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Mechanical signals in animal tissues are complex
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and rapidly changed, and how the force transduction emerges from g 2\ % 0 ' ' ’
the single-cell adhesion bonds remains unclear. DNA-based Fractn L\ 3 g The
molecular tension sensors (MTS), albeit successful in cellular 5\ ® o

force probing, were restricted by their detection range and  Adrler ¢
temporal resolution. Here, we introduced a plasmonic tension .
nanosensor (PTNS) to make straight progress toward these
shortcomings. Contrary to the fluorescence-based MTS that only -
has specific force response thresholds, PTNS enabled the  auwr— g
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continuous and reversible force measurement from 1.1 to 48 pN . =

with millisecond temporal resolution. We used the PTNS to Coldsubstrates
visualize the high dynamic range single-molecule force transitions

at cell-matrix adhesions during adhesion formation and migration.
Time-resolved force traces revealed that the lifetime and duration of stepwise force transitions of molecular clutches are strongly
modulated by the traction force through filamentous actin. The force probing technique is sensitive, fast, and robust and constitutes
a potential tool for single-molecule and single-cell biophysics.
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of force changes with high temporal resolution due to
Force transmission at the interface between cells and the phototoxicity and photobleaching limitations.'” For instance,
the binding and detachment processes between cells and
substrates that cause tension changes usually occur within a
time frame of 100 ms.'® However, single-molecule FRET-
based probes typically cannot achieve the necessary temporal
resolution for extended periods.'”

To solve the above challenges, finding a novel distance
response solution as an alternative to fluorescent labeling
would be a feasible approach. Recently, plasmonic resonance
scattering of noble metal nanomaterials has attracted

significant attention in the detection of chemical and biological
—21

extracellular matrix (ECM) plays a crucial role in regulating
physiological processes and cellular functions.'™ Focal
adhesions (FAs) are multimolecular complexes that link
filamentous (F) actin to the extracellular matrix and transmit
a mechanical force. Measuring the mechanical forces of whole
cells is insufficient to fully understand how FA-mediated force
transmission occurs and to study the underlying mechanical
mechanisms.*™” To address this challenge, molecular tension
sensors (MTS) based on fluorescence resonance energy
transfer (FRET) have been developed to enable single- . - R
molecule force measurement during adhesion formation. 21012 systems because of their stable and sens%tlve sca}ttermg. ‘
The high sensitivity of these sensors relies on narrow-gap- Plasr.n'o?lc nanoprobes, known for their continuous high
dependent FRET efhiciency, which, unfortunately, limits the sensitivity FO tbe distance from S“b?traﬁ'is_'mha"e also been
detection range. Efforts have been made in recent years to employed in  single-molecule - detection. For example,

develop an advanced MTS to overcome this limitation. For

example, a series of FRET-based MTSs were synthesized to January 2, 2024
expand the detection range together.'”~" Although effective, January 30, 2024
these multiprobe strategies are unable to measure continuous February 1, 2024
force evolution. To date, a method permitting high dynamic February 19, 2024

range force measurement is still lacking. Additionally,
fluorescence-based MTS cannot balance long-term detection
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Figure 1. Principle of plasmonic molecular tension nanosensors. (a) Schematic illustration of the optical setup of the plasmonic scattering
microscope. (b) Schematic illustration of the force detection using scattering intensity changes of the PTNS. Insets: scattering images of a single
PTNS before and after the application of force, respectively. The scale bar is S00 nm. (c) Gap distance dependence of the scattering intensity
(diamonds) of a single PTNS and the power-law fitting curve (yellow curve). (d) Molecular weight dependence of the scattering intensity of the

PTNS (n = 30).

plasmonic scattering microscopy was used to measure
subnanometer-scale gap distance variation between a single
gold nanoparticle (AuNP) and a gold surface.”® The
combination of MTS with distance-sensitive plasmonic
nanoprobes presents a potential solution for the rapid,
sensitive, and durable assessment of mechanical forces in cells.

