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Abstract

Integrin-transmitted cellular forces have rich spatial dynamics and are vital to many cellular
functions. To advance the sensitivity and spatial resolution of cellular force imaging, we developed
force-activatable emitter reporting single molecular tension events and the associated cellular force
nanoscopy (CFN). Immobilized on a surface, the emitters are initially dark (>99.8% quenching
efficiency), providing a low fluorescence background despite the high coating density (>1000/
um?) required for sampling cellular force properly. The emitters fluoresce brightly once switched
on by integrin tensions and can be switched off by photobleaching, enabling continuous real-time
imaging of integrin molecular tensions in live cells. With multiple cycles of molecular tension
imaging and localization, CFN reproduces cellular force images with 50 nm resolution. Applied to
both migratory cells and stationary cells, CFN revealed ultra-narrow distribution of integrin
tensions at the cell leading edge, and showed that force distribution in focal adhesions (FAS) is off-
centered and FA size-dependent.

Cellular forces at the cell-matrix interface have been increasingly recognized as important
mechanical signals regulating many cellular functions'=3 and physiological processes* 5.
Force transmission units such as focal adhesions (FAs) and podosomes have been shown to
have ultra-fine structural features®-2, suggesting that cellular forces may have spatial
dynamics at nanoscale. Previously, tremendous efforts have been made to visualize cellular
force and improve the force imaging resolution. Cell traction force microscopies mapped
cellular forces with resolution of microns®. Lately, surface-immobilized tension sensors
convert force to fluorescence, enabling cellular force imaging at diffraction limit!1-15, To
break the limit, one apparent strategy is to image and localize integrin molecular tensions
and reconstruct cellular force maps at ultra-resolution, similarly to the principle of molecular
localization adopted in super-resolution light microscopies such as STORM6 and PALM?7.
However, it is highly challenging to image individual integrin tensions at sufficient sampling
density with current fluorescent tension sensors. The main difficulty originates from the fact
that the tension sensors have non-zero initial fluorescence but have to be densely
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immobilized on a surface (>1000/um?) to probe cellular force at ultra-resolution, causing a
high fluorescence background unsuitable for molecular tension imaging.

In this work, we developed a force-activatable emitter which is practically dark but fluoresce
brightly once activated by molecular tension (Scheme 1), making it feasible to image and
localize integrin molecular tensions with sufficient sampling density. Based on this emitter,
we further developed Cellular Force Nanoscopy, termed CFN, for imaging cellular forces
with 50 nm resolution. The main construct of a force-activatable emitter is a 18mer
DNA/PNA (peptide nucleic acid8) hybrid duplex labeled with a blackhole quencher 2
(BHQ?2), an Arg-Gly-Arp peptide (RGD)° as a ligand targeting integrins?°, a Cy5 dye, and
a biotin for surface immobilization (Scheme 1). The Cy5 is quenched by the BHQ?2 until the
duplex is forcedly separated by an integrin-RGD-transmitted tension, which de-quenches the
Cy5 and switches on the emitter. Compared to the original double-stranded DNA-based
tension sensor!®, the DNA/PNA hybrid is resistant to the degradation caused by DNases
expressed by cells?!, and enhances the fluorescence intensity of Cy5 dyes by two-fold (fig.
S1) potentially due to protein-induced fluorescence enhancement?2. Cy5 instead of Cy3 is
used in the emitter because Cy5 is brighter and has shorter lifetime that facilitates emitter
switch-off by photobleaching.

During CFN imaging, the emitters are coated at a surface density >2000/um? (Fig. 1A,
calibrated in fig. S2). On the emitter-coated surface, cells are plated and the integrin
molecular tensions constituting cellular forces are continuously imaged by a TIRFM (total
internal reflection fluorescence microscope). The initially dark emitters are switched on by
local integrin tensions and imaged at the single molecule level. The activated emitters are
switched off simply by photobleaching which naturally occurs during imaging and bleaches
single Cy5s in 0.5-1 sec. Therefore, force-activatable emitters enable CFN by
accomplishing the three standard steps in single molecule localization microscopy: Switch-
on, imaging and switch-off (Fig. 1A). By imaging and localizing integrin molecular tensions
in many frames, one achieves CFN by superposing tension locations in multiple frames to
reconstruct cellular force images with high resolution (Fig 1A, fig. S3).

