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Super-resolution traction force microscopy with
enhanced tracer density enables capturing
molecular scale traction†
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Cell traction mediates the biochemical and mechanical interactions between the cell and its extracellular

matrix (ECM). Traction force microscopy (TFM) is a powerful technique for quantitative cellular scale trac-

tion analysis. However, it is challenging to characterize macromolecular scale traction events with current

TFM due to the limited sampling density and algorithmic precision. In this article, we introduce a super-

resolution TFM by utilizing a novel substrate surface modification method. Our TFM technique achieved a

spatial resolution comparable to fluorescence microscopy and precision comparable to the rupture force

of an integrin–ligand bond. Correlated imaging of TFM with fluorescence microscopy demonstrated that

the residing paxillin highly correlated with traction while α5 integrin was located differently. Time-lapse

TFM imaging captured a transient traction variation as the adhesion protein passed by. Thus, the novel

super-resolution TFM benefits the studies on cellular biochemical and mechanical interactions.

Introduction

Cells and their extracellular environment undergo complicated
crosstalk, sustaining tissue homeostasis, orchestrating tissue
growth, or driving diseases once misbalanced.1 The dynamic
interplay between the cell and its extracellular matrix (ECM)
includes biochemical signal transmission, such as cytokine-
receptor binding, and mechanical interactions, such as cell
traction.2 Cell traction is initiated by actomyosin contractility
in stress fibres and is transmitted to the ECM by actin–integ-
rin–ligand linkage.3 Cell traction has been proven to take part
in various life activities, including cell migration,4 cell differ-
entiation,5 and immune response.6,7

Molecular tension fluorescence microscopy8–10 (MTFM) and
traction force microscopy11–18 (TFM) are two of the most
widely used methods for evaluating cell traction. Although
MTFM performs better than TFM in spatial resolution
(50 nm)19 and single-molecule force measurement,20 MTFM
requires cells to be placed on glass (whose mechanical pro-
perties are very different from the in vivo environment) and a
total internal reflection fluorescence (TIRF) microscopy to
guarantee high resolution and precision. For TFM tests, cells
are cultured on a biocompatible substrate whose elasticity can
be tuned to mimic biological tissues,5 and almost all common
fluorescence microscopies can be used.4,21,22 TFM outputs an
intact traction vector map, while MTFM cannot detect the
force direction. Thus, TFM is more preferable for biological
research as it is closer to the physiological conditions, easy
operation, and a more detailed traction output.

In a TFM experiment, cells are plated on a linear elastic
substrate, usually polyacrylamide (PAAM).23 Fluorescent beads
are embedded in the close vicinity or conjunct to the surface
of the substrate as deformation tracers.13,17,24 As the cells
adhere to the substrate and exert force through their adherent
patches, the subsequent substrate deformation can be tracked
by measuring the displacement of the tracer beads. Given the
displacement field and the elastic parameter of the substrate,
the cellular traction field can be reconstructed by an inverse
elastic half-space Boussinesq–Cerruti solution.15,18,25

Despite enormous discoveries in biochemical-mechanical
interplay at the tissue and cell level, the detailed mechano-
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transduction mechanism remains poorly understood. The
limited spatial resolution of TFM prevents studies on cell trac-
tion events at the macromolecular scale. Typical subcellular
biomechanical events, such as focal adhesion (FA) turnover
and phagocytosis, are several microns to sub-micron in
scale,26,27 comparable to the spatial resolution of fluorescence
microscopy, i.e., biochemical signal measuring scale. However,
the spatial resolution of the commonly used TFM was above
one micron,28 far from meeting the scale of biomechanical
events. Thus, an equal-scale observation technique for cellular
biochemical-mechanical coupled information is essential
for understanding how cells sense and respond to their
surroundings.

The spatial resolution of TFM strongly depends on the
sampling interval and the tracking positioning precision of the
displacement field vectors. According to the Nyquist criteria,
Colin-York et al. proposed that the spatial sampling interval
must be less than half of any details, which may be resolved in
the displacement field.29 In the past decade, several tech-
niques have been developed to scale down the sampling inter-
val. Stubb et al. proposed the fluctuation-based super-resolu-
tion TFM method based on super-resolution microscopy
enabled by fluorophore intensity fluctuation analysis and
reached a sampling interval of 913 nm.30 Colin-York et al. com-
bined stimulated emission depletion (STED) super-resolution
microscopy with TFM and obtained a sampling interval of
674 nm.29 These two methods are still limited in biological
applications due to their high time consumption and photo-
toxicity. Most recently, Barbieri et al. combined super-resolu-
tion total internal reflection fluorescence structured illumina-
tion microscopy (TIRF-SIM) with TFM and established the
TIRF-SIM-TFM method.22 Benefiting from the high spatial
temporal resolution and low phototoxicity of SIM (structured
illumination microscopy), the TIRF-SIM-TFM method reached
a sampling interval of 360 nm and is by far the most promis-
ing TFM for biochemical-mechanical coupling investigation.
According to the criteria proposed by Colin-York, the optimal
traction recovery size was about 720 nm, still larger than the
scale of some typical biomechanical events, like nascent focal
adhesion turnover. The 360 nm sampling interval is also much
larger than the spatial resolution of SIM (about 100 nm),
suggesting that the above TFM methods did not make full use
of SIM super-resolution imaging. Thus, this bottleneck for
improving TFM spatial resolution may not be the spatial
resolution of the imaging microscopy. We must think out of
the box and try to cut down the displacement sampling inter-
val from a different approach. Since the displacement vectors
at the sites where the tracer beads locate can be directly
obtained, while the vectors of the other sites must be deduced
by interpolation. With a low density of the tracer beads, tiny
force signals may be lost as no beads are located nearby. Thus,
the bead coating density on the PAAM substrate is crucial not
only for a high sampling density but also for the precise posi-
tioning of the displacement vectors.