In this work, we sought to develop a plasmonic tension
nanosensor (PTNS) for dynamically probing single-molecule
mechanical forces in living cells. We reported a correlation
between the plasmonic-coupled scattering intensity of a
poly(ethylene glycol) (PEG)-tethered AuNP and the applied
tensile force, which followed the worm-like chain (WLC)
model. Calibration experiments using an atomic force
microscope (AFM) confirmed that PTNS has a wide detection
range from 1.1 to 48 pN, making it an effective tool for
studyin§ integrin-ligand force dynamics ranging from 1 to 50
pN.">**7*® Due to its robust plasmonic scattering, PTNS
significantly advances temporal resolution by enabling
measurement of force transitions at the millisecond level
throughout the entire cell adhesion process. These single-
molecule force transitions are consistent with the predicted
modified molecular clutch model'” and reveal that the traction
force along the F-actin regulates the lifetime and transition
time of force transitions in molecular clutches within living
cells. Furthermore, the study combines traction force
distribution and cell boundary expansion to unveil the
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correlation between cell movement direction and local
mechanical force in NIH-3T3 cells, although this correlation
is still under dispute in other cell lines.”

A detailed description of the experimental procedures is documented
in the Supporting Information. Briefly, gold nanoparticles with a size
of 70 nm were synthesized and attached to the Au film by PEG
elasticity molecules. Transmission electron microscopy (TEM) was
used to observe the size and shape of the gold nanoparticles. Scanning
electron microscopy (SEM) was used to characterize the assembly of
PTNS to confirm that the gold nanoparticles were uniformly and
monodispersely distributed on the surface of the Au film. The change
of scattering intensity when the gap distance between the gold
nanoparticle and the Au film was determined by experiment and
finite-difference time-domain (FDTD) simulations. Force—extension
curves of the probe were obtained using an atomic force microscope
(AFM).

The construction of the PTNS is illustrated in Figure la. A 47
nm thick Au film was coated on a cover slide (see the Methods
section). Individual gold nanoparticles (AuNPs) with a
diameter of 70 nm (Figure S1) were uniformly modified on
the Au film, tethered by elastic poly(ethylene glycol) (PEG)
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Figure 2. Calibration and performance characterization. (a) Schematic illustration of the setup for the force—extension curve measurement. (b)
Force—extension curve of the whole force system (solid curve) and fitting curve (dashed curve) using the series worm-like chain (WLC) model. (c,
d) Histograms illustrating the distribution of contour length and persistence length calculated from the force—extension curves (n = 81). (e)
Calculated force—extension curve of bottom PEGygq,. (f) Plots of the relative scattering intensity (blue curve) and the sensitivity (dark curve) as a

function of the tensile force loads on the PTNS.

molecules (Figure S2). The PEG molecules served as flexible
linkers, which were folded in a relaxed conformation without
force, bringing the AuNPs close to the gold surface. Upon the
application of a tensile force, the linkers extended, separating
the AuNPs from the Au film. A homemade plasmonic
scattering microscopy was used to measure the extension of
single PTNS and probe the tensile force.””***" This
microscopy consisted of a coaxial dual-objective setup with
an inverted high numerical aperture oil immersion objective
below and an upright water immersion objective above. The
PTNS was placed between these objectives. A p-polarized 670
nm light was incident onto the Au film at a critical angle,
generating a surface plasmon polariton (SPP) wave near the
gold surface. Single PTNS scattered the SPP wave, and the
scattering light was captured by an upright objective to form
scattering images. The scattering intensity of a PTNS is
determined by the SPP wave and the scattering cross section of
the AuNP, both of which depend on the gap distance 2. The
scattering intensity decreases rapidly when a tensile force is
applied, and the AuNP is pulled away from the gold surface
(Figure 1b). The relative scattering intensity (I) can be
expressed as

I~ IE,(2)"Ci(2) )
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where Ep(z) and C,,(z) are the excited SPP wave and the
scattering cross section of an AuNP at a gap distance z from
the gold surface, respectively. When z is between 0 and 10 nm,
the change in E,(z) is much smaller than in C,(2), so the
change in scattering intensity is primarily determined by
CSCS(Z) '25

