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ABSTRACT

The occurrence and development of many diseases are accompanied and sometimes dictated by the destruction
of biomechanical homeostasis. For instance, cancer cells and normal cells show different cellular mechanical
forces phenotypes, as the proliferation and invasion ability of cancer cells is often related to the changes in
mechanical force in the tumor. With single cell analysis, variations in mechanics within a cell population can be
detected and analyzed, opening new dimensions in the study of cancer. Nanosensor design for interrogation of
cell mechanics is an interdisciplinary area bridging over cell biology, mechanics, and micro/nanotechnology. In
this tutorial review, we give insight into the background and technical innovation of currently available methods
for mechanical analysis of cells. First, we discuss the mechanism of mechanical changes in the development and
progression of cancer that shows the feasibility of mechanical sensors in cancer cell detection. Next, we sum-
marize the principle, progress, and essential problems of common technologies for cell force measurement,
including single molecule force spectroscopy and elastic substrate-sensors. Following that, we discuss novel
micro and nano-scale mechanical sensors and their applications in single cell level biological analysis. At last, we
elaborate on the remaining issues and trends of the cellular mechanical sensors.

1. Introduction

Cells not only generate internal forces but also respond to external
forces. The routine functions of living cells, including differentiation,
division, migration, and apoptosis, are dynamically orchestrated by
mechanical signals (Jheng et al., 2018; Pinto et al., 2014; Carlton et al.,
2020). The balance between the input and output of the mechanical
signals essentially dictates cellular homeostasis. Once stability is
disturbed, cells may undergo functional disorders in growth and
development, and even genetic alterations (Kai et al., 2016; Shi et al.,
2015). Last several years, multiple efforts have been made to gain a
deeper understanding of the mechanical properties of cells exposed to
stress and strain generated locally by cell-cell interaction and cellular
microenvironments, including activation of mechanosensitive ion

channels, focal adhesion response to matrix stiffness and cell-cell junc-
tion response to mechanical tension between neighboring cells
(Kobayashi and Sokabe, 2010; Geiger et al., 2009, Han and Rooij, 2016).
As one of the significant signals regulating cell fate, guiding tissue
development, and postpartum functions, cellular forces were rarely
investigated in a quantitative way until recent decades when atomic
force microscopy (AFM), optical tweezers (OT), magnetic tweezers
(MT), and traction force microscopy (TFM) provided a reliable mehod
for cell mechanics research (Fig. 1). For instance, AFM can probe the cell
membrane and produce apparent stiffness values from force-distance
curves which reveal the molecular activities and heterogeneities of
cells (Li et al., 2017b; Carvalho et al., 2010; Dupres et al., 2009; Guedes
et al., 2016). Additionally, OT and MT have been widely used to study
the mechanical behavior of cell cytoskeleton (Mandal et al., 2016;
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Fig. 1. The available platforms for cellular mechanical measurement summarized in this review. Among them, AFM, OT and elastic substrate-sensors reflect
the changes of cell mechanical force by measuring ECM stiffness and Young’s modulus (Section 3). TGT and DNA hairpin force probes based on FRET to detect the

mechanical force distribution on the cell surface (Section 4).

Schwingel and Bastmeyer, 2013; Wang et al., 1993; Matthews et al.,
2006). Lastly, for its ease of use in measuring cell-extracellular matrix
(ECM) adhesion, TFM has been demonstrated as an effective way to
study cell proliferation, migration, and differentiation (Ma and Salaita,
2019; Banda et al., 2019; Rauskolb et al., 2014; Reilly and Engler, 2010).
An entire new group of force sensors were recently developed to study
intracellular tension at the molecular level. For example, the Forster
resonance energy transfer (FRET)-based tension sensors have allowed
the analysis of mechanical processes with piconewton (pN) sensitivity in
cells (Freikamp et al., 2016; Cost et al., 2015; Eder et al., 2017).
Furthermore, DNA-based force sensors, as a novel molecular tension
sensor, have shown advantages in cell mechanics research due to their
superior force sensitivity, temporal/spatial resolution, and high
throughput (Liu et al., 2017). These interactions with forces at the
pN-level are more meaningful to explore at the single cell level.

In this review, we summarize the general design principles of the
recently developed novel micro and nano-sensors for measuring me-
chanical properties of cells. We first summarize the principles, progress,
and essential problems of the two common types of cellular force mea-
surement tools (single molecule force spectroscopy, SMFS and elastic
substrate sensors). We then describe two new types of devices (tension
gauge tethers, TGT and DNA hairpin force probe), which have higher
force resolution and throughput than traditional devices. At last, we
shed light on the research trends of the cellular mechanical sensors for
the future.

