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ABSTRACT

Liquid-liquid phase separation (LLPS) droplets of biopolymers are known as functional
microdroplets in living cells and have recently been used to construct protocells and artificial
cells. The formation of DNA coacervates (also referred to as DNA droplets) from branched
DNA nanostructures and the control of their physical properties via DNA nanostructure design
were demonstrated previously. For the construction of artificial cells or protocells, however,
even though physical effects such as surface tension, wetting, and viscoelasticity are more
important in a tiny (micrometer-sized), confined environment than in a bulk solution
environment, they have not been explored yet. This study shows that a tiny, confined
environment using a water-in-oil (W/O) microdroplet interface modulates the phase separation
dynamics of DNA coacervates, leading to micrometer-sized porous capsular structures. The
porous structures were produced via two types of viscoelastic phase separation (VPS) processes
in DNA coacervates: (i) simple VPS and (ii) cluster-cluster aggregation after VPS. Finally, it
was shown that environmental chemical stimulation can manipulate porous capsular DNA
hydrogels extracted from W/O microdroplets. These results provide an approach for designing
and fabricating artificial cells or protocells with complex structures and physicochemical

properties.
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INTRODUCTION

Liquid-liquid phase separation (LLPS) droplets of biopolymers have been studied for a long
time in terms of the origins of life!, protocell models*, and in artificial cell engineering’!!.
The LLPS droplets in living cell'>!3 such as nucleoli, P-bodies, and stress granules, are
membrane-less organelles that exert a variety of biological functions!'* such as sensing,
localization, and concentration of molecules, and activation or inactivation of biomolecular
reactions. One of the LLPS droplets is an aqueous two-phase system droplet formed via the
segregation of aqueous polymers, such as polyethylene glycol (PEG) and dextran®!>-2!, which
is also referred to as a non-associative LLPS droplet. Another LLPS droplet is a coacervate
(also called an associative LLPS droplet), which is formed via associative interactions between
biopolymers. For example, intrinsically disordered regions of proteins??, nucleic acid base

23-26

pairings**%¢, and charged biopolymers®%2’2° have been reported as dominant factors for

associative interactions.

The typical structure of biopolymer coacervates are spherical droplets; however, they can have
porous structures that occur via interactions with other intracellular structures, such as the
nuclear membrane. For example, the viscoelastic phase separation (VPS)**3? of chromatins
partly tethered to the cell nuclear membrane is expected to be used to form a sponge-like
chromatin structure’*. Like this, the interaction between biopolymer coacervates and a tiny,

confined environment often plays essential roles in self-organized structure formations.

Recently, DNA nanotechnology®® has demonstrated the formation of liquid-like DNA

coacervates?#26.2829.3648 (DNA droplets), which have attracted interest as design-based
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methods for forming and controlling biopolymer coacervates. DNA nanotechnology relies on
the programmability of DNA sequences based on the computational prediction of the

49-51 and has

thermodynamic stability of base pairing and the physical topology of DNA strings
achieved DNA nanostructures*®>2, DNA hydrogels™>¢, and assemblies of DNA
nanostructures on lipid membranes or oil-water interfaces®’°!. The established knowledge of
DNA nanotechnology has been applied to the design and formation of DNA droplets*’
constructed with branched DNA nanostructures (called DNA motifs or DNA nanostars)?*2%
36-41, 43746 " and multi-block long single-stranded DNA (ssDNA) generated by rolling-circle
amplification®?%4. These studies also demonstrated the dynamic behavior of DNA droplets*,
such as phase separation and the division of two immiscible DNA droplets with orthogonal