To calibrate the z-dependent scattering intensity of a PTNS,
a single AuNP was moved in the z-direction from 0 to 10 nm
with a step size of 1 nm (Figure S3). Figure lc shows that the
scattering intensity exhibited two distinct trends before and
after 1 nm. The scattering intensity increased when the gap
distance increased from O to 1 nm, and then rapidly decreased.
The fitting curve in the range from 2 to 10 nm indicated a
power-law relationship between the scattering intensity and the
gap distance. This can be attributed to the coupling effect
between the gold surface and AuNPs.”> As an AuNP
approached the gold surface, its scattering spectrum became
red-shifted, which followed a power-law relationship (Figure
S4). Therefore, the maximum scattering intensity occurred at 1
nm, with the peak wavelength fitting the incident light (~670
nm). To prevent the abnormal trend from influencing the
power-law relationship between the scattering intensity and the
gap distance, the length of the PEG elastic molecules was
optimized. Figure 1d shows the scattering intensity distribu-
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Figure 3. Measurement of local traction force in individual living cells.
(a) Schematic illustration of the formation of cell tension. (b—d)
Transmitted (b), scattering (c), and force images (d) of a single NIH-
3T3 cell incubated with PTNS. The scale bar is 10 ym. (e—g)
Transmitted (e), scattering (f), and force images (g) of the cell in (b—
d) after treated by cytochalasin D for S min. The scale bar is 10 ym.

tions of at least 30 PTNS tethered by PEG with different
molecular weights. The 7000 Da molecular weight was selected
because the scattering intensity exhibited inverse trends before
and after it. This implied that among these molecular weights,
the scattering intensity of PTNS-modified PEG with 7000 Da
molecular weight was closest to the peak intensity. The
scattering spectra of these PTNS showed a concentrated
distribution at around 630 nm (Figure SS), suggesting that
further extension would result in power-law decay in the
scattering intensity.

To determine the tensile force, atomic force microscopy
(AFM) was used to correlate the force and extension of PEG.*
In the experiments, an azide-modified AFM cantilever initially
approached the alkyne-PEG,yy,-modified AuNP and main-
tained a set point of ~300 pN for S s. The experiment was
conducted in a 50% (v/v) t-BuOH/H,O solution containing
100 yuM CuSO, and 1 mM sodium ascorbate to catalyze the
click reaction between the azide and alkyne groups. In the
presence of Cu(I), the cantilever captured the alkyne-PEG,,
on top of the AuNP via the copper-catalyzed azide—alkyne
cycloaddition (CuAAC) click reaction and retracted under a
constant velocity, causing the movement of the AuNP (Figure
2a). After retraction, the force—extension curve of the force
system was obtained (Figure 2b). These force—extension
curves exhibited only one rupture peak, which represented the
desorption of the probe from the AuNP. Rupture events below
1 nN may not be induced by the reverse reaction of the
CuAAC click reaction.* Regardless of the rupture site, the
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PEG was mechanically stretched, triggering a movement of the
AuNP. The force system consisted of PEG,,y on top and
PEG,o underneath the AuNP.>**° The force—extension
curve of the force system was fitted by the worm-like chain
(WLC) model (Figure 2b, purple curve).”’ ™" More details of
the fitting curve are shown in the Supporting Information. The
range below 100 pN was preferred for fitting because bond
angle deformations dictated the profile and the model was no
longer valid above 100 pN.*”” Considering the working
principle of the PTNS, the force—extension curve of the
bottom PEG.g, was directly related to the gap distance z and
was obtained by subtracting the extension of the top PEGy
from the entire force system. A total of 81 force—extension
curves of a single PTNS were collected to calculate the force—
extension curve of the bottom PEG,y,. The mean contour
length was fitted to be 21.2 + 8.1 nm (Figure 2c), and the
persistence length was 0.083 + 0.016 nm (Figure 2d).
Deviations primarily arise from the variation in the chain
number of PEG;y,. These mean values provided a
representative force—extension curve of bottom PEG,,
(Figure 2e). Based on the correlation of scattering and gap
distance, the force load on a single PTNS can be expressed as
(see the Methods section)

m -2
F(I):I%—Ti[1——k(1_z) _2] —i
P c
N k(I—a)" -2
L ®)

where kg is the Boltzmann constant, T is the temperature in
kelvin, L, is 0.083 nm, L. is 21.2 nm, and k(I — a)™ — 2
measures the extension with I, where k is 2.616 nm and m is
—1.497.

