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Abstract: Hydrogels are essential in many fields ranging from tissue engineering and drug delivery
to food sciences or cosmetics. Hydrogels that respond to specific biomolecular stimuli such as
DNA, mRNA, miRNA and small molecules are highly desirable from the perspective of medical
applications, however interfacing classical hydrogels with nucleic acids is still challenging. Here
were demonstrate the generation of microbeads of DNA hydrogels with droplet microfluidic, and
their morphological actuation with DNA strands. Using strand displacement and the specificity of
DNA base pairing, we selectively dissolved gel beads, and reversibly changed their size on-the-fly
with controlled swelling and shrinking. Lastly, we performed a complex computing primitive—A
Winner-Takes-All competition between two populations of gel beads. Overall, these results show that
strand responsive DNA gels have tantalizing potentials to enhance and expand traditional hydrogels,
in particular for applications in sequencing and drug delivery.

Keywords: DNA nanotechnology; droplet microfluidic device; DNA hydrogels; toehold-strands;
dynamic morphological transformation

1. Introduction

Hydrogels are fundamental in bioengineering, where they serve as scaffolds to support
and steer the growth of tissues in-vitro, or in drug delivery where they serve as an excipient
to carry drugs to target locations [1–6]. Hydrogels are also making inroads in single-
cell sequencing [7,8]. In this approach, single cells are encapsulated into droplets with
hydrogels beads that bear monoclonal DNA barcodes. After lysis in the droplets, the
transcripts from each cell are concatenated to their DNA barcodes, and read out with
next-generation sequencing—thus enabling transcriptomics at the single-cell level [9].

In that context, so-called stimuli-responsive gels have become an intense focus of re-
search, as engineers seek to gain control over when, where and how gels can form [4,10–18].
Gels that respond to temperature or pH are now common—thanks to the availability of
pH or temperature sensitive monomers—and are routinely used to control the timing of
gelation (for instance to prevent premature gelation). Gels that respond to other physical
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stimuli like electrical fields or light have also been reported, thanks to the synthesis of
photosensitive monomers or by taking advantage of electrophoretic or electroosmotic ef-
fects [19–21]. By combining photosensitive gels with lithography, one gains spatial control
over the structuration of the gel, and for instance one can imprint a gradient of stiffness
(which is known to influence the differentiation of tissues) [22,23]. Electrosensitive hy-
drogels were embedded in soft robots to control their locomotion with external electrical
fields [21,24,25]. However, hydrogels that respond to specific biomarkers (e.g., miRNA,
and proteins) have been more elusive, although they would be highly useful for a variety
of applications—the most obvious being biosensing [26]. In drug delivery, DNA gels that
sense biomarkers for cancers could enhance the specificity of delivery of oncogenic drugs
to tumors. In single-cell sequencing, gel beads capable of sensing target transcripts could
be used to isolate and sequence particular cellular types or states. Yet the monomers that
compose common hydrogels [27–31] (polysaccharide, polyacrylamide, alginate, hyaluronic
acid, and polyethylene glycol) are small organic molecules that do not interact naturally
with arbitrary nucleic acid or proteins.

DNA gels—which gelify by the mutual hybridization of DNA nanostructures into an
extended 3D network—have emerged as a new class of hydrogels with ideal properties
for stimuli-responsiveness [32–35]. In addition to being biocompatible and biodegradable,
DNA is an ideal material for interfacing hydrogels with the realm of biomolecules. DNA
strands are easily conjugated to polymers such as polyacrylamide or polyethylene glycol,
and can sense nucleic acids from biological origins (DNA, mRNA, and miRNA), or small
molecules and proteins with the help of aptamers. Additionally, DNA nanotechnology
now offers a rich toolbox of nanostructures (e.g., DNA origami [36–38]) and mechanisms
(strand displacement [26]) to control the shape and dynamics of DNA monomers down
to the nanoscale. In the past two decades, a rich library of DNA-based gels has been
reported [32–35,39–47], along with numerous applications in sequencing, drug delivery,
CTC cell capture or qPCR [26,44,45]. DNA gels that are responsive to pH [32–34], tempera-
ture [35], or enzymes such as CRISPR-Cas12 [48] have been reported in the literature.

