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Abstract
Cells use protein-based mechanosensors to measure the physical properties of their surroundings.
Synthetic tension sensors made of proteins, DNA, and other molecular building blocks have
recently emerged as tools to visualize and perturb the mechanics of these mechanosensors. While
almost all synthetic tension sensors are designed to exhibit orientation-independent force
responses, recent work has shown that biological mechanosensors often function in a manner that
is highly dependent on force orientation. Accordingly, the design of synthetic mechanosensors with
orientation-dependent force responses can provide a means to study the role of orientation in
mechanosensation. Furthermore, the process of designing anisotropic force responses may yield
insight into the physical basis for orientation-dependence in biological mechanosensors. Here, we
propose a DNA-based molecular tension sensor design wherein multivalency is used to create an
orientation-dependent force response. We apply chemomechanical modeling to show that
multivalency can be used to create synthetic mechanosensors with force response thresholds that
vary by tens of pN with respect to force orientation.

1. Introduction

Mechanosensor proteins help transduce mechanical
information into biochemical information by under-
going force-induced conformational changes [1].
These proteins are critical to cellular function, as they
allow cells to physically respond to and interact with
surrounding tissues and neighboring cells. Broadly
speaking, mechanosensors play a pivotal role in
mechanotransduction, wherein mechanical signals
are converted to biomolecular and/or electrochemical
signals. Some cell surface mechanosensors, such as
the T-cell receptor (TCR) [2] and integrins [3], have
been shown to behave as anisotropic mechanosensors
that respond preferentially to pN force applied
laterally to the cell membrane. We speculate that
sensitivity to precise magnitudes of tension and force
orientation can enhance the specificity of
mechanosensation—a mechanism we describe
as mechanical proofreading—for tasks such as the
detection of foreign antigens and platelet aggregation
[4]. Intraceullular proteins such as vinculin have also

been shown to utilize anisotropic mechanosensation
to regulate processes such as directed migration [5].

The study of mechanosensor molecular biophysics
has recently become more tractable due to the devel-
opment of single molecule force spectroscopy (SMFS)
[6] as well as molecular tension probes (MTPs) that
generate a fluorescence signal in response to piconew-
ton (pN) mechanical forces [7, 8]. In contrast to
SMFS, MTPs enable mapping of the pN forces applied
by individual mechanosensors in living cells. Existing
MTPs do not respond in an orientation-dependent
manner and are only sensitive to force magnitude.
Hence, the development of MTPs that can respond in
an orientation-dependent manner would enable test-
ing of anisotropic mechanosensor models of recep-
tor activation. More broadly, the ability to engineer
anisotropic MTPs is an interesting challenge that may
yield useful insight into biological function.

MTPs respond to pN-scale tension by extending to
generate a fluorescence response. Our group designed
and demonstrated the first MTPs, which were PEG
polymers flanked with a fluorophore and quencher

© 2021 IOP Publishing Ltd

https://doi.org/10.1088/1478-3975/abd333
https://orcid.org/0000-0002-3129-6591
https://orcid.org/0000-0003-4138-3477
mailto:ATBlanchard@ymail.com
mailto:k.salaita@emory.edu


Phys. Biol. 18 (2021) 034001 A T Blanchard and K Salaita

pair and immobilized on a surface to detect forces
transmitted by receptors such as EGFR [7] and the
integrin adhesion receptor [8]. Over the past decade
MTPs have been further engineered by our group and
others using different proteins such as titin domains
[9], and the spider silk motif [10], as well as poly-
mers [11, 12], and nucleic acids [13]. The nucleic acid
based probes have proven to be very powerful and
facile to use and constitute the largest class of ‘DNA
mechanotechnology’ tools that generate, sense, and
transmit force [14]. Such tools have become critical
to mechanobiology research and the development of
force-generating nanomachines [15–17].

There are two major classes of DNA-based MTPs
used in mechanobiology research. The first class, as
presented by Xuefung Wang and Taekjip Ha [18] con-
sists of short (∼25 bp) DNA duplexes called ten-
sion gauge tethers (TGTs). TGTs irreversibly rupture
under force (figure 1(a)). These probes enable inter-
rogation of the role of mechanical tension in recep-
tor signaling by capping the maximum force exerted
through receptor proteins at a well-defined tension
tolerance (Ttol) 12–56 pN in magnitude [3, 15, 16,
18–29]. Ttol—defined as the constantly-applied force
that leads to a 50% probability of rupture after
2 s—can be tuned from ∼12 pN to∼56 pN by chang-
ing the geometry of the probe from ‘unzipping mode’
(figure 1(c)) to ‘shear mode’ (figure 1(d)). One means
of optically measuring TGT rupture involves using
an anchor strand linked to a fluorophore and a top
strand linked to a quencher, such that duplex sep-
aration results in an increase in fluorescence [20]
(figures 1(a)–(d)).