Equation 2 describes the relationship between the tensile
force and the relative scattering intensity (Figure 2f, blue
curve). The range of relative scattering intensity was set from
100 to 20% because it exhibited an effective response to the
gap distance in this range (Figure 1c). The sensitivity of the
PTNS was determined by calculating the scattering intensity-
dependent dI/dF. As shown in Figure 2f (dark curve), dI/dF
varied from 0.106 to 0.003 pN ', as the tensile force increased
from 0 to 48 pN. PTNS provided a high dynamic range for
continuous force measurement, unlike the narrow detection
range (several piconewtons) of fluorescently based single-
molecule tension sensors (MTS). The detection limit of PTNS
can be evaluated based on its highest sensitivity at the
maximum scattering intensity for very small forces. The
primary errors in force measurement came from either the
persistence length or the scattering intensity. The broad
distribution of the persistence length (0.083 + 0.016 nm)
indicated a +19% relative standard deviation in force
measurement. Accounting for the noise level of approximately
3.8% near the maximum scattering intensity (Figure S6), the
detection limit of a PTNS was calculated to be 1.1 + 0.21 pN
(S/N = 3). This detection limit was one order smaller than the
reported detection limit of AFM force spectroscopy (~10
pN)® and similar to that of single-molecule FRET-based MTS
(~2 pN)."> Although still relatively coarse, it is suitable for
measuring single-molecule tensile force at the pN level.
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Figure 4. Long-term stability and selectivity of PTNS. (a—c) Transmitted (a), scattering (b), and force images (c) of a single NIH-3T3 cell
incubated with cRGD-free PTNS. The scale bar is 10 ym. (d) Time traces of the traction force of PTNS marked in (c). (e—g) Transmitted, (e)
force images (f), and the CL488-Paxillin fluorescent images (g) of the representative single NIH-3T3 cell. The scale bar is 10 ym.

We cultivated NIH-3T?3 cells, widely utilized in studies on cell
adhesion and migration,”**~* with PTNS for probing cellular
mechanical forces (Figure 3a). The AuNP-bound c¢RGD
peptides specifically bound to integrins on the cell membrane
(see the Methodssection), which were then connected to the
F-actin via adapter proteins (talin and vinculin). Traction
forces generated by intracellular retrograde F-actin flow were
transmitted to the extracellular PTNS through protein—protein
interactions, resulting in reduced scattering. In consideration of
the large distance between PTNS, the gold surface was also
modified with cRGD peptides to promote cell adhesion (see
the Methodssection).

Figure 3b,c shows the transmitted and scattering images of a
single NIH-3T3 cell during the adhesion process. The cell
boundary in the scattering image was delineated based on the
transmitted image. Due to its minimal scattering cross section
in the red-light window, the cell was not visible in the
scattering image, enabling us to measure PTNS scattering
without biological sample interference. As the cell was under
tension, PTNS beneath it was pulled away from the gold
surface by F-actin, resulting in weaker scattering compared to
neighboring extracellular PTNS (Figure 3c). By applying eq 2
to PTNS scattering beneath the cell, we obtained the force
image of the cell (Figure 3d). The highest force, reaching up to
20 pN, was found to exist in the middle and lower-left regions
of the cell, while the force in other parts was as low as 2 pN.
However, given the size of the AuNP (~70 nm), potential false
positive signals could arise from other physiological processes
such as endocytosis. To validate that the reduced scattering
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intensity arose from traction forces, we conducted a series of
control experiments. First, the cell in Figure 3b was treated
with cytochalasin D, an inhibitor of actin polymerization, to
eliminate all mechanic forces.” After 5 min of treatment, actin
polymerization was disrupted. It caused the release of pulled
PTNS and their scattering to recover, although the boundary
did not change much (Figure 3e,f). As a control, the scattering
of neighboring PTNS remained stable throughout the process.
As shown in Figure 3g, the mean force decreased significantly
to less than 2 pN, which is close to the detection limit of
PTNS. These results confirmed that cellular mechanical forces
contribute to changes in PTNS scattering intensity.

