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Mechanical forces are essential for a variety of biological processes ranging from transcription and
translation to cell adhesion, migration and differentiation. Through the activation of
mechanosensitive signaling pathways, cells sense and respond to physical stimuli from the
surrounding environment, a process widely known as mechanotransduction. At the cell membrane,
many signaling receptors, such as integrins, cadherins and T or B-cell receptors, bind to their
ligands on the surface of adjacent cells or the extracellular matrix (ECM) to mediate
mechanotransduction. Upon ligation, these receptor-ligand bonds transmit piconewton (pN)
mechanical forces that are generated, in part, by the cytoskeleton. Importantly, these forces expose
cryptic sites within mechanosensitive proteins and modulate the binding kinetics (on/off rate) of
receptor-ligand complexes to further fine-tune mechanotransduction and the corresponding cell
behavior.

Over the past three decades, two categories of methods have been developed to measure cell
receptor forces. The first class is traction force microscopy (TFM) and micro-post array detectors
(mPADs). In these methods, cells are cultured on elastic polymers or microstructures that deform
under mechanical forces. The second category of techniques is single molecule force spectroscopy
(SMFS) including atomic force microscopy (AFM), optical/magnetic tweezers and biomembrane
force probe (BFP). In SMFS, experimenters apply external forces to probe the mechanics of
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individual cells or single receptor-ligand complexes, serially, one bond at a time. Although these
techniques are powerful, the limited throughput of SMFS and the nN force sensitivity of TFM
have hindered further elucidation of molecular mechanisms of mechanotransduction. In this
account, we introduce the recent advent of molecular tension fluorescence microscopy (MTFM) as
an emerging tool for molecular imaging of receptor mechanics in living cells. MTFM probes are
composed of an extendable linker, such as polymer, oligonucleotide, or protein, and flanked by a
fluorophore and quencher. By measuring the fluorescence emission of immobilized MTFM
probes, one can infer the extension of the linker and the externally applied force. Thus, MTFM
combines aspects of TFM and SMFS to optically report receptor forces across the entire cell
surface with pN sensitivity. Specifically, we provide an in-depth review of MTFM probe design,
which includes the extendable “spring”, spectroscopic ruler, surface immobilization chemistry, and
ligand design strategies. We also demonstrate the strengths and weaknesses of different versions of
MTFM probes by discussing case studies involving the pN forces involved in EGFR, integrin and
T-cell receptor signaling pathways. Lastly, we present a brief future outlook, primarily from a
chemists’ perspective, on the challenges and opportunities for the design of next generation
MTFM probes.

Introduction

Living systems are exquisitely sensitive to mechanical cues that influence a broad range of
processes such as biofilm formation, embryonic development,2 immune response,3 wound
healing,* cell proliferation and differentiation.® Akin to the biochemical exchange of
information, mechanical interactions constantly and dynamically occur among neighboring
cells or between cells and their extracellular matrix (ECM).8 Therefore, it is not surprising
that almost all cells have evolved the ability to detect and convert mechanical information
into biochemical signals, a process widely known as mechanotransduction.

The cellular cytoskeleton is the main force generating machinery within cell and is driven by
the collective activity of motor proteins acting on the filamentous scaffolds of actin and
microtubules. Given that a cell is constantly sensing the mechanical properties of its external
environment, many mechanotransduction processes are mediated by cell surface receptors
interacting with the cytoskeleton. For example, integrins are a class of heterodimeric a
transmembrane receptors that spontaneously assemble into focal adhesion (FA) assemblies
and transmit cellular forces bi-directionally to their ECM.” Several other surface receptors,
such as cadherins,8 T or B cell receptors,®19 Notch!! and many receptor tyrosine kinases
(RTKs)12 also transmit forces to their cognate ligands and their activation pathways are
mechanosensitive.