2. Mechanical heterogeneities

Mechanical forces are continuously and dynamically generated in
cell-cell and cellular ECM interactions. Regarding the mechanical
properties of cancer, it is generally characterized as a palpable ’stiff-
ening’ of the tissue due to compromised tensional homeostasis.
Furthermore, the presence of desmoplastic stroma makes many solid
tumors significantly stiffer than normal tissues (Butcher and Weaver,
2009; Levental et al., 2009; Watson, 2006; Holmbeck and Szabova,
2010). Cancers are usually associated with fibrosis, usually showing
increased resident cell motility associated with pathology and

accompanied by an invasion of foreign cells (Lu et al., 2011; Kothapalli
et al., 2012). For example, the increases in breast density and collagen
content may be the results of increased deposition, decreased reshaping,
or increased post-translational modification (e.g., cross-linking of spe-
cific ECM components). A variety of collagens show increased deposi-
tion during tumor formation (e.g., Collagen Type I, II, III, V, and IX)
(Barsky et al. 1982). This phenotype characterized by a profound
pro-proliferative response is particularly evident in human breast can-
cer, which accompanied by more significant ECM remodeling and
crosslinking.

The dynamic imbalance of ECM may promote cancer initiation and
invasive growth. The developing breast is subjected to several forces
that facilitate its normal function (Green and Lund, 2005; Mckenzie
et al., 2018). For instance, during the breastfeeding period, the accu-
mulation of milk and alveolar expansion will compress the cavitary
epithelial cells of the breast (Stone et al., 2006). Under the action of
sucking and oxytocin stimulation, the myoepithelium shrinks and the
epithelial cells are subjected to inward tensile stress. In general, the
force of healthy breast cavity epithelial cells is in a dynamic equilibrium
state throughout the lactation period. In contrast, abnormal tumor
anterior cavity breast epithelial cell proliferation is uncontrolled, and
the survival rate is enhanced (Ronnov et al., 1996), eventually expands
to fill the breast ducts (Kroemer et al., 2015; McDaniel, 2006). In
addition, pre-neoplastic lesions secrete a large number of soluble factors,
which stimulate immune cell infiltration and activate resident fibro-
blasts, thereby inducing an osteoproliferation response in the mammary
gland and leading to ECM sclerosis (Sickafoose et al., 2006). Over time,
the ECM stiffens is a symptom of pre-cancerous (Paszek, 2005; Cassereau
et al., 2014). With the development of cancer, the rigid ECM exerts an
ever-increasing resistance force on the pre-cancerous duct. Meanwhile,
the pre-cancerous luminal epithelial cells invade breast parenchyma to
maintain the tension homeostasis of the cellular microenvironment.

As we known, ECM stiffness is not a unique phenotype of breast
cancer. In order to research the interaction of ECM structure, composi-
tion, and stiffness on the evolution and pathologies of various tumors,
researchers have conducted a large number of in vitro experiments, and
the experimental results show that cells invasion and migration can be
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Table 1
Alterations in cell behavior in different pathological conditions and stiffness.

Conditions Stiffness Predominant Cell phenotypes Ref.

range ECM

MMTV PyMT 0.4-4 Collagen Stiff ECMs Levental
(transgenic kPa enhanced tumor et al. (2009)
mammary cell invasion
tumor) and migration

Breast cancer 0.2-2.5 Collagen Enhanced Watson
cells kPa circulating (2006)

tumor cells and
lung metastasis

MDA-MB 231 0.3-2.4 Collagen Stiff substrates Lang et al.
(breast mg/ml promoted cell (2015)
carcinoma invasion
cells)

Ha-ras 0.2-2.5 Collagen Stiff ECMs Cassereau
(premalignant kPa promoted etal. (2014)
mammary tumor cell
organoids) invasion into

surrounding
ECM

U373-MG 0.4-120 Fibronectin Stiff ECMs Pathak and
(glioma cells) kPa increased cell Kumar

migration speed  (2012)

MMTV-Neu 0.2-2.5 Collagen Enhanced Rubashkin
(Oncogene- kPa tumor cell etal. (2014)
initiated invasion into
mammary surrounding
tumor) ECM

Table 2
Performance comparison of common measurement tools.

Type Technique  Sensitivity ~ Limition Ref.

Single molecule ~ AFM 10-10*pN  Complicated Touhami
force calculation; et al. (2004)
spectroscopy Cannot access
(SMFS) intracellular

structures
Low throughput
oT 0.1-100 Inevitable cellular Neuman and
pN optical damage Nagy (2008)
MT 0.01-100 Limited spatial Ayala et al.
pN resolution; (2017)
Irreversible cell
damage due to
thermal issues
BFP 10-50 pN Cannot measure Brody et al.,
independently 1995; Chen
et al. (2017)

Elastic TFM PN Limited force Legant et al.
substrate resolution; (2013);
sensors Complex Banda et al.

equipment and (2019)
arithmetic;
Limited by
substrate
materials;

mPDAS 100 nN-50 Limited force Polacheck

pN resolution; and Chen

Limited by (2016)

substrate materials

adjusted by changing the stiffness of the substrate (Mammoto et al.,
2013;; Gobin and West 2002). On a low rigidity surface, the rate of cell
migration speed decreases with matrix stiffness mainly due to increased
stability of adhesions (Lang et al., 2015; Pathak and Kumar 2012). For
instance, Cassereau and co-workers designed a 3D tension bioreactor
system by mechanically adjusting the stiffness of collagen hydrogels,
which can accurately assess the effect of ECM hardening on tumor cell
invasion (Cassereau et al., 2014; Rubashkin et al., 2014). The research
results show that the density and composition of ECM will impose
physical restrictions on cell movement and promote cell transformation
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(Haage, 2014; Wolf et al., 2013). The stiffness of ECM can directly
promote cell invasion and migration.

