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Mechanically Triggered Hybridization Chain Reaction

Yuxin Duan, Roxanne Glazier, Alisina Bazrafshan, Yuesong Hu, Sk Aysha Rashid,
Brian G. Petrich, Yonggang Ke,* and Khalid Salaita*

Abstract: Cells transmit piconewton forces to receptors to
mediate processes such as migration and immune recognition.
A major challenge in quantifying such forces is the sparsity of
cell mechanical events. Accordingly, molecular tension is
typically quantified with high resolution fluorescence micros-
copy, which hinders widespread adoption and application.
Here, we report a mechanically triggered hybridization chain
reaction (mechano-HCR) that allows chemical amplification
of mechanical events. The amplification is triggered when a cell
receptor mechanically denatures a duplex revealing a cryptic
initiator to activate the HCR reaction in situ. Importantly,
mechano-HCR enables direct readout of pN forces using
a plate reader. We leverage this capability and measured
mechano-ICs, for aspirin, Y-27632, and eptifibatide. Given that
cell mechanical phenotypes are of clinical importance, mecha-
no-HCR may offer a convenient route for drug discovery,
personalized medicine, and disease diagnosis.

Introduction

The vast majority of cells dynamically generate mechan-
ical forces through the polymerization/depolymerization of
their cytoskeletal proteins. These forces are transmitted
across the plasma membrane through transmembrane recep-
tors, such as the integrin adhesion receptors, to mediate
processes including migration, immune recognition, and
differentiation.l"! Interestingly, adhesion receptors not only
transmit forces, but also detect the magnitude of tension
corresponding to the physical cues presented by other cells
and the extracellular matrix.”!' Such forces are at the
piconewton (pN) scale, and for reference, ~7 pN applied
over a distance of 1 nm is approximately 1 kcalmol ', which is
diminishingly small and difficult to detect and investigate. Not
only is measuring such forces of fundamental importance for
understanding mechanisms of mechanotransduction, me-
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chanics has also been shown as a diagnostic marker of cell
state in a variety of pathologies."”! For example, Sniadecki and
colleagues found that the magnitude of traction forces
generated by platelets from patients suffering from trauma
was predictive of bleeding risk.’* Diminished platelet con-
tractile forces are also reported by Lam and colleagues in
patients with chronic bleeding symptoms.*® Thus, the devel-
opment of molecular technologies to detect the pN forces
transmitted by adhesion receptors can provide robust tools
for clinical assays.

Molecular tension sensors provide a powerful method to
detect the pN forces generated by cell receptors.!! The first
molecular tension sensors to detect cell receptor forces were
described in 2011 and used an immobilized PEG polymer that
was flanked with a fluorophore and quencher to optically
detect receptor forces that drive stretching of the polymer.™*!
Over the past decade, a suite of different classes of tension
sensors comprised of nucleic acids,® proteins,”’ and poly-
mersP have been reported and applied to the study of
a variety of mechanotransduction pathways, ranging from
T cell® and B cell antigen recognition’ to cell adhesion® and
platelet activation (Table S1 and S2).1"

Because receptor-mediated forces are highly transient
(~milliseconds to 10s of seconds), weak (= pN), and fairly
rare events (compared to ligand-receptor binding), these
signals are difficult to quantify.'**! One solution to this
problem is to employ tension probes that irreversibly
generate a fluorescence response to the pN input. The tension
gauge tether (TGT) was originally developed by Ha and
colleagues to control the forces transmitted by cells,"! but
later it was found that these probes could be modified with
a fluorophore and quencher pair to report on the peak forces
applied by cell surface receptors.'” The TGT is simply
comprised of a DNA duplex, with one oligo anchored to the
surface and the second oligo presenting a ligand specific to the
receptor of interest. When the transmitted force exceeds
a threshold value, called tension tolerance (7,), the duplex
mechanically denatures, leading to de-quenching of the dye
and generating a fluorescence signal proportional to the total
number of accumulated mechanical events over time.*'”
Nonetheless, the density of mechanical events is typically
~ 100 events/um>* ! Given the size of a typical mammalian
cell of 100s of pm?, at best each cell can generate a fluores-
cence signal corresponding to ~10°-10* fluorophores, which
is difficult to quantify. Indeed, TGT signal quantification
requires microscopes equipped with high NA objectives and
single photon counting EMCCDs. Therefore, the instrumen-
tation requirement hinders the widespread adoption of
molecular tension probes for many applications including
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high- and medium-throughput drug and cell screening, as well
as integrating such assays into clinics.