In this article, we propose a modified SIM-TFM with
enhanced tracer density, i.e., the enhanced tracer density

super-resolution microscopy (ETD-srTFM). We improved the
conjugation efficiency between the tracer beads and the PAAM
substrate by introducing primary amine groups onto the sub-
strate surface.31 The bead coating density on the modified
PAAM (polyacrylamide) surface reached 15 μm−2 for 100 nm
diameter beads (the coating interval is 258 nm) and 64 μm−2

for 40 nm diameter beads (the coating interval is 125 nm).
With a commercial 3-dimensional SIM (3D-SIM), we achieved a
displacement sampling interval of 258 nm (comparable to the
scale of biomechanical events) and measuring precision of
±56.74 pN (comparable to the rupture force of integrin–ligand
bond), thus enabling an equal-scale observation of cellular
biochemical-mechanical coupled signals may capture mechan-
ical events at the macromolecular scale. We explored the corre-
lation between the membrane protein trafficking and the trac-
tion dynamics in mouse fibroblasts by the fluorescence
imaging of paxillin and α5 integrin and synchronized TFM
imaging. The results showed that paxillin resided at the same
locations with traction, while α5 integrin was located differ-
ently, suggesting that these two proteins played different roles
in cell adhesion. A time-lapse ETD-srTFM showed a long-term
live-cell imaging capacity and a potential for macromolecular
mechanical event capturing.

Materials and methods
Substrate preparation, fluorescent beads, and ECM protein
coating

We modified a previously published protocol for preparing
modified PAAM substrates coated with high-density fluo-
rescent tracer beads and ECM (extracellular matrix)
protein.18,25 Activate glass bottom dishes: glass bottom dishes
(In-Vitro-Scientific), ∅ 35 mm dish with ∅ 20 mm glass
bottom, were incubated in 0.5% 3-aminopropyl-
trimethyoxysilane (Sigma Aldrich) for 15 min. After extensive
rinsing with ethanol, dishes were incubated in 0.5% glutaral-
dehyde solution (Beijing Chemical Works) for 30 min, rinsed
with DI H2O, and air-dried.

Stock solutions of 12% acrylamide and 0.3% bis-acrylamide
were prepared (Young’s modulus 60 kPa). For the modified
PAAM substrate, an additional 15 mM (or less, refer to
Table S1†) 2-aminoethyl methacrylate hydrochloride (AEMA)
(Sigma-Aldrich) was mixed into the PAAM stock solution. For
polymerization, 1 μl of 10% ammonium persulfate (Beijing
Chemical Works) and 0.1 μl of TEMED (Beijing Chemical
Works) were added to 100 μl PAAM stock solution. After
thoroughly mixing, the 5 μl mixture was pipetted onto an acti-
vated dish and a ∅ 18 mm coverslip was carefully placed on it.
The polymerization would be done in 30 min. Then, the top
coverslip was peeled off. The thickness of the PAAM substrate
was about 30 μm.

The dish was incubated under a 400 μl suspension of
100 nm (1 : 1000, or less, refer to Table S1,† dilution from the
2% stock suspension) or 40 nm (1 : 1000 dilution from the 5%
stock suspension) diameter carboxylate yellow-green or red
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fluorescent microspheres (Thermo Fischer Scientific) for a
certain period of time (refer to Table S1†). The dish was incu-
bated in a 250 μl mixture of 1 mg ml−1 EDC (Sigma-Aldrich)
and 2.5 mg ml−1 sulfo-NHS (Sigma-Aldrich) in 50 mM MES,
pH 6.0, for 15 min at room temperature. PBS, 2 ml, was added
to the dishes and incubated for at least 2 h at room
temperature.

The PAAM substrate was incubated in 10 μg ml−1 fibronec-
tin using sulfo-SANPAH (Pierce) crosslinker according to a pre-
viously published protocol.

Indentation test for PAAM substrate elasticity measuring

Cylindrical PAAM blocks with a size of 20 mm high and
35 mm in diameter were prepared for the indentation test.32

The formulation of the PAAM substrates was 12% acrylamide
and 0.3% bis-acrylamide with or without 15 mM AEMA. An
ElectroForce 3100 test instrument with a 3.5 mm diameter
spherical indenter was used. The measurements were per-
formed at room temperature (23 °C) and a humidity of about
50%. The displacement controlled loading procedure was
applied. The loading rate was set at 0.1 mm s−1 and the
maximum indentation depth was 2 mm. Hertzain solution was
applied to calculate Young’s modulus of the PAAM substrate.