One mechanism for the mechanical regulation of a biochemical signal transduction pathway
involves modulating the kinetics of protein-protein interactions as a function of force, which
usually accelerates the dissociation of a bond.13 A bond that displays reduced dissociation
rates when experiencing a mechanical force is counter-intuitive, but is observed in a number
of receptors and is described as a catch bond.1*15 Forces can also change the equilibrium
distribution for a two-state system separated by an activation barrier.16 Figure 1 shows a
simplified model (Bell model) to demonstrate the role of forces in driving reactions. An
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external force (F) changes the free energy landscape of reaction from GY (black curve) to
GY-FAx (red curve), and also lowers the energy barrier AG* and the G of state B (Figure 1).
17.18 Consequently, the reaction rate (K,warg) and the population distribution between states
A and B are modified. Therefore, it is critical to develop tools for force measurement in
order to better understand how mechanics influences binding kinetics, shifting equilibrium
distributions of proteins and ultimately controlling signaling pathways within the context of
a living cell.

In the past three decades, a number of innovative techniques have been developed for
measuring forces in living cells. The first class of techniques focused on measuring the
deformation of soft polymer networks, such as traction force microscopy (TFM) (Figure 2A,
left).19 Although TFM is widely used by the biomechanics research community, the method
is only sensitive to forces at the nN level, yielding a spatial resolution and force sensitivity
that is orders of magnitude coarser than the forces applied by individual receptors (Table 1).

A second general strategy for measuring forces is single molecule force spectroscopy
(SMFS) that includes atomic force microscopy (AFM),20 optical/magnetic tweezer?! and
biomembrane force probe (BFP)® (Figure 2A, right). SMFS allows the measurement of
forces ranging from below 1 pN to several nN, which provides an appropriate means to
investigate the mechanical response of single biomolecules with high sensitivity. However,
SMFS methods are low throughput and interrogate only one bond at a time, thus failing to
capture the mechanics of a whole cell or to fully activate surface receptors that require
clustering in their physiological conditions.

In 2011, our lab pioneered the development of molecular tension fluorescence microscopy
(MTFM) where a probe comprised of a fluorophore-quencher pair separated by a molecular
“spring” is immobilized onto a surface (Figure 2B).22 By using fluorescence microscopy,
one can visualize probe extension events across the entire cell surface, thus combining the
high-throughput of TFM with the pN sensitivity of SMFS (Table 1 and Figure 2B).23 In
contrast to the cross-linked nature of TFM substrates, each MTFM probe consists of one
elastic molecule that independently reports the mechanical forces generated by its bound
receptor. With this strategy, one can map the tension applied by cell receptors with
molecular specificity, submicron spatial resolution, millisecond temporal resolution and pN
force sensitivity (Table 1). Ongoing developments in fluorescence microscopy will further
push the limits of MTFM.

The purpose of this Account is to present our recent efforts in developing MTFM probes for
visualizing cellular forces. We will first discuss the general design principles and several
important components of the synthetic probes, and then showcase recent biological
applications using these probes. Finally, we will briefly discuss the technical limitations and
potential future improvements to MTFM.

2. Guidelines for the design of immobilized tension probes

Typically, MTFM probes consist of a flexible linker flanked by a fluorophore-quencher pair.
22 The probe is decorated with a biological ligand at one terminus and is immobilized to the
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substrate through the other terminus. The substrate can be a conventional glass coverslip2?2
or supported lipid membrane.24 In the resting state, MTFM probes adopt a relaxed or closed
conformation in which the fluorophore is strongly quenched due to proximity to the
quencher. When forces are transmitted through the ligand-receptor complex, tension
stretches the linker extending it from its resting conformation, and thus increasing the
distance between the two dyes and restoring fluorescence. To design an efficient MTFM
sensor, a few general rules are critical (Figure 2B). First, the extendable linker needs a
mechanical resistance that is matched to the pN forces under investigation; second, the
extension of the linker should exceed the quenching distance of the fluorophore/quencher
pair to maximize sensitivity; third, the quenching efficiency of the dye should be maximized
when the probe is at resting; finally, individual MTFM probes must be immobilized onto the
substrate through a stable chemical bond to sustain receptor forces without rupturing. Note
that we have also developed new strategies to convert the extension of the linker into a
catalytically amplified signal, thus enhancing the potential sensitivity of MTFM.2

3. Selecting the key components of immobilized tension probes

3.1

Mechanical “spring”

