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Reversible Self-Assembly of Nucleic Acids in a Diffusiophoretic Trap

Florian Katzmeier and Friedrich C. Simmel*

Abstract: The formation and dissociation of duplexes or
higher order structures from nucleic acid strands is a
fundamental process with widespread applications in
biochemistry and nanotechnology. Here, we introduce a
simple experimental system—a diffusiophoretic trap—
for the non-equilibrium self-assembly of nucleic acid
structures that uses an electrolyte gradient as the driving
force. DNA strands can be concentrated up to hundred-
fold by a diffusiophoretic trapping force that is caused
by the electric field generated by the electrolyte
gradient. We present a simple equation for the field to
guide selection of appropriate trapping electrolytes.
Experiments with carboxylated silica particles demon-
strate that the diffusiophoretic force is long-ranged,
extending over hundreds of micrometers. As an applica-
tion, we explore the reversible self-assembly of branched
DNA nanostructures in the trap into a macroscopic gel.
The structures assemble in the presence of an electrolyte
gradient, and disassemble upon its removal, representing
a prototypical adaptive response to a macroscopic non-
equilibrium state. )

Introduction

Living organisms operate far from equilibrium, continuously
dissipating energy to maintain their complex organization
and structure. Concentration gradients commonly contribute
to this process, serving as both energy sources and
spatiotemporal organizers.!! For instance, morphogen gra-
dients trigger cell differentiation, chemical gradients direct
chemotactic cellular movement, and transmembrane proton
gradients provide energy to ATP synthases in mitochondria
and chloroplasts. In this work, we introduce an experimental
system that sustains a macroscopic physical non-equilibrium
state in the form of a concentration gradient that promotes
the local self-assembly of DNA nanostructures into macro-
scopic gels. Specifically, we utilize an electrolyte gradient to
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drive the up-concentration of branched DNA
nanostars®'” via diffusiophoresis. The DNA nanostars
undergo local self-assembly into gels, facilitated by their
increased concentration and a favorable local electrolyte
concentration for DNA strand hybridization. The assembly
process is reversible, with the gels disassembling upon the
removal of the gradient and can thus be understood as an
adaptive response to an externally controlled macroscopic
non-equilibrium state.

Diffusiophoresis'! refers to the directed migration of
macromolecules or colloids in a concentration gradient. This
mechanism has recently been the focus of intense
research”? and has been used to concentrate colloids® >
and macromolecules.”?) In particular, it has been found
that DNA accumulates near the orifice of a microcapillary
ejecting an electrolyte in a microfluidic setting.”’”*! In the
case of electrolyte gradients, the primary driving force for
diffusiophoresis is an electric field generated by the gradient
itself. This electric field points along the gradient and acts
on charged macromolecules like DNA through electro-
phoresis. Notably, the existence of such an electric field
caused by an electrolyte gradient was theoretically described
by Planck over a century ago.”” Mechanistically, the electric
field arises from an asymmetry in the diffusion coefficients
of the ions that constitute the electrolyte. For instance,
anions with higher diffusion coefficients than cations will
diffuse down the concentration gradient more rapidly. Such
differential diffusion results in charge separation, generating
an electric field with more negative charges at the lower end
of the gradient and more positive charges at the upper end.
In electrochemical experiments, the potential drop associ-
ated with this electric field is referred to as the liquid
junction potential "