36,37

sequences®®37, bubbling of DNA droplets with an enzymatic reaction®®, disruption of lipid

membranes®’, DNA logic computation*, and droplet locomotion*>4,

In addition, the dynamics of DNA coacervates can be altered by interactions with surfaces or
tiny, confined spaces. For example, Sato et al. demonstrated that immiscible DNA coacervates
exhibited an ordered lateral pattern formation by interacting with a liposome inner surface®,
even though the immiscible DNA coacervates showed a simple division in an uncontrolled
manner in a bulk solution. Tran et al. demonstrated that a DNA droplet was divided into two
droplets in a controlled manner if it was encapsulated in a tiny, confined space with liposome®®.
Leathers et al. demonstrated a reaction-diffusion pattern in a small DNA droplet*!. However,
modulation of the dynamics of DNA coacervates remains challenging because it enables the

construction of artificial cells or protocells with more complex structures and functions.
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Herein, we report that modulating the dynamics of DNA coacervates on the lipid monolayer
interface of water-in-oil (W/O) microdroplets leads to porous pattern formation. The DNA
coacervates are formed by the self-assembly of Y-shaped branched DNA nanostructures (DNA
Y-motifs) on the W/O microdroplet interface by annealing. This process generates micrometer-
sized capsular structures of the DNA coacervate. Porous or non-porous DNA coacervates were
formed depending on the DNA Y-motif concentration and the cooling rate of annealing. The
experiments revealed that a porous structure was produced by the phase separation of DNA
coacervates based on the VPS. Finally, applying the phase-separated porous structures showed
that the porous capsular DNA hydrogels can be dynamically manipulated after their extraction

from W/O microdroplets.

RESULTS AND DISCUSSION

Formation of porous/non-porous structures of capsular DNA coacervates on a lipid

monolayer interface of a W/O microdroplet

Figure 1A shows a schematic representation of the formation of liquid- and gel-like DNA
coacervates with three single-stranded DNAs (ssDNA1, ssDNA2, and ssDNA3)36:46:61.65 The
ssDNAs were completely dissociated when the solution temperature T > T,y (T),y: melting
temperature of the Y-motif stem). Dispersed DNA Y-motifs are formed when T,,,y > T > T}
(T, : formation temperature of liquid-like DNA coacervates). Liquid-like DNA coacervates are
formed when T, > T > T; (T;: formation temperature of gel-like DNA coacervates), where
the Y-motifs bind to one another via the dynamic repetition of attachment and detachment of
their sticky ends. When T; > T, gel-like DNA coacervates were formed by static binding of

the Y-motifs via their sticky ends (Figure 1A, right). DNA sequences were designed using the
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Nucleic Acid Package (NUPACK)*. Numerically calculated T,,, and T,,s (melting
temperature of sticky ends) are ~75°C and ~46°C, respectively, and the measured T; and T

were ~64°C and ~35°C, respectively®, in our experimental condition for DNA coacervate

formation (several uM ssDNAs, 20 mM Tris-HCI buffer (pH 8.0), 350 mM NacCl).

In this study, we encapsulated a DNA Y-motif solution in a W/O microdroplet. We investigated
the pattern-formation dynamics that emerged from the interaction between DNA coacervates
and the lipid monolayer interface of the W/O microdroplet (Figure 1B). The lipid monolayer
interface is composed of two types of lipids: a zwitterionic lipid, 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and a cationic lipid, 1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl}-sn-glycero-3-phosphocholine (DOTAP). The total lipid concentration
was 2 mM. By the annealing of the emulsion of W/O microdroplets from 95°C (> T,,,y) to
20°C (< Tg), the DNA coacervates formed by self-assembly from the DNA Y-motifs on the
microdroplet interface via electrostatic interaction between the anionic DNA molecules and the
cationic interfacial lipids results in the formation of porous/non-porous structures of capsular
DNA coacervates®. It has been reported that the wettability of polymers to a microdroplet
interface affects the pattern-formation of a polymer gel at the microdroplet interface®s-%3, In
this study, we investigated the dependence of the pattern-formation of capsular DNA
coacervates on the wettability of the DNA coacervates to the interface by changing the ratio of
DOTAP composition in total lipid from 100% to 50% (Figure S1). When DOPC:DOTAP =
0:100, only non-porous structures of capsular DNA coacervates were observed because the
wettability of the DNA coacervates to the interface was strong. As the ratio of the DOTAP

decreased, the percentage of porous structures of the capsular DNA coacervates increased due
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to the wettability of the DNA coacervate to the interface became weaker. Hereafter, the lipid

composition in the oil phase was fixed to DOPC:DOTAP = 50:50 in all experiments.