Cell culture and cell transfection

Mouse fibroblasts (3t3-Swiss, purchased from National
Collection of Authenticated Cell Cultures, Shanghai, China)
were cultured at 37 °C in DMEM (Corning) with 10% fetal
bovine serum (Gibco) and 1% penicillin–streptomycin at 5%
CO2. For paxillin imaging, 5 × 105 cells were transfected with
5 μg of DNA encoding paxillin-mCherry (a gift from Li Yu,
Tsinghua University, Beijing, China) using a Neon
Transfection System (Invitrogen), pulse voltage 1350 V, for
20 ms, twice. For integrin α5 imaging, 3 × 105 cells were plated
on a 6-well tissue culture plate and transfected with DNA
encoding integrin α5-EGFP by a lentivirus transfection system
(Cyagen) with a virus concentration of 10 MOI. Twenty-four
hours after transfection, cells were digested by trypsin and
replated on the PAAM substrates for live-cell imaging.

Cell membrane staining

Mouse fibroblasts (3t3-Swiss) were plated on PAAM substrates
coated with or without fluorescent beads for 2 h. The cells
were incubated in 5 μM DiI (Thermo Scientific) for 20 min at
37 °C. The cells were fixed with 4% paraformaldehyde for
15 min at room temperature and incubated with DAPI (Sigma-
Aldrich) for 15 min before imaging.

Immunofluorescence

Mouse fibroblasts (3t3-Swiss) were plated on PAAM substrates
coated with or without fluorescent beads for 2 h. The cells
were fixed with 4% paraformaldehyde for 15 min at room
temperature, permeabilized with 0.1% Triton X-100 for 5 min,
and blocked by 5% bovine serum albumin for 1 h at room
temperature. The cells were then incubated with primary anti-
body against paxillin (1 : 100, Abcam) overnight at 4 °C and

Dylight 549-conjugated secondary antibody (1 : 400, EarthOx)
for 1.5 h at room temperature, and DAPI (Sigma-Aldrich) for
15 min before imaging.

Atomic force microscopy (AFM) scanning

Before placing the sample on the AFM, it was allowed to equili-
brate at room temperature for 10 to 30 min. The sample was
kept in a confocal Petri dish, mounted on a magnet,
along with a damp KimWipe, until it was ready to be mounted
on the AFM. Then, it was rinsed in imaging buffers and
mounted on the AFM stage. Avoid shaking while moving the
sample. Setting up the experiment: AFM, Bruker bio resolve;
probe: Peak Force QNM in Fluid-HiRes-B (tip: 2 nm, k:
0.1 N M−1); software: NanoScope Software version 9.4.

Confocal and SIM microscope setting up

SIM imaging was performed using the Nikon N-SIM system
with a 100× NA 1.49 TIRF objective lens and an EMCCD
(Andor iXon DU-897). The laser power was set at 20% and the
exposure time was 20 ms for 488 nm and 561 nm channels.
The pixel size of the SIM super-resolution images was 30 nm.
Confocal imaging was performed using a Nikon A1 confocal
system with a 100× NA 1.40 objective lens. The laser power was
set at 2% for the 488 nm and 561 nm channels (Table S2†).

The theoretical standard deviation of the point spread
function (PFS) calculation

The standard deviation σ of SIM PSF was calculated as follows:
according to the diffraction theorem, the spatial resolution of
an optical microscope is about Δxy = 0.61λ0/NA. The emission
wavelength of green fluorescent beads is about λ0 = 500 nm
and the numerical aperture (NA) of the objective lens is NA =
1.49. The spatial resolution was calculated to be Δxy =
204.7 nm. This value is equivalent to the full width at half
maximum (FWHM) of PSF and the standard deviation of PSF
can be calculated by σ = FWHM/2.355. The spatial resolution
of SIM is about half of that of a traditional optical microscope,
and the pixel size of SIM was 30 nm. Thus, the theoretical
standard deviation of SIM PSF was calculated to be σ = 1.44
pixels.

Displacement field tracking

The particle tracking velocimetry (PTV) algorithm, calculating
the displacement field, was modified from a published proto-
col for high-resolution TFM.18

The filtering and fitting window size was set at 4σ, since it
can contain more than 95% of the bead imaging pattern and
avoid the interaction of the adjacent beads. We also used a
simulating program to confirm that 4σ is an optimized choice
to ensure the accuracy of displacement tracking and traction
reconstruction (Fig. S2†). The detailed description of the simu-
lating program will be described in the next subsection and
the figure legend of Fig. S2.†

