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ABSTRACT: Living cells move and change their shape because signaling chemical reactions modify the state of their cyto-
skeleton; an active gel that converts chemical energy into mechanical forces. To create life-like materials, it is thus key to
engineer chemical pathways that drive active gels. Here, we describe the preparation of DNA-responsive surfaces that con-
trol the activity of a cytoskeletal active gel comprised of microtubules: a DNA signal triggers the release of molecular motors
from the surface into the gel bulk, generating forces that structure the gel. Depending on the DNA sequence and concentra-
tion, the gel forms a periodic band pattern or contracts globally. Finally, we show that the structuration of the active gel can
be spatially controlled in the presence of a gradient of DNA concentration. We anticipate that such DNA-controlled active
matter will contribute to the development of life-like materials with self-shaping properties.

Living cells and tissues change their shape autonomous-
ly because their cytoskeleton is an active gel that converts
ATP chemical energy into mechanical work.! To control
their deformations during cell locomotion and develop-
ment, cells and tissues tune the active state of their cyto-
skeleton over space and time. This is performed by chemi-
cal reactions that link the concentration of a trigger to the
force exerted by the active gel.? Despite its importance in
the development of life-like synthetic materials,3* engi-
neering such a chemo-mechanical trigger remains chal-
lenging. An important body of work has developed meth-
ods to chemically actuate hydrogels.>¢ However, current
approaches either pattern passive hydrogels,’-1° or trigger
deformations in active gels with chemical reactions that
are difficult to design.11.12

A promising route relies on DNA hybridization reactions
triggering forces that change the shape of hydrogels. In-
deed, DNA reactions can be exquisitely controlled,'3-17 and
coupled to a great variety of materials.’®-22 The mechanical
amplification of a DNA signal can be either performed by
DNA reactions, such as in DNA-responsive hydrogels,?3:24
or by motor proteins, such as in DNA-based cytoskeletal
active gels.25-22 While the former have the advantage of
greater programmability, they lack the self-organization
properties of cytoskeletal active gels.30-33 Despite progress
in using DNA to tune the rheology of active gels??34 or to
trigger its activity at the micro-scale,252635 we lack meth-
ods to control the spatio-temporal self-organization of
cytoskeletal active gels at the macro-scale, as we demon-
strate in the following.

The active gel used here is composed of clustered kine-
sin motors and microtubule filaments that are bundled
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together in the presence of a depletion agent. Because the
filaments are continuously been propulsed by the motors
such gels are known to self-organize into a variety of pat-
terns.3136-40 To control the activity of such gels with a DNA
signal, kinesin clusters were attached to the DNA-modified
surface of a glass channel filled with a solution of microtu-
bule bundles (Fig. 1A).#4142 Motor clusters were released to
the medium solely after the addition of DNA input I, thus
initiating the continuous movement of microtubules and
generating band structures followed by a global contrac-
tion of the gel (Fig. 1C). We demonstrate that the ampli-
tude of these patterns is controlled by the sequence and
the concentration of DNA. Furthermore, when the input
DNA strand was heterogeneously distributed, it acted as a
morphogen and provided a spatial control over the pat-
terns observed in the active gel. Thus, this system paves
the way toward the on-demand shaping of soft matter
guided by DNA.

To prepare densely-covered DNA glass surfaces, acryla-
mide and acrydite-DNA S were copolymerized onto si-
lanized glass slides (SI).#* These DNA-modified slides were
further used to fabricate rectangular channels with typical
dimensions of 22 x 1.5 x 0.1 mm3. Then, a solution of bio-
tin-labeled target DNA T was added to the channel to form
duplex S:T on the surface due to their partial complemen-
tarity (Fig. 1B). Subsequently, streptavidin (str) was in-
jected into the channel and conjugated with biotinylated T,
generating complex S:T:str. Considering that T bears a
single biotin and that streptavidin was added in 10-fold
excess, the formation of 1:1 T:str complexes with three
free biotin-binding sites in the streptavidin was expected.
Finally, biotinylated kinesin (kin) was flown inside the



channel to form S:T:str:kin, with a Kin/str ratio, n, that
varied between 1 and 3. This resulted in kinesin clusters
attached to the surface and distributed homogeneously
throughout the channel. Fluorescently labeled streptavidin
was used to estimate the surface density of motor clusters