Results and Discussion

As schematically shown in Figure 1a, a diffusiophoretic trap
can be easily realized by filling a glass pipette with a highly
concentrated electrolyte and submerging it in deionized
water. The glass pipette is fixated in a commercially
available pipette holder and is connected to a constant
pressure supply via tubing. Upon application of a slight
positive pressure on the pipette, the electrolyte flows out of
the pipette tip, creating a steep electrolyte gradient near the
orifice. When DNA molecules are present in the surround-
ing solution, they undergo directed migration towards the
tip via diffusiophoresis. Close to the tip, the hydrodynamic
force generated by the outflowing fluid exceeds the
diffusiophoretic force, preventing DNA from entering the
tip. As a result, DNA accumulates in a region in front of the
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Figure 1. (a) Schematic representation of our experimental setup. A highly concentrated electrolyte, depicted with differently sized red and blue
spheres to indicate ions with asymmetric diffusion constants, is ejected from a glass pipette to form an electrolyte gradient. Fluorescently labeled
DNA strands are attracted through diffusiophoresis along the gradient towards the tip and accumulate there. The blue pointers indicate the
direction of the diffusiophoretic force. (b) Overlay of an inverted brightfield image and a fluorescence image of the diffusiophoretic trap under
operation. (c) Images of the diffusiophoretic trap 100 s after activation at different applied pressures. The brightness was individually adjusted in
each image to ensure consistent visualization. (d) Left: Example time traces of the DNA concentration in a circular region of interest (ROI) around
the trap, corresponding to a volume of approximately 280fL. Right: DNA concentrations within the trap after 100 s for different pipette pressures,

measured in the ROIs indicated in the inset.

tip where fluid flow and diffusiophoresis are balanced. In
our experiments, we require an electric field such that
negatively charged DNA migrates upwards along the
electrolyte gradient toward the pipette tip. The electric field
E in a two-component electrolyte gradient depends on the

cation and anion diffusion coefficients D" and D™, and their
respective valencies z* and z~:[1*3%]
D" — D~ Ve ,
XX ——
2 [D* +[z7|[D- ¢ (1)

Here, ? represents the normalized gradient of the
electrolyte concentration c. An instructive derivation of this
equation, along with an evolution equation for c, is given in
the Supporting Information. Eq. (1) guides our selection of
suitable electrolytes for diffusiophoretic trapping. As the
direction of the electric field is determined by the difference
of the diffusion coefficients (D* — D7), independent of ion
valency, we require D" < D~ for DNA trapping. Addition-
ally, low-valency ions yield stronger electric fields, as z* and
z~ only appear in the denominator. In our experiments, we
use 200 mM Tris, titrated with HCl to pH7.7, which
primarily contains monovalent TrisH* ions with D*=
0.8x10° m*s™'P and ClI~ ions with D~=2.0x10"" m?s™" at
T=298 K. We also supplement the solution with 1 mM
MgCl, to facilitate nucleic acid hybridization. Importantly,
the diffusion coefficient of Mg** is 0.7x107 m*s™",*"! which
also satisfies our criterion when compared to the diffusion
coefficient of CI". We hypothesize that combinations of such
electrolytes should also be effective.

In initial experiments, we characterized the trap with 33
nucleotide (nt) long single-stranded DNA molecules (c=
1 nM) modified with a fluorescent dye. Figure 1b displays
the trap 100s after activation, showing a diffuse cloud of
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fluorescent DNA in front of the pipette tip. The fluorescent
cloud forms directly after activation of the trap and grows in
intensity until it reaches a steady state. We observed
variations in the shape and intensity of the DNA cloud
depending on the applied pipette pressure, as illustrated in
Figure 1c. Low pressures lead to a more localized DNA
accumulation, while high pressures result in a larger, more
diffuse cloud. These variations in the extension of the
accumulation region are not unexpected: higher pressures
result in higher electrolyte efflux rates, altering the shape of
the concentration gradient, and DNA accumulates in a
region where the diffusiophoretic force balances the fluid
flow, which changes depending on both the flow magnitude
and the gradient shape.

We recorded microscopy videos to quantify the forma-
tion and growth of the trapped DNA cloud at varying
pipette pressures. For data analysis, we defined a circular
region of interest (ROI) around the cloud and measured its
average fluorescence. The ROI is identified by finding the
maximum intensity among all possible circular regions of the
same size within an image. We then compared the region’s
average fluorescence to bulk fluorescence values for the
same DNA strands at different concentrations, which
allowed us to estimate the local DNA concentration within
the trap. Figure 1d (left) displays example time traces which
show the change in DNA concentration within a circular
ROI with a volume of ~280 fL. We observe up to a 100-fold
increase in concentration within the trap, raising the DNA
concentration from its bulk value of 1nM to 100 nM.
Further, we find that the concentration reaches a steady
state after approximately 100s. Notably, a pressure differ-
ence of 20 mbar results in more efficient up-concentration
compared to lower (e.g., 10 mbar, 15 mbar) or higher (e.g.,
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25 mbar, 30 mbar) pipette pressures, suggesting an optimal
pressure condition.