Limited signal in bioanalytical chemistry is typically
addressed by using enzymes such as horseradish perox-
idase,™ DNA polymerases, and more recently CRISPR
nucleases (Cas12a and Cas13a) in assays such as ELISA and
PCR.™ These types of catalytic amplification assays have
transformed modern biochemistry and are the cornerstone of
the vast majority of clinical diagnostics. Developing amplifi-
cation reactions that boost the signal generated by molecular
tension probes is therefore highly desirable for mechanobi-
ology and may open the door toward new areas, such as
“mechanopharmacology” and “mechanodiagnostics” that can
be potentially personalized using primary cells derived from
patients.

Herein, we integrate the hybridization chain reaction
(HCR) with molecular tension probes to generate a signal-
amplification assay for readout of cell forces. HCR is an
isothermal and enzyme-free reaction originally developed by
Pierce and colleagues.® In HCR, two partially self-comple-
mentary hairpin oligonucleotides are designed with a large
kinetic barrier to hybridization. The assembly of the two
hairpins requires opening of one of the hairpins to propagate
the formation of the DNA polymers, and this initiation is
triggered by a toehold-mediated displacement reaction with
a short DNA strand called the initiator (Z, Figure 1 A). In
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Figure 1. Validation of HCR using soluble and surface-anchored initia-
tor. A) Schematic showing the different domains of H1, H2, and | that
mediate the formation of HCR polymers. Small red star: Cy3B dye.

B) Agarose gel image of HCR product with different hairpin-to-initiator
ratio. Lanes from left to right: DNA ladder, 1:10 ratio, 1:1 ratio, 2:1
ratio, 10:1 ratio, 100:1 ratio, no initiator, and H1 only. 90 min reaction
time, at RT, in 150 mM NaCl using [H1]=1 pM. C) Schematic of
surface-initiated HCR. D) Plot of time-dependent fluorescence intensity
measured using fluorescence microscopy of surface polymerized H1
and H2-Cy3B. Error bar represents S.E.M. obtained from three
independent experiments. The intensity of each surface at each time
point was determined from 12 images randomly selected from differ-
ent regions. The black line represents a pseudo-first order fit to
Fl(t)=A(1—e™.
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Scheme 1. The mechanically triggered hybridization chain reaction
(mechano-HCR). A) Schematic showing the triggering mechanism to
reveal a cryptic initiator that leads to local growth of a DNA polymer
from two hairpin monomers (H1 and H2). In our work, the initiator is
tagged with Atto647N while H1 and H2 are tagged with Cy3B.

B) Idealized free energy landscape of mechano-HCR showing the
transition from state 1 (blocked initiator, H1 and H2) to state 2
(exposed initiator, H1, and H2), and finally to the thermodynamic
minimum state 3 with polymerized monomers. Theoretically, the
barrier between 1 and 2 must be large and mechanical forces that
denature the top strand are needed to lower this barrier (akin to

a catalyst) and accelerate the rate of reaction by orders of magnitude.

mechano-HCR, the initiator is concealed and blocked by
a complementary strand that is conjugated with a ligand to the
receptor of interest. As is shown in Scheme 1A, a DNA
duplex is formed between a top strand conjugated to the
ligand cyclo-Arg-Gly-Asp-Phe-Lys (cCRGDfK) and a bottom
strand anchored to the surface. When cells are seeded,
membrane receptors such as integrins bind to the cRGDfK
ligand on the duplex and apply forces. Forces that exceed the
T\, mechanically rupture the DNA duplexes, exposing the
bottom strand (initiator) for triggering the HCR (Sche-
me 1B). Subsequently, hairpin 1 (H1) and hairpin 2 (H2) are
added to the well for HCR amplification (Supporting
Information, Table S3 for DNA sequences).'”! Because the
HCR polymerization reaction is fully compatible with cell
culture media, the cells remain active during the amplification
process. Importantly, the quantification of the mechano-HCR
products can be achieved either by direct imaging with
a fluorescence microscope or by using a plate reader. Because
measuring cell traction forces can be performed in a multi-
well plate, mechano-HCR allows one to screen many differ-
ent cells that are subjected to different concentrations of
drugs that can modulate cell mechanics. We demonstrate the
potential significance of mechano-HCR by screening the
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activity of three drugs with anti-coagulation activity: aspirin,
eptifibatide, ROCK-inhibitor. We find a high level of agree-
ment between published ICy, (half-maximal inhibitory con-
centration) of these drugs and their mechano-ICs, measured
by mechano-HCR. Therefore, this assay represents an
important step toward rapid and automated screening of
drugs that modulate cell mechanics.

