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Nuclease-Resistant L-DNA Tension Probes Enable Long-Term Force
Mapping of Single Cells and Cell Consortia

Soumya Sethi, Tao Xu, Aritra Sarkar, Christoph Drees, Claire Jacob, and Andreas Walther*

Abstract: DNA-based tension probes with precisely
programmable force responses provide important in-
sights into cellular mechanosensing. However, their
degradability in cell culture limits their use for long-term
imaging, for instance, when cells migrate, divide, and
differentiate. This is a critical limitation for providing
insights into mechanobiology for these longer-term
processes. Here, we present DNA-based tension probes
that are entirely designed based on the stereoisomer of
biological D-DNA, i.e., L-DNA. We demonstrate that
L-DNA tension probes are essentially indestructible by
nucleases and provide days-long imaging without signifi-
cant loss in image quality. We also show their superiority
already for short imaging times commonly used for
classical D-DNA tension probes. We showcase the
potential of these resilient probes to image minute
movements, and for generating long term force maps of
single cells and of collectively migrating cell populations.

Cells constantly sense and respond to a vast number of
physical stimuli within the extracellular matrix. Mechano-
transduction is the process whereby mechanical signals are
transduced into biochemical signals to regulate cell fate.!"
Mechanotransduction pathways are mediated by interac-
tions between cell surface receptors and the cell cytoskele-
ton. Numerous cell surface receptors such as integrins,”
cadherins,” notch,* tyrosine kinases'® etc. bidirectionally
transmit forces to their respective ligands on the extracel-
lular matrix. Such receptor-ligand interactions generate
piconewton forces (pN) as cells transverse the extracellular
matrix.! Mechanobiology plays an integral role in cellular
processes such as cell migration, cell division, wound
healing,® stem cell lineage guidance,” differentiation, as
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well as patterning and organization of germ layers during
embryonic development.'”’ These remarkably complex and
multicellular processes span over multiple days, and the role
of mechanotransduction in these phenomena at a molecular
level remains largely unexplored.

Over the past decade, DNA-based molecular tension
probes have paved the path for understanding the complex-
ities of cellular mechanotransduction.” Such probes typi-
cally contain a DNA duplex and a judiciously placed
fluorophore and quencher pair, as well as a cell surface-
receptor ligand, such as RGD for binding to integrins.
Depending on the geometry, most prominently zipper, shear
or peel-off,!"! the force for rupture can be engineered from a
few pN to ca. 70 pN.I"! Cellular tension forces can thus be
measured by direct appearance of fluorescence signals. The
probes can either be designed for an irreversible
(duplex)! ! or reversible (hairpin)7?! force detection,
allowing to map cellular traction forces in real time. Similar
probes can also be integrated into hydrogels to design
mechano-reporting materials.™!

Despite many advances in DNA-based tension probes,
they suffer from the major drawback that typical cell culture
environments contain nucleases that degrade DNA. More
specifically, these enzymes degrade the biological stereo-
isomer of DNA, that is D-DNA. This critically limits the
overall lifetime of tension probes and compromises signal
quality (signal-to-noise) early on. Fetal bovine serum
(FBS)—the gold standard supplement for cell culture—
contains greater than 256 U/L equivalent of DNase 1
activity,” as well as other nucleases.”> " FBS is important
to maintain cell phenotype and cell growth, and remains
hard to avoid. This nuclease activity restricts cellular force
mapping to only short periods of time, and even nuclease
inhibitors perform poorly, thus impeding the study of force
generation in various important long-term phenomena like
cell migration, division, and differentiation. Consequently,
current D-DNA based probes are restricted to single cell
mechanobiology studies at comparably short time scales. To
delve further into new realms of mechanobiology, nuclease-
resistant and stable probes are needed.

Here, we introduce L-DNA mechanoprobes, based on
the non-biological stereoisomer of D-DNA, that are remark-
ably bioinert and resistant to nucleases. These probes can
sustain cell culture environments for several days without
visible degradation. We also show that even during short-
term measurements, presently used in mechano-profiling of
cells, L-DNA presents critical advantages in imaging without
extensive background subtraction. We further demonstrate
that DNA based probes can map forces of cell consortia.
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We also discuss their applicability for studying mechano-
transduction during important cellular behaviors like mem-
brane ruffling, cell division, and collective cell migration.
Building on the knowledge of zipper-type DNA
mechanoprobes,/”’ we designed L-DNA tension probes that
we anchored via biotin-neutravidin chemistry to surfaces
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Figure 1. Scheme depicting DNA-based probes interacting with cells.
Biological D-DNA probes degrade rapidly by nuclease action in cell
culture environments whereas the non-biological stereoisomer L-DNA
probes are highly resistant.
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(Figure 1). We specifically opted for L-DNA and not other
types of locked nucleic acids™ or also peptide nucleic acids,
as the stereoisomer of biological D-DNA follows exactly the
same physics regarding mechano-activation as the biological
D-DNA sister. Hence, forces can be predicted using known
relationships, and even simulations based on D-DNA can be
run based on known force fields™?" and directly translated
to our L-DNA systems (Figure 2a).

