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Living cells generate, sense, and respond to mechanical forces 
through their interaction with neighboring cells or extracellular 
matrix, thereby regulating diverse cellular processes such as 
growth, motility, differentiation, and immune responses. 
Dysregulation of mechanosensitive signaling pathways is 
found associated with the development and progression of 
various diseases such as cancer. Yet, little is known about the 
mechanisms behind mechano-regulation, largely due to the 
limited availability of tools to study it at the molecular level. 
The recent development of molecular tension probes allows 
measurement of cellular forces exerted by single ligand-
receptor interaction, which has helped in revealing the hitherto 
unknown mechanistic details of various mechanosensitive 
processes in living cells. Here, we provide an introductory 
overview of two methods based on molecular tension 
probes, tension gauge tether (TGT), and molecular tension 
fluorescence microscopy (MTFM). TGT utilizes the irreversible 
rupture of double-stranded DNA tether upon application of 
force in the piconewton (pN) range, whereas MTFM utilizes 
the reversible extension of molecular springs such as polymer 
or single-stranded DNA hairpin under applied pN forces. 
Specifically, the underlying principle of how molecular tension 
probes measure cell-generated mechanical forces and their 
applications to mechanosensitive biological processes are 
described.
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INTRODUCTION

Cells sense and generate mechanical forces as they interact 

with other cells or surrounding extracellular matrix (ECM) 

(Discher et al., 2005), in a process termed as mechanotrans-

duction. These mechanical forces regulate diverse cellular 

processes such as cell adhesion (Parsons et al., 2010), migra-

tion (Kuo, 2013), proliferation (Hoffman et al., 2011; Uroz et 

al., 2018), differentiation (Engler et al., 2006), development 

(Vining and Mooney, 2017), immune response (Huse, 2017), 

and more (Jansen et al., 2015; Vogel and Sheetz, 2006). De-

fects in mechanotransduction often lead to the development 

and progression of diseases including skin disorder, muscular 

dystrophy, and cancer (Butcher et al., 2009; Levental et al., 

2009). In mechanotransduction pathways, forces are either 

transmitted through a mechanosensitive receptor such as 

integrin by its direct interaction with a cognate ligand or 

through ECM by its physical deformation under tension, 

compression, or fluid shear stress (Fig. 1). The transmitted 

mechanical forces can either activate transcription of genes 

(Eroshkin and Zaraisky, 2017; Mammoto et al., 2012), recruit 

adaptor molecules for downstream cell signaling (Wang et 

al., 2007), induce actin polymerization at focal adhesions (Hi-

rata et al., 2008), or activate mechanosensitive ion channels 

(Martinac, 2004) (Fig. 1). Even with such accumulated evi-

dence indicating that cellular mechanical forces are import-

ant regulatory factors in diverse biological processes, little is 

known about the mechanism behind their regulation.

	 Quantification of cellular forces is a prerequisite to under-
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stand various mechanosensitive biological processes. The 

forces exerted by individual proteins and growing microtu-

bules are in the range of piconewton (pN) (Dogterom and 

Yurke, 1997; Fisher and Kolomeisky, 1999), suggesting that 

sensitive techniques are required while investigating mecha-

notransduction at the molecular level. Various techniques to 

measure cell-generated mechanical forces have been devel-

oped (Pramanik, 2004; Roca-Cusachs et al., 2017). Traction 

force microscopy (TFM) measures the traction forces generat-

ed by distortion of adherent cells lying on a soft surface such 

as polyacrylamide gel (Harris et al., 1980; Roy et al., 2002; 

Style et al., 2014). As cells migrate over the soft surface, 

they get deformed by the cellular traction force, which can 

be measured by observing the degree of the deformation. 

However, the force sensitivity of TFM is at the nanonewton 

level, which is not enough to measure cellular forces applied 

by individual receptors or proteins. Single-molecule force 

spectroscopy (SMFS) (Neuman and Nagy, 2008) techniques 

such as atomic force microscopy (Gaub and Muller, 2017), 

optical tweezers (Riesenberg et al., 2020), and magnetic 

tweezers (Wang et al., 1993) exhibit improved sensitivity and 

can quantify cellular forces at the pN level. However, SMFS 

lacks high-throughput efficiency as it measures mechanical 

forces for one cell at a time. More recently, molecular tension 

probes are developed (Goktas and Blank, 2017; Liu et al., 

2017; Ma and Salaita, 2019), which are high-throughput 

methods with high sensitivity to quantify cellular forces at the 

pN level.