Cells respond to the mechanical forces or the mechanical properties
of their microenvironment that is mostly related to the ECM remodeling
and stiffening (Miroshnikova et al., 2011). Normal physiological pro-
cesses subject cells to various mechanical stimuli (e.g. hydrostatic
pressures, shear forces, compressive forces and tensional forces) and
cells respond to changes in ECM mechanics by adjusting the structure of
the cytoskeleton network. At the same time, changes in cell tension are
fed back to the cell ECM, which further regulates the mechanical
properties of ECM. Many researchers have previously measured the ECM
stiffness or Young’s modulus of cells in vivo (Table 1). We will summa-
rize and analyze these measurement methods in detail in Section 3
(Table 2) .

3. Common measurement tools for cell generated forces

Over the past few years, SMFS methods such as AFM, OT, MT, and
bio-membrane force probe (BFP) have been used to measure cell surface
single-molecule mechanics. Generally, these methods were applied as
the most common procedures for determining the threshold force that
result in the dissociation of the ligand-receptor bond on the cell surface.
Particularly, TFM mainly rely on electroplating cells onto flexible
polymer substrates embedded with fluorescent particles and indirectly
measures the receptor force by quantifying the deformation of the
substrate. Therefore, the spatial resolution (um) and force resolution
(nN) of TFM are limited by polymer crosslink ability. These methods are
divided into two categories and are summarized in this section.

3.1. Single molecule force spectroscopy

3.1.1. Atomic force microscopy

AFM was quickly adopted to biology and has been used for decades
due to its high resolution coupled with the low-detection limits on the
order of pN levels (Touhami et al., 2004; Puech et al., 2006). AFM ob-
tains the relevant force curve by measuring the deflection of the probe
(Fig. 2A and B). Describing the cell using a mechanical model, the force
curve can be drawn and further analyzed to obtain the Young’s modulus,
relating its resistance to compressive or tensile forces. Through
advanced methods, the cell can be plucked from the substrate, also the
adhesion forces of the cell to the surface of the substrate can be
measured. Additionally, AFM is also suitable for measuring
time-dependent cellular behavior with stress and strain relaxation
curves owing to the mature operation and analysis system (Haase and
Pelling, 2015; Stylianou et al., 2018). For instance, Cross et al. used AFM
to distinguish tumors cells from normal cells, and they found that the
flexibility of the cancer cells is different from that of the normal cells
(Cross et al., 2007). Jin and co-workers analyzed the influence of aging
and Typed 2 diabetes on erythrocytes using AFM. The results of AFM
imaging and force-distance measurements show that the adhesion of
diseased erythrocytes is significantly enhanced (Fig. 2C) (Hua et al.,
2010). Li and co-authors have utilized AFM to map molecular distri-
bution on the surface of cancer cells. They obtained the morphological
image of cancer cells, and constructed the distribution map of CD20 on
the surface of cancer cells through the analysis of force curves obtained
on cell surfaces (Fig. 2D) (Li et al., 2013). This research provides a new
method for studying the distribution of cancer cell target protein and
drug efficacy. Moreover, AFM provided a reliable technology for
analyzing the local mechanical properties of cells through the force
distance curve at particular positions with pico-newton sensitivity but
cannot achieved a high-resolution topographic imaging.

Recently, topography and recognition imaging (TREC) based on AFM
mode with functionalized AFM tips by a ligand has been proposed. For
example, Duman et al. used TREC to measure the distribution and the
localization of CD1d molecules on THP1 cells loaded with three different
glycolipids (a-GalCer, C20:2 and OCH12) (Duman et al., 2013). By
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Fig. 2. The basic principle and application of AFM. (A) Schematic of AFM operations. (B) AFM be applied to measure cell elasticity, adhesion, and cell motility
over time through simulation of curves and related models. Left: AFM force-indentation curves; right: AFM stress and strain relaxation curves. Reproduced with
permission from (Stylianou and Stylianopoulos, 2018). (C) AFM topographic data and AFM force-distance data of YHP (young, healthy people), OHP (old, healthy
people), and ODP (old type 2 diabetes patients) erythrocytes. Reproduced with permission from (Hua et al., 2010). (D) The mechanical maps distribution of CD20 and
Gaussian fit of the force histograms on the cancer cell and red blood cells (healthy cells). Reproduced with permission from (Li et al., 2013). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

linking biomolecule onto the AFM tip, Xiao et al. imaged cancer
biomarker EGFR in single human breast cancer cells with nanoscale
spatial resolution (Xiao et al., 2015). Although TREC combining with
AFM has been proven that allows the high spatial (sub-nanometer) and
force (pN) resolution with single-molecule force measurement capabil-
ities in physiological environment, it is also limited by cell-substrate
contact times of several seconds. To overcome the limit, Sancho et al.
proposed a method to measure the intercellular adhesion forces in which
the AFM is combined with a microfluidic probe connected to the pump
system. With this method, microfluidic probe connected to the pump
system provided adsorptive force to immobilize cells without adhesion
ligand (Sancho et al., 2017). In addition, recent development in AFM
techniques also introduced real-time mapping of the elastic modulus,
such as the Peak Force QNM method (Young et al., 2011). These de-
velopments reinforce and complement the application of AFM in cell
mechanics. However, several issues limit the application of AFM as
single cell mechanical sensors in practical biomedical applications (Li
et al., 2017a). For example, the throughput is low, the calculation is
complicated and time-consuming, and these considerations restrict the
further development of AFM.