Fabrication of microgels with microfluidics is now well established [49], enabling the
generation of spherical microparticles of hydrogels, which are easier to administer in drug
delivery [50]. For instance beads of agarose, gelatin or silica were generated with droplets
microfluidics [51]. Besides this, research has been done to scale up throughput in view of
industrial applications [52–54]. For instance, a massively parallel microfluidic device made
of Silicon was reported which produces liters of emulsions per hour [52].

DNA gels that change their morphology in response to specific DNA stimuli have been
reported [43]. They open avenues for drug delivery, where drugs are loaded and released
with controlled swelling and shrinking of the hydrogel. However, the morphological
changes were often unidirectional, i.e., were not shown to be reversible [43]. And the
demonstration was done on macroscopic DNA gels (mm-cm range), although it would
be desirable to achieve the same control on microscopic DNA gels, because they would
be easier to inject or inhale [55–61]. Here, we report DNA microgels that morphologically
respond to target DNA strands. We prepare batches of monodisperse microbeads of DNA
gels with droplet microfluidics, and actuate morphological changes in the beads with
strand displacement, a powerful and general mechanism in DNA nanotechnology [62–65].
We also demonstrate advanced functionalities, such as selective dissolution of gels, or even
a Winner-Takes-All algorithm where two populations of beads mutually dissolve each
other until only one population is left. The ease and programmability of implementation
opens new avenues, not only for drug delivery, but in other domains such as single-cell
sequencing or tissue engineering.

2. Materials and Methods
2.1. General

DNA strands (Table 1) were purchased unpurified from (Integrated DNA Technology,
Coralville, IA, USA), except for st1* TAMRA, which was purchased from (Eurofins, Tokyo,
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Japan). These strands were resuspended in a 1× Tris-EDTA buffer of pH 8.0 (Sigma-Aldrich,
St. Louis, MO, USA) and stored at room temperature. The X-motif strands (st1, st2, st3,
st4) and their complementary strands (st1*, st2*, st3*, st4*) were resuspended in stock
concentrations of 4 mM, while DNA strands with fluorophore (st1FAM and st1*TAMRA)
were resuspended in stock concentration of 100 µM. Bridge strand, extender strand and
shrinker strands were resuspended in stock concentration of 1 mM.

Table 1. Sequences of DNA strands used in this study.

st1 5′-CACTCTTCTGGATCCAGTTTGTTATCGCAGGAGCGTCGGTATTCAAA-3′

st2 5′-CACTCTTCTGGATCCAGTTTGAATACCGACGCCACGACCTAATCTTA-3′

st3 5′-CACTCTTCTGGATCCAGTAAGATTAGGTCGTGATGGTGAAATGTAAA-3′

st4 5′-CACTCTTCTGGATCCAGTTTACATTTCACCATTCCTGCGATAACAAA-3′

st1* 5′-TTTGAATACCGACGCTCCTGCGATAACAAACTGGATCCAGAAGAGTG-3′

st2* 5′-TAAGATTAGGTCGTGGCGTCGGTATTCAAACTGGATCCAGAAGAGTG-3′

st3* 5′-TTTACATTTCACCATCACGACCTAATCTTACTGGATCCAGAAGAGTG-3′

st4* 5′-TTTGTTATCGCAGGAATGGTGAAATGTAAACTGGATCCAGAAGAGTG-3′

st1 [FAM] 5′-CTGGATCCAGTTTGTTATCGCAGGAGCGTCGGTATTCAAA[FAM]-3′

st1* [TAM] 5′-TTTGAATACCGACGCTCCTGCGATAACAAACTGGATCCAG[TAM]-3′

Bridge 5′-CTGGATCCAGAAGAGTGTACACTCACTCAGATGAGACAGTGAGTGTAATGCTAGCAT-3′

Bridge extender 5′-AGTGAGCTGTCTCATCTGAGTGAGTGTA-3′

Bridge shrinker 5′-TACACTCACTCAGATGAGACAGCTCACT-3′

2.2. DNA Hydrogel Concept

The DNA hydrogel forms through the hybridization of 4 single stranded DNA (i.e.,
st1, st2, st3 and st4) into a X-shaped Holliday junction (named X-motif) [66]. The X-motif
presents 4 identical palindromic sticky ends, by which it binds to other X-motifs to form
a 3D gel (Figure 1A). To control the X-motif, we installed a toehold domain at the 5′-end
of each strand [62]. The toehold is a short stretch of DNA that gives the complementary
strands (st1* to st4*) a thermodynamic advantage to displace individual strands and disrupt
the X-motif. Compared to other gels, which may require chemical activation or complex
processing for their synthesis, the preparation of the DNA hydrogel is exceedingly simple.
It is prepared at room temperature by simply mixing the 4 constituent strands of the X-
motif in a saline buffer. To visualize the DNA hydrogel, the DNA hydrogel strand mixture
is supplemented with st1 strands with a fluorescent dye at their 3′-end (i.e., st1FAM).

