Cell Adhesive Force Microscopy

Subjects: Cell Biology
Contributor: Xuefeng Wang

Cell adhesive force, exerting on the local matrix or neighboring cells, plays a critical role in regulating many cell functions
and physiological processes. In the past four decades, significant efforts have been dedicated to cell adhesive force
detection, visualization and quantification. Traction force microscopy (TFM) pioneered the detection and visualization of
cell adhesive force. A recent important methodological advancement in cell adhesive force visualization is to ultilize
fluorescent tension sensor (FTS) to convert force to fluorescence onsite, thus greatly improving the sensitivity and
resolution of force imaging. Here, TFM and FTS-based imaging techniques are collectively termed as Cell Adhesive Force
Microscopy (CAFM).
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| 1. Introduction

Cells are dynamic systems which constantly undergo biochemical and physical activities. Early cell biology studies have
focused on understanding the biochemical aspects of cells, such as genetics, immunology, development, pathology, etc.
The physical aspect received relatively less attention until recent decades. As cells live in a physical world, many
biological motions in metazoan cells including cell adhesion, migration and division are driven by physical forces. These
forces are critical for the normal functions and sustainability of cells. In particular, cell adhesive force, a result of cell-
matrix and cell—cell biophysical interactions, has emerged as an important physical signal in regulating cell functions and
maintaining tissue integrity. In the long term, cell adhesive force can also be converted to biochemical signals through
mechanotransduction, and take effect on cell survival &, proliferation &, differentiation &I, cancer progression !,
biological development &, immune response 8 and more. Hence, substantial research interests have been drawn to
study cell adhesive force and its related biological functions in the recent four decades.

To study a signal, one needs first to detect and quantify the signal. As cell adhesive force is spatially distributed across the
cell-matrix or cell-cell interface, visualization of the force would provide critical information about the force distribution and
dynamics. Cell adhesive force visualization had not been easily accessible due to the miniscule level of force (at the
piconewton (pN)—nanonewton (nN) level) produced by cells and the invisible nature of force signals. To “see” the force,
one needs to find an approach to convert the invisible force to a visible signal. Retrospectively speaking, cell adhesive
force sensing methods can be categorized into two types: force-to-strain conversion adopted in traction force microscopy
(TFM), and force-to-fluorescence conversion adopted by fluorescent tension sensors (FTSs). The prototypes of TFM were
developed in the 1980s. Cell adhesive force was first visualized by plating cells on ultrathin elastic silicone films . The
cells contracted and produced wrinkles on the film which can be imaged by an optical microscope. In the following
decades, a series of TFMs have been developed based on this strategy of force-to-strain conversion [EIILALLI12][13][14][15]
(18], The force—reporting substrates are generally elastic materials embedded with fluorescent markers reporting the force-
induced substrate strains (Figure 1A), or with micro-patterns whose deformation can be monitored (Figure 1B). With
computational modeling, the substrate strain maps are converted to cell stress maps, hence reporting the lateral
distribution of cell adhesive force. TFM pioneered cell adhesive force visualization and has the unique advantages in
measuring whole cell force.
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Figure 1. Schematics of techniques for cell adhesive force imaging. (A) Traction force microscopy (TFM) using an elastic
polymer film doped with fluorescence beads or patrticles as the substrate. TFM converts cell adhesive force to substrate
deformation. (B) TFM using micropillar arrays as the substrate. TFM records the bending of the micropillar arrays and
computes the cell adhesive force. (C) Fluorescent tension sensor (FTS) converts cell adhesive force to fluorescence using
an “entropic spring” molecule. (D) FTS based on binary material with distinct on/off states such as double-stranded DNA
(dsDNA) or hairpin DNA.