3.1.2. Optical tweezers and magnetic tweezers

OT and MT are conventional single-molecule manipulation tech-
niques with a similar concept. In both techniques, a micro-particle is
manipulated by applying an external force, which can be used for me-
chanical research of cells and intracellular molecules (Fig. 3A) (Ashkin
et al., 1990; Ahmed et al., 2015; Chang et al., 2015; Septiadi et al.,
2018). Briefly, a pair of permanent magnets placed above the sample
holder of the inverted microscope constitute the central part of the basic
MT, and the magnetic field of the magnet generates force. The micro-
scope is equipped with a camera to realize image collection. MT and OT
are capable of exerting forces over 1 nN. The ability to stably capture
particles from ~nm to ~pm scales enables these techniques to be
applied to the study of single cells (Fig. 3B) (Neuman and Nagy, 2008).
Compared with the traditional biological single-molecule manipulation
techniques such as AFM, OT and MT have better manipulation and
testing capabilities.

Generally, to study the mechanical properties of cells, optical forces
are generated through the interaction between light-manipulatable
particles and cells. The light-manipulatable particles can be distrib-
uted in cells in three ways: (i) attached to the membrane surface; (ii)
embedded in the cytoplasm; (iii) modified to target specific proteins. For
instance, to research the influence of medicine on the mechanical
properties of cells, Ayala’s team put the light-manipulatable particle on
the cell membrane, and by pulling the particles, the cell membrane was
deformed to produce an extension similar to a tether (Ayala et al., 2017).
They derived the mechanical parameters of the cell membrane through
the tether parameters. The results of the experiment showed that three
different drugs, Blebbistatin (BBI), Cytochalasin D (CytoD), and Jas-
plakinolide (JPK), all caused changes in the cytoskeleton structure of
actin, and reduced cell membrane tension due to the decreased stability
of the cytoskeleton (Fig. 3C) (Ahmed et al., 2015). Furthermore, Nawaz
and co-workers investigated the mechanical response of the F-actin
cytoskeleton using OT with particles embedded in the cytoplasm (Nawaz
et al., 2012). Additionally, studying of the aging of erythrocytes during
storage in an ex vivo environment, they used optical trapping experi-
ments without particles. In the 21 days of the experiment, the light beam
directly stretched the cells. In the end, it was estimated that the red
blood cell membrane shear modulus increased from 2.5 to 13 pN/m
(Czerwinska et al., 2015).

Due to the sensitivities of many cells to high-power lasers, the
damage induced by OT limits its further applications in biology. With
the development of nanomaterials, luminescence-concentrating upcon-
version nanoparticles (UCNPs) have been integrated with OT provides a
significant signal amplification approach to instead high-power lasers,
and thus the damage to cells caused by high-laser was effectively
reduced (Li et al.,, 2020). Meanwhile, a new technology known as
near-field OT has provided more convenience to trapping particles than
its far-field counterparts with limited Rayleigh length (Hu et al., 2020).
Additionally, the high throughput of MT has been utilized to study the
mechanical forces of cellular actin and the cytoskeleton (Wang et al.,
1993; Matthews et al., 2006; Tseng et al., 2012). However, the popu-
larity of MT is mainly attributed to its ability to manipulate, and
importantly rotate, magnetic particles. This feature allows MT to
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Fig. 3. Applications of OT and MT for measuring cell generated forces. (A) Scheme of OT and MT. (B) MT is used to measure the topological structure of DNA.
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Reproduced with permission from (Neuman and Nagy, 2008) (C) Representative images of NIH3T3 cells stained for Phalloidin-FITC related to various drugs with

different concentrations. Reproduced with permission from (Ayala et al., 2017).

directly study the effects of torque and twist on the dynamics of bio-
molecular interactions, so it is commonly used to study the folding dy-
namics of nucleases and DNA (Herrerogalan et al., 2013; Ding et al.,
2012; Chen et al., 2015, Dong et al.,.2020).

3.1.3. Bio-membrane force probe

The BFP is one of the most common sensitive force technique for
determining molecular adhesion and structural linkages at biological
interfaces (Evans et al. 1995). BFP is based on the microtubule suction
method, which can capture cells or microspheres that characterize
specific interacting molecules, and can achieve the process of
approach-contact-retraction of cell-cell by manipulating microtubules
(Fig. 4A) (Brody et al., 1995). During this dynamic process, the defor-
mation of the cell and the obtained force distance curves are used to
study the mechanical properties of the cell membrane. BFP was applied