The second class of probe, originally developed
in parallel in the research groups of Salaita and
Chen [13, 30], consists of DNA hairpin sensors that
reversibly unfold and refold in a force-dependent
manner to enable direct visualization of forces using
fluorescence microscopy. The F1/2, which is the equi-
librium force at which a reversible probe spends
equal amounts of time in the opened and closed
states, can be tuned in the 4–19 pN range by
adjusting hairpin stem-loop sequence. TGTs preturb
mechanosensor signaling and allow correlating cell
signaling with the maximum force magnitude trans-
mitted through a mechanosensor. Complementing
this capability, reversible hairpin probes minimally
alter mechanosensor signaling and are instead used
to determine the innate forces transmitted through
mechanosensors.

As these MTP DNA-probes have increased in
use, their well-characterized biophysical properties
have been leveraged to engineer functions that
extend beyond simple magnitude quantification. For
example, Brockman et al recently exploited spe-
cific properties of DNA-fluorophore interactions to
develop a fluorescence polarization-based approach
to estimate force orientation [31–33]. Ma et al devel-
oped a method for storing mechanical information

Figure 1. Concept and chemomechanical relationships.
(a) An abstract representation of a TGT separating under
force (F), resulting in dequenching of a fluorophore (red)
due to separation from a quencher (black dot). (b) A
multivalent TGT shown rupturing cooperatively due to
force perpendicular to the surface exceeding T⊥

tol or
noncooperatively due to force parallel to the surface
exceeding T‖

tol. (c) DNA depiction of high force (shear
mode) and (d) low force (unzip mode) TGTs.
(e) Force-extension curves for high force (blue) and low
force (red) TGTs. For both probes, the duplex length is 25
basepairs and single stranded spacers are each 10
nucleotides. (f) Kinetic rate constants as a function of force
for rupture (krup) of high force (blue) and low force (red)
TGTs.

[34]. Murad and Li recently performed modeling
that suggested that serially-connected TGTs could be
used to overcome fundamental limitations of existing
TGTs [35]. Forces between cells and between recep-
tors on the same cell have been reported [36, 37].
We recently developed DNA origami-based tension
probes that can simultaneously present multiple lig-
ands and array up to three MTPs in parallel [38].
In that study, SMFS experiments and finite ele-
ment analysis suggested that the DNA origami ten-
sion probes exhibited force-response thresholds that
depended on force orientation, likely because force
was unevenly transmitted to the MTPs. While the
orientation-dependence was unexpected at the time,
it encouraged us to consider the possibility of explic-
itly leveraging multivalency as a means of engineering
anisotropic mechanosensation.

In this work, we use chemomechanical modeling
to present a proposed design for MTPs that behave as
anisotropic mechanosensors. We propose that mul-
tivalent MTPs (mMTPs), which consist of multiple
MTPs linked in parallel to a single ligand-presenting
‘body’, will exhibit force thresholds that depend heav-
ily on the orientation of force (figure 1(b)). This
proposal hinges on (1) the dependence of total rup-
ture force on the cooperativity between multiple
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force-sensitive units linked in parallel, and (2) the
dependence of cooperativity on pulling orientation.
Evidence for (1) is borne out extensively within
the SMFS-related literature [39]: when force is dis-
tributed evenly through multiple bonds, the force
experienced by each individual bond is substantially
reduced, thus resulting in a high collective rupture
force; when force is concentrated onto one bond,
then bonds will rupture sequentially and exhibit a
total rupture force that is similar to the rupture
force of a single bond. Evidence for (2) is borne out
by force-balance principles, as well as specific liter-
ature examples [38]. Here, we only consider TGT-
based mMTPs, although our findings bould also be
applied to reversible DNA hairpin-based and non-
DNA-based designs.