Typically, unfolding proteins, peptides, or oligonucleotides involves rupturing non-covalent
bonds requiring energy levels on the order of 1-100 kcal/mol. For example, the AG of
unfolding a typical RNA hairpin is ~35 kcal/mol28 (blue area, Figure 3A). Note that 1
kcal/mol is equivalent to ~6.9 pN@nm. Therefore, we can estimate the rupture force of an
RNA hairpin at ~ 12 pN (assuming a 20 nm extension). Several covalent mechanophores
have been reported?’, however, these types of probes are sensitive to forces of hundreds or
thousands of pN (100-1000 kcal/mol). Other examples of optical force probes include
semiconductor tetrapod crystals that deform due to stress28 (green and red area, Figure 3A).
Such probes are insensitive to the molecular forces (1-100 pN) that mediate
mechanotransduction pathways in biology.

In MTFM, different molecules have been used as the spring element in tension probes. Here,
we classify these molecules into two categories: (i) switch-like springs with defined
secondary structure such as DNA hairpins and protein domains; (ii) entropic springs with a
random coil conformation such as polyethylene glycol (PEG),22 single-stranded DNA2? and
elastic polypeptide (EP)3C. In the first category, the molecular spring adopts a defined
structural motif (secondary or tertiary structure) such as a DNA stem loop hairpin3! and a-
helical or B-sheet polypeptide.32:33 In the case of DNA hairpins, the stability (AG) is a

primary determinant of the magnitude of forces required for mechanical unfolding (eg. 1),
34,35

AG .+ AG

stretch
Fipw o 1

where F;,,is the equilibrium force that leads to a 50% probability of unfolding, AGg,yis the
free energy of unfolding the hairpin at #= 0, AGgescp IS the free energy of stretching sSDNA
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from F=0to F= Fyjp, and Axis the hairpin displacement needed for unfolding.31:36 The
probability of unfolding as a function of Fis defined in eq. 2,
(Fi)p— F)xAx]|™!

P(F)~ vy

1 +exp

where kg is the Boltzmann constant and T is the temperature. Notably, mechanical unfolding
of these highly ordered structures is cooperative, displaying a “digital” response to external
forces within a narrow window (/.e. conformational change is only observed when the force
applied approaches the force threshold for unfolding) (Figure 3B).

The second category of springs includes polymer chains that adopt random conformations at
zero force.37 In contrast, these entropic springs yield an “analogue” response to forces where
their extension proportionally responds to the magnitude of applied force (Figure 3C). For
polymers such as PEG, it has been both theoretically and experimentally shown that the
force-extension curve of these springs follows the worm-like chain (WLC) model (eg. 3),38

kT -2

B 1( ) 1
F= S 1 1-X) -2+ X

P (4 LO 4 LO

where P, Lg and x are the persistence length, contour length and the extension of the
polymer chain, respectively. Based on this relationship, the dynamic force range of PEG-
based springs solely depends on the contour length (L) of the polymer (i.e. M, of polymer)
and the forces experienced by these polymers can be estimated by measuring their extension

().

3.2 Spectroscopic rulers

To date, the spectroscopic ruler utilized in MTFM is often based on energy transfer between
the fluorophore and quencher. Common resonance energy transfer mechanisms are
fluorescence resonance energy transfer (FRET)22 and nanometal surface energy transfer
(NSET).39 Contact (static) quenching is also employed frequently in DNA-based probes.4?

In both FRET and NSET, the emission spectrum of the donor significantly overlaps with the
absorption wavelengths of the quencher so that the energy of an excited donor is efficiently
transferred to a nearby acceptor in a distance-dependent fashion. To unify these two
mechanisms, the FRET/NSET efficiency (£) as a function of distance (r) has been
mathematically described in one general equation (eg. 4),

E=—1_ 4
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where ris the actual distance between the donor/quencher pair and constant R is the distance
at which the energy transfer efficiency is 50%. The FRET efficiency is governed by an
inverse sixth power law (7= 6), while £ depends on the spectral overlap of the FRET pair.
Here, a small R (typically 4—7 nm) limits the detection of FRET signals within a short range
of rvalues (1-10 nm). However, in NSET, the donor dipole is strongly quenched by multiple
dipoles presented on the surface of a gold nanoparticle rather than a single dipole, thus
affording NSET with unique quenching capabilities.*? First, the distance-dependent NSET
efficiency follows an inverse fourth power law (7= 4), which yields a wider range of r
values for energy transfer than that of FRET (Figure 3C and D). Second, the R for NSET is
highly tunable depending on the nanoparticle size and the degree of spectral overlap between
the AuNP and dye (Figure 3D). Typically, larger nanoparticles and more spectral overlap
provide effective energy transfer at longer distances (>20 nm).42