to characterize the single-molecule dynamics of living cells due to the
low spring constant, high biocompatibility, and user-friendly maneu-
verability (Ju and Zhu, 2017). The proposal of BFP is helpful for the
study of cell adhesion mechanics and the study of the bonding force of
single molecules on the cell membrane. Courier’s team used BFP to study
the binding process of oocytes and sperm, measured the local changes in
gamete membrane adhesion, and probed the mechanical properties of
the oocyte membrane on the micrometer scale (Gourier et al., 2008).
Zhu and co-workers demonstrated the ability of BFP to characterize the
structural mechanics of proteins on the cell membrane. The experi-
mental results show that when the adhesion force exists, it remains
stable around the preset value until it dissociates, which reflects the
sustainability of the bond under a given force (Fig. 4B) (Chen et al.,
2017). And they proved the BFP assay test specificity, not express
(black), wild-type (magenta), express integrin aVp3 (D723R, green) or
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Fig. 4. Application of BFP for measurement of cell adhesions. (A) Scheme of BFP: probe of the BFP composed by a biotinylated erythrocyte and a strep avidinated
glass bead. Reproduced with permission from (Brody et al., 1995). The subgraph represents the strength of the interaction force between two cells or molecules that
can be captured. (B) The duration of the force-clamp phase was measured as the bond lifetime. The initial condition of the experiment is to drive the target cell close
to the probe beads, contact for 2 s under a pressure of about 30 pN, and then retract (blue). The force would return to zero, if there were no adhesion (1, green). If
there is strong adhesion, the adhesion force rises from zero (2, purple) to the preset force (3, red, 25 pN as shown), and then remains constant until it returns to zero
after dissociation. During of the time is regarded as the bond lifetime. (C) Binding specificity tests. Adhesion frequencies between cells expressing control, WT,
D723R, or L138I integrin aVf3, and between the SA bearing probe and cells expressing WT integrin. Reproduced with permission from (Chen et al., 2017). (D)
Successive phases during the interaction of a T cell with an anti-CD3 coated bead on the BFP. Reproduced with permission from (Julien et al., 2011). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(L138I, brown), and between the streptavidin (SA) bearing probe and
cells expressing wild-type (WT) integrin (gray) (Fig. 4C). In order to
explore the mechanical properties of T cell receptors and
function-associated antigen 1 (LFA-1) during T cell activation, Julien
and collaborators used BFP and APC models to conduct experiments.
The experimental results show that T cells are accompanied by me-
chanical response mechanisms early in the activation process, and the
loading rate during the pulling phase increased with the target stiffness
(Fig. 4D) (Julien et al., 2011). Despite its successes, there are drawbacks.
For instance, BFP often requires additional techniques to assist in depth
analysis and obtain conclusions. Moreover, there is no suitable cell
microsphere model. Therefore, the Young’s modulus cannot be deduced
from the force-distance curve. Fortunately, recent advances in fluores-
cence imaging technology and dual devices have promoted BFP as a
useful tool for visualizing cellular mechanical events (Ju and Zhu, 2017;
Ju et al., 2017; Liu et al., 2014).

3.2. Elastic substrate sensors

The second category of common cellular force measurement is the
sensors based on elastic substrates, which play a dominant role in

measuring the mean traction force at a cellular or subcellular scale (Guo
et al., 2014). SMFS methods use beads or cantilevers to attach to cells, in
contrast to these methods, substrate based methods use cells cultured on
elastic polymers or microstructures that deform under cell-generated
forces. Generally, the mechanical force measured by this method is re-
flected by the deformation of the elastic structure or the movement of
the fluorescent particles in the substrate (Polacheck and Chen, 2016).
Here, we will review the two most common methods TFM (Fig. 5A) and
mPADs (Bergert et al., 2016).

3.2.1. Traction force microscopy

The physical and mechanical interaction between the cell and the
ECM microenvironment involves many complex biological signal
transduction pathways. It plays an essential role in regulating cell pro-
liferation, differentiation, and migration. In 1980, Harris and co-
workers were the first to use cell traction force microscopy. The initial
experiments used cultured fibroblasts on a silicone film, and for the first
time, the deformation of the film was observed and measured to esti-
mate the cell traction force (Harris et al., 1980). Subsequently, TFM has
developed into a method to measure cell-generated forces at the single
cell level thanks to the ability to visualize cell structures easily in TFM.
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experiment. Reproduced with permission from (Sabass et al., 2008). (C) Ilustration of the mPADs. The micropillars of mPADs are subjected to horizontal force F,
which causes the micropillars to deform. Evaluate cellular mechanical force by establishing the relationship between the deformation of the pillar and the force,
which influenced by pillar stiffness and pillar diameter (D) and height (L). Reproduced with permission from (Schoen et al., 2010). (D) mPADs to quantify the
directional migration of actin. Images of the distribution of actin in the normal monolayer(a) and the distribution after 6 h (b). The white arrow in b indicates the
actin-rich fibril structure due to the dissociation of the epithelium. Reproduced with permission from (Du Roure et al., 2005).