We also prepared two population of gel beads. One population of gel beads is made
of (+) strands st1, st2, st3 and st4 (later referred to as the “(+) gels”). The other population
is made of the exact complementary (-) strands st1*, st2*, st3* and st4* (referred to as the
“(-) gels”). Since the complementary (-) strands have the same mutual connectivity as the
native (+) strands, they also form Holliday junctions that gelify together (Figure 1B).

We dynamically reconfigured the gels with DNA strands that triggered reversible
swelling and shrinking (Figure 1C). Such morphological changes are employed in drug
delivery to control the capture and release of drug payloads by hydrogels [67]. However,
they often rely on ionic effects (most often changes in pH) which are nonspecific and
difficult to link to particular cellular states. For DNA swelling using extender, the opening
of a hairpin loop [43] and elongation with hybridization chain reaction (HCR) [68] have
been reported, but these swellings have not been shown to be reversible. Here, we de-
signed a reversible swelling-shrinking system. We installed a hairpin bridge—A motif that
connects to the native sticky ends of the gel, while exposing its own sticky ends (Figure 1C).
Two bridges mutually bind to each other by their own sticky ends, connecting X-motifs
together and driving their gelation. Importantly, the bridge is extended or shrunk with
external strands—which in principle can be of arbitrary sequence. In the shrunk state, the
bridge adopts a hairpin structure, and the nominal distance between two X-motif is about
~26 nm (78 bp). Upon addition of the extender strand, the loop of the hairpin opens up
and becomes a linear duplex. This extends the nominal distance between two X-motif to
about ~45 nm (134 bp), a relative extension of ~70%. The extender strand is removed by a



Nanomaterials 2021, 11, 293 4 of 16

shrinker strand, which binds to the extender through a dedicated toehold and zips it off
from the bridge. This returns the bridge to its native hairpin structure, thus reducing again
the distance between X motifs.

Figure 1. (A)Assembly of the DNA hydrogel. The DNA gel forms hierarchically. The four constituent
strands (st1, st2, st3, and st4) first mutually bind to form a X shaped motif, a Holliday junction,
through the green domains. Each junction exposes 4 sticky-ends (colored pink) by which it binds
to other junctions to form a 3D gel. The strands also expose a toehold domain (blue). When a
complementary strand (st1*) is added to the solution, this toehold guides and directs the displacement
of the target strand (st1), stripping it from the Holliday junction and disrupting the structure. (B)
Assembly of the (-) DNA hydrogel. Complementary strands of (+) strands also forms a mesh structure,
leading to the formation of a gel. (C) Controllable swelling and shrinking of DNA gel. A stem-loop
structure (a bridge) is installed in the gel structure, bridging two X-motifs. This bridge is extended
or shrunk with the addition of extender and shrinker strands, which convert the bridge between a
hairpin structure and fully extended duplex structure.
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2.3. Cooling Curves of DNA Hydrogel

We mixed the reagents as follows: 1× Tris-EDTA buffer pH 8.0, 150 mM NaCl,
1× Evagreen, and 100 µM of each strand. The solutions were put into a 96-well plate
and fluorescently monitored with a CFX96 thermocycler (BioRad, Hercules, CA, USA).
Starting from a short (3 min) incubation at 95 ◦C, the sample was cooled from 95 ◦C to
20 ◦C with a cooling rate of 0.1 ◦C/min.

2.4. Beads Preparation with Microfluidic Device

We produced microbeads of DNA gels with a previously reported droplet microfluidic
device (Figure 2A,B and [69,70]). Briefly, an aqueous channel and an oil channel are brought
together in the flow-focusing junction of a PDMS microfluidic device [71]. The intersection
of these two immiscible fluids generates monodisperse droplets of water in oil, whose
size is imposed by the geometry of the junction and the pressures of the channels. The
height of the channels is around 50 µm, and this microfluidic device produce droplets
with a typical size of 30–60 µm depending on the applied pressures [69]. The length of the
pre-injector channel upstream of the junction is 300 µm, which allows visualizing the flows
while minimizing residence times [69]. Based on previous estimates, the DNA strands
spend several hundreds of milliseconds in the pre-injector area of the chip [2], which is not
long enough for the DNA strands to significantly gelify in the device.