We further quantified DNA trapping by measuring the
DNA concentration within three differently sized ROIs after
100 s. The resulting data, showing DNA concentration as a
function of pressure, are displayed in Figure 1d (right). For
all three regions, we observe a peak trapping efficiency
around 20 mbar. Additionally, we identify a minimum
operational pressure difference of 10 mbar at which the trap
becomes effective. At pressures exceeding 30 mbar, trapping
efficiency becomes comparably low. Notably, the concen-
tration peak shifts to slightly lower pressures for smaller
regions of interest, consistent with our previous observation
that lower pressures result in more localized DNA clouds.

To visualize the range of the diffusiophoretic force
generated by the trap, we used carboxylated silica particles
(d=2.1 pm), which carry a negative charge and are there-
fore expected to migrate in the same direction as DNA in
the trapping field. Operating the trap at 25 mbar, we
observed accumulation of colloids in a region directly in
front of the trap, as shown in Figure 2a. We also recorded a
microscopy video of the colloid trapping process (Support-
ing Video 1), from which we generated an overlay image of
the particle traces (Figure 2b) (details on video analysis are
given in the Supporting Information). Our observations
suggest that the diffusiophoretic trapping force is long-
range, extending over hundreds of micrometers. This may
seem surprising, as electric forces in electrolytes typically
have a range defined by the Debye length, i.e., usually on
the order of nanometers. However, in non-equilibrium
scenarios, such as when a current is applied or, as in our

Figure 2. (a) Microscopy images showing the trap operating in the
presence of colloidal particles (d=2.1 pm). The microparticles accu-
mulate in front of the tip, their direction of movement is indicated with
blue pointers. (b) Overlay image from a video (Supporting Video 1)
that captures the attraction and accumulation of the microparticles.
Particle traces are represented as green lines.
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case, when a concentration gradient is present, the electric
force can extend over a much longer range. It is worth
noting that, according to Eq. (1), the range of the diffusio-
phoretic force should in fact be similar to that of the
concentration gradient.

Next, we investigated the diffusiophoretic trap’s capacity
to promote DNA hybridization reactions. Notably, the trap
generates favorable conditions for such reactions in two
respects: the trap locally enhances the DNA concentration
by hundredfold, and the steep electrolyte gradient provides
a high ionic strength within the trap. By contrast, in regions
remote from the trap, both DNA and electrolyte concen-
trations are low, preventing DNA hybridization to occur.

Since both carboxylated silica particles and DNA
accumulate in the trap, we studied hybridization reactions
on the surface of the colloids, which can be easily monitored
by microscopy. We modified the microparticles by activating
their carboxyl groups with 1-Ethyl-3-(3-dimethyl-amino-
propyl)-carbodiimide (EDC) and coupling them to 60 nt
long amino-modified DNA capture strands.”>*! We then
operated the trap at 25 mbar using the DNA-modified
colloids and a 5 nM solution of fluorescently labeled 30 nt
long DNA strands, which had a sequence complementary to
a subsequence of the DNA on the colloids (cf. Supporting
Information). Both colloids and free DNA accumulate in
the trap, allowing the free DNA to hybridize with the DNA
on the colloids (Figure 3a). After 5min of operation we
turned off the trap and the colloids sedimented. The
localization of fluorescence signal on the microparticles,
which is visible in the fluorescence image of the sedimented
colloids (Figure 3b), indicates successful DNA hybridization.
We observed fluorescence on the particles for an additional
2 h, indicating that the fluorescent DNA was indeed stably
bound to the capture strands. The complete experiment is
documented in Supporting Video 2.