Results and Discussion

To validate the activity of the HCR reaction, we used gel
electrophoresis to detect polymerization products. We tuned
the initiator concentration (from 0.01 to 10 uM) while
maintaining a monomer hairpin concentration of 1 uM. The
reactions were allowed to proceed in 150 mM NacCl for 1.5 h
at room temperature (RT). Gel electrophoresis showed that
decreasing initiator concentration produces longer HCR
products, as anticipated, and the leakage rate of polymeri-
zation without initiator was minimal (Figure 1B). We also
found that the HCR polymerization proceeds in cell culture
medium with no significant change in reaction rate (Fig-
ure S1). Considering that immobilization of initiator imposes
a steric constraint, we therefore studied the kinetics of HCR
when the initiator was immobilized on a surface. In this assay,
biotinylated single-stranded initiators were incubated on
surfaces coated with streptavidin (Figure 1C). We tested
different initiator incubation concentrations and found that
the surface density of initiator reached maximum coverage
when incubated at 100 nM for 1 h (Figure S2). We then used
a quantitative fluorescence calibration employing supported
lipid bilayer standards to determine the initiator surface
density."®! The result showed that the 100 nM incubation
concentration led to an initiator density of 1330 -+ 60 mole-
cules/um” while the 20 nM concentration produced a density
of 260 + 30 molecules/um* (Figure S3). To trigger the HCR
reaction, we added 62.5 nM of H1 and Cy3B-labeled H2 and
imaged the surface at different time points (Figure S4). We
next fit the rate of polymerization to a pseudo-first order
reaction using these fluorescence—time plots and found that
the surface HCR t,,=1.64+0.3 h (R*=0.9942, t,, is the time
needed to achieve half-maximum signal) when the initiator
density equals 1330 molecule/um? (Figure 1D). The t,, in-
dicated that a reaction time of 2 h for the live-cell mechano-
HCR assay would be appropriate for sufficient signal
amplification while limiting the total time of the assay.

We next applied the mechano-HCR assay to detect
integrin-mediated forces applied by live cells. Integrin
adhesion receptors are a family of heterodimeric receptors
that span the plasma membrane and bridge the cellular
cytoskeleton with the extracellular matrix (ECM) to mediate
many processes including cell migration, adhesion, and
immune recognition. Our past work, as well as the work of
others including Ha and Wang, has showed that integrin
receptors apply pN forces that are sufficient to mechanically
denature DNA duplexes.'™!”] Hence, measuring integrin
forces within cell adhesions is an appropriate model to
validate the mechano-HCR assay.

© 2021 Wiley-VCH GmbH

Firstly, we designed two types of DNA duplexes that have
identical sequences and thermal melting temperatures, but
different geometries and mechanical tolerance (Fig-
ure 2A).M" In the unzipping geometry, mechanical forces
denature the duplex, one base at a time, with a predicted
T\=12 pN, while in shearing geometry the duplex is more
mechanically stable and has a predicted T, =60 pN.?") The
cRGDIfK ligand which has a high affinity to the o,f3; integrin
(Kp =1.3x107° MP!) was conjugated to the DNA duplex via
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Figure 2. Mechano-HCR for live-cell mapping of cell traction forces.