As a rule of thumb, the choice of the quenching mechanism should always be considered
along with the mechanical properties of the spring to ensure that the fluorophore is
maximally quenched at zero force condition. For example, unfolding of a DNA hairpin
probe labeled with the Cy3B/Black Hole Quencher (BHQ) pair leads to a 20-fold increase in
fluorescence intensity (Figure 3E).3! For “analogue” probes employing FRET or NSET, R
should match ~ half of the contour length of the polymer linker, such that the polymer
extension leads to significant recovery of donor fluorescence. For example, FRET has been
successfully used to monitor the dynamic conformational change of PEG,4 whose contour
length (L= 8.4 nm) falls within the working distance of typical dye-quencher pairs (Figure
3E).22 However, in the case of longer springs, such as PEGgg (L= 28.0 nm), the change in
FRET becomes negligible beyond the initial 10 nm extension (Figure 3C), and NSET (R
value > 15 nm) is preferred since it provides larger quenching distances and generates a 10-
fold enhancement in fluorescence intensity (Figure 3C and E).3?

Immobilization strategies

To visualize cell forces mediated by surface receptors, MTFM probes must be immobilized
onto a substrate. Toward this end, an ideal immobilization strategy should be (i) chemically
stable against the biological media and benign to all elements of the MTFM probe; (ii)
physically robust to withstand mechanical dissociation over the timescale of an experiment;
(iii) highly reproducible and facile to maintain a fixed average density of probes the
substrate.

Thus far, three common coupling strategies have been used to graft MTFM probes onto
surfaces. The first is affinity binding through which biotinylated probes are bound to
streptavidin-modified substrates with high affinity (Kg = 10713 M).43 The second strategy
utilizes chemisorption, where thiolated probes are self-assembled onto a gold surface viathe
formation of gold-sulfur bonds.2> This coupling provides not only high grafting density but
also a semi-covalent linkage stronger than most other non-covalent bonds. In the third
strategy, MTFM probes are covalently immobilized to a substrate via covalent coupling
using efficient chemical or enzymatic reactions such as the “click” cycloaddition reaction?4
and halo-tag ligation.#°
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3.4 Ligand selection and conjugation

The choice of the ligand in the MTFM probes is very important as it dictates the specificity
of ligand-receptor interaction, and hence the specificity of the tension signal reported. For
instance, the RGD peptide motif can bind multiple integrin subtypes,3146 whereas a specific
peptide-MHC ligand only binds a single TCR.1547 Control experiments are often needed to
test the specificity of the MTFM response. For example, if treatment with a blocking
antibody that targets the receptor of interest abolishes the tension signal, then one can
conclude that this tension signal is mediated through a specific receptor. 32

In the case of chemically synthesized MTFM probes, the ligand can be directly conjugated
to the molecular spring through efficient covalent coupling reactions such as native chemical
ligation,*4 SMCC cross-coupling*849 and azide-alkyne cycloaddition reaction.3! This
strategy is ideal for peptide based ligands. In contrast, larger protein ligands are linked to the
probes by affinity coupling, such as biotin-streptavidin interaction® and protein A/G-Fc
interaction.®0 This interaction is not sufficiently stable to withstand high magnitude of forces
such as those applied by integrins. However, weaker and more transient forces such as those
applied by Notch receptors!:50 and TCRs® are amenable to non-covalent conjugation. For
recombinant MTFM probes, the ligand of interest can be directly engineered at the terminus
of the protein spring.32