We first investigated the stability of L-DNA versus
D-DNA probes in solution by studying the degradation
kinetics of fluorophore/quencher pair-containing L-DNA
and D-DNA duplexes in cell culture media containing 10 %
FBS at 37 °C. Figure 2b clearly depicts that D-DNA under-
goes rapid degradation, as seen by the fluorescence increase
within the first few hours. It is fully degraded within one
day. In contrast L-DNA is highly stable for days, here
measured for 72h. We also assessed the stability of a
fluorophore-containing L-DNA immobilized under typical
conditions on a microscopy slide (Supporting Information
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Figure 2. Comparison of D-DNA versus L-DNA tension probes. (a) Scheme illustrating the degradation of D-DNA and stability of L-DNA probes in
the presence of nucleases present in cell culture medium. The tension probe in this case is in unzipping geometry with 12 pN unzipping force.
(b) Degradation kinetics of fluorophore/quencher pair-containing L-DNA and D-DNA duplexes in cell culture media at 37 °C (n=3).
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Figure S1). To this end, we immobilized a single-stranded
L-DNA dye conjugate onto a coverslip and measured the
fluorescence intensity in total internal reflection
fluorescence microscopy (TIRF) during incubation with
FBS-containing cell culture media. Indeed, the fluorescence
of the surface-bound L-DNA only shows a minor
fluorescence decrease during the observation period of
3 days. This confirms a very robust DNA mechanosensing
platform, promising days of unimpeded observation of
cellular traction forces.

Next, we turn to the direct comparison between D-DNA
and L-DNA tension probe surfaces by analyzing the tension
signals generated by fibroblasts over a period of 3 days in 10 %
FBS cell culture medium at 37°C. Briefly, the geometry of the
tension probe was designed to be in an unzipping mode™ such
that the dsDNA duplex is denatured one base at a time. The
force required to pull apart the duplex is around 12 pN. The
tension probes were labelled with a fluorophore-quencher pair
along with cRGDfk ligand, which has a high affinity to the o,
integrin receptors (Figure 1).PY After seeding cells on the D-
DNA and L-DNA surfaces, we imaged them at different time
points from 3-72 h using TIRF microscopy. Figure 2c, d depict
representative single cells and Supporting Information Figur-
es S2-S6 show detailed overviews of more examples. Impor-
tantly, these images are not additionally treated by background
subtraction routines. Mechanoactivation can be observed for
both D-DNA and L-DNA surfaces. For the D-DNA mecha-
nosensors, the fluorescence signals can be well detected at 3 h,
but the signal quality deteriorates heavily at 6 h, and over
longer times degradation and noise across the entire field of
view dominate the image. In striking contrast, the fluorescence
signal for L-DNA probes remains detailed and vivid even as
time progressed to 72 h. Even at an imaging time of only 3 h, a
crisper signal is evident in the direct comparison between L-
DNA and D-DNA surfaces. Thus, even at short imaging time
frames, L-DNA has a clearly superior performance. It may be
noted that the image quality of the D-DNA specimen can be
improved by a background subtraction of the images up to 6 h,
but this already contains assumptions in image treatment, such
as equal degradation of probes below and adjacent to the cells
(Supporting Information Figure S7). Even after background
subtraction, the non-background subtracted L-DNA images at
6 h are clearly more defined (compare Supporting Information
Figure S3 to S7). This data demonstrates the significant
beneficial effect of the enhanced stability of the L-DNA
probes. Imaging for 3 days is without problems.

We further quantified the cell spreading area of each
cell, the mean intensity of the fluorescence signal produced
by each cell, and the total amount of fluorescence signal
produced by each cell on both surfaces (Figure 2e-g). At
3 h, the cell spreading areas on both surfaces is comparable,
whereas the mean intensity and the integrated fluorescence
signal per cell is significantly higher in the case of D-DNA
probes. We submit that this effect rather stems from
degradation of the D-DNA probes as early as 3 h after
seeding cells (see degradation kinetics in Figure 2d), thus
leading to a contamination of true mechano-signaling. Due
to the nuclease resistance of the non-biological L-DNA
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probes, the L-DNA surfaces report more accurately the true
mechano-signaling events.