A) Schematic of DNA duplex with cryptic initiator used to study
integrin-mediated forces. B) Representative RICM and fluorescence
images of cells cultured on T,;;=12 pN and T,,;=60 pN surfaces
before and after HCR amplification. Scale bar=12 pm. The magenta
color is emission from Atto647N tagging the initiator while the red
channel shows the Cy3B emission from H1 and H2 following HCR.
The intensity bar next to each fluorescence image shows the absolute
signal intensity for each image. C) Plot of line scan and zoom in of the
ROI from (B). Scale bar=10 pm. D) Bar graph shows S/N of mecha-
no-HCR and initiator rupture signal. Error bars represent S.E.M. from
36 cells in n=4 independent experiments. E) Plot of fluorescence
intensity of mechano-HCR using probes in the unzipping and shearing
geometries. Error bars represent S.E.M. from 36 cells in n=3 inde-
pendent experiments (*¥*** p <0.0001, student t-test).
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copper(I)-catalyzed azide—alkyne cycloaddition. HPLC, aga-
rose gel electrophoresis, and MALDI-TOF characterization
of the products confirm successful conjugation (Figure S5).
cRGDfK-conjugated and fluorophore-quencher-tagged DNA
duplexes were then immobilized onto the surface. Note that
piranha etching of the glass slide is critical as slides activated
using other protocols (base etching and plasma etching)
showed high background and low reproducibility. NIH/3T3
fibroblast cells were then seeded on these surfaces for 1 h. As
expected, we observed an increase in fluorescence signal for
the 12 pN and 60 pN probes due to mechanical denaturation
of the duplex (Figure 2B). We next added the H1 and H2
hairpin monomers to fuel the HCR and allowed the reaction
to proceed for 2 h. After rinsing away the excess monomers,
we observed strong HCR signals at the 2h time point
(Figure 2B). We found that the probes in the unzipping
geometry were more significantly denatured compared to
shearing mode probes (60 pN), in agreement with literature.
Importantly, the 12 pN unzipping mode probes also generated
a greater HCR signal, reflecting the greater density of
exposed initiator (Figure 2E, Figure S6).

To demonstrate real-time tracking of the growth of
mechano-HCR signals, we applied total internal reflection
fluorescence microscopy (TIRF). As is shown in Figure S7,
the mechano-HCR signal increased as a function of time and
plateaued at ~3-3.5h. The real-time amplification of the
HCR signal for one representative cell is provided in
Supplementary Movie 1. Note that in our live-cell experi-
ments, we did not notice significant steric hindrance of
mechano-HCR (Figure S8).

Line scan analysis of representative regions of interest
from different cells (Figure 2 C) confirms that the mechano-
HCR signal and probe rupture signals are highly colocalized,
based on the measured Pearson’s correlation coefficient of
0.80 £0.08 (n =40 cells). However, the mechano-HCR signal
is not perfectly colocalized with the initiator exposure signal
in the fluorescence images. There are likely three reasons for
the discrepancy. First, mechanical events that lead to un-
blocking of the initiator accumulate continuously over the 2 h
duration and hence mechanical events that occur earlier in
time lead to greater amplification. Second, HCR polymeri-
zation is inherently heterogeneous and generates polymers
with significant polydispersity as recently discussed by Figg
and colleagues.”” Third, regions with limited number of
duplex ruptures may only be detectable using mechano-HCR
but not with exposed initiators.

To test whether single z-slice imaging can capture the
majority of HCR signals, we next acquired z-stack images of
mechano-HCR and DNA duplex rupture signal with a con-
focal microscope. As is shown in Figure S9 and Supplemen-
tary movie 2, the majority of HCR and duplex rupture signals
are located next to the interface, indicating single Z-slice
imaging is suitable for mechano-HCR quantification.

One important figure of merit when employing amplifi-
cation strategies in analytical sensing is the signal-to-noise
ratio (S/N) of the amplified signal. To quantify this value, we
directly compared the S/N of the mechano-HCR and initiator
unblocking signals. By using the standard deviation of the
background (regions outside of the cell) as the “noise” and
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quantifying the fluorescence under the cell as the signal, we
estimate that the mechano-HCR S/N =890 + 105 (n =36 im-
ages), which is much greater than the S/N for the probe
denaturation signal=89+9 (n=36) (Figure 2D). Control
DNA duplexes with no cRGDfK ligands incubated with cells
and hairpins did not show significant initiator exposure or
mechano-HCR signal (Figure S10). To verify the specificity of
mechano-HCR to adhesion complexes, GFP-vinculin mouse
embryonic fibroblasts were cultured on these surfaces and
probed using our mechano-HCR assay. In these experiments
we found a high degree of localization between focal
adhesions (GFP) and the mechano-HCR signal based on
the measured Pearson’s correlation coefficient of 0.81 +0.05
(n=15cells from 3 independent experiments, Figure S11).
These results further confirm that the mechano-HCR readout
can be used to detect and amplify integrin-mediated tension
in live cells and that this signal localizes to active focal
adhesions in cells. Another potential merit of mechano-HCR
is that mechano-HCR can be combined with super-resolution
techniques including super-resolution radial fluctuations
(SRRF) to improve the resolution of images (Figure $12).1%!
We used SRRF because it offers high speed and live-cell
compatibility and is fairly simple to implement without any
hardware modification to a conventional wide-field micro-
scope.