	 In this mini-review, we focus on molecular tension probes 

and describe two molecular imaging methods based on such 

probes, tension gauge tether (TGT) and molecular tension 

fluorescence microscopy (MTFM). We also discuss the under-

lying principle of each method and its applications in under-

standing mechanosensitive biological processes in living cells.

TGT

In TGT, double-stranded DNA (dsDNA) conjugated with a 

ligand of interest is immobilized on a solid surface via biotin–
streptavidin linkage (Fig. 2A). When cells are plated on the 

surface coated with the dsDNA, the cellular receptor interacts 

with the ligand conjugated to the dsDNA, exerting cellular 

Fig. 1. Schematic of force-dependent cellular pathways. Cell senses mechanical forces generated by ligand–receptor interaction (direct) 

or by deformation of ECM (indirect) and responds to them either via gene transcription, adaptor recruitment, actin polymerization, or ion 

channel gating.
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Fig. 2. Schematics of TGT and MTFM to quantify cellular forces at the pN level. (A) Schematic of TGT assay. The cellular force larger 

than the rupture force of the dsDNA tether activates the mechanosensitive receptor. (B) The rupture force of dsDNA depends on the force 

application geometry, which is the lowest at the unzipping geometry and the highest at the shearing geometry. (C) Signal of cell activation 

increases with increasing rupture force of dsDNA tether, exhibiting the threshold force required for cell activation marked by a dotted line. (D) 

Schematics of MTFM using PEG (top) and DNA hairpin (bottom) as a tension probe. A molecular tension probe is conjugated with a ligand 

of interest, a fluorophore, and a quencher. (E) DNA hairpin exhibit a more abrupt change of fluorescent intensity compared with PEG at 

the threshold force in response to external forces, and the percentage of GC content and the length of the DNA hairpin stem modulate the 

intensity of threshold force.
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mechanical forces. The dsDNA gets physically ruptured if 

the force exerted by the ligand–receptor interaction is larger 

than the rupture force of dsDNA, abolishing activation of the 

mechanosensitive receptor (Fig. 2A, top). On the contrary, 

if the force exerted by ligand–receptor interaction is smaller 

than the rupture force of dsDNA, dsDNA will endure, activat-

ing the receptor-mediated signaling (Fig. 2A, bottom).

	 Further, it was shown that dsDNA ruptures at a critical 

force, which largely depends on the geometry of force appli-

cation (Albrecht et al., 2003). For instance, the critical force 

required for dsDNA rupture is lowest at the unzipping ge-

ometry, highest at the shearing geometry, and in between at 

the intermediate geometry (Fig. 2B). The correlation between 

the force application geometry and the applied force is well 

established, with rupture force of a 21-base pair dsDNA es-

timated as approximately 12 pN in the unzipping geometry 

and approximately 56 pN in the shearing geometry (Albrecht 

et al., 2003; Essevaz-Roulet et al., 1997; Wang and Ha, 

2013). Several dsDNA tethers with varying degrees of rup-

ture force are examined to investigate the mechanical force 

required for activation of the mechanosensitive receptor. The 

cell signal would appear only if the cellular forces are well be-

low the rupture force of the dsDNA tether, and an increase 

in the signal would be observed with an increase in rupture 

force of the dsDNA tether (Fig. 2C). Thus, the threshold force 

required for cell activation can be calculated by plotting the 

rupture force of dsDNA tether against the receptor signal as 

shown by the dotted line in Fig. 2C.

	 First-generation TGT probes monitor the signal of force-in-

duced cell activation without revealing the rupture state of 

dsDNA tethers or the location of ligands (Wang and Ha, 

2013). A fluorescently labeled TGT developed in 2015, en-

abled the visualization of ligand distribution along with the 

measurement of force-induced cell activation (Wang et al., 

2015). Unlike the earlier dsDNA tether design, in this TGT, 

a fluorophore is conjugated to one strand of dsDNA, which 

gets lost on the dsDNA rupture, thus providing the location of 

ligands in living cells through a fluorescent signal. If the force 

generated by ligand–receptor interaction is well above the 

rupture force of the dsDNA tether, the dsDNA gets ruptured 

and the tether fluorescence would disappear. Therefore, the 

distribution of forces exerted from each ligand–receptor in-

teraction could be measured by fluorescence imaging. How-

ever, quenching of fluorophores can be misunderstood as 

the rupture of the dsDNA tether. To overcome this limitation, 

alternative methods such as integrative tension sensor (ITS) 

