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ABSTRACT

We report here DNA-based synthetic nanostructures decorated with enzymes (hereafter referred to as DNA
enzyme nanoswimmers) that self-propel by converting the enzymatic substrate into the product in solution. The
DNA enzyme nanoswimmers are obtained from tubular DNA structures that self-assemble spontaneously by
hybridization of DNA tiles. We have functionalized these DNA structures with two different enzymes, urease and
catalase, and show that upon addition of the enzymatic substrate (i.e., urea and H20:), they exhibit concentration-
dependent motion and different motion dynamics, including enhanced diffusion and ballistic motion. These results
pave the way for the development of synthetic enzyme-driven nanoswimmers that can self-propel in fluids and

have the potential to provide new insights into biological motion dynamics at the micro-nanoscale.

INTRODUCTION

In the field of DNA nanotechnology, synthetic DNA strands are used to build molecular systems that can
exhibit programmable functions of increasing complexity.? The unique predictability of DNA-DNA interactions
allows rationally designed synthetic DNA strands to be used as building blocks for the construction of 2D and 3D
nanostructures with defined geometries.>” Synthetic DNA strands can also be site-specifically modified with a
wide range of functional components, including optical labels, recognition elements, and proteins,® giving
otherwise inert DNA-based structures different functionalities. In addition, DNA switches and devices can also be
designed to respond to external stimuli such as temperature or pH. ®10

The programmability and responsiveness of synthetic DNA described above has been exploited over the

past two decades to create DNA-based structures that can perform mechanical work in response to specific
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inputs.’'-"® Recently, basic machine elements made of DNA such as hinges, joints, arms, and levers have been
demonstrated that can be controlled by DNA-DNA interactions or by environmental stimuli such as pH, ionic
strength, temperature, or external fields.'*'” Recently, for example, Dietz and Simmel described a rotating ratchet
motor made entirely of synthetic DNA. The rotor achieves rotational speeds and torques similar to those of other
natural molecular machines, such as ATP synthase, and can move in a specific direction by applying a simple
external AC field.'® DNA-based devices and machines can also be developed for molecular transport mechanisms.
For example, following the example of kinesin and dynein, which move along microtubules, synthetic DNA walkers
have been developed that move along specific 2D and 3D DNA tracks thanks to the programmability of DNA-DNA
interactions.'®-2! Despite the above advances in generating motion in DNA-based structures, to our knowledge,
no autonomous DNA-based motor has yet been described that can self-propel in fluids and perform net translation
(swimming).

In recent years, several synthetic micro- and nanoscale systems have been described that can move in
fluids thanks to the application of an external energy source such as magnetic,?? light,?® or ultrasonic fields.?*
Other important examples of micro/nanomotors include those driven by chemical reactions between the surface
of the motor and a chemical propellant present in solution.?® A classic example in this regard is the use of catalytic
surfaces such as platinum to decompose H20: in a solution and generate bubbles that propel the micromotor
forward.?® More recently, enzymes have also been used as powerful catalysts to enable self-propulsion of micro-
and nanomotors with biocompatible and bioavailable fuels. In this case, micro- and nanoparticles are
functionalized with enzymes that catalytically convert a specific substrate into products, creating a chemical
gradient around the particles that generates a driving force.?” These systems offer promising features for
biomedical applications, such as the use of biocompatible and bioavailable fuels, chemotactic movement toward
or away from chemical gradients, and the absence of external energy sources.?® Recently, enzyme-driven motors
have also been equipped with pH-responsive DNA nanoswitches to create a device that is able to swim and
simultaneously sense the pH of its surrounding environment.?® Despite the above advantages, such enzyme-
driven micro/nanomotors also suffer from some limitations. For example, the potential toxicity of their components
(metals, silica, and polymers) may limit their application in clinical settings. In addition, it is not always easy to
control the geometry and shape of the particles (especially at the nanoscale) in these materials, which could be
critical for improving propulsion efficiency. Finally, it is also difficult to achieve efficient surface functionalization
with enzymes and to control their distribution and concentration.30-32

To overcome the above limitations, we propose here to combine DNA structures with enzyme catalysis to
build self-propelled DNA-based nanoswimmers (hereafter referred to as “DNA-enzyme nanoswimmers”) that
would enable easier surface enzyme modification, controlled degradability, biocompatibility, and shape flexibility.
As a model system we used a tubular DNA structure and decorated it with a motor enzyme so that the DNA

structure is able to move (swim) independently and unhindered in the presence of the enzymatic substrate (Figure

1).
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Figure 1. General concept of DNA-enzyme nanoswimmers. The DNA-enzyme nanoswimmer consists of a structural DNA

Product

scaffold with anchor strands that allow decoration with enzymes (by hybridization with DNA-enzyme conjugates). Addition of

the enzymatic substrate to such a DNA-enzyme nanoswimmer leads to the formation of the product and self-propulsion.

