of molecular tension probes and their calibration
The structures and modification of oligonucleotides that were used to
synthesize RSDTPs, TGTs and hairpins were purchased from Sangon

Biotech as detailed in Supplementary Fig.1and Supplementary Data.
The synthesis of RSDTPs with different unfolding thresholds followed
the procedures developed by the Liu lab previously®”. Briefly, strand 1
was ligated with strand Ilusing DNA ligase to obtain strand X, which was
later hybridized with strand Il to form RSDTPs as shown in Extended
DataFig.1(also see Supplementary Note). TGTs and hairpins with dif-
ferent rupture forces were designed on the basis of a previous report
by the Halab?* and the Salaita lab”, respectively, but slightly adjusted
to form AuNP-probe complexes as shownin Supplementary Fig.1,and
their synthesisis alsoillustrated in Extended Data Fig. 1. The anti-CD3
was attached to the free end of hairpins immobilized on hydrogels
through the biotin—-NeutrAvidin (Thermo Scientific, 31000) bond
following the protocol detailed by Salaita lab®™. The dependence of
molecular tension probes on hydrogel stiffness was calibrated using
magnetic tweezer following the reported protocol®.

PA hydrogel preparation and characterization
The preparation of PA hydrogels with fluorescent nanobeads coated
onthesurfacesisillustrated in Extended Data Fig. 2a*. Briefly, 25 mm
and 12 mm coverslips were firstly functionalized with aldehyde groups
and fluorescent nanobeads, respectively. Then, 6 pl of PA hydrogel
aqueous solution prepared as in Extended Data Fig. 2d was dropped
on the modified 25 mm cover glass, which was quickly covered by
the modified 12 mm cover glass with coated fluorescent nanobeads
facing downwards. After the hydrogel solidified, the two cover-
slips were carefully separated to form a layer of PA hydrogel (about
20-30 pm thick) coated by the fluorescent nanobeads on the surface
of 25 mm coverslips. To remove unpolymerized acrylamide in the
hydrogel networks, the prepared hydrogels were rinsed twice before
immersion in phosphate-buffered saline (PBS) at 4 °C for later use.
The Young’s modulus of prepared hydrogels was characterized
using AFM (BioScope Resolve, Bruker) and a silicon nitride AFM
probe with a tip radius of 65 nm and a calibrated spring constant of
k=0.089 N m™(PFQNM-LC-A-CAL, Bruker). For each sample, ten force-
displacement curves were recorded with a peak-to-peak amplitude of
5pmand force amplitude of 400 pN at a frequency of 5 Hz. The Hertz
model was then fitted to the retrace force-displacement curves to
compute the modulus (Extended DataFig. 2d,e).

Immobilization of DNA tension probes on hydrogel surfaces
Firstly, Au NPs of 13 nm were prepared following a standard protocol
introduced by Haley et al.*?, and the concentration and Au NP size were
determined usingaNanoDrop microvolume spectrophotometer (Thermo
Fisher) and high-resolution field emission transmission electron micro-
scope (JEOL, JEM-2100, Supplementary Fig. 2a,b), respectively. Then, a
6.858 nM solution of citrate-stabilized AuNPs (13 nm) wasincubated with
8.91 uM of COOH-PEG8-SH and 150 nM of Cy3B-RSDTPs (or amixture of
100 nM Cy3B-RSDTPs and 100 nM 647N-RSDTPs) to form Au NP-DNA
complexes (roughly four tofive probes per AuNP as shownin Supplemen-
tary Fig.3). Dueto the existence of active carboxyl groups within hydrogel
network introduced by the 4-pentenoic acid in the PA hydrogel aqueous
solution, these complexes covalently attached to hydrogels network at
similar density throughout the stiffness range studiedin this paper (Sup-
plementary Fig. 3). Specifically, hydrogels were incubated in 0.1M MES
buffer (pH 5.0) with 5 mM NH,-PEG-lipoicacid (molecular weight of PEG
~1,000gmol™)for3 hatroomtemperature tointroducelipoicacidgroups
(Extended Data Fig.2b),and AuNP-DNA complexes were frozenat—80 °C
for1hbefore addition onto the hydrogel surface (Extended Data Fig. 2c).
After incubation at room temperature for 30 min to allow the formation
of covalentbond between AuNPs and hydrogels, the hydrogel was washed
five times with PBS to remove unbound probes before cell seeding.