and quenched TGT (qTGT) were developed, where a fluores-

cent signal would appear only if dsDNA tether ruptured (Jo 

et al., 2019; Wang et al., 2018). In ITS and qTGT, a quencher 

and a fluorophore were conjugated to dsDNA tether, which 

helps in quenching the fluorescent signal in the absence of 

dsDNA rupture. To further improve the detection sensitivity 

of TGT probes, a mechanically induced catalytic amplification 

reaction was incorporated that produces fluorescently tagged 

amplicons after rupturing of dsDNA tether and thus ampli-

fies the signal (Ma et al., 2016). Another limitation of TGT 

is its irreversible nature, where TGT probes cannot be used 

for multiple measurements. Recently, several tension probes 

to overcome this limitation were developed, which include 

a reversible shearing DNA probe (Li et al., 2021) and serially 

connected force sensors (Murad and Li, 2019).

MTFM

Some molecules possess the ability to extend just like springs 

when an external force is applied, and thus could serve as 

molecular tension probes (Clausen-Schaumann et al., 2000). 

These molecular springs include polymer, oligonucleotides, 

or proteins, exhibiting different force-extension relationships. 

In MTFM (Liu et al., 2017), along with a ligand of interest, a 

fluorophore and a quencher are conjugated to the molecular 

spring, which is immobilized on a solid surface via biotin–
streptavidin linkage (Fig. 2D). When cells are plated on the 

surface, the cellular receptor interacts with its cognate ligand 

conjugated to the molecular tension probes, leading to the 

exertion of force and subsequent extension of the molecular 

spring. Initially, the fluorescence signal would be weak due to 

the proximity of the fluorophore to the quencher. However, 

as the cellular forces generated by ligand–receptor interaction 

extend the molecular spring, the distance between a fluoro-

phore and a quencher increases, thereby increasing the fluo-

rescent signal. Thus, fluorescent intensity directly depends on 

the magnitude of external force, making it possible to quanti-

fy the cellular forces by measuring the degree of extension in 

molecular tension probes. Molecular tension probes in MTFM 

differ from TGT probes in terms of their reversibility as they 

return to their original conformation when the applied force 

is removed.

	 The molecular spring used in the first-generation MTFM 

probes was a flexible polyethylene glycol (PEG) entropic 

spring conjugated with epidermal growth factor (EGF) ligand 

(Fig. 2D, top) (Stabley et al., 2012). PEG spring consisting 

of 24 monomer units and labeled with a fluorophore and a 

quencher exhibited a gradual increase in fluorescent intensity 

with a corresponding increase in applied force up to 20 pN 

as PEG does not possess a defined secondary structure but 

a random coil conformation (Fig. 2E). From this positive cor-

relation between force and fluorescent intensity, the cellular 

force could easily be quantified. Other molecular springs such 

as elastic polypeptides show a similar force-dependent exten-

sion with PEG (Morimatsu et al., 2013). For instance, elastic 

spider silk peptide consisting of (GPGGA)8, flanked by a flu-

orescence resonance energy transfer pair, was developed to 

quantify cellular forces in a range of 1-11 pN (Brenner et al., 

2016; Morimatsu et al., 2013).

	 Next-generation MTFM probes employ DNA hairpins 

where single-stranded DNA (ssDNA) forms stem-loop 

structure (Fig. 2D, bottom) (Blakely et al., 2014; Zhang et 

al., 2014). On ligand–receptor interaction, the stem-loop 

structure of the DNA hairpin unfolds abruptly to assume 

ssDNA form. It works like the PEG-based MTFM probe, but 

fluorescent intensity sharply increases at a certain magnitude 

of the force that depends on the GC content and length of 

the stem in DNA hairpin (Fig. 2E). For instance, 100% GC 

content in 12-bp stem of DNA hairpin exhibited rupture force 

of 19.3 pN while 22% GC content in 9-bp stem showed 

only 4.7 pN of rupture force (Woodside et al., 2006; Zhang 

et al., 2014). The sharper increase in fluorescence intensity 
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makes DNA hairpin more sensitive to measure cellular forces 

in comparison with PEG. Alpha-helical or beta-sheet poly-

peptides also behave like DNA hairpin since they also possess 

a well-defined secondary structure. For example, using an 

MTFM probe developed with the 27th immunoglobulin do-

main of cardiac titin (I27) flanked with a fluorophore and a 

gold nanoparticle (AuNP), cellular forces could be measured 

in the range of 80-200 pN (Galior et al., 2016).