4. Biological applications of immobilized tension probes

PEG-based Tension Probes

The first generation of PEG-based MTFM probes were engineered to report the mechanical
forces associated with the endocytosis of epidermal growth factor receptor (EGFR),22 which
is known to broadly regulate cell survival, proliferation and differentiation (Figure 4A).
Upon EGFR engagement, punctate force signals were detected and found to be associated
with clathrin recruitment. Following this success, a similar PEG probe was developed to
study integrin-mediated forces.*3 To this end, the biological ligand of the probe was
modified with a cyclic RGD peptide, which has high affinity to the a3 and asf; integrins.
46 Unexpectedly, integrin receptors exerted forces sufficient to dissociate streptavidin-biotin
complexes, the highest non-covalent interaction in nature. 43

To address biotin-streptavidin dissociation, a gold nanoparticle (AuNP) based MTFM sensor
was created to image integrin-mediated forces with up to 10-fold fluorescence increase
(Figure 4B).39 In this design, the MTFM sensor was immobilized to an AuNP surface
through the formation of Au-thiol bond which ruptures at ~0.6—1 nN.51 In addition, we
combined AuNP-based MTFM with block copolymer micelle nanolithography (BCMN) to
fabricate substrates with arrays of precisely spaced tension probes to investigate the impact
of receptor nanoclustering on its force transmission.>2 This patterned MTFM strategy
represents the first report of simultaneously measuring pN receptor forces while controlling
receptor nanoclustering, which regulates surface receptors. We found that a critical ligand
spacing (< 60 nm) is required to sustain high integrin forces that are pivotal in focal
adhesion maturation, while loosely spaced ligand arrays (> 100 nm) destabilized FA
formation and resulted in lower magnitudes of integrin forces. These experiments provide
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the first mechanical insights into the role of integrin clustering during FA formation and we
postulate that the cellular mechanism of sensing nanoscale ligand spacing is force-mediated.

DNA-based sensor

With the aim of more precisely measuring integrin receptor tension, our lab and the Chen lab
developed a new class of molecular tension probes, which employ DNA hairpins as a
“switch” element, for imaging integrin generated tension during focal adhesion formation
(Figure 5A).3149 By tuning the GC content in the stem region of a hairpin probe, a library of
probes with £/, (force required to unzip 50% of the probes) ranging from 4.7-19.3 pN was
prepared (Figure 5C). When cells apply force greater than £y, the probes are unfolded
thereby separating fluorophore-quencher pair and resulting in a 20-fold increase in
fluorescence.

Subsequently, we combined the DNA hairpin probe with the gold nanoparticle-based probes
to provide the first pN tension maps of individual TCR-pMHC complexes (Figure 5B).°
Dual quenching by the AuNP and molecular quencher provided a 100-fold increase in signal
upon hairpin unfolding, affording the highest sensitivity of tension probes to-date. This
sensitivity is essential given the transient nature and the limited number of TCR-pMHC
antigens sufficient to activate T cells. We showed that naive T cells harness cytoskeletal
coupling to transmit force to their TCR-ligand complexes in a narrow range of 12-19 pN.
More importantly, T cells display a dampened and poorly specific response to antigen
agonists when TCR forces are chemically abolished or physically “filtered” to a level below
~12 pN using mechanically labile DNA tethers, suggesting a biophysical mechanism of
antigen discrimination at pN resolution. Importantly, the DNA-AUNP sensor has been
further integrated into a fluid lipid bilayer system. As a result, we showed that pN forces
were sustained within TCR-mediated microclusters and during the formation of central
supramolecular activation clusters (cSMAC).24