that could be changed from 3 x 108 to 2 x 1010 mole-
cules/cm? (SI Fig. S1). The non-specific attachment of T,
str and Kin to the surface was minimized in the presence
of a 2% solution of Pluronic F-127 (SI Fig. S2).
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Figure 1. DNA-responsive, motor-decorated surfaces control the patterning of a cytoskeletal active gel. A: Schematic representation
of a channel filled with microtubule bundles (noteworthy, the bundles are not polarized in contrast to polar microtubule fila-
ments). Glass surfaces (in blue) are modified with kinesin-DNA constructs (yellow spheres). Upon addition of strand I, the motors
are released into the bulk inducing forces upon the microtubules. B: Schematic representation of a glass surface functionalized by
DNA/polyacrylamide brushes with kinesin-streptavidin-DNA constructs attached through DNA hybridized strands that undergo
toehold-mediated strand displacement reaction. An invading strand I binds and displaces T DNA, releasing kinesin-streptavidin-
DNA constructs that bind to microtubules and move them relative to each other (white arrows). Microtubules form bundles due to
the attraction interactions induced by depletion agent Pluronic (black stars). C: Time-lapse fluorescent microscopy images of the
microtubule solution confined in glass channels in the presence of 1 uM of I DNA. For detailed conditions see SI.

The kinesin-decorated channel was subsequently filled
with a solution of microtubules (Fig. 1A) self-assembled
into bundles in the presence of the depletion agent Pluron-
ic.31# The detachment of kinesin clusters from the surface
was achieved through a DNA strand displacement (DSD)
reaction in the presence of the invader strand I that is fully
complementary to T (Fig. 1B).*5 We thus have

k
S: T:str:Kkin,, + 1 = S+ L T: str: kin,, (1)

k_q

where the formation of the duplex I: T is thermodynami-
cally favored compared to S:T because the former is 5
base-pairs longer than the latter. Fig. 1C and Movie S1
show the behavior of the gel in the presence of 1 uM of I. In
the first 3 hours, we observed the formation of bright
bands parallel to the y axis with a typical period of 300 +
50 pm. These bands are reminiscent of the corrugations
observed in a similar system where the kinesin clusters
were initially present in solution.3746 Afterwards, the gel
contracted along y and x, making the bands brighter.
Noteworthy, no bands or contraction was observed in the
absence of I or in the presence of a DNA strand with a
random sequence (N) (Fig. S3 and Movie S1). The physical
separation between the motors and the microtubules was
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key to obtain a robust inactive initial state. In a control
experiment with kinesin clusters present in solution from
the start, bands and contraction were also observed (Fig.
S11). These observations are compatible with reaction (1),
indicating that I releases kinesin clusters into the medium,
inducing the mutual sliding of the bundles and shaping the
active gel at the centimeter scale.

We measured the kinetics and thermodynamics of the
forward reaction (1) by following the fluorescence from
labeled-streptavidin on the glass surfaces. Fig. 2ZA shows
that the characteristic time for releasing I:T:str:Kinn from
the surface is equal to 5.5 min when [I] = 1 uM and thus the
corresponding rate constant is kz = 3 x 103 M-1s-1, which is
compatible with previous measurements of dsDNA associ-
ation kinetics on surfaces*” and 103 times smaller than the
typical value in solution.*8 In the absence of I, the streptav-
idin-associated fluorescence remained unchanged over
time. To quantify active gel dynamics we defined a gel
contraction index as the standard deviation of the micro-
tubule intensity (see SI Section 6). The dynamics of the gel
was significantly slower compared to the kinetics of the
DNA reaction (Fig. 2B), with a characteristic time of 300
min. Fig. 2C (red) shows the titration of kinesins attached
to the surface by increasing concentrations of 1. We ex-
tracted an equilibrium constant K1 = 2.3 x 10-2 for reaction



(1), similar to the one measured in the absence of microtu-
bules (K*1 = 3.6x10-2, SI Fig. S4) confirming that reaction
(1) is driven by DNA hybridization and not by a potential
kinesin-microtubule interaction. We estimated the corre-
sponding equilibrium constant in solution at 22 °C to be 4
x 106 (NUPACK) indicating that reaction (1) is significantly
hindered on the surface compared to solution, as ex-
pected.*® Importantly, increasing [I] resulted in an increas-
ingly contracted microtubule network (Fig 2C black) and
we observed network structures from slightly contracted
at 5 nM, to bright bands at 50 nM and strong global con-
tractions at = 250 nM (SI Fig. S7).