However, compared to the cell structural imaging that benefits from fluorescent staining or fluorescent proteins, strain-
based TFM has inferior resolution, which is usually in the range of microns 4. As many force transmission structures in
cells, such as podosomes, invadopodia, focal complexes, filopodia, etc., are in the size of microns or submicrons, new
techniques were in demand to improve the resolution of cell adhesive force imaging. A new strategy for force imaging was
developed in the recent decade. A number of techniques adopted force-to-fluorescence conversion to visualize cell
adhesive force. Such a strategy was first adopted by tension sensors that are genetically expressed inside cells 18129
The strategy was then adopted by extracellular tension sensors that are immobilized on surfaces and target specific force-
transmitting receptors on the cell membrane [29[21122123]124] (Figyre 1C,D). These tension sensors are force-activatable
units that emit fluorescence or alter their fluorescent properties under tension. The onsite fluorescent signal responding to
local molecular force events gives rise to unprecedented spatial resolution and sensitivity in cell adhesive force imaging.
Here we collectively dub these sensors as fluorescent tension sensors (FTSs). There are already several excellent
reviews covering TFM and FTSs, separately [251261271[28] Thijs review compares the performance of TFM and FTSs, and
focuses on the recent advances in spatial resolutions of these methods. This review also discusses biomaterial choices
for constructing FTSs and highlights the performance of DNA and DNA-like materials as the FTS constructs.

Of note, there are another series of point-based single-molecule force techniques such as atomic force microscopy (AFM)
(29 optical tweezers B9, magnetic tweezers Bl and biomembrane force probes 2. These techniques proactively apply
force to probe the mechanical properties of single biomolecules or molecular bonds, and are advantageous in obtaining
the force spectroscopy of biomechanical events such as protein unfolding, bond dissociation, etc. Because these
techniques do not image force (AFM generally does not perform imaging when used as a force probing tool) and the force
is produced by the instruments as a probing signal, we do not categorize them into CAFM in this review as CAFM is
developed to image cell-generated force. Readers interested in these single-molecule force techniques may refer to other
review articles 13,

2. Advances in Cell Adhesive Force Microscopy in Term of Spatial
Resolution

In this review, we focus on presenting and discussing the spatial resolutions offered by the two branches of CAFMs: TFM
and FTS-enabled CAFM. Table 1 summarizes their spatial resolutions.

Table 1. Force detection ranges and spatial resolutions of cell adhesive force microscopies.

Detection Spatial
i Reference
Range Resolution
TFM ~1nN 1-5 pm [34][35][36][37][38]
Super-resolution TFM <1nN 40-80 nm * [15](26]
PEG 0-20 pN <1 pum [39][40][41]
peptide 1-100 pN <1 um [42][43]
FTS-based cell adhesive force
microco DNA
Y 7-14 pN <lym [44](45]

hairpin

[46][47][48][49][50][51][52]
dsDNA 12-54 pN <1 um [53]




CFN 12-54 pN 50 nm (54]

tPAINT 7-14 pN 25 nm 58]

* Not force resolution, but accuracy of bead tracking.
2.1. Traction Force Microscopy Pioneered Cell Adhesive Force Imaging

To detect and evaluate cell adhesive force, the prototype of traction force microscopy (TFM) was developed in the 1980s.
Subsequently, TFM was continuously improved and the algorithm was also refined for cell adhesive force computation. In
TFM, cells are cultured on deformable polymer films (Figure 1A) or micropillar arrays B2E8] (Figure 1B). The deformation
of the substrates caused by cells is monitored by optical microscopy. To aid the deformation monitoring, the substrates are
often embedded with fluorescent beads and the micropillar tips are fluorescently stained. By converting the displacements
of the elastic substrates or micropillar arrays to traction stresses, TFM quantitatively maps force distribution at the
interface between a cell and the extra-cellular matrix (ECM). TFM also has wide dynamic range and is adaptive to force
measurement at different force levels. This can be achieved simply by altering substrate elasticity. However, because TFM
computes cellular force from a strain map in an indirect manner, it had limited spatial resolution and sensitivity as an
imaging technique. It is challenging for TFM to resolve forces in micron-sized cells (e.g., the small blood cell platelets) or
subcellular structures (focal complexes, podosomes, filopodia, etc.). Figure 2A—C shows the representative TFM images
of fibroblasts, keratocytes and platelets.

Continuous efforts have been made to improve the resolution of TFM. A high-resolution TFM microscope compatible with
spinning-disk confocal setting was developed in Waterman'’s lab with a 10-20 um thick fibronectin-coated polyacrylamide
substrate BZl. The polymer substrates were embedded with a high density of fluorescent beads. By reconstructing the cell-
induced bead displacements to cellular traction stress, a spatial resolution of ~1 pm was achieved using the Fourier-
transform traction cytometry method. The improved spatial resolution was ascribed to high areal density (10 beads/um?2)
of small-sized (40 nm) fluorescent beads in the polymer substrates. This high-resolution traction force microscopy
revealed a robust biphasic relationship between F-actin polymerization speed and traction force 28], and showed force
fluctuation in focal adhesions (FAS) .