The displacement tracking procedure is as follows (Matlab
built-in functions are in italics): (1) we used normxcorr2 to cal-
culate the image correlation coefficients between the reference
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and the deformed bead images, and eliminated the stage shift
between these two images. (2) The initial standard deviation of
the point spread function (PSF) was set as the theoretical PSF
standard deviation calculated above (σ = 1.44 pixels for ETD-
srTFM or according to the imaging conditions, refer to
Table S2†), and fspecial and imfilter were used to perform
Laplacian Gaussian filtering on the reference bead image (the
filtering window size is set at 4σ) and the filtering image is
named as imgLoG. (3) Ordfilt2 was used to perform maximum
filtering on imgLoG (the filtering window size is set at 2σ), and
the filtered image is named as imgMax. (4) We compared
imgLoG and imgMax, and the points with the same value as
the candidate centre position of the tracer beads were picked.
(5) Lsqcurvefit was used to fit a 2D Gaussian function at each
candidate bead (the window size was set at 4σ), and the fluo-
rescent intensity, the centre position, the standard deviation,
and the fitting residual were recorded. (6) The beads with
fitting residuals much larger than the average value were elimi-
nated (exceeding the 95% confidence interval of the beads
fitting residual distribution). (7) Rosin threshold was used to
eliminate the beads with fluorescent intensity significantly
lower than the general level.33 (8) Windows on top of each
recognized bead (the window size is set at 4σ) were placed and
the correlation coefficient matrix between each window in the
reference image and the corresponding region in the deformed
image was calculated. The displacement of each bead was cal-
culated by finding the peak value in the correlation coefficient
matrix. (9) Subpixel displacements could be calculated by a
2-dimensional Gaussian fitting to the correlation coefficient
matrix.

Traction field reconstruction, simulation, and regularization
parameter optimization

The PAAM substrate shows a homogeneous, isotropic, and
linear elastic behaviour, and the substrate thickness is much
larger than the lateral dimension of the cell and the displace-
ment. Thus, the displacement field u can be calculated from
the traction field f by:

uiðxÞ ¼
Ð P

j
Gijðx� x′Þfjðx′Þdx′; ð1Þ

where G is the Boussinesq Green function.34 An early approach
to calculate the traction from the measured displacement field
was to solve the inversion of eqn (1) in real space,13 which was
quite computationally demanding. The now widely used the
Fourier transform traction cytometry (FTTC) method was used
to solve eqn (1) in Fourier space,15 transforming the convolu-
tion into a simple product, which significantly improves the
efficiency and reliability of the algorithm. Introducing appro-
priate regularization schemes into FTTC can further improve
the resolution of TFM.17 We chose Tikhonov regularized FTTC
to calculate the traction field in ETD-srTFM.15,17

The regularization parameter λ should be optimized to
improve the accuracy of the traction field reconstruction.21 We
designed a MatLab program to simulate the imaging and cal-
culation process of ETD-srTFM to examine the effect of regu-

larization: (1) imitating the size of common adhesion spots
and their arrangement in a cell, a simulated traction field was
set, as shown in Fig. S1A.† The magnitude of the traction was
distributed spatially and uniformly in the red ellipses with a
length of 2 μm, a width of 0.5 μm, and an interval of 1 μm. The
direction of the tractions was uniformly pointed to the right
side. (2) The Boussinesq–Cerruti solution was used to calculate
the simulated displacement field. (3) A PAAM substrate surface
coated with beads was simulated at a density of 15 μm−2. (4)
The simulated displacement field was substituted and beads
positions were calculated after the substrate deformation. (5)
The simulated beads images were convolved with a PSF (point
spread function) of SIM and superimposed with 5% white
noise. (6) The displacement field was calculated with PTV. (7)
Reg-FTTC with different λ was used to calculate the recon-
structed traction field (Fig. S1A†).

The PSF standard deviation of ETD-srTFM obtained by the
Gaussian fitting was about 1.5 pixels, slightly larger than the
theoretical value of 1.44 pixels. Such differences may be
caused by the background noise of the microscope light path
and the camera and can be corrected by introducing white
noise into the images of the simulated beads. Therefore, we
chose σ = 1.44 pixels for the ETD-srTFM simulation.

We used two parameters to judge the reconstruction effect
of the traction field,21 the traction detection ability ψ =
∥f̄reconstr∥@A0

/max(∥freconstr∥@Abackground
) (i.e., the average value of

the reconstructed traction magnitude at A0 divided by the
maximum value of the reconstructed traction magnitude at
Abackground) and the traction field residual ζ = ∥freconstr − f0∥2.
Among them, f0 is the simulated traction field, freconstr is the
reconstructed traction field, A0 is the position with traction
locates (i.e., the red ellipse regions in the top view of Fig. S1A†)
and Abackground is the position with no traction was located
(i.e., the blue region in the top view of Fig. S1A†).

The results showed that when the regularization parameter
was set at λ = 3 × 10−8, the traction force recognition ability ψ

was maximized, the traction force residual ζ was minimized,
and the traction force field contour map was visually almost
identical to the simulated traction field (Fig. S1B and C†).
Therefore, we chose λ = 3 × 10−8 as the regularization para-
meter of ETD-srTFM.