Lastly, we studied whether the diffusiophoretic trap can
promote the assembly of branched DNA junctions—also
termed Y-DNAP*7 or DNA nanostars‘**'?—into macro-
scopic gels (cf. Figure 4a). Three-arm DNA nanostars are

Figure 3. (a) DNA-modified silica particles and complementary strands
are both accumulated in the diffusiophoretic trap. The locally high
DNA and electrolyte concentrations promote DNA hybridization on the
colloid surface. The blue pointers indicate the direction of the
diffusiophoretic force. (b) Brightfield and fluorescence images of the
sedimented particles after the trap was turned off (see also Supporting
Video 2).
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Figure 4. (

a) Sketch illustrating how DNA nanostars are attracted and accumulate in a diffusiophoretic trap. The nanostars have selfcomplementary

single- stranded overhangs that allow them to polymerize into a gel. (b) DNA concentration within a circular ROI close to the tip’s pore during a
DNA nanostar polymerization experiment. The ROl is shown in the microscopy image in the inset, numbers on the graph correspond to the
images displayed in (c). (c) Brightfield and fluorescence images from selected frames of the nanostar polymerization experiment. The fluorescence

intensity was individually adjusted for each frame.

composed of three 42 nt long single strands that hybridize
together to form a Y-shaped nanostructure with three
~7 nm long arms. Each arm of a nanostar features a single-
stranded sticky end with a distinct self-complementary
sequence, enabling the edges of the junctions to bind to
each other and polymerize into a gel. We operated the
diffusiophoretic trap with 5 nM DNA complexes. In order to
be able to monitor their assembly via fluorescence micro-
scopy, we substituted 1nM of one of their constituent
strands with a 33 nt long strand carrying a Cy5-label instead
of the sticky end.

In Figure 4c, we show selected frames extracted from a
microscopy video (Supporting Video 3) of the trap operating
in the presence of nanostars. The video is further analyzed
by plotting the fluorescence intensity within a circular region
of interest as indicated in Figure 4b. Within roughly the first
minute of operation (until time point 1), the fluorescence
rapidly increases, corresponding to the formation of a
diffuse DNA cloud similar as in the experiments shown in
Figure 1. Between time points 1 and 2, the shape of the
fluorescent cloud changes and its intensity drops. Simulta-
neously, in the brightfield image a distinct structure appears
in front of the tip, which we interpret as the formation of a
DNA gel. The change in shape of the fluorescent cloud is
likely due to the altered hydrodynamic flow and electrolyte
gradient caused by the presence of the DNA gel. The gel
continues to grow in size between time points 2 and 4, while
maintaining a relatively constant fluorescence level. After
17 minutes (between time points 4 and 5), we stopped the
electrolyte flow, eliminating the gradient and thus terminat-
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ing the trapping process. We observed a quick initial
expansion in the size of the gel, accompanied by a rapid
decrease in fluorescence. The gel continues to expand until
it is no longer visible in either the fluorescence or brightfield
channels. We repeated the DNA gel formation experiment
multiple times and found similar behavior as in Figure 4b in
each case (see Supporting Information).

The observed behavior can be explained with the
viscoelastic properties of DNA nanostar gels.**”! The rapid
expansion of the gel following trap deactivation is a
consequence of the elasticity of the DNA gel. During
operation of the trap, the gel is compressed by the force
exerted through the electric field. Upon removal of this
force, the gel quickly relaxes and expands. The swift
decrease in fluorescence after time point 4 can be attributed
to the diffusion of unbound DNA molecules out of the trap.
The later phase of the dissolution process (time points 6 and
7) is characterized by a slow expansion of the gel and fading
visibility, indicating swelling and bulk erosion. As the gel
forms under a compressive force and at high DNA
concentrations, it initially comprises a densely intercon-
nected matrix. During dissolution, nanostars dissociate with-
in the gel and either escape or bind elsewhere. This results
in a reduced crosslinking density, leading to elastic relaxa-
tion and expansion of the gel matrix.