CFN becomes possible thanks to two previously unrecognized physics effects of a BHQ2-
Cy5 pair. First, the BHQ2-Cy5 quenching efficiency in this emitter construct is >99.8%
(calibrated in fig. S4), significantly higher than the previously known values calibrated with
ensemble samples?3. The strong quenching leads to low fluorescence background despite the
high emitter surface density. Second, we found that a Cy5 near a BHQ2 becomes highly
resistant to photobleaching, with its life time extended by 120-fold (Fig. 1B, fig. S5), likely
because a BHQ2 absorbs the excitation light for Cy5, not the emission light from Cy5,
therefore protecting Cy5 in the non-activated emitters from photobleaching during switch-
off process.

We applied CFN to three distinct cell types: anucleate platelets, migratory keratocytes and
stationary HeLa cells. In Fig. 1C and Movie S1, a keratocyte produced individual Cy5
fluorescent spots in a good density, showing an optimal switch-on rate. Photobleaching step
analysis shows that >80% fluorescent spots are single Cy5s (fig. S6). The co-imaged F-actin
is spatially correlated with Cy5 spots, suggesting that the emitters are likely switched on by
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cellular force originating from F-actin. To further confirm that the emitters were activated by
integrin tensions, keratocytes were tested on emitters without integrin ligands that showed
no emitter switch-on. (fig. S7 and Movie S2).

In Fig. 1D, 100 imaging frames of integrin molecular tensions were continuously acquired in
a platelet. By localizing integrin tensions in each frame and superposing 20 frames into one,
we obtained CFN images of the platelet (Movie S3). Compared to the rather homogeneous
ensemble force image (Fig. 1D), CFN imaging resolved the inhomogeneity in the platelet
force map.

We analyzed the precision of tension localization based on an activated emitter in Fig. 1D
that was selected and displayed in Fig. 1E. The emitter image shows 11.3 signal-to-noise
ratio (SNR) defined as the ratio between the peak fluorescence intensity of a dye in pixels
and the standard deviation of the background noise. This leads to o= 7.3 nm precision of
single molecule localization (refer to supplementary text), and theoretic spatial resolution of
2.350=17 nm for CFN.

Using CFN, we explored the ultra-fine force patterns in lamellipodia and FAs. In Fig. 2,
integrin molecular tensions and F-actin dynamics of a migrating keratocyte were co-imaged
with 100 frames across 50 seconds in real time (Fig. 2A, Movie S4). Integrin molecular
tensions in all frames were localized and superposed to a CFN movie (20 frames per CFN
image) (Fig. 2A). In the CFN movie, the force pattern under the lamellipodium consists of
two distinct regions, with discrete radial streaks under the cell body, and a smooth and
narrow line at the very cell front. Integrin tensions in streaks, colocalized with F-actin, are
likely generated by actomyosin which is one of major force sources for integrin tensions24.
We speculate that the integrin tensions in the front line are counteracting force supporting
actin polymerization that pushes cell boundary forward at the leading edge. To verify above
hypothesis, we inhibited actomyosin and actin polymerization with blebbistatin and
cytochalasin D, respectively (Fig. 2B, Movies S5 and S6). Inhibiting actomyosin abolished
integrin tensions in streaks, but not those in the front line. Oppositely, inhibiting actin
polymerization abolished integrin tensions in the front line, but not those in streaks (Fig.
2C). These results suggest that integrins in the cell leading edge are under tension to support
local actin polymerization. Their distribution is consistently narrow and can down to 50 nm
(shown later in Fig. 4B), suggesting an ultrashort force transmission range from the cell
front to local integrins.

Next, we applied CFN to study integrin tensions in FAs. Fig.3A shows a typical process of
CFN imaging over FAs, co-imaged with integrin B3 marking FAs (Movie S7). The integrin
tensions were consistently situated within FAs. Compared to the ensemble force images (fig.
S8), CFN images of FAs showed that integrin tensions are not homogeneously distributed in
FAs. In motile FAs, integrin tensions are preferentially situated at the leading regions of FAs
(Fig. 3B and 3C), suggesting that cellular force is off-centered in FAs. We then analyzed the
width of force distribution in FAs and found that it generally matches the structural width of
FAs if the structural width is above 1 pm. Below 1 pm, however, integrin tensions could
cluster in a thin line narrower than the FA width (Fig. 3D-3F), suggesting that FAs have
mechanism to concentrate integrin tensions to a much narrower region.
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At last, we evaluated the practical spatial resolution of CFN. First, we calibrated the
precision of single molecule localization by tracking single surface-immobilized Cy5s
across multiple frames and obtained ~16 nm precision o (Fig. 4A, fig. S9). The spatial
resolution of CFN is therefore predicted as 2.350 = 38nm. Next, we evaluated the practical
spatial resolution of CFN by calibrating ultra-fine force patterns produced by cells. In Movie
S8, the keratocyte generated integrin tensions in the front line with a standard deviation o=
21nm of the tension locations to a fitted curve (Fig. 4B), indicating that the spatial resolution
of force imaging is finer than 2.350 = 49nm. In HeLa cells, we constantly obtained integrin
tensions situated in thin lines in narrow FAs (Movie S9), with 20~30 nm o to the fitted lines,
suggesting that the spatial resolution of CFN reaches 50 nm (Fig. 4C). In addition, we also
observed some unique ring-shaped force patterns with a diameter of 200-300 nm out of FAs
in HelLa cells (Fig. 4D). These forces may be produced by nascent FAs or endocytosis2®.
Although the source and mechanism of this type of forces await further investigation, we
made use of these force patterns to calibrate the spatial resolution of CFN and obtained
values around 50 nm (Fig. 4D).