2. Approach

We modeled mMTPs using a chemomechanical
model wherein probes are treated as nonlinear elastic
springs that undergo force-dependent rupture transi-
tions. An mMTP consists of a ‘body’ connected to N
TGT ‘springs’. One end of each spring is connected to
the body and the other end is anchored to an under-
lying surface. The anchor points are uniformly dis-
tributed around the origin such that the position of
the ith spring’s anchor point is described, in x–y–z
coordinates, as [w cos

(
i2π/N

)
, w sin

(
i2π/N

)
, 0],

where w is the width parameter (described below).
In the absence of force the position of the body, R,
is R = [0, 0, 0]. In the presence of force, R depends
on the force orientation, which is defined by polar
angle θ and azimuthal angle φ (figure 2(c)), such
that F = |F| [sin (θ) cos (φ) , sin (θ) sin (φ) , cos (θ)].
In the presence of a force vector applied to the body, R
is determined by energy balance principles; the total
free energy of the mMTP (G) is defined by the energy
associated with spring extension (Gstretch,i). G can be
represented as:

G = −F · R +

N∑
i=1

Gstretch,i (1)

and R at equilibrium is determined by using gradient
descent (specifically, MATLAB’s fminunc function) to
minimize G.

Gstretch,i is a monotonically increasing function of
ri, which is the end-to-end extension of the ith MTP.
More specifically, Gstretch,i is calculated by integrating
the force-extension curve of the spring with respect
to r. In this work, we calculate the force-extension
curve using an approximation of the worm like chain
(WLC) model developed by Petrosyan [40] (more
details are provided in supplemental note 3 of refer-
ence [15]). Force-extension curve calculations require
the specification of (1) the number of segments per
chain, (2) chain length per segment (h), and (3)

persistence length (P). For low-force TGTs, we used
a chain length of 20 single stranded DNA (ssDNA)
nucleotides (nt) [18]. For high-force TGTs, we used a
hybrid chain length consisting of 20 nt and 25 double
stranded DNA (dsDNA) base pairs (bp) [18]. Based
on literature estimates, we used h = 0.34 nm bp and
P = 53 nm for dsDNA and h = 0.66 nm/nt and P =

1.6 nm for ssDNA. We calculated w by calculating the
Boltzmann average extension from force extension
curve at zero force:

w =

∫ (
r exp (−Gstretch) r2

)
dr∫

(exp (−Gstretch) r2) dr
(2)

with the integrals taken from r = 0 to the contour
length of the chain. These calculation yielded a w
value of 4.6 nm for the low force TGT and 8.7 nm for
the high force TGT.

An mMTP sensor with N force-sensitive units can
exist in a total of 2N possible states. For example: when
N = 1, the single force-sensitive unit can either be
folded or ruptured; when N = 2, there is one state
where both are folded, one where both are ruptured,
and two where one is folded and one is ruptured;
when N = 3, there is one state where all are folded,
one where all are ruptured, three where one is rup-
tured, and three where two are ruptured; and so
on. To simulate Ttol for a given mMTP and (θ, φ)
pair, we consider an ensemble of identical mMTPs
exposed to the same force, and define the fraction
of sensors in each state using a fraction vector f =[
f1, f2, . . . , fj, . . . , f2N

]
, where fj denotes the fraction of

probes in the jth state.
The transitions between states result from force-

dependent rupturing of force-sensitive units. For a
TGT, the kinetic rate constant for bond rupture for
the ith force-sensitive unit (denoted krup,i) can be
represented using the Bell model:

krup,i = k0 exp

(
Gstretch,i

G∗

)
, (3)

where k0 ≈ 10−6 s−1 is the zero-force off rate of the
duplex [41] and G∗ is a characteristic constant spe-
cific to each type of probe. For the low-force (unzip)
and high-force (shear) TGTs we used G∗ = 0.525 and
1.66 because these values produced Ttol = 12 pN and
56 pN respectively when N = 1.

In order to determine Ttol for a given set of θ, φ,
N, and G∗ parameters, we implemented the following
algorithm in MATLAB:

(a) Set |F| = 0.1 pN

(b) For each possible state, calculate R and the
Gstretch,i values using the fmincon function. From
Gstretch,i, calculate krup,i. Use these values to con-
struct a Markov transition matrix (M) with a
timestep Δt = 0.0001 s.