Characterization of density of RSDTPs on hydrogels
The density of RSDTPs functionalized on hydrogels was characterized
by quantifying the number of probes per Au NPs using TIRF and the
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density of Au NPs on hydrogels using field emission scanning elec-
tron microscopy (Zeiss, GeminiSEM 500). Specifically, to examine
the dependence of number of probes per AuNPs onthe concentration
ratio of Au NPs to RSDTPs, we firstly synthesized unfolded probes
mimicking the unfolded conformation of RSDTPs and mixed them
with AuNPs and methoxy polyethylene glycol (mPEG) before freezing
for1h (Supplementary Fig.3a). After dilution to1 nM, the mixture was
incubated on the glass coverslip for 1 h. Next, we used single molecu-
lar photobleaching to identify the fluorescence intensity of a single
unfolded probe, and the number of unfolded probes per Au NP was
then determined from the fluorescence intensity of single unfolded
probe-Au NP particle for aspecific concentration. Thus, by varying the
dye and concentration, the relationship between concentration of Au
NP-unfolded probe mixture and number of unfolded probes per Au
NP was calibrated to direct the tuning of experimental conditions in
preparing substrates with multiplexed probes (Supplementary Fig. 3b).
Specifically, to ensure the number of 17 pN-Cy3B and 56 pN-647N on Au
NP were similar, we mixed the AuNP, Cy3B unfolded probes and 647N
unfolded probes at1:15:15 concentration ratio based on the calibration
curve, and the single molecular photobleaching results confirmed that
there was approximately four Cy3B unfolded probes and four 647N
unfolded probes attached to each Au NP on average (Supplementary
Fig.3d).Moreover, after dilution to 5 nM, the mixture wasincubated on
hydrogels, and the densities of the AuNPsimmobilized on the surface
of hydrogels at different stiffness were calibrated to be approximately
400 pm2 under scanning electron microscopy (Supplementary
Fig.3c). Thus, the densities of both the 17 pN and 50 pN RSDTPs were
determined to be ~1,600 pm2across conditions.

Western blots

Cellsinculture wererinsed once with PBS and lysed directly in 4 °C RIPA
buffer with protease inhibitor (Roche). After protein concentration
was quantified using bicinchoninic acid kit (Sangon Biotech), loading
buffer wasadded to cell lysates beforeincubationat 95 °Cfor 5 minand
samples were run on 4-20% precast PA sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis gels (Monad) in running buffer. Proteins
were then transferred to polyvinylidene fluoride membrane (Sangon
Biotech) using Wet Tank blotting system (Bio-Rad). The membrane was
blocked with 5% dry milk-TBST for1 hand incubated with GAPDH load-
ing control monoclonal antibody (1:1,000, Thermo, MA5-15738) and
primary antibody, thatis, recombinant rabbit monoclonal antibody to
vinculin (1:3,000, Thermo Fisher, 700062), at 4 °C overnight. The mem-
brane was thenwashed thoroughly with TBST and incubated for1 hat
room temperature with horseradish peroxidase (HRP)-labeled second-
ary antibody including HRP-conjugated Goat Anti-Mouse IgG (1:5,000,
Sangon Biotech, D110087) and HRP-conjugated Goat Anti-Rabbit IgG
(1:5,000, Sangon Biotech, D110058), which were detected with ECL
western blotting detecting reagents (Beyotime) on Gel Doc XR+ Sys-
tem (Bio-Rad) as shown in Extended Data Fig. 6d and quantified with
Image) 1.53t.