Lately, super-resolved TFM microscopes have also been developed by increasing the accuracy in localizing fluorescent
markers embedded in the substrate. An improved fluctuation-based super-resolution (FBSR) traction force microscopy
was reported by further increasing the bead density and only embedding fluorescent beads on the topmost layer of the
gel. Moreover, the FBSR algorithm and two-step deconvolution led to a better localization of the fluorescent beads. These
methods further improved the accuracy in producing the strain map that is important for the reconstruction of the cell
adhesive force map with higher resolution. However, of note, the accuracy of bead tracking is different from the resolution
of cell adhesive force imaging. Although these methods gained higher accuracy in tracking the beads, the cell adhesive
force usually cannot be reconstructed at a resolution comparable to the accuracy level. The computation of high-
resolution traction force also demands considerably higher computation power and longer calculation time.

Figure 2. Advances in spatial resolution of cell adhesive force imaging techniques. (A—C) Force maps of a fibroblast, a
migatory keratocyte B4 and a stationary platelet 28 obtained by TFM. The resolution is in the range of 1-5 pm. (D—F)
Force maps of a fibroblast obtained by molecular tension sensor (MTS), a keratocyte obtained by integrative tension
sensor (ITS) and a platelet obtained by molecular tension fluorescence microscopy (MTFM) B3, respectively. The
resolutions are at the diffraction limit: 0.3—0.4 um. (G-l) super-resolution force maps of a fibroblast obtained by MTS
assisted with Bayesian computation (€9, a keratocyte obtained by cellular force nanoscopy (CFN) and a platelet obtained
by tPAINT 2], respectively. Resolutions were reported as 50—100 nm for the live cell samples.

2.2. Fluorescent Tension Sensors Bring the Resolution of Force Imaging to Diffraction Limit

In the recent decade, FTSs have been developed to convert cell adhesive force to fluorescence onsite. Immobilized on
surfaces, these sensors are equipped with ligands that bind to target force-transmitting receptors (mainly integrins) on the
cell membrane. Cells are plated and cultured on sensor-grafted surfaces. The integrins bind and transmit force to the
sensors, which respond with a fluorescent signal. While a variety of biomaterial molecules have been adopted to construct
these sensors, as detailed in another section, these sensors share a similar force-sensing principle. The main constructs
of the sensors are deformable molecules that are responsive to molecular tensions. The constructs are labeled with a dye,
a dye—quencher pair or a dye—dye pair. When the construct configuration is altered by force, the fluorescent activity of the



sensor is consequently changed. Thus, cell adhesive force can be reported by surface fluorescence loss, fluorescence
gain or Forster resonance energy transfer (FRET) €1 efficiency change. Note that the responsivity range of the sensor
constructs should match the range of the molecular force transmitted by single receptors (such as integrins). Empirically
speaking, integrin tension has a broad range varying in 1-100 pN.

With force-to-fluorescence conversion, the spatial resolution of cell adhesive force imaging was immediately brought to
the diffraction limit. A series of fluorescent tension sensors such as MTS , TGT , MTFM sensor, TP and ITS have been
developed to image cell adhesive forces. These sensors have been routinely applied to visualize cell adhesive forces in
fibroblasts, platelets, keratocytes, T cells, etc. (Figure 2D—F). With these sensors, cell adhesive force has become as
visible as cell structures, making the force-structure study highly convenient. A detailed discussion about these sensors is
included in next section with an emphasis on biomaterials used in the sensor construction.

Tension sensors report force with high resolution, but usually cannot measure the whole cell force. This is because
tension sensor activation by force is stochastic at the molecular level, and not all cell adhesive force is transmitted onto
sensors. In this regard, the tension sensor cannot replace TFM. However, the perk brought by tension sensors is not only
the improved resolution, but also the capability of evaluating the force level of the molecular tension transmitted by single
receptors. The molecular construct of the sensor can be tuned to be responsive to a designed force level, enabling the
selective visualization of molecular tension in a certain range. Therefore, although these sensors do not evaluate bulk cell
adhesive force, they have a unique advantage of assessing the cell adhesive force at the molecular tension level.