To further avoid gelation of the DNA strands before their encapsulation in droplets
(which also causes hydrodynamic instability in the mixing channel), we separated strands
into distinct aqueous channels that mix just before meeting the junction.

We started the experiment by preparing two tubes with the DNA strands. The concen-
tration of unmodified strands was 80 µM, the concentration of FAM-labelled st1 was 20 µM,
and the concentration of TAMRA-labelled st1* was 2 µM. (The gelation concentration was
chosen based on a previous a report on the gelation of X-motifs. [72]. It ensured that the
gels were sufficiently stiff and could be handled easily and without breaking). We prepared
a tube with Mineral Oil (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 2% w/w
of surfactant Span 80 (TCI, Japan) for stabilizing the droplets [73,74]. After preparing these
tubes, we connected them to the inlets of a PDMS device with PEEK tubes. We operated
the device by pressuring the tubes with a nitrogen-based pressure controller (MFCS-EZ,
Fluigent, Le Kremlin-Bicêtre, France)—which works in a pressure range of 50–800 mbar.
The microfluidic device was operated at room temperature. The device was operated as
follows. We first set the oil pressure to ~800 mbar, which is about the maximum possible
pressure at which operation is stable for our controller and device. We then quickly in-
creased the pressure of the aqueous solution from 0 to about 100 mbar, adjusting it slightly
so as to obtain droplets with a diameter of 50 µm. The resulting throughput of droplets
generation was typically of several microliters per minute. After the droplets were collected
in a pipette tip planted at the outlet, and we waited at least 10 min droplets, after which
they are stable at room temperature for extended periods of time (at least a month).

2.5. Beads Assay

In order to observe the morphology of the DNA beads, we resuspended them in an
aqueous buffer (made by adding 150 mM NaCl to 1× Tris-EDTA buffer pH 8.0, and then
vortexing for 30 s). (Note that in the present study, “droplets” refer to vesicles of water in
oil, while “beads” refer to spherically-shaped microgels of DNA strands). We observed
the gel beads in microwell plates (PerkinElmer, Waltham, MA, USA) with epifluorescence
microscopy (Ti-2, Nikon, Tokyo, Japan) using a 10× objective (Nikon, Tokyo, Japan) and
appropriate filters (Figure 2C). To remove the oil phase, we first mixed the emulsion coming
out of the device with isopropanol in a buffer (1µL of isopropanol, 1µL of droplet, and 8 µL
of buffer). After that, we put this solution in the well plate and filled it up to 50 µL with a
buffer. In order to avoid bias in the number of gel beads between samples, the tube contain
hydrogel beads was well stirred before transfer of the beads to the well plate. Furthermore,
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we closed the well with a PCR film (Biorad, Hercules, CA, USA) to prevent evaporation of
the solution.

Figure 2. The microfluidic platform for gel beads generation. (A) The four strands forming the DNA
gel were split into two channels to prevent premature gelation in the device. The two channels
meet immediately before a flow-focusing junction, which intersects the aqueous channel with an
oil channel. Monodisperse droplets of water in oil are generated at the exit of the junction. After
collection, the emulsion was left at room temperature for at least 10 min to allow the DNA strands to
gelify. (B) Image of the microfluidic platform setup (left). The samples are connected to the device
with PEEK tubes directly planted in PDMS. A tip at the outlets collects the water-in-oil emulsion,
which creams at top of the tip due to the density of the oil phase. The blowup (right, bright field)
shows the junction where droplets are generated. The scale bar is 150 µm. (C) Resuspension of the
DNA gel beads. After incubation at room temperature, the oil phase is removed and the beads are
resuspended in an aqueous buffer. Beads are extracted by mixing them with isopropanol and buffer,
and then resuspending them in a larger volume of buffer in a well. The 96-well plate is mounted
onto a microscope stage with a transparent glass heat plate for observation.
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2.6. Selective Dissolution

Solution of 1 µL of (+) droplets and 1 µL of (-) droplets were resuspended and mixed
in 50 µL of buffer. After leaving them 10 min to sit at the bottom of the well plate,1 µL of
1 mM st1 and 1 µL of 1 mM st3 were added to selectively dissolve the (-) gel beads. The
process was carried out at room temperature and observed by fluorescence microscopy.