(c) Initialize the fraction vectors with f1 = 1 and fj =

0 for all j > 1.
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Figure 2. Results of simulations of mMTPs with 2 � N � 6 low or high force TGTs. (a) Simulation results of low-force
(unzipping-mode TGTs) mMTPs. Five Ttol maps are shown with the geometry of the corresponding mMTP shown above the map
and to the left. Each map is a hemisphere with black dot showing the points where the x-, y-, and z-axes intersect with the
hemisphere, as well as a black circle showing the intersection between the hemisphere and the x–y plane. The color of each point
on the map denotes the simulated Ttol of the mMTP when pulled with a force vector that is coincident with the point. Each map’s
colorbar is labeled with the minimum and maximum recorded Ttol, rounded to the nearest integer. (b) Same as in subfigure (a),
but for mMTPs with high force (shearing mode) TGTs. (c) Coordinate system showing tilt angle (θ) and azimuthal angle (φ) used
in this work. (d) Plot of T⊥

tol (blue squares) and T‖
tol (orange circles) as a function of N for the mMTPs with low-force TGTs. For

reference, the cooperative and sequential rupture models developed by Williams are shown as dashed and dotted lines,
respectively. (e) The ratio T⊥

tol/T
‖
tol as a function of N for mMTPs with low force (purple triangles) and high force (green

diamonds) TGTs. (f) Same as in subfigure (d), but for mMTPs with high force TGTs. (g) Ttol as a function of φ when θ = 90◦ for
mMTPs with low-force TGTs. (h) Ttol averaged across all φ as a function of θ. (i) and (j) Same as in subfigures (g) and (h), but for
mMTPs with high force TGTs. ∗∗ Suggestion to swap (g) and (h) so that phi plot next to each other and theta plots next to each
other. This way the legend would appear first and then you can lump the φ plots together.

(d) Apply a timecourse to the fraction vector through
matrix multiplication:

f := Mpf , (4)

where p = tobs/Δt = 10 000 for calculations of
Ttol.

(e) Check if f2N < 0.5. If so, increment |F| by 0.1 pN
and repeat steps 2–5.

(f) If f2N � 0.5, then at least half of the probes are
fully opened. At this point, Ttol is calculated by
interpolating between the f2N values calculated at
the current and previous |F| levels to estimate the
force that results in f2N = 0.5.

We repeated these calculations for a representa-
tive set of (θ,φ) combinations. Specifically, we tested
combinations of θ values ranging from 0 to π/2

and φ values ranging from 0 to π/(N + 1) which,
due to periodicity in the set of anchor points, is
equivalent to testing all orientations with non-
negative z-components. We repeated this analysis for
various types of probes with various N values.

To compare the extreme cases of forces that are
perpendicular and parallel to the surface, we define

T‖
tol (for when θ = 90◦, which is calculated by aver-

aging Ttol across all φ when θ = 90◦) and T⊥
tol (for

θ = 0◦). We also define a ratio parameter (T⊥
tol/T‖

tol) to
assess the extent to which the mMTP’s force response
is anisotropic.

To complete our analysis, we simulated mixed-
mMTPs with various combinations of low- and high-
force TGTs. In total we simulated 24 mixed-mMTPs
(1 with N = 2, 2 with N = 3, 4 with N = 4, 6 with
N = 5, and 11 with N = 6), representing all possible
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Figure 3. Ttol maps, as originally depicted in figures 2(a) and (b), are shown for all 24 possible mixed-mMTP designs investigated
in this work. The geometry of each design above and to the left of each hemispherical Ttol map. In these representations,
high-force TGTs are depicted as red circles and low-force TGTs are depicted as blue circles.

geometries when removing designs that are redun-
dant due to symmetry. For these simulations, we sim-
ulated φ values ranging from 0 to 2π because periodic
symmetry is no longer necessarily maintained.

3. Results

We started by simulating Ttol for an mMTP with
N = 3 low force TGTs. As expected, Ttol shows
a substantial orientation-dependence that ranges
from T⊥

tol = 20.2 pN when θ = 0◦ to 14.1 pN when
θ = 90◦. Averaging across all φ values with θ = 90◦

reveals that T‖
tol = 15.1 pN. As such, we found that

T⊥
tol/T‖

tol = 1.41. Setting θ = 90◦, caused force to con-
centrate onto one or two of the springs, resulting in
a low degree of cooperativity that ultimately led to
sequential bond rupture. In contrast, setting θ = 0◦

resulted in equal distribution of load to all three TGTs,
which led to cooperative bond rupture at higher F.