Quantitative estimation of traction field spatial resolution

The simulation program described in the previous subsection
was also used to estimate the spatial resolution of ETD-srTFM
(Fig. S3†). The input-simulated traction maps are shown at the
top. The length and the width of the red ellipses here were set
to 2 μm and 0.4 μm, respectively. We changed different inter-
vals of the red ellipse regions, mimicking traction distri-
butions in step 1 and running through steps (1) to (7). The
simulated bead density was set to either 10 or 15 μm−2. The
corresponding traction field results are shown in Fig. S3.† A
traction map is considered to be resolvable by the ETD-srTFM
if the output traction field can be distinguished as three dis-
tinct spots and not blur into one another. The result shows
that the traction resolution strongly depends on the bead
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density, i.e., the displacement sampling interval of the TFM
methods. ETD-srTFM with a 15 μm−2 bead density can resolve
traction with a 500 nm interval, while the 10 μm−2 bead
density can only resolve a 700 nm interval. Thus, the traction
resolution of ETD-srTFM was about 500 nm.

Results
PAAM substrate surface modification significantly improves
the tracer bead coating density

The conventional TFM method uses an EDC two-step reaction
to crosslink the carboxylate-modified beads with the amino
groups on the PAAM surface. The amino groups on the PAAM
surface are amide groups with low nucleophilicity, resulting in
a limited crosslinking efficiency between the beads and the
PAAM substrate. Under the conventional crosslinking con-
ditions, the bead density was only 1.77 μm−2 for 100 nm beads
and 2.18 μm−2 for 40 nm beads. Increasing the bead concen-
tration and prolonging the sedimentation time could, to some
extent, improve the bead density. The 100 nm bead density
was limited to 5 μm−2 and the sampling interval was 447 nm
under such conditions (Fig. 1A–C and Table S1†). To improve
the cross-linking efficiency of the beads, we must modify the
surface property of the PAAM substrate.

We added 2-aminoethyl methacrylate hydrochloride (AEMA)
to the PAAM stock solution, transforming the amide groups on
the PAAM surface into primary amino groups and increasing
the crosslinking efficiency without changing the mechanical
properties of the material (Fig. 1A and Fig. S4†). The 100 nm
bead density was about 15.03 μm−2 after the surface modifi-
cation (the PAAM stock solution containing 15 mM AEMA),
and the sampling interval was about 258 nm (Fig. 1B and C).
Under such conditions, the beads were unable to be distin-
guished by confocal microscopy. To generalize the application
of TFM at different measuring scales, we used three para-
meters (the AEMA concentration, the bead concentration, and
the sedimentation time) for different bead coating densities.
The 100 nm bead density could be modulated from 0.58 μm−2

to 15.03 μm−2, meeting the need for both conventional and
super-resolution traction measurements (Table S1†).
Stimulated emission depletion microscopy (STED) and atomic
force microscopy (AFM) showed that AEMA modification could
also improve the coating density of 40 nm beads to 64 μm−2

(the sampling interval was about 125 nm, comparable to the
SIM resolution) (Fig. 1D and Fig. S5†). Thus, the AEMA-modi-
fied PAAM substrate can significantly increase the tracer bead
coating density, which is crucial for super-resolution traction
measurement.

High-density tracer beads imaging and displacement
calculation for a novel super-resolution TFM method

By introducing the AEMA-modified PAAM substrate with extre-
mely dense tracer beads, we attempted to establish a new
super-resolution TFM method, called enhanced tracer density
super-resolution TFM (ETD-srTFM). Previous studies have
proved that super-resolution microscopy was recommended
for improving the spatial resolution for recovering traction.
Due to its low phototoxicity and not requiring special fluo-
rescence labelling, SIM is more suitable for live-cell imaging.
We chose a ready-to-use commercial SIM system for ETD-
srTFM imaging.

The spatial resolution of TFM strongly depends on the
sampling interval and the tracking positioning precision of the
displacement field. In addition to the high bead coating
density, the bead positioning precision of SIM-TFM is challen-
ging. Since the SIM reconstruction algorithm is an ill-posed
deconvolution problem, SIM requires a strong fluorescence
intensity for the samples.35 The 40 nm beads have relatively
weak fluorescent intensity, leading to reconstruction artifacts
in the SIM image. Some previous studies chose particle image
velocimetry (PIV) for the substrate displacement tracking to
reduce the effect of the artifacts.22,36 By splitting the image
into rectangular windows and calculating the displacement of
each window, the PIV method may encounter empty windows
and result in tracking errors, since the tracer beads scatter ran-
domly. To avoid such errors, PIV usually requires a proper
window size to guarantee more than one bead in each window,
drawing back the benefits of dense bead coating and resulting
in a loss of displacement sampling capacity. Comparatively,
the 100 nm beads exhibited a higher quality SIM image