To further prove that the observed mechanical force
originated from the traction force rather than endocytosis,
we conducted the following control experiments. Figure 4a—c
demonstrates the transmitted, scattering, and force images of a
single NIH-3T3 cell cultured with PTNS without cRGD
ligands. In contrast to cRGD-modified PTNS, only weak forces
(~1 pN) were measured, similar to those observed under cells
treated with cytochalasin D (Figure 3e—g). We selected four
PTNS labeled with 1 to 4 beneath the cell to demonstrate their
long-term stability. As shown in Figure 4d, there was only a
small fluctuation of +1 pN in these PTNS, confirming that the
forces measured by PTNS in Figure 3d did not originate from
endocytosis. We attribute the antiendocytosis property of
PTNS to the presence of PEG, commonly used to reduce
nonspecific adsorption of nanoparticles on the cell membrane.
Further evidence was obtained by performing co-imaging of
FAs and PTNS using cells transfected with paxillin markers
(for details, see the Methods section). Paxillin is a cytoskeletal
protein that is primarily localized to FAs and is highly
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Figure S. Force transitions during the cell adhesion process. (a, b) Scattering (a) and transmitted images (b) of a single NIH-3T3 cell during the
adhesion process. The scale bar is 10 ym. Insets: magnifications of regions marked with dash boxes. (c) Time traces of the traction force of PTNS
marked in (a). Insets: magnification of the region marked with the yellow box. (d) Distributions of the traction force loads on PTNS in different
regions of cells (edge: n = 153; Interior: n = 88). (****P < 0.0001).

correlated to the traction force."* Figure 4E—G presents

transmitted, force, and fluorescent images of the same NIH-
3T3 cell. The locations where PTNS exhibited stronger forces
which also showed higher fluorescent emission (solid circles),
while weaker forces were observed in the areas with low
fluorescent emission (dashed circles). These control experi-
ments collectively supported the notion that PTNS can
measure traction forces. One concern pertained to the number
of linkers between the PTNS and F-actin. To control this, we
carefully regulated the density of modified cRGD peptides.
Specifically, we used a ratio of alkyne-PEG,yy,-SH to cRGD of
20:1 to avoid multiple connections between AuNP and
integrins (see the Methods section). Our experiments showed
that a higher ratio, such as 30:1, resulted in most particles
being unable to connect to the cell (Figure S7). While it is
challenging to confirm whether each PTNS exclusively has a
single cRGD ligand on its top area, the comparatively low
density still ensures sole connection since the dimension of
AuNP fits well with the average distance between integrins
being approximately 70 nm.**~*® We acknowledge that the
impact of nanostructures on force transmission related to focal
adhesions is still a subject of debate. However, our results, at
least for NIH-3T3 cells, suggested the feasibility of using
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PTNS to measure the traction forces at cell—-matrix adhesion

bonds.

We next utilized PTNS to measure the dynamics of the
traction forces during the entire process of cell adhesion. In
Figure Sa, snapshots of traction force video were presented,
showing a single NIH-3T3 cell with monodisperse PTNS
during a 15 min cell adhesion process. The transmitted images
(Figure Sb) were utilized to define the boundary of the cell in
the force image. Following a 10 min adhesion period, the cell
expanded quickly and the traction force on PTNS beneath the
cell increased, suggesting the formation of adhesion sites by the
cell. Nevertheless, the cell boundary stopped changing, and the
traction force decreased in the final 5 min as the cell adhesion
matured. During this stage, cell adhesion could be maintained
with only a small mechanical force, which aligned with
previous reports."**” To illustrate the dynamics of subcellular
forces, we chose five PTNS (P-1 to 5) beneath the cell for
further studies. As shown in Figure Sc, these PTNS exhibited
strong vibrations in the traction force, in contrast to that
without cRGD (Figure 4d). Notably, neighboring PTNS often
demonstrated synchronized vibration trends such as P-1 and P-
2. F-actin is typically cross-linked to form networks, resulting
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Figure 6. Cell moving direction correlated to traction force. (a—c) Schematic illustration of the block-imaging strategy for the pseudo-force
mapping of a single NIH-3T3 cell. Scattering (a) and traction force image (b) of PTNS and the pseudo-force mapping of the cell (c). The scale bar
is 10 um. (d, e) Snapshots of transmitted (d) and the corresponding pseudo-force video (e) of a single NIH-3T3 cell. Arrows represent the
direction of the cell expansion. The scale bar is 10 ym. (f) Schematic illustration of the division of cellular regions. (g) Distribution of the traction
forces in different regions of cells (leading edge: n = 98; motionless edge: n = SS; interior: n = 89). Student’s t-test was used to determine
significance (****P < 0.0001, ns: P > 0.0S).