Changing the length of the duplex in the complex S:T,
which allows attaching kinesin clusters to the surface,

provides another way to control the activity of the gel via
the DSD reaction. Indeed, shorter S:T duplexes are ex-
pected to increase Ki and thus the final concentration of
kinesin clusters in solution. In agreement with this inter-
pretation, the amplitude of the gel deformations increased
as the length of the duplex decreased at constant [I] = 1 pM
(Fig. 2D and Movie S2). We observed faint regular bands
for the 30 bp-long duplex, bright bands with local gel
breaks for 22 bp, and bright bands with global contraction
for the 15 bp-long duplex. Confocal images showed that
faint bands correspond to a local increase in the microtu-
bule density while bright bands were associated with gel
corrugations in the yz plane (Movie S4). A third parameter
that
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Figure 2: Influence of the kinetics and thermodynamics of the DSD reaction on the active gel patterning. Streptavidin fluorescence
on the surface of the glass (A) and gel contraction index (B) as a function of time in the absence and in the presence of 1 uM of L.
The dotted lines are fits to eqs. S2 and S8 respectively. Streptavidin fluorescence on the surface of the glass after 90 minutes (red)
and gel contraction index after 17 hours (black) as a function of the concentration of I (C). The dotted lines are fits to eqgs. S6 and
S7. D: Fluorescence microscopy images of microtubules confined in glass channels modified with biotinylated DNA strands of dif-
ferent complementarity lengths in the presence of 1 uM I strand after 18 hours. For detailed conditions see SIL

allows to control gel activity through DSD reaction is the
concentration of the immobilized kinesin on the surface.
Fig. S8 examines the effect of str surface density on the
dynamics of the active gel for [I] = 1 uM. For the densities
of 0.5 x, 1 x and 2 x 1019 molecules/cm? we respectively
observed: slight bulk contraction with no bands, weak
bands and bright bands with strong global contraction.
Taken together, the data from Fig. 2, S3 and S7-S8 imply
that the DSD reaction is fast compared to the dynamics of
the active gel and that the state of the gel is determined by
the concentration of motors released in solution, which is
tuned by the thermodynamics of the DSD reaction and by
the surface density of str.

In biology, morphogens play a crucial role in the pattern-
ing of developing tissues by diffusing in space and forming
concentration gradients that provide positional infor-
mation to downstream molecular events. In particular,
morphogen gradients influence active matter processes in
vivo.5? In the following, we assessed the invader DNA
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strand as a morphogen that provides positional infor-
mation to an active gel. To do so, 1uM of DNA I (the mor-
phogen) was put solely on the left side of a channel filled
with microtubules (Fig. 3 and SI Methods). On this side of
the channel the onset of gel activity was detected after two
hours followed by the formation of bright spots and global
contraction in the y direction. As expected, I diffused to-
ward the right side forming a concentration gradient of I,
and thus of released kinesin clusters, that contracted the
gel with decreasing amplitude and increased delay as the
distance from the injection point increased (Fig. 3, Fig. S9
and Movie S3). In the central part of the channel, I arrived
by diffusion at a concentration significantly lower than 1
UM, and activity was observed after 10 hours with a front
of activity progressing from left to right, with bright bands
appearing sequentially. No activity was observed over the
course of 43 hours in the right side of the channel where
the morphogen concentration was negligible.
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Figure 3: Active gel patterning through an underlying mor-
phogen gradient of DNA. A: Time-lapse fluorescent microsco-
py images of the microtubule solution confined in glass chan-
nels after the addition of 1 uM I DNA on the left side. For de-
tailed conditions see SI. B: Gel contraction index computed
along the channel length for each time point (Fig. S6). The
dotted lines are guides to the eye.

The multiscale structuring of shapeless soft matter, in-
cluding active materials, is conceptually and experimental-
ly challenging.> Here it was shown that the large-scale
mechanical self-organization of microtubules could be
activated in a programmable manner by a DNA signal.
DNA-kinesin conjugates hybridized to a DNA-modified
surface could be released in a controllable way by specific
DNA inputs that trigger a DNA strand displacement reac-
tion. Moreover, the DNA input could be distributed hetero-
geneously across space and act as a morphogen, trans-
forming chemical information into a mechanical and struc-
tural output with spatial resolution. Complementary to the
systems that utilize mechano-chemical transduction,5! this
work provides an approach allowing for preparation of a
synthetic material that actuates along a chemo-mechanical
pathway. We anticipate that this methodology will open a
new route to accessing novel self-fabricated, force-exerting
synthetic soft matter with the potential of integration in
soft robotics and biological environments.

ASSOCIATED CONTENT

DNA sequences, experimental details, including eqs S1-S8,
additional Figures S1-S10, Movies S1-S4 and Tables S1 and
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