We next repeated these simulations using N val-
ues ranging from 2 to 6 (figures 2(a) and (b)), and

found that T‖
tol and T⊥

tol both increased monoton-
ically with N (figures 2(d) and (f)). T⊥

tol increased
according to the parallel bond rupture model (coop-
erative model) presented by Williams [39], which

maximizes the scaling between Ttol and N. T‖
tol

increased in a fashion that more closely resembled

the sequential bond rupture model (also presented by
Williams [39]), which minimizes the scaling between
Ttol and N due to poor cooperativity between multiple
force sensitive units (figures 2(d) and (f)).

The ratio T⊥
tol/T‖

tol increased monotonically with
N to a maximum of 1.85 and 2.36 for the low and
high-force probes, respectively (figure 2(e)). Further-
more, both types of probes exhibited trends that sug-
gest that increasing N further would result in further

increases in T⊥
tol/T‖

tol.
Both classes of mMTPs (high- and low-force

TGTs) exhibited notable φ-dependence of Ttol in a
manner that reflected the geometry of the probes.
The N = 2 probes exhibited a high-Ttol ‘stripe’
(figures 2(a) and (b)) corresponding to the plane nor-
mal to the axis connecting the two TGTs’ anchor
points. When N � 3 the highest Ttol was recorded in a
single central node at θ = 0◦ with mild φ-dependent
Ttol variations when θ � 0◦ (figures 2(g) and (i)). As
N increased, the dependence of Ttol on φ decreased
(figures 2(g) and (i)).

When averaging with respect toφ all probes exhib-
ited monotonically-decreasing Ttol that decreased in
a decaying exponential fashion (figures 2(h) and (j)).
Together, these results suggest that higher values of N
may be preferable when the intended task is to achieve
θ-dependent anisotropic mechanosensing.
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We observed several notable differences between
the mMTPs with low-force TGTs and the mMTPs
with high-force TGTs. The mMTPs with high-force
TGTs appeared to exhibit a more rapid decay in Ttol

with respect to θ (figures 2(h) and (j)), as well as
larger periodic variations (both in absolute and rel-
ative terms) with respect to φ (figures 2(g) and (i)).

The ratio T⊥
tol/T‖

tol increased more steeply with N for
the mMTPs with high-force TGTs (figure 2(e)), which
appeared to be largely due to high-force mMTP’s
higher adherence to the sequential bond rupture
model at high θ (figure 2(f)) than the low-force
mMTPs (figure 2(d)).

We speculate that most of these differences arise
largely due to the difference in w between the two
types of TGTs (4.6 nm for the low force TGT and
8.7 nm for the high force TGT). Higher w should
result in less cooperativity between the TGTs when
θ > 0◦, which will result in a lower Ttol relative to
T⊥

tol. This last point is evident when considering the
limiting case of w = 0, wherein all force orientations
will result in equal cooperativity and thus equal Ttol.
Higher w may also slightly reduce T⊥

tol by impos-
ing small pre-stresses that reduce the amount of
externally-applied force required to rupture the TGTs
(figure 2(f)), but this effect appears to be minimal.

We next performed simulations of mixed-mMTPs
(figure 3) with combinations of high-force and
low-force TGTs. With a few exceptions, we found
that the Ttol pattern was generally dependent on
the number of high-force TGTs. Designs with one
high-force TGT exhibited a new pattern unique
to the mixed designs, wherein a single high-Ttol,
high-θ node sits opposite the high force TGT’s
anchor point. This pulling geometry appears to pro-
duce increased Ttol because force is highly concen-
trated on the single high-force TGT yet a small
amount of force (too small to drive rupture) is
borne by the low-force TGTs, thus resulting in a
10–20 pN enhancement in Ttol. Designs with two
high-force TGTs exhibited a stripe of high Ttol, sim-
ilar to the pattern for the N = 2 designs described
above. Designs with 3 or more high-force TGTs exhib-
ited nodes at or near θ = 0◦ similar to the non-
mixed probes with N � 3. None of the mixed-mMTP

designed produced T⊥
tol/T‖

tol ratios surpassing the
mMTP with N = 6 high-force TGTs. Together, these
results suggest that mixed mMTPs may be useful for
engineering both θ- and φ-dependence.