Given that integrin tension plays important roles in cell
function, assays that can quantify the molecular traction
forces of cells in a rapid fashion are desirable. One can
envision applications for mechano-HCR in screening dose—
response curves for drugs that modulate cell mechanics.? To
achieve these goals, we first validated the mechano-HCR
assay by plating an escalating density of NIH/3T3 cells in
96 well plates and measured the associated signal in each well.
We expected the mechano-HCR signal to linearly increase as
a function of cell density until the surface is fully covered with
cells. In these experiments, we measured the exposed initiator
density and compared this to the mechano-HCR signal using
a fluorescence microscope. We chose the 12 pN duplex probe
in the following experiments because the unzipping probe
generates greater signals for both NIH/3T3 cells and mouse
platelets, and hence facilitates readout in a plate reader
(Figure S6). We found a highly linear relationship between
the density of initiator sites (ruptured duplexes) and the final
HCR signal (Figure S13). Because of the strength of the
mechano-HCR signal, we next were able to measure the
signal using a conventional plate reader. In agreement with
the microscopy data, the bulk plate reader data showed
a linear relationship between the number of plated cells and
the fluorescence signal up to saturating cell densities (cell
number ~20000/32 mm?, Figure 3 A,B). Importantly, amplifi-
cation was critical, as the probe rupture signal (Atto647N)
was not detectable above the background using the plate
reader, thus demonstrating that the relatively low S/N ratio of
that readout is insufficient for automated plate reader
analysis (Figure S14).

We next tested the potential of using mechano-HCR in
screening the dose-response function for different small
molecules that target cell mechanics. We first investigated the
Rho kinase inhibitor, Y-27632, which targets the phosphor-
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Figure 3. Mechano-HCR to detect cell forces using a plate reader. A) Schematic and plot showing plate reader mechano-HCR signal as a function
of the number of cells seeded. A 96 well plate was used for these measurements. Error bar represents S.E.M. from 4 independent experiments,
the individual experiments are shown as small red dots while the mean is indicated by black squares. The values were normalized to the signal
obtained from the 25000 cells/well samples. All measurements were background-subtracted using negative control wells lacking cells. There is

a strong correlation between the number of cells plated and the mechano-HCR signal. Note that at cell numbers greater than 20000, the signal
plateaus. B) Representative bright field (10x objective) and mechano-HCR fluorescence (100x objective) from 96 well plates used to measure the
signal as a function of cell number. C) Schematic and plot of plate-reader-measured mechano-HCR signal as a function of Y-27632 concentration.
Drug was incubated for 30 min prior to seeding. Error bar represents S.E.M. from 3 independent experiments. Mechano-ICs, was calculated by
fitting plot to a standard dose—response function: normalized signal =100/ (1 + [drug]/ICs,). The values were normalized to the signal obtained
from the 20000 cells/well samples without drug treatment. All measurements were background-subtracted using negative control wells lacking
cells. D) Representative RICM and initiator rupture (magenta) and mechano-HCR (red) fluorescence images from wells used in dose-response

measurement. Scale bar=12 um.

ylation of myosin light chain®' and thus is known to dampen
forces transmitted by focal adhesions. We pretreated NIH/
3T3 cells with a range of Y-27632 concentrations (0-100 uM)
for 30 min.""! The treated cells were then plated on 96 well
plates presenting the 12 pN DNA duplex for 1 h, which was
followed by mechano-HCR amplification and readout. We
were satisfied to see that the mechano-HCR signal showed
a dose-dependent reduction in intensity as a function of
increasing ROCK inhibitor concentration (Figure 3C,D),
indicating that plate-reader-based mechano-HCR readout
reported cell traction forces modulated by MLC inhibition.
By fitting the data to a standard dose-response inhibition
function (signal =100/(1+ [drug]/ICs,)), we found that the
mechano-IC5y=7.7 uM (95 % CI=5.8-10.2 uM), which is in
agreement with the reported ICsy~5 uM that was obtained
with cell morphology and kinase assays.®! We plotted the
fluorescence intensity obtained from microscopy imaging in
these experiments in Figure S15. A two-way ANOVA anal-
ysis was performed to compare the plate reader and the
microscopy normalized mechano-HCR signal, which showed
no significant difference between these two modes for
measuring the dose-response curve.