	 Most MTFM probes conjugated with a fluorophore and 

a quencher are immobilized on a solid surface via biotin–
streptavidin linkage. Despite the strong interaction between 

biotin and streptavidin, integrin forces sometimes lead to the 

dissociation of the MTFM probe from the surface, interfering 

with the measurement of cellular forces (Jurchenko et al., 

2014). AuNP provides a more stable linkage for surface im-

mobilization through thiol-gold covalent bonding, reducing 

the dissociation probability of MTFM probes from the sur-

face. AuNP can also serve as an efficient quencher, so both 

biotin–streptavidin linkage and quencher were replaced with 

AuNP to engineer more advanced MTFM probes (Galior et 

al., 2016; Liu et al., 2013).

BIOLOGICAL APPLICATIONS OF MOLECULAR TENSION 
PROBES

Molecular tension probes have been successfully used to in-

vestigate a variety of mechanosensitive biological processes 

in living cells (Ma and Salaita, 2019). Cell adhesion and sig-

naling cascades which are mediated by interaction between 

integrin and the tripeptide motif Arg-gly-Asp (RGD), have 

been extensively studied by various molecular tension probes 

including TGT with dsDNA tether (Wang and Ha, 2013), 

MTFM with PEG (Liu et al., 2013), elastic peptide (Morimatsu 

et al., 2013), hairpin DNA (Blakely et al., 2014; Zhang et al., 

2014), and proteins (Galior et al., 2016). Due to the well-un-

derstood biological and mechanical features of integrin, 

integrin-RGD mechanical interaction has been routinely used 

to demonstrate the feasibility of newly developed molecular 

tension probes.

	 Molecular tension probes have also been used to investigate 

forces exerted by various other ligand–receptor interactions 

including the Notch receptor (Wang and Ha, 2013), EGF 

receptor (EGFR) (Stabley et al., 2012), and T-cell receptor 

(TCR) (Liu et al., 2016; Ma et al., 2019). Interaction of Notch 

receptor with a cognate ligand activates the Notch signaling 

pathway, which regulates cell–cell communication and cell 

differentiation (Artavanis-Tsakonas et al., 1999). EGF–EGFR 

interaction regulates cell survival, proliferation, and differen-

tiation (Goh et al., 2010), whereas interaction between TCR 

and peptide–major histocompatibility complex (pMHC) acti-

vates the adaptive immune response of T cell (Chang, 2021; 

Vivier and Malissen, 2005). The transmitted forces exerted by 

these ligand–receptor interactions were measured across the 

cell membrane of living cells and found to be less than 12 pN 

to activate Notch receptors (Wang and Ha, 2013), approxi-

mately 4 pN for EGFR (Stabley et al., 2012) and 12-19 pN for 

TCR (Liu et al., 2016).

CONCLUSIONS AND PERSPECTIVES

We discussed two approaches based on molecular ten-

sion probes to quantify cellular forces, TGT and MTFM. For 

quantification of cellular forces, TGT relies on dsDNA, which 

physically ruptures at a certain critical force depending on 

the force application geometry, whereas MTFM uses molec-

ular springs such as polymer, hairpin DNA, and protein that 

extend in response to the applied force. Both techniques 

are highly sensitive to measure cellular forces at the pN level 

in multiple cells and can be executed by simple imaging of 

cells plated on the surface coated with the molecular tension 

probes. Both TGT and MTFM have been applied to probe the 

mechanics behind various mechanosensitive receptors includ-

ing integrin, EGFR, and TCR.

	 Most molecular tension probes currently employ organic 

fluorophores, which tend to suffer from loss of signal due 

to photobleaching. Long-lasting fluorophores such as quan-

tum dots (Cui et al., 2007) or nanodiamond (Reineck et al., 

2017) would be better alternatives to design next-generation 

molecular tension probes. So far, molecular tension probes 

have been immobilized to two-dimensional (2D) flat surfaces 

and applied to investigate diverse mechanosensitive cellular 

processes in a 2D environment, which might not reflect the 

actual cellular response in three-dimensional (3D) environ-

ment. Application of molecular tension probes to 3D tissue 

culture is highly desirable to deepen our understanding of 

mechanotransduction in diverse mechanosensitive cellular 

pathways. Furthermore, super-resolved 3D imaging of mo-

lecular tension probes could provide a more detailed spatial 

distribution of mechanical forces exerted by single receptors 

during mechanotransduction.
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