2.7. Winner-Takes-All Function

5 µL of (+) droplets and 5 µL of (-) droplets were resuspended into separate tubes
with 20 µL of buffer. The contents of the tubes were then mixed with nominally different
ratios (100%:0%, 75%:25%, 50%:50%, 25%:75% and 0%:100%) into five tubes. Then each
tube was filled up to 50 µL with buffer, and transferred to the well plate. The well plate
was heated to 40 ◦C, and the evolution of the beads was followed by microscopy.

2.8. Swelling and Shrinking

To insert the bridge strands within the (+) gel beads, 80 µM of st1, st2, st3, st4, and
160 µM of bridge were mixed during the beads generation by droplet microfluidic. After
generation of the droplets, they were resuspended in 50 µL of buffer, transferred into
96 well plates with a flat glass bottom. The plate was set onto microscope stage with
a transparent glass heater set at 40 ◦C for observation, and 1 µL of bridge extender at
1 mM was added to trigger the swelling. The observation was paused after 90 min of
incubation, and we briefly opened the sealing film to add 2 µL of 1 mM bridge shrinker
before resuming the observation for another 90 min. It is important to note that the gel
beads moved during injection of the actuating strands, thus the observation for shrinking
was made with a different field of view than for swelling. For each time-lapse image,
25 beads were randomly chosen in the region of interest (representing about 1/4 of the
actual field of view of the camera) and their size was measured. Outsized beads (i.e., beads
that are typically twice larger than the average size) were excluded from this selection. The
measurement data were statistically analyzed and plotted using MATLAB.

3. Results
3.1. Hydrogel Formation

We first verified the gelation of the DNA hydrogels at a macroscopic level (Figure 3).
Mixing two strands out of four (the strands that are diagonally opposed in the X-motif)
does not result in phase separation—one of the hallmarks of gelation—and the solution
remains homogeneous. However, when the four strands are mixed together, we observe a
clear sol-gel transition with the content of the tube partitioning in two phases: a gel phase
at the bottom of the tube (in pink) and a liquid at the top (transparent).

3.2. Cooling Curve of DNA Hydrogel

We acquired cooling curves of the DNA gels to estimate their characteristic tempera-
tures (Figure 4) [75]. Two large fluorescence jumps were observed during the cooling of
the 4 strands that compose the gel. The first jump occurred around Tm1 = 68 ◦C, which
we assign to the assembly of the 4 strands into a Holliday junction [66,76]. The second
jump occurs at Tm2 = 52 ◦C, which we assign to the mutual binding of Holliday junctions
by their sticky ends into a gel. This temperature Tm2 gives the upper limit of stability
for the gelation process. We also measured the cooling curve for the hybridization of st1
with its complementary strand st1*, a process that we use later to disrupt the Holliday
junction and dissolve the gel. As expected, the duplex is more stable (Tm3 = 87.5 ◦C) than
the Holliday junction because DNA bases are fully paired and there is no entropic linker.
This measurement supports the assumption that st1* can thermodynamically drive the
disruption of the Holliday junction.
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Figure 3. Macroscopic visualization of the DNA hydrogel. Three combinations of strands were mixed
in a PCR tube and left at room temperature for about 15 min. The left and middle tubes contain
st1*(TAMRA)-st3* strands and st2*-st4* strands, respectively (80 µM for each strand). The strands
remained in the solution phase because no complete X-motif monomer can be formed. The right tube
contains 20 µL of each of the left two tubes with addition of the buffer. After 15 min of incubation, the
assembly of the X-motifs into a 3D gel became visible. The content of the tube was visibly separated
into two phase, one solution phase and one gel phase.