in the formation of FAs.** Consequently, adjacent PTNS required maintenance of substrate anchoring.*”*’ Therefore,
situated within the same FA exhibit similar traction forces. The we deduced that the location of the strongest traction force can
traction forces were strongly correlated to their respective serve as an indicator of the movement direction of the NIH-
locations. For instance, P-3 was located in the interior area, 3T3 cells.
while P-4 and P-5 were near the cell boundary. P-4 and P-5 To validate this, we employed the PTNS to map the
demonstrated much higher traction force than P-3 because the distribution of tensile forces throughout the process. Never-
cell had already adhered in the interior region but the edge theless, visualizing the force distribution for the entire cell was
region was forming adhesion sites. To demonstrate this, we challenging due to the limited density of PTNS modifications.
quantified multiple PTNS and observed that the average To overcome this, we improved the imaging mode using a
traction force near the cell boundary was greater than in the block-imaging strategy. As explained earlier (Figure Sc),
interior region (Figure 5d). Importantly, the forces at the cell neighboring PTNS typically exhibited synchronized force
edge exhibited two primary distributions at 3 and 7 pN, dynamics as they were connected to the same FA. Based on
respectively. The forces of approximately 3 pN were this, we assumed that a single PTNS represents the traction
comparable to those in the interior region. This can be force of a block area rather than that of a single molecular
attributed to the presence of both nascent and mature clutch. As shown in Figure 6a,b, a single NIH-3T3 cell was
adhesion sites near the edges. The traction force at nascent cultured above a uniform single PTNS from the center to the
adhesion sites typically increased gradually at first, reached a boundary. We calculated the real-time traction force of each
plateau, and decreased as the adhesion site matured and only PTNS and assigned the force value to a 20-by-20-pixel block
1161 https://doi.org/10.1021/jacsau.4c00002
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Figure 7. Dynamic step transitions regulated by traction force. (a) Time trace of the traction force load on a single PTNS. Insets: magnifications of
instantaneous step transitions marked with yellow boxes. (b, c) Distributions of the force variation and the duration of connection (b) and
disconnection (c) transitions (connection: n = 50; disconnection: n = 44). (d) Time trace of the traction force of a single PTNS with intermittent
step transitions. Inset: magnification of the region marked with dashed box. (e) Histogram showing the distribution of the lifetime of intermittent

steps (n = 150).

around them, which is similar to the area of a single FA. The
overlapping blocks generated a pseudo-force mapping for the
cell, allowing the examination of local morphodynamics related
to dynamic force variations near the cell edge (Figure 6c).
Figure 6d,e presents snapshots of transmitted and pseudo-force
mapping video (Movie S1), respectively, showing a single cell
observed for 25 min. Arrows in the force mapping snapshots
represent the leading edge, and the direction of cell expansion
is indicated by transmitted images. In each snapshot, the cell
showed a significant correlation between the traction force and
expansion of the cell edge. The highest force typically occurred
at locations approximately 2 ym behind the cell edge,
consistent with findings reported in the literature.”” It is
worth noting that the cell may have multiple expansion
directions simultaneously, which was consistent with the
multiple maximum points in the force mapping (Figure 6e).
As shown in Figure 6f, we divided the cell into three main
regions: the leading edge in the moving direction, the
motionless edge, and the interior region. We measured over
50 PTNS in each of the three regions and observed that the
average mechanical force at the leading edge was higher than
that at the motionless edge, resembling that in the interior
region (Figure 6g). These results can account for the dual
distribution observed in Figure 5d. It is important to note that
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there is still debate regarding how the traction force correlates
with the movement direction in the literature.””*° Never-
theless, measurements of NIH-3T3 cells demonstrated that the
maximum traction force typically occurs at the leading edges
during expansion (Figure 6e and Movie S1). Therefore,
dynamic changes in the traction force, as assessed in this study,
are essential for cell movement.