Protein-based sensor

Given that integrin-mediated forces lead to DNA hairpin unfolding, DNA duplex unzipping,
and biotin-streptavidin dissociation, we challenged integrins with protein based MTFM
probes, which are potentially more mechanically stable. These probes were comprised of the
immunoglobulin 27t (127) domain of cardiac titin flanked with a fluorophore and gold
nanoparticle (Figure 6).32 AFM experiments suggested that unfolding of 127 requires a
threshold force of >100 pN.56 Accordingly, we created a series of 127 based tension probes
displaying either RGD polypeptide or recombinant fibronectin 9-10t" protein domains
containing both RGD and the PHSRN synergy site (Figure 6A). Surprisingly, we found that
integrin-mediated forces unfold the 127 domain and superfolder GFP with minutes of cell
engagement, suggesting that integrin forces may exceed 30 pN. Note that the mechanical
loading rate of a integrin receptor within focal adhesions is unknown and limits our ability to
precisely determine the magnitude of the applied tension. Next, a covalent disulfide bridge
that resists pN mechanical unfolding was engineered within the 127 to “clamp” the probe
(Figure 6B and C). Incubation with a reducing agent DTT initiates SH exchange, thus
unclamping 127 at a rate that is dependent on the applied force. By adding different
concentrations of DTT and monitoring the kinetics of protein unfolding, we estimated the
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relative tension applied by different subtypes of integrins (Figure 6D and E). These kinetic
measurements of 127 unfolding allow estimation of the applied integrin forces within FAs.
Although, the values are dependent on the unfolding parameters determined by Fernandez
and co-workers, this approach provides the only method to infer the applied forces within
stable FAs.

4. CONCLUSION AND FUTURE OUTLOOK

We present in this Account a new general approach to visualize molecular tension tension
applied by cell surface receptors. MTFM demonstrates key advantages over conventional
biophysical methods (TFM and SMFS) for mapping cellular traction forces. We envisage
that further improvements in MTFM will broaden its scope and will eventually allow this
method to become established as one of the workhorse tools in the field of
mechanotransduction.

The limitations of FRET probes require the development of alternative force readout
strategies. For example, FRET suffers from photobleaching, oxidation, and an upper limit of
measured distance of ~10 nm.%8 Compared to organic dyes, quantum dots (QDs) display
improved brightness and superior photostability and QD-based MTFM probes may address
these challenges.>® Furthermore, large plasmonic nanoparticles (>20 nm) comprised of gold
and silver have also been utilized as spectroscopic rulers.59 The advantages of these
reporters include a stable scattering signal that is orders of magnitude brighter than organic
dyes, thus potentially boosting the temporal resolution and enabling long-term force imaging
without photobleaching. Another improved readout is the use of PCR-like or ELISA-like
amplification strategies.2> For example, we developed signal amplification strategies to
transduce a specific pN force into a chemical reaction. This is akin to a mechanically
triggered ELISA or a mechanically triggered PCR reaction. This type of reaction may allow
for detection of molecular traction forces using high content imaging.

Unfolding of DNA and protein MTFM probes depends linearly on the logarithm of force
loading rate.1® However, many secondary structures can be unfolded when a small, isometric
force (1-5 pN) is applied for sufficient time. For example, early AFM experiments showed
that the unfolding force for 127 was greater than 100 pN with pulling speeds of 0.01-0.5
um/s.56 In contrast, 127 was shown to unfold when a force of ~ 5.4 pN is held constant for
up to 8 hours.®1 To date, the loading rate of cellular contractile forces is still unknown,
which makes it less meaningful to compare the absolute value of forces acquired using
different classes of probes. Note that the best estimate of receptor forces is likely though the
use of the F1» value defined at equilibrium for DNA hairpins. These values represent a
minimum force, as any loading rate would increase the required force for unfolding.

Lastly, developing appropriate chemistry to incorporate MTFM probes with 3D matrices is
one of the most urgent and challenging tasks. This new chemistry has to be coupled with
ultrasensitive 3D microscopy methods, such as light sheet fluorescence microscopy,52 to
capture receptor forces in an 3D environment. An increasing amount of evidence has
demonstrated that cell adhesion and migration are profoundly altered when cells are cultured
in a physiological 3D microenvironment versus 2D substrates.®3 In contrast to 2D culture,
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natural 3D ECM in tissue consists of a meshwork with fibers and gaps providing complex
biochemical and physical cues. Key parameters such as local ligand density, matrix stiffness,
porosity and fibril alignment synergistically influence cell mechanics. Therefore, there are
many differences in cell behavior in 2D compared to 3D culture.®465 For example, it
remains unclear that how integrin-mediated focal adhesions or equivalent structures form in
a 3D environment and what magnitude of mechanical forces is generated through these
structures. Given the simplicity of force quantification using MTFM probes and superior
compatibility with any 3D fluorescence imaging technique, it is highly desirable to redesign
MTFM probes of facile conjugation chemistry for mechano-imaging of cells in 3D culture.
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State B