2.3. Super-Resolved Cell Adhesive Force Microscopies

With FTSs, it seems naturally feasible to enable force imaging with resolution beyond the diffraction limit by integrating the
sensors with super-resolution microscopies. The term "super-resolution” refers to the resolution beyond the diffraction limit
of optical microscopy. Among the various techniques enabling super-resolution imaging, stochastic optical reconstruction
microscopy (STORM) €3 and photoactivated localization microscopy (PALM) 4 are the representative ones. STORM
and PALM share the similar principle of using single molecule imaging and localization to break the diffraction limit. The
dyes in an ensemble are sparsely and stochastically turned on and off, to ensure the imaging of these dyes in a
molecularly distinguishable manner. The center of the point-spread functions of fluorescence from each dye can be
localized with ultra-high accuracy, which reaches the nanometer level. By imaging and localizing these dyes in many
consecutive frames, one can assemble the frames and reconstruct the image of the dye-stained sample with a resolution
beyond the diffraction limit. Since FTSs are able to convert force to fluorescence, the technical challenge to achieve
super-resolution force imaging is about how to report force signals in a sparse and stochastic manner.

Computational super-resolution force microscopy. Computational super-resolution force microscopy was developed with
the combination of molecular tension sensors (MTSs) and Bayesian localization microscopy €2, In this method, cell
adhesive force signals are recorded by MTS immobilized on a surface. The fluorescence activated by cell adhesive force
is collected in ensemble, not at the molecular tension level. By inducing bleaching and blinking of the dyes in the
consecutive frame, one can apply Bayesian analysis to extract spatial information of the sensor activation sites beyond
the diffraction limit. It demonstrated the visualization of traction forces within FAs with about 100 nm spatial resolution
(Figure 2G). This technique is the first attempt in the field to obtain cell adhesive force in a super-resolution manner.
However, Bayesian analysis is computationally demanding, and it is difficult to acquire the cell adhesive force dynamics in
real time. The resulting resolution is generally inferior to that provided by super-resolution microscopies based on single
molecule localization.

Super-resolution force microscopy based on single molecule imaging and localization. By the time of this review, two force
microscopies based on molecule localization have emerged: cellular force nanoscopy (CFN) [54] and tPAINT [55]. Both
techniques report integrin tensions in a stochastic and sparse manner, so that the fluorescent tension signals are
distinguishable in each frame of imaging for the purpose of molecular localization. Single molecule localization is then
performed to localize the tension events with ultra-high accuracy. By repeating this process to each frame, a force map
with super-resolution is obtained. Although both CFN and tPAINT use DNA-based tension sensors, there is distinct
difference between them in terms of how to achieve sparse and stochastic tension imaging. In CFN, a force-activatable
emitter is used as the tension sensor. This emitter is conjugated with a quencher—dye pair, hence being dark until
activated by targeted integrin tension. The dye of the emitter is bright and can be easily bleached. As a result, the
fluorescence of tension events in each frame is collected and bleached, to ensure the sparsity required by single molecule
imaging and localization. Although the emitters are not reusable once activated and photobleached, the high coating
density of sensors (~2000/um?) ensures sufficient sensors for cell adhesive force imaging. In tPAINT, the surface-
immobilized DNA-hairpin tension sensors are not conjugated with dyes or quenchers. Instead, the sensor has a cryptic
site that is openable by force and provides a docking site for complementary ssDNA-dye diffusing in the ambient solution.



The sparse and stochastic tension imaging is enabled by the transient binding and dissociation between the docking site
and ssDNA-dye. Both CFN and tPAINT have successfully achieved single integrin tension imaging, and demonstrated 50
nm and 25 nm resolutions, respectively, in live cell adhesive force imaging (Figure 2H,1). A potential limit of CFN originates
from the irreversible dye bleaching, resulting in a gradual consumption of local sensors by cells. Still, in a practical test,
CFN can provide up to 1000 frames of force images before the sensor density has an appreciable decrease. A potential
limit of tPAINT could be due to the obstructed or reduced diffusion of ssDNA-dye to sensor location under cell adhesion
regions at the cell-substrate interface, therefore affecting the fidelity of reporting local force density. Another technical
challenge shared by both CFN and tPAINT is the spontaneous DNA dissociation due to thermal energy which yields non-
specific fluorescent signals unrelated to cell adhesive force. In the future, a fluorescent tension sensor with higher thermal
stability is desired to reduce or eliminate such background false signals.
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