Especially, the focal adhesions (FAs) formed by cells and elastic sub-
strates, it is easy to determine the size of FAs and calculate the traction
force exerted by these structures through the deformation of the flexible
substrate (Banda et al., 2019; Goktas and Blank, 2017). Plotnikov and
co-workers utilized high-resolution time-lapse TFM to characterize the
traction force distribution and dynamics of a single mature FA in fi-
broblasts (Sabass et al., 2008). Studies have shown that FAs exhibit
stable and dynamic traction regulated by specific signaling pathways.
The dynamic fluctuation of traction in FAs is closely related to guiding
cell migration. Conventional TFM reflects the cell force in the 2D plane,
but to measure 3D forces exerted by cells on 2D planar surfaces, Legant
and co-workers developed a high-resolution 2.5D TFM (Fig. 5B). The
study revealed a 3D traction force distribution during cell migration and
explained that these traction forces would generate rotational torque
and propagate along the front of the cell (Legant et al., 2013).
Furthermore, a newly developed 3D TFM has been shown to accurately
determine cell traction forces in three dimensions during cell migration
(Franck et al., 2011). The basic principles of TFM lead to some limita-
tions. For instance, the elastic deformation of the substrate is determined
by tracking the randomly distributed fluorescent particles’ displacement
in the substrate. Randomly distributed fluorescent particles lack the
control of the position and spacing of the fiducial marks, which may
cause problems such as subsequent stress calculation errors. Methods
have been proposed to overcome these limitations (Banda et al., 2019;
Legant et al., 2013; Desai et al., 2007). The force resolution of TFM is on
the order of pN, but the complexity of its later inversion algorithms
hindered further research in the biological field. It is inevitable that
more in-depth studies by TFM at the cellular level depend on the
emergence of more sophisticated equipment and algorithms.

3.2.2. Micropost array detectors

Micropost array detectors (mPADs) are an additional way to
reversely attain a force value from the deformation of the elastic sub-
strate. Compared with TFM, the substrate is composed of micropillars
with a size of 0.5-10 pm. The micropillars are arranged in an array with
known position and spacing, which overcomes the defects of classical
TFM. Furthermore, understanding the elastic deformation of the micro-
column and spring constant k, the magnitude of the forces can be
calculated using Hooke’s law (Fig. 5C), which significantly reduces the
calculation cost relative to TFM. Based on these advantages, mPADs can
be applied to the measurement of multi-cell populations (Schoen et al.,
2010; Trepat et al., 2009). At the single cell level, mPADs found wide-
spread applications to study cell-cell interaction, cell migration, and the
interactions between force and FAs (Liu et al., 2010; Maruthamuthu
et al., 2011; Rabodzey et al., 2008). For instance, Rathod et al. showed
migration trajectories of fibroblasts along the substrate ridges and
calculated the contour plot of the traction forces (Rathod et al., 2017).
Roure and his team used a multi-particle tracking method and a
high-density elastic micropillar array to measure the dynamic traction
force of MDCK epithelial cells. Regarding the mechanical force distri-
bution of MDKC cells, the experimental results showed that the
maximum force on the surface was concentrated on the edge and pro-
trusion area of the cell. The average traction force at the cell edge was
about 5 nN with a maximum of 20 nN (Fig. 5D) (Du Roure et al., 2005).
Therefore, it has many advantages in studying cell migration and cell
adhesion mechanics, such as mPADs are easy to implement, simple to
calculate, and can detect a force in the range of 50 pN~100 nN (Pola-
check and Chen, 2016). However, single cell level and even subcellular
studies often require higher force resolution. For example, the force
transmitted by the receptor ligand bond on the cell surface is much less
than 50 pN, so there is still no advantage for cell mechanical research at
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a deeper level with mPAD.

4. Micro and nanoscale mechanical sensors

Recently, FRET-based tension sensors have been widely used in the
study of dynamics in living cells, as well as single cell arrays are
designed to study the mechanical conduction between molecules
(Fig. 6A) (Stabley et al., 2012; Liu et al., 2013). The FRET-based tension
sensor consists of a biomolecular spring labeled with a donor-acceptor
pair on both sides (Wang et al., 2016; Golser et al., 2017). The elonga-
tion of the natural spring can lead to an increase in the distance between
the two fluorescent proteins and a decrease in FRET efficiency (Dong
et al., 2020a,b). It is possible to infer the mechanical changes in the cell
by detecting the change in FRET efficiency (Fig. 6B). The change in FRET
efficiency between the fluorescent donor and the acceptor can convert
the mechanical transmission of the skeleton structure into an optical
signal. In particular, the spring-like linker must have spring flexibility

that meets the universal biological tension range (<100 pN) (Chowd-
hury et al., 2016; Zohar et al., 2010). Theoretically, it has the highest
tension sensitivity when there is no external load.