Immobilization of antibodies on hydrogel surfaces

Firstly, PA hydrogels were prepared following the steps detailed
in Extended Data Fig. 2d. Then, 300 pl 0.2 mg ml™ Sulfo-SANPAH
(Thermo Scientific, 22589) was added to the prepared PA hydro-
gel before exposure to UV light for 15 min. After the hydrogel was
washed three times with PBS to remove free Sulfo-SANPAH, 30 pl
100 pg mi™ NeutrAvidin (Thermo Scientific, 31000) was incubated
with the Sulfo-SANPAH modified hydrogel overnight at 4 °C before
free NeutrAvidin was removed. Next, the mixture of 50 pg ml™ Bio-
tin anti-mouse CD3¢ Antibody (BioLegend, 100304) and 10 pg ml™
Biotin anti-mouse CD28 Antibody (BioLegend, 102103) was added to
NeutrAvidin modified hydrogel for 1 h at room temperature. Finally,
the hydrogel was washed three times with PBS to remove unbound
antibodies before seeding cells.

Fluorescence immunostaining

After seeded on hydrogels commodified with anti-CD3 and anti-CD28
at 37 °C, Naive T cells were fixed with 4% paraformaldehyde at room
temperature for 15 min and permeabilized with methanol anhydrous
for10 minat4 °Cbeforerinsing three timesin PBS. Fixed cells were then
blocked using 3% bovine serum albumin for 1 h at room temperature
and washed three times in PBS. To label F-actin, the prepared sam-
ples were incubated with 1 ug ml™ phalloidin-TRITC (Solarbio) for1h
atroom temperature (T cells were seeded for 30 min before fixing). A
1:50 dilution of mouse monoclonal FITC anti-mouse CD69 antibody
(BioLegend, 104505) was used for immunostaining of CD69 express-
ing following the protocol provided by the manufacturer (T cells were
seeded for 120 min before fixing). A 1:20 dilution of mouse mono-
clonal Alexa Fluor 647 anti-ZAP70 Phospho (Tyr319)/Syk Phospho
(Tyr352) antibody (BioLegend, 683705) was used for immunostain-
ing of phosphorylation of ZAP70 following the protocol provided by
the manufacture (T cells were seeded for 45 min before fixing). For
immunostaining of YAPin WT MEFs and Vcl-KO MEFs, a1:200 dilution
of mouse monoclonal anti-YAP (Santa Cruz Biotechnology, sc-101199)
and al:200dilution of Alexa Fluor 647-conjugated goat anti-mouse IgG
(Sangon Biotech, D110109-0100) were used as primary and secondary
antibodies following the protocol provided by the manufacturer,
respectively. Finally, all the stained specimens were rinsed extensively
with PBS, before microscopic observations.

Intracellular calcium imaging

Firstly, naive T cells were labeled with Fluo-4 AM (Beyotime, S1060)
following the protocol provided by the manufacture. Next, the labeled
T cells were seeded on hydrogels commodified with anti-CD3 and
anti-CD28, and the signals of calcium labels were recorded using
time-lapse fluorescence microscopy for a duration of 25 minat15s
intervals.

Traction force measurements

After cellswere seeded for 3 h, fluorescent images of the coated nano-
beads were captured both before and after trypsinization usinga con-
focal microscope witha 63x oil objective to compute the deformation
ofthe hydrogels generated by seeded cells. The cellular tractions were
then calculated from the deformation map using the L2-based-FTTC
methods developed by the Danuser lab** (The University of Texas
Southwestern Medical Center, Texas, USA**).

Image acquisition and analysis

Both confocal microscope and TIRF microscope were adopted in this
work. Specifically, cells seeded on hydrogels were imaged using a
Leica TCS SP8/Zeiss LSM 880/0lympus FV3000 confocal microscope
equipped witha 63x oil objective (numerical aperture 1.40) and micro-
scopeincubator (37 °C, 5% CO,), while aNikon Eclipse Ti2 TIRF micro-
scope with an Apo TIRF 100x oil objective lens (numerical aperture
1.49) and an ANDOR EMCCD (1,024 x 1,024 pixels) camera were only
used to characterize Au NP-DNA complexes on coverslips and quan-
tify integrin tension of Vcl-KO MEF cells seeded on coverslips. The
acquired tensionimages were processed withImageJ 1.53t and MATLAB
R2019a. Specifically, athree-step procedure including (1) background
removal, (2) creation of a FA mask from eGFP-pakxillin image and
(3) application of the FA mask to the tension image was adopted for
the calculation of integrin tensions at cellular and subcellular scales
as shown in Supplementary Fig. 5a. Furthermore, FA masks were also
used to analyze the response of cells to substrate stiffness including
FA areas and spreading areas.