In summary, we developed low-background force-activatable emitter to image single
integrin tensions in live cells in real time. Based on molecular tension localization enabled
by this emitter, we developed CFN for cellular force imaging in live cells with 50 nm
resolution. CFN has been demonstrated to be a powerful and convenient tool that enables the
study of cellular forces at nanoscale in live cells, bridging the resolution gap between cell
structural imaging and cellular force imaging, and creating new possibilities for the study of
cell mechanobiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Pr?nciple of CFN and calibration of force-activatable emitter. (A) Emitters are coated on a
surface at >2000/um? (step 1) to provide sufficient sampling density for cellular force (step
2). Emitters are sparsely switched on by local integrin tensions (step 3), imaged by a TIRFM
and switched off by photobleaching (step 4). Multiple imaging cycles (step 5) and single
molecule localization reconstructs a force map beyond the diffraction limit (Step 6). (B) The
life time of Cy5 is extended by 120-fold in the proximity of a BHQ2 quencher, so that
emitters prior to activation endure the switch-off process by photobleaching. (C)
Demonstration of time-lapse imaging of integrin molecular tensions in a migrating
keratocyte (Movie S1). (D) Ensemble force imaging and time-lapse imaging of integrin
molecular tensions in a stationary platelet (Movie S3). (E) The grayscale map of an activated
emitter (yellow squared region in Fig. 1D).
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Fig. 2.

CIgN imaging of integrin tensions under a lamellipodium in migrating keratocytes. (A)
Single integrin tensions and F-actin were co-imaged (Movie S4). Molecular tensions were
localized in each frame (lower left). Every 20 analyzed frames were superposed to a CFN
image (lower middle), and merged with F-actin to show the force-structure relation at high
resolution. The force pattern consists of a front-line region and streak regions co-localized
with F-actin. (B) CFN images of keratocytes treated with: DMSO as control (left), 20 uM
blebbistatin inhibiting myosin Il and cytochalasin D inhibiting actin polymerization (Movies
S5-S6). (C) Force distribution over the distance to the circular center of the magenta areas.
Scale bar: 10 um.
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Fig. 3.
CIgN images of force in focal adhesions. (A) Co-imaging of integrin molecular tensions and
GFP-fused integrin B3 (Movie S7). (B) CFN image based on 20 frames (2 min) in a focal
adhesion moving towards left. (C) Normalized curves of force and integrin distributions in
the boxed region in (B) along longitudinal direction. (D) CFN images based on 100 frames
(10 min) in FAs. (E) Lateral width analysis of the FA and force distribution in the boxed
region in (D). (F) The lateral widths of FA and Force distribution in individual FAs.
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CFN image
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Calibration of CFN Resolution. (A) Single emitter tracking analysis yields 164 nm
precision in localizing activated emitters. (B) 49 nm spatial resolution of CFN was calibrated
on the basis of the ultra-narrow force distribution (yellow boxed) in a migration-impeded
keratocyte (Movie S8). (C) 54 nm resolution of CFN was calibrated on an ultra-thin force
pattern in a FA (Movie S9). (D) 50-60 nm resolution was calibrated on the basis of integrin
tensions in circular patterns. o was evaluated as the standard deviation of the distances of
spots to the circle center.

JAm Chem Soc. Author manuscript; available in PMC 2020 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhao et al. Page 10

Force-activatable emitter F
DNA/PNA?—HQ o
hybrid | s ___ — . — ] .
H
NH,

"Z

o i T
Ligand Y\NH

: HO,C— ‘>/—NH

\n/\o/\/o\/\NJl\/O\/\o/\/ NH,

Cy5
‘ — M
— 4 N
\ /
I'R R
BHQ2 — o— CH3
— N
®
(0] H;C—0

Scheme 1.
Schematics of force-activatable emitters.
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