RESULTS AND DISCUSSION

The DNA structural scaffold used in this work is a well-characterized hollow tubular micrometer-scale structure
formed by the interaction of specifically designed DNA tiles at room temperature. Such DNA tiles are formed by
hybridization of five different DNA strands that have 4 sticky ends responsible for self-assembly.33-3% To directly
visualize the assembled tubular structures, we conjugated a Cy3 fluorophore to the 5’ end of one of the tile-forming
strands. We then engineered another tile-forming strand to have an addressable 30-nucleotides (nt) single-
stranded anchor domain that can be used for enzyme functionalization of the structure (Figure S1). The assembled
structures can be conveniently imaged by fluorescence microscopy and have an average length and count of 4.9
+0.3 um and 5.2 + 0.2 x 10® count/mm?, respectively (Figure 2a, right).

For the functionalization with the enzyme, we first selected urease, because this is often used for the development
of enzyme-driven micro- and nanoswimmers?’ thanks to the propulsion generated by the conversion of urea
(CO(NH2)2) into ammonium (NH4*) and bicarbonate (COs%). More specifically, this movement is thought to be the
result of a gradient of ionic products (ionic self-diffusiophoresis) around the swimmer triggered by the enzymatic
reaction.®® %" To better visualize the enzyme, we first labeled urease with a Cy5 fluorophore using a Cy5-NHS
ester that is reactive toward amine groups in the protein (see Supporting Information for more details). The Cy5-
labeled urease was then functionalized with an N3-containing reagent®® that adds an azide handle to urease by
reacting with the amine groups. The resulting azide-Cy5 urease was then conjugated to a dibenzocyclooctyne
(DBCO)-modified ssDNA strand using strain-promoted azide-alkyne cycloaddition (SPAAC). The DNA-enzyme

conjugate was then purified by anion-exchange chromatography (Figure 2b, right).
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Figure 2. Design and fabrication of DNA-urease structures. a) Schematic representation of the DNA tile self-assembly
process. All DNA tiles are modified with a Cy3 fluorophore. We assembled DNA tiles with a single-stranded anchor strand
together with DNA tiles without an anchor strand. An example fluorescence microscopy image showing successful assembly
of DNA nanostructures with average length (<L>) and count. b) Reaction scheme of urease conjugation with Cy5 fluorophore
and a 30-nt ssDNA. Anion exchange chromatography of the DNA-urease conjugate. c) Schematic representation of DNA-
urease nanoswimmer. d) Ratio of urease signal (Cy5) over DNA structure signal (Cy3) for DNA-urease nanoswimmers at
different percentages of DNA tiles with anchor strand. e) Representative fluorescence microscopy images obtained with 30%
of DNA tiles with anchor strand. f) Average length and count obtained by using both urease (Cy5) and DNA structure (Cy3)
signals. g) Pixel intenstity of urease (Cy5) and DNA structure (Cy3) signals along the length of a DNA structure. h) Homogeneity
factor and proportion of Cy5 pixels (urease) colocalizing with Cy3 pixels (DNA structure). Scale bar: 3.0 um. Experiments were
performed in 12.5 mM MgCl solution, at T = 25 °C with 50 nM of DNA nanostructures. Error bars represent standard deviation

based on triplicate measurements.

To find the best conditions for enzyme functionalization, we assembled DNA structures with different
percentage distribution of the anchor strand by using different proportions of tiles with and without anchor strand
during self-assembly. The efficiency of the self-assembly process was not affected by the presence of the anchor
strand, as the size and number of nanostructures formed did not show significant differences in the absence and
presence of different proportions of anchor strands (Figures S2, S3). To all assembled structures, we then added
the DNA strand conjugated with urease at a fixed excess concentration (i.e., 200 nM) and quantified the mean