4. Discussion

Our simulation results suggest that mMTPs may
be viable as synthetic anisotropic mechanosen-
sors. Currently, MTP-based studies of the role of
anisotropic mechanosensation can be performed by
using supported lipid bilayers to completely elim-
inate resistence to lateral force [3, 42]. mMTPs

may provide a complementary approach that could
better mimic biological scenarios, wherein cells
perform anisotropic mechanosensation on ligands
that are bound to the extracellular matrix.

However, there are practical concerns associated
with experimental implementation of mMTPs. Here,
we briefly consider aspects of mMTP design, synthe-
sis, surface attachment, and interpretation that may
have important practical implications.

mMTP synthesis will require a body that can cou-
ple with multiple MTPs as well as a ligand such
as cyclic arginine–glycine–asparagine (cRGD—an
integrin-binding peptide). One strategy to form an
N = 3 mMTP could be to use the protein strepta-
vidin, which can form high-affinity bonds with up to
four biotin molecules simultaneously, as the mMTP
body. Mixing streptavidin with a molar excess of
biotin-capped MTPs will result primarily in strepta-
vidin molecules that are bound to either 3 or 4 MTPs.
Native gel-based purification could be used to sepa-
rate out the N = 3 subset, which could then be incu-
bated with biotin-cRGD to form mMTPs with N = 3.
Chemical groups such as alkynes or thiols at the bot-
tom termini of the constituent MTPs could then be
used to link the mMTPs to a glass coverslip for cellular
studies. However, the biotin–streptavidin bond is also
subject to force-dependent rupture [11] such that,
when T⊥

tol is high (e.g. for high-force TGTs) the cRGD-
biotin–streptavidin bond may rupture before cooper-
ative rupture of the MTPs. Accordingly, mMTPs with
higher force thresholds or with N > 3 will require
alternative approaches, such as covalent conjugation
[43] to a small molecule body with N + 1 functional
groups.

Using simulations, we have considered ideal sce-
narios wherein mMTP anchor points are uniformly
distributed around a central point. In reality, mMTPs
will exhibit deviations from this behavior that will
result in force loading that is not fully cooperative,
even when θ = 0◦. Furthermore, some fraction of
mMTPs will inevitably be defective, with <N MTPs
properly anchored to the underlying substrate. The
quantification of the effects of these factors using
computational and/or experimental methods will be
critical for correct interpretation of experimental
data.

A potentially problematic aspect of our approach

is that increasing T⊥
tol/T‖

tol also increased T⊥
tol

in all cases simulated. The study of anisotropic
mechanosensors that operate in relatively low force
ranges (for example, CD8+ mouse T cells transmit
force in the 12–19 pN range through their TCRs
[25, 34, 44]) may require alternative designs. One
potential solution is to use mMTPs with very low
force TGTs that use nucleosome unwrapping [45],
rather than duplex rupture, as the force dependent
process to achieve Ttol = 4 pN. Our simulations are
also limited in their method of calculating Ttol; we

6



Phys. Biol. 18 (2021) 034001 A T Blanchard and K Salaita

assumed that forces applied to mMTPs were time-
invarient, but in biologically-relevant contexts force
are dynamic. In future work, it may be necessary
to investigate the dependence of Ttol for mMTPs
on force loading rate. However, we expect that the
general trends observed in this work will remain
unchanged.

Another trend that could be investigated in future

work is the effect of spacer length on T⊥
tol/T‖

tol. Gen-

erally, we expect T⊥
tol/T‖

tol to correlate with w/ |R|.
For mMTPs with unzipping mode TGTs, w would
approach zero as spacer length approached zero, while
for shear-mode mMTPs w would approach the length
of the TGTs’ DNA duplexes. For long spacer lengths,
we expect that w would increase sub-linearly with
spacer length (due to the inherent characteristics of
WLCs) while |R| would approach linear scaling with
increasing spacer length. Therefore, we expect that

T⊥
tol/T‖

tol may exhibit a nonzero maximum for mMTPs
with unzipping-mode TGTs and decrease monotoni-
cally for mMTPs with shear mode TGTs.

In conclusion, mMTPs are promising examples
of synthetic anisotropic mechanosensors. Our sim-
ulations demonstrate how multivalency can be used
to engineer anisotropic mechanosensation de novo.
In future works, we aim to develop mMTPs and
leverage them to reveal unique properties of recep-
tors such as the TCR and integrins, and to reveal
fundamental biophysical aspects of receptor–ligand
interactions.
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