Due to the concurrent degradation, a further evaluation of
these three parameters at longer time frames does not make
sense. Therefore, we set out to compare the mean of the
fluorescence intensity signal per cell to the background mean
fluorescence intensity adjacent to the cell, termed as signal-to-
noise ratio, over a 3-day time frame (Figure 2h). A fivefold
higher signal-to-noise ratio in favor of L-DNA is already
visible at 3 h, indicating significant contamination of the cell
traction force signals by degradation-induced fluorescence in
D-DNA. As time progresses, the D-DNA signal-to-noise ratio
plummets below 1 at the 24 h time point, indicating that the
noise fluorescence intensity surpasses the signal fluorescence
intensity. In comparison, the signal-to-noise ratio of the L-
DNA probe remains relatively constant from 3 to 6 h and then
progressively decreases. We suspect this to occur because cell
migration and proliferation produce tension signals in adjacent
areas during longer imaging times, thereby increasing the
background fluorescence. At 6 h, the signal-to-noise ratio of
the L-DNA probes is 10 times higher than for D-DNA probes.
This is a significant advantage for long term imaging.
Supporting Information Video 1 underscores the differences.

Encouraged by the stability of duplex L-DNA probes, we
embarked on using reversible DNA hairpin probes to under-
stand how imaging of even minute movements of cells in cell
culture environments particularly challenging for DNA could
benefit from nuclease-resistant probes. Building on the work
by Salaita and co-workers,'” we designed D-DNA and L-
DNA hairpin probes that can reversibly map cell forces in the
range of around 16 pN (Supporting Information Table S1). We
opted for a myoblast cell line (A-10), that requires culturing
conditions at 20% FBS, and which has the capability of
membrane ruffling as they migrate on surfaces. Figure 3
depicts a direct comparison. We imaged the cells 18 h after
seeding them on DNA coated surfaces. For surfaces coated
with D-DNA, the tension signals are difficult to locate (Fig-
ure 3c) owing to the rapid degradation of these D-DNA
probes in 20 % FBS. Even though the brightfield images show
some level of membrane ruffling, the corresponding
fluorescence image does not show significant changes in the
cross-sectional analysis (Figure 3d). The surroundings of the
cell are equally bright as the cell edge where membrane
ruffling takes place. In contrast, the L-DNA surfaces exhibit
clear and detailed signals that reversibly appear and disappear
as the membrane ruffles (Supporting Information Video 2,
Figure S8). While we are not saying that the membrane
ruffling may not be observable at all using D-DNA probes,
e.g., by heavy optimization of culture conditions or time
frames, we emphasize that the L-DNA hairpin probes allow
for a straightforward and clear imaging of even such minute
movements without heavy alterations of the culture conditions
that may be detrimental to normal cell behavior. These results
underscore that L-DNA probes can open new avenues for our
understanding of mechanobiology, for instance to map forces
for cells that require longer to adhere onto surfaces.

Finally, we tackled the challenge of going beyond
imaging a single cell and investigated force mapping during
collective cell migration. The use of DNA mechanoprobes
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Figure 3. Comparison of D-DNA and L-DNA reversible hairpin probes to study membrane ruffling in myoblasts (A-10). (a) Schematic depicting the
geometry of hairpin tension probes and the stability in cell culture media. The used hairpin probes have 16 pN opening force. (b—c) Time lapse
brightfield and fluorescence images on (b) L-DNA and (c) D-DNA hairpin tension probe surfaces 18 h after cell seeding. Consecutive images
depict the ruffling of the myoblast cell membrane as illustrated by a cross-sectional region of interest (ROI). Scale bar=10 pm. (d) Cross sectional
horizontal analysis of the fluorescence intensity (normalized between [0,100]) at different time points within the ROl from b and c depicting ruffling
of the cell membrane as the cell migrates forward. Note that dim edges and corners in c result from heterogeneous illumination normal to TIRF

imaging.

for such investigations is challenged due to the need for
long-term imaging, which thus far required re-addition of
fresh D-DNA probes, for instance, to probe intercellular

E-cadherin tension forces.’” The term collective migra-
tion of cells implies migration of cells as a unified group in
sheets and clusters. In vivo, collective cell migration is the
hallmark of re-modelling events such as morphogenesis,
wound repair, and cancer invasion.® In vitro, the exclusion
method and the scratch method are important assay
techniques. The exclusion method involves seeding cells at a
high density on two sides of a barrier, culturing them until
confluency and then removing the barrier to allow cells to
migrate. The scratch method involves manual scratching of a
cellular monolayer to simulate a wound. We opted for the
exclusion method due to its compatibility with surface
modifications. On surfaces covered with duplex tension
probes in unzipping geometry, we positioned a physical
barrier to confine cell seeding in two compartments (Fig-
ure 4a). After seeding fibroblasts, we allowed them to settle
and spread for about 3 h, ¢, and then removed the barrier,
and monitored their migration across the surfaces.