Fig. 1 AEMA modification can greatly improve the bead coating density
on the surface of the PAAM substrate. (A) Schematic of AEMA modifi-
cation. AEMA introduced primary amino groups to the PAAM surface,
increasing crosslinking efficiency and bead coating density. (B)
Representative confocal or SIM images of 100 nm green fluorescent
beads coated with different sedimentation time on the PAAM surface
with or without AEMA modification. (C) Statistics of 100 nm bead
sampling density in (B) identified by 2D Gaussian fitting. (O/N, overnight;
***, one way ANOVA, p < 0.001) (D) AFM images of the 100 nm or 40 nm
beads coated PAAM surface morphology. Gray scale value stands for
height.
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(Fig. S6†), i.e., each bead can be easily distinguished from the
background. Under such conditions, particle tracking veloci-
metry (PTV) is a preferable choice for the bead displacement
calculating.17,18,21 Displacement fields obtained by these two
algorithms showed that PTV produced a displacement field
with higher quality and a higher signal-to-noise ratio than PIV
(Fig. S7†). AFM confirmed that the bead coating density on the
PAAM substrate containing 15 mM AEMA was about 15 μm−2,
indicating that the SIM microscopy and PTV algorithm was
preferable to distinguish individual beads at this density
(Fig. 1D and Fig. S7†). Thus, we employed 100 nm bead-coated
PAAM substrates and a PTV displacement tracking algorithm
for ETD-srTFM.

The ETD-srTFM method can resolve traction details 258 nm
apart

To evaluate the traction detectability of ETD-srTFM, we investi-
gated the sampling density and positioning precision of the
displacement field. We prepared six PAAM substrates with
different bead coating densities and captured 100 frames of
each sample with confocal or SIM microscopy at an interval of
5 s. The pixel sizes of both microscopies were set at 30 nm. We
determined the centre of each bead by 2D Gaussian fitting and
calculated the identified bead density and the standard devi-
ation of the bead positions in the 100 frames (i.e., the position-
ing precision of each bead). The results showed that the
sampling capacity of the confocal was equal to the SIM when
the coating density was low and dropped significantly when
the coating density gradually increased, and the bead detect-
ability of the confocal dropped (Fig. 2A). The confocal was
unable to recognize each bead when the bead density reached
15 μm−2 Bead positioning precision was primarily determined

by the type of microscopy. The positioning precisions of con-
focal and SIM were ±10.9 nm and ±1.75 nm, respectively.

To assess the error brought by trypsin treatment, we per-
formed each step of ETD-srTFM and confocal-TFM (with
sparse bead density, about 2 μm−2) without plating cells on
the substrate, captured the bead images before and after the
trypsin treatment and tracked the substrate displacement
(marked as Δu = {(x1,y1),(x2,y2),…,(xn,yn)}, n is the tracked dis-
placement bead number). We put together the x components
and the y components of the tracked displacement vectors and
draw a histogram (i.e., the abscissa of the histogram is the fol-
lowing set: {x1,x2,…,xn,y1,y2,…,yn}). The results showed that the
displacement components present a Gaussian distribution
with a standard deviation of about ±1.72 nm for ETD-srTFM
and ±11.1 nm for confocal-TFM (Fig. 2B and Table S2†).

We assessed the traction detectability of ETD-srTFM based
on the Boussinesq–Cerruti theory37 (Fig. 2C). As a tangential
concentrated force P was applied to O on the substrate surface,
the displacement u at O′ should be: u(x,0,0) = P(1 + ν)/(πEx),
where E and ν are the Young’s modulus and Poisson’s ratio of
the substrate. When the bead coating density was 15 μm−2, the
displacement sampling interval of ETD-srTFM was about
258 nm. Considering the displacement measurement precision
±1.75 nm and typical PAAM constitutive parameters, we deter-
mined the parameters in the above equation as x = 258 nm, u
= 1.75 nm. E = 60 kPa and ν = 0.5. The minimum detectable
force was calculated as 56.74 pN (i.e., the traction measuring
precision was ±56.74 pN), comparable to the rupture force of
the integrin–ligand bond (about 100 pN),38 suggesting that
ETD-srTFM is capable to capture macromolecular mechanical
events. On the contrary, the measuring precision of confocal-
TFM was about ±1057 pN, much larger than the bond rupture
force (Fig. 2D and Table S2†).

Thus, an AEMA-modified PAAM substrate can bring an
overall promotion of bead sampling density and positioning
precision, leading to an effective improvement in displacement
tracking accuracy and breaking through the bottleneck of the
super-resolution TFM method.

The accurate traction field measured by ETD-srTFM shows a
high correlation with the paxillin location

We used mouse fibroblasts (3t3-Swiss cell line) to investigate the
biological application prospects of ETD-srTFM. Immuno-
fluorescence staining showed that the spreading area and FA
(focal adhesion) formation of fibroblasts were not affected by the
densely coated beads on PAAM substrates (Fig. S8†).

Fibroblasts expressing paxillin-mCherry to mark FAs were
plated on the modified PAAM substrates (Young’s modulus 60
kPa, bead density 15 μm−2) for 2 h. The traction field detected by
ETD-srTFM was highly correlated to FA distribution (Fig. 3A).