Statistical analysis

Allstatistical datawere computed from three independent experiments
using Excel 2019, Origin 9.0, GraphPad Prism 8.3.0 or MATLAB R2019a.
The statistical significance between two cases were determined using
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two-tailed Student’s t-tests. The plotting and presentation of the results
were completedin GraphPad Prism8.3.0, Origin 9.0 or MATLABR2019a.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All imaging data have been uploaded on Figshare (https://doi.org/
10.6084/m9.figshare.24008127). Source data are provided with this

paper.
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Extended Data Fig. 1| Synthesis schemes of molecular tension probes. a, RSDTPs, b, TGTs and ¢, Hairpins.
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Extended DataFig. 6 | Characterization of the integrin tension distribution of
multiple cell lines on soft (3 kPa) and hard (30 kPa) hydrogels. Representative
fluorescent images of paxillin-tagged a, C2C12,d, U20S, g, U251, j, CHO,and m,
Hela cells on soft and hard hydrogel, and corresponding mTFM, simultaneously
reported by mixed 17 pN-RSDTPs and 50 pN-RSDTPs at 37 °C (left), or 55 pN

TGTs at room temperature 22 °C (right). The images are representative of three
independent experimental results. FA area and the ratio of strongly loaded

integrin to total loaded integrins of b, ¢, C2C12 (n = 25, 28 cells for each stiffness),
e, f,U20S (n =31, 31 cells for each stiffness), h, i, U251 (n = 25, 34 cells for each
stiffness), k, 1, CHO (n =18, 23 cells for each stiffness), and n, o, HeLa cells (n =13,
28 cells for each stiffness) on soft and hard hydrogel. Data represent meant s.d.
of threeindependent experiments. Two-tailed Student’s t-test is used to assess
statistical significance.
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Extended Data Fig. 7 | Effect of temperature on mechanical stability of Student’s t-test is used to assess statistical significance. The insensitivity of force
RSDTPs and associated results of hydrogel-based mTFM. a, Representative ratio to the ambient temperature indicates that even after mechanical stability of
fluorescent images of paxillin-tagged MEFs on hydrogels (30 kPa) at 37 °C and RSDTPs was diminished by the increase of temperature from room temperature
room temperature (22 °C), and corresponding mTFM simultaneously reported (22°C) to 37 °C, the absolute mechanical stability difference between 17 pN
by mixed 17 pN-RSDTPs and 50 pN-RSDTPs. Total intensity of mTFM per cell RSDTP and 50 pN RSDTP remains significant enough to characterize the
reported by b, 17 pN-RSDTPs, ¢, 50 pN-RSDTPs and d, their ratio (n = 56 cells). distribution of integrin tension.

Datarepresent meant s.d. of three independent experiments. Two-tailed
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9| The reliability of locking strands in tracing molecular strands and ¢, corresponding plots of normalized accumulative intensity
tension. a. Sequences of 17pN-RSDTPs, paired locking strand, and unpaired asafunctionof time (n = 6,11, 9 cells for each condition). The images are
locking strands. b, Representative paxillin-GFP and mTFM images of MEF cells representative of three independent experimental results. Data represent mean+

plated on PA hydrogel with17pN-RSDTPs in the absence of locking strands, after s.d.of threeindependent experiments.
the addition of unpaired locking strands, and after addition of paired locking
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Efficiency of locking strands in memorizing mTFM.
a, Schematic diagramillustrating the flow of experiments. b, Representative
Paxillinand mTFM images of MEFs seeded on 3 kPa and 30 kPa hydrogels
functionalized with 50 pN RSDTPs before the addition of locking strands

(left), after the addition of locking strands (middle), and after the treatment of
Cytochalasin D (right), and corresponding c, plots of normalized accumulative

intensity as a function of time (n = 6, 7 cells for each stiffness). Theimages are
representative of three independent experimental results. Data represent mean+
s.d. of three independent experiments. d, Total intensity of locked mTFM before
and after the addition of CytoD and e, their ratios on 3 kPa and 30 kPa hydrogels
(n=6,7 cells for each stiffness). Data represent meanz s.d. of three independent
experiments. Two-tailed Student’s t-test is used to assess statistical significance.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested

L X XK

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Zeiss LSM 880, Leica TCS SP8, Olympus FV3000, and Nikon Eclipse Ti2 TIRF microscopes were used to collect fluorescent images. NanoDrop
microvolume spectrophotometer (Thermo Fisher) was used to determine the concentration of DNA tension probes, Au NPs, and proteins.
High resolution field emission transmission electron microscope (JEOL, JEM-2100 ) was used to determine the Au NPs size. Field emission
Scanning Electron Microscopy (Zeiss, GeminiSEM 500) was used to quantify the density of Au NPs on hydrogels. Atomic Force Microscope
(Bruker, BioScope Resolve) was used to characterize the Young’s modulus of prepared hydrogels. Gel Doc XR+ System (Bio-Rad) was used to
detect the western blot.

Data analysis Image) 1.53t, Matlab R2019a, Graphpad Prism 8.3.0, Microsoft Excel 2019, Origin 9.0

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The raw image data generated and analyzed that support the findings of this study are available from the corresponding author upon reasonable request. Statistics
source data for all figures and supplementary figures are provided with this paper.

Human research participants
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Reporting on sex and gender The work did not include any studies with human research participants

Population characteristics The work did not include any studies with human research participants
Recruitment The work did not include any studies with human research participants
Ethics oversight The work did not include any studies with human research participants

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. For all the experiments, the sample size was chosen based on similar
experiments and literature reports (ref: 5, 11, 13, 15). When taking cell time-lapse images, considering the time of acquisition, 3-5 cells can
provide sufficient information on adhesion dynamics (PMID: 24358855). For measurement of the fluorescence intensity of tension image,
more than ten cells were used for analysis for each condition. For calibration of DNA probes, over 30 force-extension curves were used to
statistics the average unfolding forces for each type of tension probe. For measurement of the activation level of T cells, more than 75 cells
were used for analysis for each marker.

Data exclusions  For cell image, images where cells failed to adhere to the substrate were not photographed. Of note, for Supplementary Fig.5b, only focal
adhesions with molecular tension probe fluorescence signal greater than mean+3 standard deviations from background were analyzed.

Replication Attempts at replication were successful. The exact number of independent experiments are provided in the figure legends. Of note, for the
vinculin knockout experiment, we obtained 6 single clones using the CRISPR/Cas9 knockout system, and mixed them for all cell experiments.

Randomization  All samples were randomly allocated into experiment groups. Of note, for cell experiments, the same batch of cells were collected for each
condition and randomly divided into separate group during an independent experiment, and microscopy images were taken from random
regions of the coverslip for each experimental condition. When primary T cells were extracted, we used 6-8 weeks of age, both male and

female mice randomly to normalize for potential sex differences.

Blinding No blinding was performed as there were no experimental groups in this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Biotin anti-mouse CD28 Antibody was useful for T cell activation purchased from Biolegend, Clone#: 37.51, Cat#: 102103, Lot#:
B261776

FITC anti-mouse CD69 Antibody was useful for detecting CD69 expressing purchased from Biolegend, Clone#: H1.2F3, Cat#: 104505,
Lot#: B355151

Alexa Fluor® 647 anti-ZAP70 Phospho (Tyr319)/Syk Phospho (Tyr352) Antibody was useful for detecting phosphorylation of ZAP70
purchased from Biolegend, Clone#: 1503310, Cat#: 683705, Lot#: B326163

Vinculin Recombinant Rabbit Monoclonal Antibody was useful for detecting Vinculin kockout in Western Blot analysis purchased from
Thermo Fisher, Clone#: 42H89L44, Cat#: 700062, Lot#: 1984886

GAPDH Loading Control Monoclonal Antibody was useful as protein loading control in Western Blot analysis purchased from Thermo
Fisher, Clone#: GA1R, Cat#: MA5-15738, Lot#: VB286430

HRP-conjugated Goat Anti-Mouse 1gG was useful as secondary antibody for Western Blot analysis purchased from Sangon Biotech,
Cat#: D110087, Lot#: 1720AA0013