As the cells migrate in unison as sheets on L-DNA
surfaces, comprehensive and intricate force maps can be
observed at every time point (Figure 4b, Supporting In-
formation Video 3, Figure S9). In contrast, on D-DNA
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surfaces, only background noise can be detected at different
time points (Figure 4c). Fluorescence line intensity profiles
underscore the differences (Figure 4d). For the L-DNA
tension probe samples, the fluorescence intensity increases
over time in the barrier region, whereas D-DNA tension
probe surfaces display no significant changes and high
background due to excessive degradation. Consequently, L-
DNA probes can effectively map forces as cells migrate
cohesively and collectively. This finding opens new avenues
for mechanobiology studies, as understanding of molecular-
scale force mapping can give new insights into various
molecular mechanisms and pathways during complex bio-
logical processes such as wound healing and morphogenesis.

In summary, we have introduced L-DNA—the non-
biological stereoisomer of D-DNA—as a powerful and
highly durable cellular mechanoprobe, enabling detailed
traction force mapping of single cells as well as for collective
cell behavior. In direct comparison, L-DNA probes show
drastically reduced degradation in classical cell culture
medium compared to D-DNA probes, and thus enable long
term imaging of cellular traction forces. D-DNA probes
break down in a time frame of 6 h, and are already clearly
compromised at 3 h, whereas L-DNA probes can be imaged
for days without significant loss in quality. The signal-to-
noise ratio is 5 to 10 times higher even at early time points.
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Figure 4. Mapping forces during collective cell migration. (a) Schematic representation (b—c) Time lapse brightfield and fluorescence images as
fibroblasts migrate collectively on (b) L-DNA and (c) D-DNA tension probe-coated surfaces. Captured 3 h after seeding, and removal of a 500 ym
barrier separating two fibroblast sheets. Scale bars =20 pm. (d) Overlay of selected fluorescence intensity (normalized between [0,100]) cross
sections from b and c. Note that dim edges and corners in c result from heterogeneous illumination normal to TIRF imaging.

This is due to the impossibility of nucleases to degrade L-
DNA. The advantages manifest in particular when targeting
cellular behavior that requires extended culture times before
starting the image acquisition of long-term behavior such as
collective migration.

In contrast to other approaches for improved nuclease-
stability, such as chemically altered nucleoside analogs like
locked nucleic acids, 2'-O-methyl ribonucleotides, phosphor-
othioate linkages, or peptide nucleic acids, which hamper or
change the hybridization properties and alter the force
response in an unknown fashion, L-DNA offers complete
biostability along with identical physical properties, hybrid-
ization Kkinetics, thermal stability, and force behavior
compared to the biological D-DNA.* This allows for a
very simple adaptation. Further progress supports the use of
L-DNA. L-DNA or L-RNA aptamers can be selected as so-
called spiegelmers™>"! against the enantiomer of the target
ligand, thereby having a high degree of specificity along with
bio-inertness and non-immunogenic behavior. Such L-DNA/
L-RNA aptamers are known for small molecules, proteins,
and peptides®”* and are in clinical trials.’”) Recent studies
have also shown that the L-DNA and D-DNA worlds can
be connected in strand displacement reactions using peptide
nucleic acids, thus substantially extending possibilities in
applications.*! Additionally, D-amino acid versions of DNA
polymerases and RNA polymerases have been shown to
amplify L-RNA and transcribe L-DNA into L-RNA
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respectively.l"' Despite still being in its infancy, the field
of mirror image oligonucleotides holds immense potential.
Looking to the future, the use of L-DNA mechanosensors
opens new avenues for more accurate short term mecha-
nobiology investigations, and critically enables long term
imaging. The emerging concepts surrounding synthetic
manipulation of L-DNA, and the combination with the
D-DNA world provide ample opportunities to design
robust, bioinert, and non-immunogenic downstream reac-
tions of the mechano-activated cryptic DNA sites for
building intelligent mechano-interfaces to cells.

Supporting Information

The authors have cited additional references within the
Supporting Information.!'*!”

Supporting Information File 1. Supporting Video
Files 1-3.
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