Figure 4. Cooling curves of the components of the DNA gels. DNA strands are mixed in a PCR tube, heated at high
temperature, then slowly cooled down. Their hybridization is followed with a DNA intercalant by EvaGreen fluorescence
(excitation wavelength is 450–495 nm and emission wavelength is 515–530 nm), which reports on the number of base pairs
formed. The blue curve shows the cooling curve of a solution containing all the strands composing the DNA hydrogel. The
yellow curve shows the cooling curve of strands st1 and st1*. All strands are present at 100 µM concentration.
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3.3. Selective Dissolution

We then experimentally demonstrated the generation of gel beads with droplets
microfluidics, and their controlled dissolution with specific ssDNA (Figure 5). We prepared
the population of (+) gel beads and (-) gels beads with microfluidics, and resuspended
them in microwell plates. Microscopy observation confirmed the successful generation of
the beads. Although the content of the droplets was resuspended into an aqueous buffer,
we could observe two distinct phases: a continuous phase (buffer) and an aggregated phase
(+) gel beads in red or (-) gel beads in green. This confirms that gelation was successful
in droplets, as otherwise the DNA strands would have dissolved into the aqueous buffer.
The size of the beads were 42.0 ± 3.3 µm for (+) gels and 40.0 ± 2.5 µm for (-) gels at room
temperature.

Figure 5. Selective dissolution of DNA gel beads. (A) Two populations of gel beads were generated
with microfluidic. One population of (+) gel beads is made from strands st1, st2, st3, st4. The (-)
population of gel beads is made of the exact complementary strands (st1*, st2*, st3*, st4*), which also
form a gel. (B) Workflow for selective dissolution. The (+) and (-) population are mixed together,
and st1 and st3 are added in large excess. These strands invade the X-motif of the (-) gels through
their toehold (blue), causing the disruption of the motif and the dissolution of the gel. (+) gel beads
are unaffected because they are inert with respect to st1 and st3. (C) Microscopy observation of
population of (+) gel beads (in green) and (-) gel beads (in red). The t = 0 image shows the gels just
after addition and pipetting of the strand st1 and st3. About 20 min after addition of st1 and st3, the
quasi complete dissolution of (-) gel beads can be observed, while the (+) gels remain intact. The
scale bar is 80 µm.
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We then confirmed the selective dissolution of one population of gel beads while
keeping the other population unaffected. To do that, we added a large excess of strands
st1 and st3 to the solution. Those strands invade the (-) gel beads, binding to st1* and
st3* by their toehold domain to initiate strand displacement that disrupts the X-motif and
causes the dissolution of the (-) gel beads (Figure 5B). On the other side, the (+) gel beads
remain intact as they do not interact with the strands st1 and st3. This was confirmed
experimentally, and we observed the rapid disappearance of (-) gel beads (in red) from the
population of beads over the course of 20 min. The speed of dissolution slightly varied from
bead to bead, which may reflect local variation in the time needed for the dissolving strands
to reach their target. Overall, this shows that DNA gels can be shaped into micrometric
beads and sequence-selectively dissolved.

3.4. Winner-Takes-All

We then exploited the complementary of (+) and (-) gel beads to “compare” their
concentrations with a mechanism of mutual dissolution, implementing a Winner-Take-All
computation. We start with two populations of (+) and (-) gel beads mixed in an unequal
ratio, and we get them to mutually dissolve each other, until only one population of beads
is left. This kind of Winner-Takes-All mechanism is highly nonlinear, and has been used to
devise DNA-based classifiers [77]. Since (+) and (-) gel beads are perfectly complementary,
they thermodynamic product is a solution containing fully paired duplexes (e.g., st1 and
st1*), which are more thermodynamically stable than the gel structures (Figure 4). However
this process is slow at room temperature, and we only observe the kinetic products (separate
populations of (+) and (-) gel beads).

We reasoned that heating would “loosen up” the gel structures, partially breaking
some sticky ends, unwinding some arms of the X-motif. If this happens when two (+) and
(-) gel beads are close to each other, then complementary strands belonging to separate
beads (e.g., st1 and st1*) could start to hybridize and drive the resolution of the Holliday
junction into fully paired duplexes. This resolution is heavily favored thermodynamically
for two reasons: the final duplexes have more base-pairing than the X-motif, and they
lack the flexible linkers of the X-motif, which have an entropic cost. Since this process is
thermodynamically downhill, it only needs to overcome small kinetics barriers. We chose
to heat up the solution of 40 ◦C, which is halfway between room temperature and the
gelation temperature (~50 ◦C).