Finally, we wish to discuss the physical non-equilibrium
state of the DNA during the trapping process. While it
seems intuitive to describe the trapping mechanism as DNA
accumulation in a potential well created by the interplay of
the electric field and hydrodynamic flow, this notion is not
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entirely accurate. A stationary state, resulting from a
balance between electric and hydrodynamic forces, cannot
be described as an equilibration process in an energy
minimum. Typically, the hydrodynamic flow field cannot be
expressed as a gradient field, and consequently, the resultant
hydrodynamic force cannot be either. Therefore, we antici-
pate that DNA continues to be actively transported within
the system, even when it reaches a steady state. In simpler
terms, the mass flux of the DNA may remain non-zero even
at steady state, indicating that the accumulation is more akin
to a traffic jam than a static collection. Regarding the
assembly of DNA gels, the trap creates locally favorable
conditions, specifically high concentrations of nanostars and
electrolytes, accompanied by a continuous supply of new
material for the sustained growth of the gel.

Conclusion

In conclusion, we have developed a diffusiophoretic trap
capable of locally concentrating both DNA and colloids, as
well as promoting hybridization between complementary
DNA strands. Moreover, we explored the reversible self-
assembly of DNA nanostars into macroscopic structures. An
electric field, generated by an electrolyte gradient, serves as
the driving force for assembly, accumulating the DNA and
creating favorable conditions for strand hybridization. When
the gradient is removed, along with the localization force
and favorable hybridization conditions, the gel gradually
disassembles.

In addition to its fundamental scientific interest as a non-
equilibrium dynamical system, the diffusiophoretic trap has
potential technological applications. Our experiments dem-
onstrate that the trap can concentrate charged colloids or
molecules. This method could be utilized to extract these
substances from diluted environmental samples, preconcen-
trate them prior to analysis,”” or select and sort them based
on charge. Furthermore, the local up-concentration mecha-
nism provides a possibility to speed up concentration-
dependent reactions, which might prove useful for the
development of low cost DNA or RNA detection systems.

Lastly, we wish to highlight other physical non-equili-
brium systems that similarly promote local up-concentration
and interactions among nucleic acids. Most notably, temper-
ature gradients are known to locally trap DNA via
thermophoresis, under specific conditions.”’**) Thermal
gradients have even have been observed to drive the
gelation of nucleic acids.” Additionally, two other non-
equilibrium settings, wet-dry cycles'™! and freeze-thaw
cycles,*** are noteworthy as they exhibit effects similar to
those observed in our diffusiophoretic trap. Freezing and
evaporation effectively reduce the reaction volume, leading
to locally high concentrations of electrolytes and reactants,
which in turn enhances the efficiency of biochemical
reactions.

Naturally, these mechanisms have also been investigated
as solutions to the concentration problem in prebiotic
evolution scenarios, where achieving sufficiently high con-
centrations of organic molecules in dilute primordial envi-
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ronments is crucial for the reactions leading to the formation
of the first biomolecules.*”! Notably, pH gradients®"! and
concentration gradients,® emulating hydrothermal vent
conditions, have been explored in this context.

In principle, electrolyte gradients can occur in similar
settings, e.g., in porous rocks that leach dissolving salts or in
saltwater springs. According to Eq. (1), salts suitable for the
diffusiophoretic trapping of nucleic acids comprise most
halogen salts of divalent or trivalent metal ions.’"! Alkaline
solutions are also expected to be effective, due to the
exceptionally high diffusion constant of OH™. Notably,
calcium carbonate, a commonly occurring mineral, has
previously been demonstrated to be effective in driving
diffusiophoresis."*! However, we have to acknowledge that
our diffusiophoretic trap operates within a relatively narrow
range of parameters, as evidenced by the optimal pressure
range deduced in Figure 1. Critical factors, including pore
size, outflow rate, and the electrolyte composition inside and
outside, require precise calibration, suggesting that the effect
may not be very common in natural environments.
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