Currently, FRET-based tension sensors were used to quantitatively
detect mechanical properties of the molecular process of cell surface
proteins (Fig. 6C, red part) (Chen et al., 2017) and the mechanical force
changes during cell mitosis were (Fig. 6C, yellow part) (Li et al., 2019;
Yan et al., 2017). Also, the mechanical transmission between cells was
measured using the binding of vinculin and catenin (Fig. 6C, blue part)
(Aird et al., 2020) and the tension of the cell cortex was analyzed by the
scalability of spectrin (Fig. 6C, green part) (Gourer et al., 2008).
Moreover, FRET-based tension sensors have been demonstrated to be
one of the most well-known tools for assessing unravel force trans-
duction mechanisms. This section highlights the development of
FRET-based DNA tension sensor for live-cell force sensing-a nascent but
rapidly growing area of research. Mechanical DNA devices have been
enabled by the accessibility, versatility, and precision of DNA-based
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Fig. 7. DNA-based tension gauge tether and its variants. (A) Tension gauge tether is dissociable dsSDNA modified ligands. A designated rupture force (Ty)) of the
dsDNA-based TGT can be evaluated depending on the anchor position of the ligand. (B) Confocal fluorescent images of CHO—K1 cells. The mechanical distribution of
the cell surface is measured at the TGT breaking force (Ty,;) at 16-55 pN. Reproduced with permission from (Wang and Ha, 2013). (C) Cell adhesion on TGT with
RGD. (D) Schematic of FISH based TGT. The cell migration force is higher than Ty, leading to hydrogen bond breakage, the exposed ssDNA is combined with the free
Cy3 labeled complementary strand, and the fluorescent signal turns on. Reproduced with permission from (Li et et al., 2017). (E) Process of TGT-based MCR. when
the tether breaks, it uses enzymes to effectively convert the exposed primers generated by TGT fragmentation into fluorescent signals that can be detected by a
fluorescence microscope. Reproduced with permission from (Ma et al., 2016). (F) Representative fluorescence images showing F-actin staining and MCR signal for
I:IIH/3T3 cells treated with increasing concentrations of BBI. Reproduced with permission from (Ma et al., 2016).

design. In this section, the FRET-based DNA tension sensor is divided
into TGT and DNA hairpin force probes according to the structure.

4.1. Tension gauge tethers

The TGT is a ligand labeled DNA oligonucleotide that was initially
developed to measure the magnitude of peak tension experienced by the
receptor (Yamashita et al., 2016; Wang and Wang, 2016). The tension of
the TGT can establish a dynamic measurement range by changing the
anchor position, and the peak force of TGT changes with the movement
of the anchor position. When cells are cultured on a substrate covered by
TGT, the cell tension forces exceeded the peak forces of TGT, the tether
is broken, and mechanical signal transmission is eliminated (Fig. 7A and
B) (Wang and Ha, 2013). On the contrary, cell tension forces lower than
the peak force have resulted in the quenching between both fluo-
rophores. For example, Wang et al. designed a programmable
tension-regulating TGT, using ssDNA as a tension tether. The peak ten-
sion of the TGT ranged from 12 to 56 pN and were tested with several
cell lines. Experimental results confirmed that the mechanical force for
cell diffusion is more excellent than 40 pN (Fig. 7C). In 2017, the Li lab
directly used surface-immobilized ssDNA as the docking sequence of
fluorescence in situ hybridization (FISH) to detect the mechanical
characteristics distribution of leukocyte surfaces. The experimental re-
sults showed a periodic patchy yet highly asymmetric adhesion footprint
on the cell surface (Fig. 7D) (Li et al., 2017a,b,c).

Besides, the TGT has been improved by combining the affinity be-
tween the DNA binding protein and DNA. Ha and co-workers deter-
mined that separate a poly-Tes DNA sequence from this ssDNA binding
protein only requires 4 pN of force and they exploited this phenomenon
to design a new generation of TGT with lower force. The detection range
has been expanded from 4 pN to 56 pN. However, the TGT irreversibly
ruptures at a sequence specific tension threshold between 4 pN to 56 pN,
limiting the maximum force applied by cell receptors and DNA binding
protein. Subsequently, Garcia’s research group combined with poly-
merase chain reaction (PCR) analysis methods to improve the TGT
probe, effectively converts mechanical force into amplified fluorescence
readings, which was called mechanically induced catalytic amplification
reaction (MCR) (Luca et al., 2017). The working principle of MCR is to
use TGT as a peak force sensor, once the tether breaks, the dissociated
ssDNA as a primer for rolling circle amplification, to produce ssDNA
with long tandem repeats (Fig. 7E) (Ma et al., 2016). Subsequently, the
experimental results prove the MCR signal displayed a dose-dependent
relationship, where the highest BBI concentrations generated the
lowest MCR signal (Fig. 7F). The signal intensity of MCR depends on the
number of broken probes and amplification conditions, which is related
to the incubation time.

4.2. DNA hairpin force probe

Compared to the irreversible TGT that cannot refold upon rupturing,
the DNA hairpin force probe is reversible and digital. DNA hairpin force
probes consist of a re-foldable DNA hairpin stem-loop and employs DNA
hairpins as a switch element (Han and Rooij, 2016; Ma and Salaita,
2019; Brasko et al., 2018). The required force (F;,2) to unfold the
stem-loop structure can be controlled by the length of the DNA hairpin
and the nucleotide guanine (G) and cytosine (C) base pairs content.
Firstly, the donor and an acceptor are placed nearby and are in a
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quenched state. When the DNA hairpin is pulled by force greater than
F1 /2, the stem-loop structure will unfold, separating the donor from the
acceptor and causing the fluorescence emission to recover.