Finally, to demonstrate mechano-HCR dose-response
screening of drugs in primary cells, we investigated the
mechanical signal of platelets under the influence of different

19978 www.angewandte.org
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antiplatelet drugs. Platelets are well suited for this type of
screen because contractile forces are central in the function of
platelets in resisting blood shear flow and in mechanically
sealing off wound sites. Several platelet receptors such as
glycoprotein Ib and integrin adhesion receptors have been
identified as mechanosensors that mediate these functions.””
Moreover, abnormal force generation in human platelets is
related to clotting disorders which can be mediated by genetic
mutations as shown by Lam and colleagues™! as well as
trauma-induced coagulopathy as demonstrated recently by
Sniadecki et al.’¥l Therefore, rapid detection of platelet
tension may offer new tools for diagnostic screening. We
tested three drugs that target platelet coagulation function:
ROCK inhibitor Y-27632, which inhibits MLC phosphoryla-
tion (as described above), integrin oy,; antagonist eptifiba-
tide, an FDA approved anti-clotting drug,”® and aspirin,
which inhibits the activity of cyclooxygenase (COX) and
prevents formation of thromboxane A2 and thus functions as
an anti-coagulation agent.”” In these experiments, we incu-
bated purified mouse platelets with each drug at room
temperature for 30 min. Then we plated 2x10° mouse
platelets in each well for 1h and then performed the
mechano-HCR assay. At the completion of the assay, and
for each drug concentration tested, we measured the 12 pN
duplex rupture signal (Atto647N) as well as the mechano-
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Figure 4. Using mechano-HCR to determine mechano-ICs, of platelet inhibitors. (A), (C), and (E) show representative RICM and initiator duplex
rupture (magenta) and mechano-HCR (red) fluorescence images of mouse platelets that were treated with the ROCK inhibitor Y-27632,
eptifibatide, and aspirin, respectively. Cells were treated with each drug for 30 min prior to mechano-HCR. Scale bar=12 um. 2x10° cells were
seeded in each well. (B), (D), and (F) show plots of normalized mechano-HCR signal as a function of Y-27632, eptifibatide, and aspirin
concentration, respectively. Error bar represents S.E.M. from n=3 independent animal samples for plate reader readout, and n=30 cells from
three independent animal samples for imaging-based readout. The values were normalized to the signal obtained from the 2x10° cells/well
samples without drug treatment. All measurements were background-subtracted using negative control wells lacking cells. Mechano-ICs, was
calculated by fitting plate reader tension readout to normalized signal =100/(1+[drug]/ICs). The red data points are the mechano-HCR signals
measured using a plate reader while the green data points were obtained using a fluorescence microscope from individual platelets.

HCR signal (Cy3B) using both plate reader and high-
resolution fluorescence microscopy. For all the compounds
tested, we observed a dose-dependent decrease in the 12 pN
duplex rupture in microscopy images (magenta color in
Figure 4 A,C,E). Imaging of the same regions of interest in the
mechano-HCR channel showed nearly identical signal pat-
terns (red color in Figure 4 A,C,E) based on the measured
Pearson’s correlation coefficient of 0.76 +0.07 (n =30 cells
from 3 independent experiments). The agreement between
these two fluorescence channels confirmed that mechano-

HCR robustly amplified the density of initiator that was
mechanically exposed by platelets.