We experimentally validated those assumptions with 5 ratios of (+) and (-) gel beads
(Figure 6). For a 3-fold excess of one population over the other (e.g., 75:25 or 25:75), we
observed the complete dissolution of the minority population. This mutual dissolution
was relatively fast, occurring over a timescale of dozens of minutes. As a control, we also
confirmed that dissolution did not occur for 100:0 and 0:100 mixing ratios, which indicates
that dissolution was not caused by heating itself, but rather by direct interactions between
(+) and (-) beads. We also tried an equal distribution 50:50 of (+) and (-) beads. In this case
both populations shrank, but without leaving a clear winner. We hypothesize that a large
excess of one population over the other is needed to fully drive the dissolution because the
process is not catalytic.

3.5. Swelling and Shrinking of Gels

We experimentally tested the swelling and shirking of gel beads (Figure 7). Starting
from gel beads comprising bridges (median diameter of 30 µm), we added extender strands
to the well. The gel beads swelled up by ~30% in ~50 min, reaching a median diameter
of ~38 µm (Video S1). During this time, the size of beads in the control well remained
stable. After about 50 min, the beads slightly shrunk spontaneously, for reasons that are
unclear. The magnitude of swelling is also lesser than expected, which may be due to
various reasons. (Bridges compete with the native sticky ends during gelation, and may
not be completely inserted in the matrix. Or the extending strands may not be able to
diffuse fully inside the gel matrix, limiting the number of bridges which are extended.) In
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any case, the speed and magnitude of swelling is consistent with other reports using strand
displacement to actuate DNA gels [43,78]. We then demonstrated shrinking of the DNA gel
beads by adding remover strands that peel off the extended from the bridge. The median
diameter shrunk from ~31 µm to ~20 µm over the course of ~80 min (Video S2). Overall,
the reversible shrinking and swelling suggest that our DNA hydrogel design worked as
expected, and could find applications in drug delivery.

Figure 6. Winner-Takes-All competition between gel beads. (A) (+) and (-) gel beads are perfectly complementary, and should
mutually “dissolve” each other to leave only fully paired duplexes. However, this process is slow at room temperature. We
hypothesized that heating the solution would catalyze this thermodynamically downhill process. Once a strand is peeled
from a X-motif, this exposes more single-stranded domains which can react with their complement in the other population
of gels. (B) Fluorescence time-lapse of gel beads and (-) gel beads mixed in various ratios at 40 ◦C. The scale bar is 150 µm.
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Figure 7. Time-course of the swelling and shrinking of DNA gels. Extender or shrinker strands are added at the beginning,
and the distribution of beads’ diameter is followed by microscopy. For each frame, 25 beads were chosen at random in the
field of view, excluding large outlier beads. After 90 min, the shrinker strand was injected and beads in a different field of
view were followed. The scale bar is 150 µm.

4. Conclusions

We demonstrated the generation of DNA gel beads, as well as their controlled swelling,
shrinking and dissolution. This degree of control over the gel—afforded by the programma-
bility of DNA base pairing—could find direct applications in drug delivery. A drug payload
could be entrapped in the mesh of a gel bead, and selectively released in presence of RNA
biomarkers at specific sites in the human body [79–81]. At the moment the mesh (~26 nm)
is probably too large to accommodate antibodies (~10 nm) [82], but the arms of the X-motif
could in principle be truncated to size the mesh down. Antibodies could also be conju-
gated to a DNA strand (a routine operation) and directly coupled to the gel matrix with
anchoring strands [83–85]. Further work in that direction should also find mechanisms to
reduce the concentration of signal strands needed to trigger dissolution of the gel. Catalytic
mechanisms based on strand-displacement [62,63] could in principle drive this process.

Programmable DNA gels could also find applications in single-cell sequencing (where
gel beads and droplet microfluidics are already routine) for instance to extract from a
cellular the transcripts belonging to a specific cellular type [9]. In tissue engineering, DNA
gel beads could support complex engineering of spheroids [86], for instance to spatially
organize multicellular spheroid, to select spheroid with given phenotypes, or to massively
screen culture conditions [87,88]. Lastly, it could also find application at the intersection of
regenerative medicine and drug delivery. The packing of hydrogel microparticles at the site
of an injury has been proposed as a way to heal tissues. DNA gel beads could support this
process, with the added benefit of a stimuli-sensitive control of their morphology, which
could help to guide the healing of injuries.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-499
1/11/2/293/s1, Video S1: Swelling of DNA hydrogels. Video S2: Shrinking of DNA hydrogels.
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