HRP-conjugated Goat Anti-Rabbit IgG was useful as secondary antibody for Western Blot analysis purchased from Sangon Biotech,
Cat#: D110058, Lot#: H926AA0026

YAP antibody was useful for detecting location of YAP purchased from Santa Cruz Biotechnology, Clone#: 63.7, Cat#: sc-101199, Lot#:
G2821

Alexa Fluor 647-conjugated Goat anti-mouse IgG was useful as secondary antibody for Immunofluorescence purchased from Sangon
Biotech, Cat#: D110109-0100, Lot#: 1330AA0001

Validation Biotin anti-mouse CD3e Antibody: Each lot of this antibody is quality control tested by immunofluorescent staining with flow
cytometric analysis.
Product Citation: Logan K Smith et al. 2018. Immunity. 48(2):299-312

Biotin anti-mouse CD28 Antibody: Each lot of this antibody is quality control tested by immunofluorescent staining with flow
cytometric analysis.
Product Citation : Hoover AR, et al. 2022. Clin Transl Med. 12:e937.

FITC anti-mouse CD69 Antibody: Each lot of this antibody is quality control tested by immunofluorescent staining with flow
cytometric analysis.
Product Citation: Sun L, et al. 2021. Cancer Cell. 39:1361.

Alexa Fluor® 647 anti-ZAP70 Phospho (Tyr319)/Syk Phospho (Tyr352) Antibody: Each lot of this antibody is quality control tested by
intracellular immunofluorescent staining with flow cytometric analysis.
Product Citation: Klammt C, et al. 2015. Nat. Immunol. 16:961

Vinculin Recombinant Rabbit Monoclonal Antibody: This antibody reacts with Human Vinculin. Based on sequence similarity,
reactivity to chimpanzee, Rhesus monkey, swine, equine, mouse, rat, bovine, and chicken is expected. Test material for western
blotting/immunofluorescence: Hela cells.

Product Citation: Haugen RJ, et al. 2022. J Biol Chem. 298(9):102270

GAPDH Loading Control Monoclonal Antibody: This antibody has been successfully used in Western blot, ICC, IF, IHC (P), FACS and
ELISA.
Product Citation: Bressan C, et al. 2020. Elife. 9:e56006.

YAP antibody: This antibody has been successfully used in WB, IP, IF, IHC(P), ELISA.
Product Citation: Yavitt, FM. et al. 2023. Sci Adv. 9: eadd5668.




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

THP-1 (SCSP-648), CHO (SCSP-507), MEF (SCSP-105), U20S (SCSP-5030), U251-MG (TCHu 58), C2C12 (SCSP-505) and Hela
(SCSP-504) cells were purchased from Stem Cell Bank, Chinese Academy of Science.
CD8 T cells were prepared from C57BL/6-Tg(TcraTcrb)1100Mjb/J mice.

Cell lines were not authenticated.

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

C57BL/6-Tg(TcraTerb)1100Mjb/) mice were kindly provided by Prof. Yucai Wang lab (University of Science and Technology of China).
These OT-I mice contain transgenic inserts for mouse Tcra-V2 and Tcrb-V5 genes. The transgenic T cell receptor was designed to
recognize ovalbumin residues 257-264 in the context of H2Kb and used to study the role of peptides in positive selection and the
response of CD8+ T cells to antigen.

Mice were maintained under specific pathogen free conditions (20-25°C temperature and 50%-60% humidity), and there were five
mice housed in each standard cage under 12h-light and 12h-dark cycles while fed ad libitum with a standard chow diet. Before
splenocytes were isolated, mice were anesthetized with carbon dioxide and sacrificed for cervical dislocation.

The study did not involve wild animals.

Animals of both sexes were analyzed in this study, and our finding is not only applied to one sex. We used 6-8 weeks of age, both
male and female mice randomly to normalize for potential sex differences, and the information of their sexes has not been collected.

No field-collected samples were used in this study.

The animal protocols used for this study have been approved by the Institutional Animal Care and Use Committee, ABSL-3 Laboratory
Institutional Biosafety Committee of Wuhan University (Animal Using Protocol: WP2020-08127).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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