We next took these same 96 well plates and measured the
signal in the Cy3B channel using a conventional plate reader
and this intensity was plotted alongside the average intensities
obtained from optical microscopy (Figure 4 B,D,F). The plots
for each dose-response curve represent the signal averaged
from n=3 animals. The unamplified 12 pN DNA duplex
rupture signal in the Atto647N channel was not detectable. As
expected, the plate reader signal reflected the microscopy
data and showed a dose-dependent decrease in the intensity
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for each well. A two-way ANOVA analysis comparing the
plate reader and the microscopy mechano-HCR signal
showed no significant difference between these two modes
for measuring the dose-response curve. Furthermore, the
difference in signal intensity between different doses tested
was statistically significant regardless of the readout mode
(P <0.0001). By fitting the dose-response plots from the plate
reader, we determined that the mechanical I1Cy, values for Y-
27632, eptifibatide, and aspirin were 1.6 uM (95 % CI=0.98-
2.5 uM), 3.2 uM (95 % CI=2.6-3.8 uM), and 0.07 mM (95 %
CI=0.06-0.09 mM), respectively. These values were found to
be similar to reported ICs, values in the literature (1 uM for Y-
27632, 5.7 uM for epitifibate,*" and 0.04 mM for aspirin®*').
This agreement is impressive given that the literature assays
are fundamentally different and were inferred from platelet
shape change or aggregation measurements. Table S5 sum-
marizes the different methods used to determine literature
1C5, values for these inhibitors. It is important to note that the
plate reader readout is orders of magnitudes more rapid
compared to the microscopy-based measurement, as the
latter requires the acquisition of hundreds of images that then
further require masking and image analysis to determine the
signal intensity from each cell. Second, microscopy data is
markedly more heterogenous both when comparing between
cells in the same well and when comparing cells in different
wells (Figure 4 and Figure S16). Of course, the plate reader
instrument is significantly less sensitive as a detector, but it
has the inherent advantage of averaging the intensity from
millions of cells in each well, thus averaging the heterogeneity
in signal caused by fluctuation in probe surface density and
cell state. Although the sample preparation and cell incuba-
tion required ~3 h to complete, the mechano-HCR plate
reader readout for 6 different drug concentrations required
less than 1 min. Therefore, this type of amplification and
readout strategy represents an important milestone in en-
hancing the speed of data acquisition for characterizing cell
traction forces.

Conclusion

In summary, we demonstrated that HCR can be triggered
using a molecular biophysical event that exposes a cryptic
initiator. While the HCR assay is widely used in mRNA
detection in cells and tissue,™ our work here represents the
first example of using this amplification strategy for the
quantification of specific pN events mediated by cell surface
receptors. We applied the mechano-HCR assay to investigate
the integrin receptor forces in fibroblasts and platelets, and
showed that this readout offers approximately one order of
magnitude enhancement in S/N when compared to direct
quantification of duplex rupture. As a result of this enhanced
signal, we showed the ability for direct readout of integrin
tension using a conventional plate reader without having to
employ high-magnification EMCCD-equipped fluorescence
microscopy. Importantly, this capability enabled screening of
the traction forces generated by different cells and their
response to drug treatment on a plate reader instrument in
a rapid manner. The mechano-HCR signal is linearly propor-

© 2021 Wiley-VCH GmbH

tional to the density of cells at lower cell densities, and this
signal plateaus as cells reach confluency. We also determined
the mechano-IC;,, defined here as the concentration of drug
that diminishes integrin traction forces by 50%, for two
representative cell models—NIH/3T3 fibroblasts, mouse
platelets—and tested responses of different classes of drugs
such as ROCK inhibitor, eptifibatide, and aspirin. The
measured ICs, of each inhibitor closely agreed with reported
values obtained using indirect methods that measure secon-
dary signals and cell morphology. Currently, the gold standard
for measuring platelet function employs aggregation assays
which are highly sensitive and are used in the clinic.**! The
mechano-HCR assay offers a complementary and potentially
more direct method of screening cell function by measuring
receptor forces. This assay could also be useful in evaluating
therapeutics for other diseases of altered cellular contractility,
such as asthma and cardiomyopathies.® Moreover, the
ability to conduct readout using a fluorescence plate reader
may offer more convenient and accessible readout. Also note
that because of the isothermal and enzyme-free conditions
used for HCR, the mechano-HCR assay carries advantages in
sample preparation and reagent storage when compared to
enzyme-catalyzed amplification such as mechanically induced
catalytic amplification reaction.’ This feature allows poten-
tial integration of mechano-HCR with automated plate
washers and plate imagers for higher throughput and
automation. Note that mechano-HCR reflects the traction
forces present at earlier time points because of the kinetics of
HCR. Assays such as the “exchange-mechano-HCR assay”,
where the hairpin monomers are barcoded with different dyes
and washed into the sample periodically, may offer the ability
to time-stamp the mechano-HCR signals. Furthermore,
advances in HCR, such as controlled HCR,? branched
HCR,F! and FRET HCR,® suggest future directions to
improve mechano-HCR S/N, convenience by reducing wash
steps, and other advantages in simplifying quantification to
address the challenge. Finally, mechano-HCR offers impor-
tant potential in the adoption for applications such as
medium-throughput drug and cell screening in both biological
research and clinics.
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