Figure 2 shows three-dimensionally (3D) reconstructed images of the capsular DNA
coacervates formed on the microdroplet interface. The images were obtained using a confocal
laser scanning microscope (CLSM) at various DNA concentrations and cooling rates. As
shown in Figures 2A—D, each concentration of ssDNA1, ssDNA2, and ssDNA3 was Cpna= 10
uM. It was found that round porous (Figures 2A and 2B) and non-porous (Figures 2C and 2D)
capsular DNA coacervates were formed at each cooling rate, .= 0.01 and 0.5°C s’!,
respectively. Figure 2E summarizes the formation percentages of porous/non-porous structures
of capsular DNA coacervates depending on the cooling rate r.. When r. < 0.05°C s’!, the
round-porous structures were more frequent than non-porous structures. In contrast, the non-
porous structures were formed more frequently when r.=> 0.1°C s°!. Capsular DNA coacervates

tended to be more homogeneous (i.e., non-porous) at faster cooling rates.

Next, the dependence of the structures of capsular DNA coacervates on different DNA
concentrations was investigated. Figures 2F—2I show the formation results of capsular DNA
coacervates in a lower DNA concentration (Cpna= 5 uM for each ssDNA1-3). As a result of
CLSM observations, jagged porous (Figures 2F—2G) and non-porous (Figures 2H-2I) capsular
DNA coacervates were found at a cooling rate 7= 0.01 and 0.1°C s, respectively.
Interestingly, the pore shape was not circular, unlike in the presence of 10 uM DNA. Figure 2J
summarizes the percentage of each structure of the capsular DNA coacervates depending on
re. Similar to the conditions of 10 uM DNA, more homogeneous structures were formed at the

faster cooling, though the pore shapes were different.
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Generally, DNA annealing processes produce a homogeneous DNA structure because it is
thermodynamically the most stable structure. Thus, it was expected that a slower cooling rate
(annealing rate) would make DNA coacervates non-porous (i.e., homogeneous), and a faster
cooling rate would make them porous, but the obtained results showed the opposite. Therefore,
it was speculated that the porous structure was not formed via thermodynamic equilibrium; the
kinetic processes of DNA coacervation/gelation under non-equilibrium conditions or the
interactions with the microdroplet interface must have affected the porous/non-porous structure

formations.

Investigation of the formation mechanism of porous/non-porous structures of capsular

DNA coacervates

To investigate whether the microphase separation of lipids affected the formation of porous
structures of capsular DNA coacervates, we first observed the distribution of cationic lipids
(DOTAP) at the oil-water interface of the microdroplet. Figure 3A shows a comparison
between the positions of DNA and DOTAP, where DNA was stained with 4’,6-diamidino-2-
phenylindole (DAPI; blue) and the cationic lipid was stained with a fluorescent variant of
DOTAP, 1-oleoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-3-
trimethylammonium propane (NBD-DOTAP; green). These results demonstrated that the
cationic lipids were distributed homogeneously, even though the DNA had a porous structure.

It was not that the lipid monolayer interface formed the inhomogeneity of the DNA coacervate.
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Next, a real-time observation of the formation process of the capsular DNA coacervates during
decreasing temperatures from 80°C to 30°C was performed (Figure 3B). Figure 3B shows the
fluorescently observed DNA Y-motif distribution (white areas in grayscale images) on the
microdroplet interface. The dispersed DNA Y-motifs first accumulated homogeneously on the
microdroplet interface by the electrostatic interaction between DNA and cationic lipids, even
at a temperature higher than 7p (~64°C). The accumulated DNA Y-motifs connected at
temperatures lower than 71, resulting in liquid-like DNA coacervates. Figures 3B-(i) shows the
results in the conditions that the round porous structures of capsular DNA coacervates tended
to be formed (Cona= 10 puM, slower cooling rate: . = 0.01°C s™!). It was found that microphase
separation of the DNA coacervate at the microdroplet interface was involved in the formation
of DNA coacervates (Figure 3B-(i)). Many micrometer-sized pores were formed by
microphase separation as the temperature decreased; subsequently, the micropores expanded
or fused (Figure 3B-(i)). These pore structures correspond to the round porous structures shown
in Figures 2A, 2B, and 3A-(i). In contrast, at a faster cooling rate (r. = 0.33°C s’!), the DNA

distribution on the microdroplet interface was kept homogeneous (Figure 3B-(ii)).