The DNA hairpin force probe is often used to detect cell surface re-
ceptor forces and transient mechanical responses because of it have
highly cooperative and a well-defined force response. The first genera-
tion of hairpin force probes was reported in 2014, which were developed
to reveal integrin forces during early cell adhesion (Fig. 8A) (Zhang
et al., 2014). The probe is decorated with a donor and acceptor and a
biological ligand and is immobilized on a glass surface by
biotin-streptavidin interaction. The study showed the dynamic tension
distribution during cell diffusion and adhesion and found that a subset of
integrin was pulled with force in the range of 4.7 pN to 13.1 pN (Fig. 8B).
Subsequently, due to the problem of biotin-streptavidin dissociation in
the first generation of hairpin force probes, the DNA-based AuNP force
probe was reported in 2016, which enhanced sensitivity and stability
(Liu et al., 2016) Compared to the first DNA hairpin force probe, this
probe was functionalized with a terminal thiol group enabling the for-
mation of a gold-thiol bond (Fig. 8C). This method can produce double
quenching, which causes a 100-fold fluorescence enhancement, which is
20 times that of the first DNA hairpin force probe. This probe was used to
research force transmission in TCRs, and results showed that T cells are
coupled through the cytoskeleton and transmit a 12 pN-19 pN force to
TCRs during binding to the ligand (Fig. 8D).

Traditional probes rapidly refold upon termination of the mechanical
input, resulting in quenching of fluorescence. Thus, the probes fail to
capture rare mechanical events or transient mechanical events with a
lifetime below that of the fluorescence acquisition time window (>100
ms) (Juette et al., 2014; Yin and Zhao, 2011). Recently, Salaita’s group
reported a DNA hairpin force probe with the concept of dynamic me-
chanical information storage (Fig. 8E) (Ma et al., 2019). They intro-
duced the locking strand and unlocking strand to achieve the function of
recording and erasing molecular force signals. Considering a transient
mechanical event in the cell, it may be possible that the probe is
unfolded and refolded over a short period of time before observation,
resulting in this part of the force being missed. After the lock chain is
added, the probe can remain pulled apart after unfolding, and therefore
mechanical information can be stored. The experiment also introduced
the unlocking strand, which is a piece of base sequence that can detach
the locked strand that has been bound to the DNA probe so that they can
bind to each other. The experiment confirmed that the probe could
enhance the fluorescence intensity; that is, it stores a part of instanta-
neous mechanical information. For example, T cells were allowed to
adhere and spread on MTFM probe surfaces presenting anti-CD3e anti-
bodies. Cells generated tension signal as the TCR engaged the antibody
and transmitted forces to the probes (Fig. 8F). However, DNA mechan-
ical probes can be damaged by time and the external environment. For
example, the serum in the culture medium that maintains the normal life
activities of cells is rich in nucleases, and some cells themselves secrete
proteases and nucleases. These enzymes will cause irreversible chemical
damage to the DNA probe, thus causing difficulties in mechanical
measurement.

5. Outlook

The importance of mechanotransduction at single cell resolution has
been widely recognized, as each cell displays distinct characteristics, for
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Fig. 8. DNA hairpin force probes and its variants. (A) Schematic of the integrin tension sensor. (B) Representative time-lapse images showed the change in force
signal during the initial stages of cell spreading and adhesion. Reproduced with permission from (Zhang et al., 2014) (C) Schematic of DNA-based AuNP force probe
for mapping TCR-mediated tension; (D) Representative brightfield, RICM, and tension images of OT-1 cells cultured on tension probe surface modified with N4
PMHC. These cells were able to open probes with F; 5 = 12 pN, but unable to open probes with F;,, = 19 pN. Reproduced with permission from (Liu et al., 2016). (E)
Schematic of DNA hairpin force probe with the concept of dynamic mechanical information storage. (F) RICM, Cy3B, and Atto647N TIRF images of lock-
ing/unlocking process with single OT-1 cell. The dashed line in the fluorescence images corresponds to the raw intensity lines can profile shown to the right.

Reproduced with permission from (Ma et al., 2019).

which the investigation of cellular clusters might lose key information
concerning the heterogeneity and the origin of the cellular mechanical
interaction. For measuring the cellular forces, SMFS methods, including
AFM, OT, MT and BFP, have shown limitations on their low-throughput,
complicated calculation, time consuming processing, and stiffness data
susceptible to incorrect fitting. In contrast to SMFS, one issue associated
with TFM and mPAD:s lies in the fact that the spatial resolution (pm) and
force resolution (nN) are limited by the crosslinking properties of
polymers. The recent advances in FRET sensors show promise to analyze
pN-level tensions within cells, under targeted binding with receptors on
the cell membrane. The FRET sensors not only achieve sub-cellular
resolution, but also provide visualization of the force distribution over
the cell. However, current experiments use information from hundreds
of molecules to determine an average FRET efficiency, and thus an
average force per molecule. This is a problem of the system because not
all binding proteins will bind to FRET probes to generate mechanical
signals. In addition, with the rapid development in DNA nanotech-
nology, DNA-based tension sensors convert mechanical events into
fluorescent signals by the synthesis of the fluorophores-mechanical re-
ceptor complex. Both methods enable quantifying the amplitude and the
direction of forces of live cells. However, the limitations include
nuclease degradation, short working time, and complications in sensor
modification, among others. At present, an exciting frontier would be to
improve the current DNA based tension technology such that automa-
tion and real-time tracking of cell traction forces may be achieved,
thereby providing new insight into cell behaviors. It is well known that
there is heterogeneity in ECM (constituents, architectures, and me-
chanical) in different areas of the same tumor. Therefore, the mea-
surement of local mechanics of the diseased tissue combined with local
pathological analysis provides an effective approach to explore how the
ECM mechanics influence tumor progression and fate.
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