Gibbs free energy

Reaction coordinate (x)

Figure 1. Mechanical unfolding of biomolecules.
Free energy landscape of a two-state model representative of a biomolecule adopting two

states (A, B) separated by an energy barrier.
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Figure 2. Schematic of current technologiesto image cell forces.
(A) Scheme depicting traction force microscopy (TFM) and single-molecule force

spectroscopy (SMFS). Adapted with permission from ref 19. Copyright (2016) Nature
Publishing Group, and ref 20. Copyright (2003) Elsevier. (B) Simplified diagram that shows
how tension probes report on cell forces.
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Figure 3. Force-extension relation for different molecular force probes.
(A) Plot showing the force-extension relationship of biomolecules [blue: DNA duplex and

titin immunoglobulin 127 domain (PDB ID: 1TIT)] used in MTFM; semiconductor tetrapod
(red) and mechanophores (green). The dashed line corresponds to the mechanical work
(product of force multiplied by deformation distance) that is equivalent to thermal energy
(kgT, at room temperature). The stability of tension probes is greater than AgT and tuned to
probe different processes. (B) Plot showing the expected force-extension curve for DNA
hairpins of different GC contents at 25°C. The plots were generated using eg. 2 which
describes the unfolding probabilities of DNA as a function of applied forces. (C) Theoretical
plot showing the force responses of PEG linkers as a function of PEG length distance. The
yellow region highlights the range of extensions that can be detected by fluorescence
resonance energy transfer (FRET), while the blue region highlights the range of distances
probed by nanometal surface energy transfer (NSET). (D) Plot showing the NSET
quenching efficiency as a function of PEG extension with different energy transfer
mechanisms (parenthesis indicates the radius of AUNP). Experimental data re-plotted from
ref 39 (E) Plot comparing the fold increase of donor fluorescence as a function of tension
applied to different probes.
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Figure 4. PEG-based MTFM Probes.
(A) Schematic of the PEG tension sensor, comprised of a PEG polymer flanked with a

fluorescently labeled (Alexa Fluor 647) EGF ligand and a biotin moiety for surface
immobilization (Top). When EGFR exerts a force on its ligand, the flexible PEG linker
extends. The displacement of the EGF ligand results in an increase in the measured
fluorescence intensity, thus reporting the transmission of mechanical tension through the
EGF-EGFR complex (Middle). Representative brightfield, RICM and fluorescence response
for a cell engaged to an EGF-PEG24 force sensor surface. The sensor fluorescence response
was converted into a force map by using the extended WLC model (eq. 3) for PEG24
(Bottom) Adapted with the permission from ref 22. Copyright 2013 Nature publishing
group. (B) Schematic showing the expected mechanism of how cell-generated forces
activate the AuNP tension probe. Theoretical plot showing the change in fluorescence as a
function of applied tension based on combining the WLC (eq. 3) and NSET models. The
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dynamic range of the probe corresponds to quenching efficiency values ranging from 90 to
10%. Representative TIRFM-488 (GFP channel, green) and Cy3B epifluorescence (integrin-
tension channel, red) images of NIH/3T3 fibroblast cells cultured on randomly arranged
AUNP sensor substrates for 1-2 h. The cells were transiently transfected to express GFP p3-
integrin, paxillin, zyxin, and LifeAct, and this signal was found to colocalize with the
integrin tension signal. Plot of GFP paxillin cluster size (which is indicative of FA size) as a
function of time for n = 10 cells. The plots show the steady increase in FA size and tension
over 5 h after cell seeding on the 50 nm-spaced substrate, which is in contrast to the 100 nm
spaced substrate, which shows limited FA maturation. Adapted from ref 52. Copyright 2014
American Chemical Society. (C) Synthetic scheme for generating ligand-general MTFM
Probes. RICM and fluorescence images showing the cell-substrate contact zone along with
a map of integrin tension at 1h and 64 h. Adapted from ref 44. Copyright 2016 American
Chemical Society.
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Figure5.