To validate that higher bead sampling density can improve
traction field measuring accuracy, sparse bead sampling rates
(5, 2, or 0.5 μm−2) were imitated by randomly removing part of
the beads from the original SIM beads image. We then refilled
the displacement vectors of the removed beads by interp-
olation and calculated the traction field using the same grid

Fig. 2 Error estimation of ETD-srTFM. (A) Bead sampling density and
positioning precision on the PAAM substrate identified by 2D Gaussian
fitting. The abscissa represents six independent samples prepared by
different experimental conditions (Table S1,† sample number: 1, 2, 4, 5,
8, 9). (B) Displacement errors brought by trypsin treatment. Histogram
of the displacement vectors by tracking the beads on a substrate with
no cell plating. Solid and dashed lines are Gaussian fittings. (C)
Schematic of Boussinesq–Cerruti solution. (D) Error estimation of con-
focal-TFM and ETD-srTFM.
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size and regularization parameter (Fig. 3A). The detail of
strong local traction indicated by ETD-srTFM (yellow arrow)
was missed when the bead sampling density dropped to
5 μm−2. The traction magnitude and paxillin intensity showed
a nearly consistent change along the grey-dashed line (perpen-
dicular to the long axis of the FAs in Fig. 3A) at high sampling
density, where the distribution of traction and paxillin showed
a significantly different pattern when the bead sampling
density dropped to 0.5 μm−2 (Fig. 3B). We calculated the image
correlation coefficient (denoted by r) between paxillin intensity
and traction magnitude in each FA and its neighbouring
region (Fig. 3C). The Fas were classified into three groups
according to the r calculated from the 15 μm−2 bead image (r
≥ 0.75, high correlated group; 0.5 ≤ r < 0.75, medium corre-
lated group; r < 0.5, low correlated group). A significant
decrease in the correlation coefficients was observed as the
sampling density reduced, especially in the highly correlated
group. The red arrow showed an FA with two local traction
maxima which were not detected by low-density sampling,
suggesting that the adhesion is discontinuous in this FA
(Fig. 3A).

The above results demonstrate that higher bead sampling
density can improve traction field measuring accuracy, and the

traction distribution of a fibroblast shows a high correlation
with its paxillin location.

To test whether ETD-srTFM has the potential for capturing
macromolecular mechanical events, we performed time-lapse
live-cell imaging. We plated paxillin-mCherry 3t3-Swiss cells
on a PAAM substrate coated with fluorescent beads and fibro-
nectin for 2 h. The cells were imaged for about 5 min at inter-
vals of 10 s (Fig. 4 and Movies 1, 2†). The displacement of a
single bead (yellow circle) showed a transient movement as
paxillin passed by. Correspondingly, the local traction at this
position increased continuously and was followed by a vertigi-
nous drop. The magnitude of this traction variation was about
300 pN, i.e., three times the rupture force of the integrin–
ligand bond, suggesting that ETD-srTFM had a potential for
macromolecular mechanical events capturing.

Integrin α5 manipulates cell–matrix conjunction but not
direct traction transmission

Integrin α5 is highly expressed in fibroblasts and participates
in fibrillogenesis.39–41 To investigate the relationship between
integrin α5 turnover and cell traction, integrin α5-EGFP trans-
fected 3t3-Swiss cells were plated on a PAAM substrate coated
with fluorescent beads and fibronectin for 2 h and imaged for
about 20 min at intervals of 2.5 min (Fig. 5A and Movies 3–6†).

We focused on lamellipodium regions where integrin turn-
over was dynamic. In protruding lamellipodia, cell traction
appeared early at the front of the cell edge and extended
forward as the cells protruded, but integrin α5 could not be
observed in this area (Movies 3 and 4†). In retracting lamelli-
podia, integrin α5 gathered and cell traction could be seen,

Fig. 3 High-sampling density can significantly improve the traction
filed measuring accuracy. (A) Representative paxillin images and traction
field measured by ETD-srTFM. Zoomed views of the region framed by
the yellow dashed line and the traction fields of the imitated sparse
sampling images are shown in the bottom. (B) The paxillin intensity and
the traction magnitude profiles from the indicated yellow dashed line in
the bottom view of (A). (C) The image correlation coefficients between
the paxillin intensity and the traction magnitude in FAs (focal adhesions)
and their vicinity change with the sampling density. Otsu thresholding
was applied to pick out the FAs in a paxillin image, and the range of
5 μm around each FA was defined as its neighbouring region. The thick
lines show the average value of the high, the medium or the low corre-
lated group. The thin lines represent each individual FA. For clarity, only
the high and the medium correlated group FAs are presented.

Fig. 4 The ETD-srTFM imaging capture macromolecular mechanical
events. (A) Representative movie screenshots of the paxillin-mCherry
transfected 3t3-Swiss cells and the corresponding traction fields (snap-
shots of Movie S1†). (B) Zoomed views of the region framed by the
yellow dashed line in (A) (snapshots of Movie S2†). (C) Local traction
force at the position indicated by yellow circle in (B).
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while their distributions were significantly different. Cell trac-
tion was located proximal to the cell edge compared with
integrin α5 (Fig. 5). These results suggested that integrin α5 is
not mainly responsible for the anchorage of the cells.