During cellular physiology, forces generated by retrograde F-
actin flow are transmitted to the extracellular matrix (ECM)
through a series of mechanosensitive protein—protein
interactions known as molecular clutches.”'**"** Dunn et al.
recently developed a modified clutch model and categorized
single-molecule tension transitions as gradual ramps or
instantaneous step transitions.'” The time-dependent force
curves of our method also exhibited these two types of tension
transitions. For instance, the strong vibrations in the traction
force curves of P-1 to S in Figure 5C corresponded to ramp
transitions, which indicated load equilibration within the cross-
linked network. By amplifying the force curve of P-5, we can
observe stepwise transitions in the force trace. Figure 7a shows
more examples of instantaneous step transitions, including
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falling and rising steps, indicating the disconnection or
reattachment of an individual molecular clutch to F-actin
(see also Movies $2—S5).'* Step transitions typically occurred
at the beginning or end of ramp transitions (more examples in
Figure S8) because attachment to F-actin is necessary for force
transmission. The stable force with sporadic ramp and step
events was consistent with the prediction of molecular clutch
simulations with reversible cross-linkers.'”> To confirm that
these step transitions arose from individual clutches, we
assayed more than 40 samples for each type of step transition
and defined the rising time from 10 to 90% or the falling time
from 90 to 10% of the maximum forces as the transition time.
Figure 7b,c illustrates that both connections and disconnec-
tions have concentrated distributions in step forces and
transition times, supporting the notion that these step
transitions originate from individual clutches. A few steps
demonstrating larger step forces may arise from multiple
connections between AuNP and integrins, although ¢cRGD
density on AuNP was carefully controlled (see the Methods
section). Additionally, we observed deviations between
connections and disconnections. The connection time showed
a concentrated distribution at around 25 ms, while
disconnection time typically occurred around 39 ms,
suggesting that mechanical activation of integrins modulates
bond strength and may induce longer disconnection processes.

Our observations prompted us to explore the disconnection
and reattachment of an individual clutch to the F-actin in the
absence of traction forces. Once the FAs transitioned from
nascent to mature, the force decreased to approximately 1 pN
without any ramps (Figures Sc and 7d). However, we still
observed reversible intermittent step transitions of approx-
imately 3 pN in this situation (see also Movie S6). Given the
short lifetimes (<50 ms) and step durations (<30 ms) (Figures
7e and S9), we attributed these intermittent steps to weak
binding between either integrin and the ECM or talin and F-
actin in the absence of traction force. Although similar results
have been reported in previous in vitro single-molecule
experiments,SS_55 our results, obtained from living cells,
confirmed that the traction force through the F-actin can
regulate the lifetime and transition time of single-molecule
clutches. The instantaneous connection of single-molecule
clutches is necessary but not sufficient for the equilibration of
loads within the cross-linked network. A higher traction force
load on F-actin can promote the stable connection of
molecular clutches.

In conclusion, we proposed a new class of tension sensor called
PTNS, which is based on the ultrasensitive measurement of the
subnanoscale movement of single plasmonic nanoparticles.
Compared to the current fluorescence-based MTS, PTNS
demonstrates a wide continuous detection range from 1.1 to
48 pN. This performance can be adjusted by controlling the
number of poly(ethylene glycol) (PEG) chains under AuNPs,
as more chains allow for larger force measurement but may
affect the detection limit. The temporal resolution of 10 ms can
be improved by using a high-speed camera, although it is
already sufficient for cellular mechanical force measurement.
Additionally, PTNS, benefiting from robust plasmonic
scattering, enables high-throughput tracking of traction force
dynamics at individual FAs during long-term cell adhesion or
movement processes. PTNS provides a universal tool for
studying various biophysical phenomena, including single-
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molecule force spectroscopy, mechanosensitive piezo channels,
and cellular functions. Moreover, based on PTNS, it is possible
to develop imaging devices for drug analysis based on changes
in cellular traction force, such as real-time analysis of cancer
cellular mechanical force after adding anticancer drugs, to
provide more parameters for drug efficacy.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00002.

Experimental detail; chemicals; synthesis of gold nano-
particles; measurement of gap distance-dependent
scattering of single gold nanoparticles; finite-difference
time-domain simulation; fabrication of plasmonic-
coupled tension nanosensor; calibration of the correla-
tion between the tensile force and relative scattering
intensity; and cell culture (Figures S1—S10) (PDF)
Pseudo-force video of the cell in Figure 6e (Movie S1)
(MP4)

Time-lapse force on a single PTNS in the top left panel
of Figure 7a (Movie S2) (MP4)

Time-lapse force on a single PTNS in the top right panel
of Figure 7 a (Movie S3) (MP4)

Time-lapse force on a single PTNS in the bottom left
panel of Figure 7a (Movie S4) (MP4)

Time-lapse force on a single PTNS in the bottom right
panel of Figure 7a (Movie SS) (MP4)

Time-lapse force on a single PTNS in the inset of Figure
7d (Movie S6) (MP4)
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