(A) Schematic of the DNA-based tension sensor, which is comprised of an anchor strand
immobilized onto a surface (blue), a hairpin strand that unfolds under sufficient tension
(black) and a ligand strand presenting an adhesive peptide (green). At the apposing termini
of the ligand and anchoring strands, a fluorophore and quencher were coupled to report the
force-induced unfolding of the hairpin (left). Table summarizes the calculated and measured
F1/2 values, GC content and the calculated free energy of hybridization of all hairpins used
(top right). Representative brightfield, RICM and tension (4.7 pN) images show the initial
stage of cell spreading and adhesion (bottom right). Adapted with permission from ref 31.
Copyright 2014 Nature publishing group. (B) Schematic of DNA-based AuNP sensor for
mapping TCR-mediated tension. The fluorescence of the Cy3B dye (pink dot) is dequenched
upon mechanical unfolding of the hairpin, which separates the dye from the black hole
quencher 2 (BHQ2, block dot) and AuNP surface (left). Plot shows a 103 + 8-fold increase
in fluorescence on the opening of hairpins and AFM image shows the immobilized AuNP
sensors on a glass coverslip (top right). Representative tension images of OT-1 cells cultured
on tension probe surfaces modified with N4 pMHC show differential force response on 12
and 19 pN probes (middle right). Plot of pYZap70 levels in response to ligands with
increasing potency under physical or chemical perturbations. The slope (m) indicates the T-
cell specificity to different ligands (bottom right). Adapted with permission from ref 9.
Copyright 2016 National Academy of Sciences, USA. (C) Table showing a list of DNA
hairpin probes used for tension sensing.

Acc Chem Res. Author manuscript; available in PMC 2018 December 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Liuetal.

A
ACP ggﬁ\
N
127 '

B

RICM

Cy3 (tension)

D E 1.0, *Blocked a B,
oWT o
: . v Blocked a8, < k(F) = 276 M5
=3 .';"' {" ° m\;gf(' el v = | iterature (Witta et. al) '," (F = 200 pN)
cu' g 7 ” ] ™ " —_— I"
— !? ',: ,l. ’-‘na‘w‘ ".(D "’I ‘I .
_-%' ! ; ¥ )’" [DTT]=0.25 mM ‘: 0.5 "» A k(F)=20.2M7s"; F=160 £+ 7 pN
044u 1 i i
% ’:.’,,f /,%',,-' ____,Qk(F): 129M's'; F=110+ 9 pN
- 02 ":,_' + i’::’::i".—— ______ *(F)= 71M's';F= 40+7pN
e
00 T T T T v 1 00""" ‘l — T T T T T 1
0 50 100 150 200 250 0 5 10 15 20 25 30 35
Time (s) [DTT] (mM)

Figure 6.

(A) Schematic showing a series of 127 based tension probes with different fluorescent
reporters and ligands. (B) Schematic illustration of disulfide clamped 127 tension sensor.
When cells apply tension to the clamped MTFM sensor, 127 is stretched to the position of
the disulfide clamp, resulting in solvent exposure of the disulfide. 127 can be further
mechanically extended only in the presence of reducing agent, such as DTT. (C)
Representative RICM and clamped 127 tension signal for REF cells incubated onto the
sensor surface for 2 h before and after treatment with 0.25 mM DTT for 10 min, and then
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after treatment with Y-27632 (40 uM) for 30 min. Scale bar, 10 um. (D) Representative
kinetic plots showing an increase in fluorescence tension signal at different DTT
concentrations. Dashed lines represent single-exponential fits used to determine reduction
rate. (E) Plot of the rate of disulfide reduction as a function of [DTT] for REF cells (blue),
REF cells blocked with a,p3 (red), and asp; antibodies (green). Adapted from ref 32.
Copyright 2016 American Chemical Society.
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A comparison of the advantages and disadvantages of polymer network deformation techniques (TFM),
single-molecule force spectroscopy (SMFS) and molecular tension probes.

Traction force microscopy/ micro-post

Single Molecule methods (AFM/

Molecular Tension Probes

array detectors BFP/ Tweezers)
Force sensitivity Ensemble (n\) PN PN
Temporal resolution ~sec ~msec ~msec
Spatial resolution ~1um NA ~20 nmé@
Throughput High Low High

a . . .
with super-resolution fluorescence microscopy
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