fluorescence intensity of Cy5 urease on the surface of the DNA structures (Cy3). The binding of the enzyme to the
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structure increases with the percentage of tiles with the anchor strand until it levels off at 50%. By further increasing
the relative proportion of anchor strands in the structure, less enzyme decoration is observed, likely due to enzyme
aggregation effects (Figures 2c-d, S4). For future experiments, we then selected DNA structures containing 30%
of the tiles with the anchor strand (Figure 2e). Under these conditions, we find a homogeneous distribution of
urease across the DNA structures. For example, the values for the average length (Cy3-DNA structure: 5.0 £ 0.3;
Cy5-urease: 4.4 + 0.1 um) and count (Cy3-DNA structure: 3.3 + 0.6; Cy5-urease: 3.6 + 0.4 x 103 count/mm?)
obtained by measuring either the Cy3 (DNA tiles) or Cy5 (enzyme) signals are comparable (Figure 2f). The
homogenous enzyme distribution is also confirmed by analysing the pixel intensity of DNA tiles and urease along
the entire length of a single DNA structure (Figure 2g). From these analyses we derived a homogeneity factor
(defined here as the average ratio of urease (Cy5) signal to DNA structure signal (Cy3) along the length of the
DNA structure) of 0.7 £ 0.1. Finally, to better quantify the distribution of urease on the DNA structure, we calculated
a co-localization factor that we used to estimate the overlap of the urease signal (Cy5) with the DNA structure
signal (Cy3). A value of this factor around 1 would indicate a high co-localization of the enzyme with the DNA
structure, whereas no overlap would result in a value around 0. In our case, a co-localization factor of 0.9 + 0.1
suggests that the enzyme is highly co-localised with the DNA tiles (Figure 2h).

Next, we investigated the movement capabilities of urease-functionalized DNA structures. To induce active
movement, we exposed the structures to different concentrations of urea (from 10 to 300 mM) (Figure 3a). We
recorded videos of 30 seconds duration at a rate of 20 frames per second (see Supporting Videos 1 and 2). To
track the trajectories of the DNA-enzyme nanoswimmers, we developed the Nano-Micromotor Tracking Tool
(NMTT) v 1.0.0, a Python-based script that uses computer vision techniques to track the position of one or more
particles in time®® (see details in Supporting Methods), which allowed us to calculate the mean square
displacement (MSD), diffusion coefficient, and speed of the motors (see Supporting Information). Snapshots of
nanoswimmer motion trajectories 30 seconds after the addition of urea show significantly longer trajectories for
nanoswimmers exposed to 100 mM and 300 mM urea compared to those obtained in the absence of urea.
Representative trajectories of different motion experiments under these conditions (0, 100, and 300 mM urea) are
also shown in Figure 3c. From these trajectories, the MSD and associated motion parameters can be extracted
using the Python-based Nano-Micromotor Analysis Tool (NMAT) v 1.0.0*° (Figure 3d, left). We observed a clear
correlation between the amount of fuel and the MSD of DNA enzyme nanoswimmers, in a concentration-dependent
manner. With increasing urea concentration, the MSD shows a deviation from linear diffusion to a non-linear MSD
characteristic of self-propelled motion. 4142 This is particularly visible in the case of 300 mM urea. Given their
anisotropic shape and the homogeneous distribution of enzymes, one would not expect these nanotubes to exhibit
ballistic motion, but only some degree of anomalous superdiffusion defined by an MSD scaling parameter 1< a <
2, as appears to be the case (Figure S5).#% In the absence of a clear theory of active Brownian motion that would
allow us to clearly characterize this case, we decided to investigate both the effective diffusion coefficient (Figure
3e) and the effective speed (Figure 3f) under an active Brownian motion regime with a ballistic component. We
observed a concentration-dependent increase for both parameters, with a concentration of 300 mM leading to a

significant increase in both the effective diffusion coefficient and speed.
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Figure 3. DNA-based nanoswimmers propelled by urease. a) Schematic representation of the propulsion mechanism and
motion analysis. b) Snapshots of nanoswimmers exposed to different fuel concentrations at t=30s. Scale bar: 10 um. c)
Representative trajectories of nanoswimmers at 0 (left), 100 (middle) and 300 (right) mM urea. d,e, f) MSDs, effective diffusion

coefficient and effective speed of the nanoswimmers at increasing fuel concentrations. Error bars represent standard deviation

based on an average of N=20 videos recorded.

To exclude any effect of the fuel concentration on the diffusivity of the swimmers, we exposed the DNA
structures without urease on their surface to concentrations of 0, 100 and 300 mM urea. Non-functionalized DNA
nanostructures exposed to 0 and 100 mM urea showed a linear MSD, indicating purely diffusive motion, without
significant differences (measured effective diffusion coefficient 0.7 + 0.3 um?/s and 0.6 + 0.2 um?/s, respectively)
(Figure S6). In the case of DNA nanostructures, without urease, exposed to 300 mM urea, we could not track their
trajectories because the DNA nanostructures disassembled during video recording (see Supporting Video 3). We
attribute this effect to the fact that urea at high concentrations is a DNA denaturing agent, causing the
destabilization of the double DNA helix structure. Interestingly, we did not observe this effect in urease-
functionalized nanoswimmers. We explain this difference by the fact that urease continuously converts urea, which

leads to a decrease in the local urea concentration and thus preserves the stability of the DNA nanostructure.