We analysed the dynamic relationship between integrin α5
distribution and cell traction and found that they moved along
the same direction in the retracting lamellipodia (Fig. 5A, B
and Movie 6†). Notice the position indicated by the yellow
arrow where integrin α5 aggregated and was followed by high
traction. This result suggested that the integrin α5 turnover in
the retracting lamellipodia guides the cell–matrix adhesion
afterwards. We used time-stack max intensity projection to
quantify the relationship between integrin α5 distribution and
cell traction (Fig. 5B). In the retracting lamellipodium, the
green and red lines revealed the trajectories of integrin α5 and
traction, respectively. These two trajectories extended in the
same direction and overlapped at the position indicated by the
yellow arrow. We calculated the correlation coefficient of the
projection images between proteins (integrin α5 or paxillin)
and cell traction. The trajectory of integrin α5 was higher corre-
lated with cell traction in the retracting lamellipodia than in
the protruding lamellipodia, while paxillin showed the highest
correlation with traction (Fig. 5C). Since integrin α5 partici-
pates in fibrillogenensis and ECM remodelling, we supposed
that integrin α5 modulated the remodelling of ECM by guiding
cell–matrix adhesion in the posterior region of the migrating
cell rather than by traction transmission.

Discussion

TFM is one of the most powerful approaches for measuring
cellular or subcellular mechanical signals, however, macromol-
ecular mechanical measurements remain challenging. In the
past decade, several super-resolution TFM methods have been
proposed by introducing super-resolution imaging techniques
(STED or SIM).22,29,42,43 The minimum displacement sampling
interval achieved by TIRF-SIM-TFM is 360 nm, nevertheless,
much larger than the spatial resolution of SIM (about
100 nm). We suggest that this bottleneck in improving TFM
spatial resolution is not the spatial resolution of the micro-
scope for imaging but the sampling density of fluorescent
tracer beads. Here, we proposed a method to modify the PAAM
substrate surface by increasing the bead sampling density to
15 μm−2 for 100 nm beads (the bead sampling interval is
258 nm) and 64 μm−2 for the 40 nm bead (the bead sampling
interval is 125 nm). Tracer bead positioning precision is
another crucial element for high-resolution tracer beads
sampling followed by macromolecular scale traction measure-
ment. Since the ready-to-use commercial SIM in ETD-srTFM is
a mechanical grating-based linear SIM system, 100 nm beads
are recommended to guarantee a high signal-to-noise ratio for
imaging and precise bead positioning, despite sacrificing
certain sampling density. If a liquid crystal spatial light modu-
lator (LC-SLM) based nonlinear SIM system is employed in
ETD-srTFM,44 40 nm beads can be used and the displacement
sampling interval is supposed to reach 125 nm, almost equi-
valent to the spatial resolution of SIM. Thus, our PAAM surface
modification method can make good use of SIM, breaking
through the bottleneck of super-resolution TFM, and propel
the spatial resolution of traction measurement to a macromol-
ecular scale, comparable to biochemical signal imaging.

We introduced AEMA modification to increase the cross-
linking efficiency between tracer beads and the PAAM sub-
strate without changing the mechanical properties of the
material. This modification method not only improves the
bead coating density but also modulates the coating density by
changing the AEMA concentration and experimental con-
ditions. The AEMA-modified PAAM substrate can be applied to
a wide range of traction measuring scales (from macromolecu-
lar to collective cell migration). We provide recommended
experimental and computational parameters for different trac-
tion measuring scales in Table S2.† Thus, AEMA modification
can produce a ready-to-use widely applicable TFM method of
reliable quality for mechanobiology research.

Conclusions

In this article, we proposed a method to modify the PAAM sub-
strate surface, significantly increasing the bead coating density
to 15 μm−2 for 100 nm beads and 64 μm−2 for 40 nm beads.
The ETD-srTFM method was established based on this sub-
strate modification method and PTV (particle tracking veloci-
metry), achieving a sampling interval of 258 nm, comparable

Fig. 5 Integrin α5 aggregates in retracting lamellipodia and is not
mainly responsible for cell anchorage. (A) Top view: representative
movie screenshots of the integrin α5-EGFP transfected 3t3-Swiss cells
and the corresponding traction fields (snapshots of Movies S3 and S5†).
Bottom view: zoomed views of the regions framed by the magenta/cyan
dashed line (snapshots of Movies S4 and S6†). (B) Time-stack max inten-
sity projections of proteins, integrin α5 (zoomed region framed by the
magenta/cyan dashed line in (A)) or paxillin (zoomed region framed by
the red dashed line in (Fig. 4A)), and the traction fields in the lamellipo-
dia. (C) Image correlation coefficients of the max intensity projections
between the proteins, integrin α5 or paxillin, and the cell tractions in the
lamellipodia (***, one way ANOVA, p < 0.001).
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to some typical mechanobiology events, such as nascent focal
adhesion overturn and vesicle internalization. The traction
measuring precision is ±56.74 pN, comparable to the rupture
force of the integrin–ligand bond. Combined with live-cell
imaging, ETD-srTFM was proved suitable for biochemical-
mechanical coupling measurement. Benefiting from this
approach, we investigated the relationship between protein
trafficking and traction dynamics. Paxillin residence highly
correlated with traction, whereas integrin α5 showed a
different positioning with traction, suggesting that integrin α5
is not mainly responsible for cell anchorage. Taken together,
ETD-srTFM has broken through the bottleneck of super-resolu-
tion TFM techniques and may shed light on mechanotrans-
duction research at the macromolecular scale.
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