Next, we explored the potential versatility of our DNA enzyme nanoswimmers by using another enzyme
as a source of self-propulsion (Figure 4). For this purpose, we chose catalase, the most commonly used enzymatic
drive for self-propelled micro- and nanomotors.*4+45 Catalase is capable of converting hydrogen peroxide (H202)

into water and oxygen (Oz), which can lead to self-propulsion by i) the generation of bubbles or ii) a diffusiophoretic
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motion mechanism. We conjugated catalase to ssDNA strands using a reaction similar to that used to prepare
urease-DNA conjugates (see the experimental section in the supporting information and Figure S6). We then
functionalized the DNA nanostructures using 30% of the tiles with anchor strand (as in the case of DNA urease
nanoswimmers) (Figure 4a). We detected the presence of catalase (Cy3) on the surface of the DNA nanostructures
(Cy5) using fluorescence microscopy images (Figure 4b). Comparable values for average length (Cy5 DNA
structure: 2.8 £ 0.3; Cy3 catalase: 2.3 £ 0.2 ym) and count (Cy5 DNA structure: 4.4 + 0.2; Cy3 catalase: 4.4 + 0.4
x 10* counts/mm?) were obtained, demonstrating a homogeneous distribution of catalase in the DNA structure
(Figure 4c). Such a homogeneous distribution was also confirmed by analysis of the signals from the enzyme and
DNA tiles along the DNA structure (homogeneity factor: 0.8 + 0.1) (Figure 4d-e). Finally, we also found a high
degree of co-localization of catalase with the DNA structure in this case (co-localization factor = 0.9 + 0.1) (Figure
4e). Next, we examined the motility of the catalase-DNA swimmers when exposed to 1.5% H20:2 (see Supporting
Videos 4 and 5). The nanoswimmers showed longer trajectories (Figure 4f), higher MSD (Figure 4g), higher
effective diffusion coefficient (Figure 4h), and speed (Figure 4i). Similar to the case of urease nanoswimmers, we
found a value of the MSD exponent of 1< a < 2 (see Supporting Figure 8) for the nanoswimmers in presence of
fuel. For this reason, we decided to analyse both effective diffusion coefficient and effective speed. The average
effective diffusion coefficient for catalase DNA swimmers without fuel was 0.6 + 0.3 um?/s (mean + SD), whereas
the effective diffusion coefficient increased to 0.9 + 0.6 um?/s in the presence of propellant. As for the effective
speed, a mean value of 0.5 + 0.2 ym/s was observed for the nanoswimmers exposed under control conditions,
which increased to 0.9 £ 0.4 um/s. Both the increase in effective diffusion coefficient and effective speed were
statistically significant (P < 0.05).
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Figure 4. Motility of catalase-driven DNA-based nanoswimmers. a) Schematic representation of the propulsion
mechanism. b) Representative fluorescence microscopy images of DNA nanostructures with 30% of DNA tiles with anchor
strand(Cy5) functionalized with catalase (Cy3). Scale bar: 3.0 um. (c) Average length and number determined from DNA

structure (Cy5) and catalase (Cy3) signals. Error bars represent standard deviation based on triplicate measurements. d) Pixel
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intensity of DNA structure (Cy5) and catalase (Cy3) signals along the length of a DNA structure. e) Homogeneity factor and
fraction of Cy3 (catalase) pixels colocalizing with Cy5 (DNA structure) pixels. f) Representative trajectories of nanoswimmers
exposed to different fuel concentrations (0 and 1.5 (% w/w) H20,) at t=30s. g,h, i) MSDs, effective diffusion coefficient and
effective speed of nanoswimmers at 0 and 1.5 % w/w H>O- concentration. Error bars represent the standard deviation based
on an average of N=20 videos recorded. Experiments were performed in 12.5 mM MgCl, solution at T = 25 °C with 50 nM DNA

nanostructures and 200 nM DNA catalase conjugate.
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CONCLUSION

Taken together, our results show that synthetic DNA has great potential as a building block for creating artificial
nanoscale molecular motors that can self-propel in fluids. In addition, thanks to the use of enzymes, biologically
available and biocompatible fuels can be used as a source of self-propulsion. We believe that the results reported
here will pave the way to more sophisticated designs of DNA-based enzyme-powered motors, where synthetic
DNA can lead to the discovery of new structural designs and allow programmable control of the decoration of
enzymes and other biomolecules on their surfaces. The above properties, together with the sequence specificity
of the DNA-DNA interactions, may enable the construction of enzyme-driven DNA motors that can respond to
different substrates in the same solution and perform different motion dynamics in a fuel-dependent manner,
paving the way for new approaches to understanding nanoscale motion and enabling better control over the design
and functionality of nano/micro-swimmers.
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