Real-time observations of the pore formation process at a lower DNA concentration were also
performed, where the jagged porous structures of capsular DNA coacervates tended to form
(Cona= 5 uM, slower cooling rate: r. = 0.01°C s™). It was found that small DNA coacervate
particles were formed by microphase separation at the microdroplet interface; the coacervate
particles and their clusters then diffused and aggregated to form heterogeneous structures at the
microdroplet interface (Figure 3B-(iii)). These heterogeneous structures correspond to the
jagged porous structures shown in Figures 2F, 2G, and 3A-(ii). In contrast, when the non-

porous structures of capsular DNA coacervates were formed (Cpna= 5 puM, faster cooling rate:
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re = 0.1°C s, the DNA distribution on the microdroplet interface remained homogeneous

(Figure 3B-(iv)).

Fractal analysis was performed on the jagged porous structures of the capsular DNA
coacervates (Figure 3C). The fractal-dimension values were calculated using the box-counting
method. The 3D microscopic images of the capsular DNA coacervates were first binarized,
then their reconstructed images on a spherical surface were obtained (Figure 3C-(i)). Next, the
box-counting method gave the fractal dimension on a spherical surface (Figure 3C-(ii)). The
plotted points were on a linear line, suggesting that the capsular DNA coacervates have a
fractal-like structure with a fractal dimension value of 1.7 (less than 2-dimensional). The
observed aggregation of the coacervate particles and clusters (Figure 3B-(iii)) and the fractal
analysis (Figure 3C-(ii)) suggest that the jagged porous structures of capsular DNA coacervates
were formed by cluster-cluster aggregation (Supplementary Note 1 shows the numerical

simulation of a cluster-cluster aggregation on a spherical surface).

In summary, these results revealed that there were two types of porous formations driven by
different microphase separation processes depending on the DNA concentrations: (i) simple
phase separation and (ii) cluster-cluster aggregation after phase separation (Figure 4). In
general, soft matter systems exhibit transient porous structures of minor slower-diffusion
components in major faster-diffusion components through the VPS3°33, which include two
typical processes depending on the concentration of the slower-diffusion components®. The
phase separation results from this study were also considered VPS because the DNA Y-motif
and solvent molecules would correspond to slower and faster diffusion components,

respectively. At higher DNA concentrations (Cpna= 10 uM), the DNA Y-motifs formed a

10
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transient continuous liquid-like coacervate while expelling the solvent molecules. Then, the
DNA coacervate phase-separates in a viscoelastic manner to form many round porous
structures (Figure 4), similar to the sponge-like porous structure of general soft matter*3. In
contrast, at a lower DNA concentration (Cpna= 5 uM), DNA Y-motifs formed transient
discrete coacervate particles by VPS; the discrete DNA coacervate particles showed cluster-
cluster aggregation to form jagged porous structures (Figure 4), similar to the network-like

porous structure of general soft matter?>.

Analysis of the effect of the microdroplet interface on the VPS of DNA coacervates

The formation process of the porous structures of capsular DNA coacervates was different from
that of typical DNA hydrogel microparticles because the DNA hydrogel microparticles were
formed anywhere in the bulk solution by nucleation and growth if there was no microdroplet
interface (Figure 1A). Therefore, the accumulation of DNA Y-motifs at the microdroplet
interface of W/O microdroplets changed the gel formation process of DNA Y-motifs from
nucleation and growth to VPS with the two types of microphase separation. To investigate the
effect of the microdroplet interface, we further analyzed the VPS process of the DNA

coacervates.

The dependence of the formation percentages of the round porous structures (Cpna= 10 pM)

on the W/O microdroplet radius (R) was investigated since the surface-to-volume ratio of the
microdroplets (4mR?/ (g 7TR3) o« R™1) critically affects the physical properties of soft matter

on the microdroplet surface in a nano/micrometer scale. Figure SA shows 100% stacked bar

charts of porous/non-porous structures of capsular DNA coacervates depending on the radius
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of W/O microdroplets at each cooling rate (r.=0.01, 0.05, 0.1, and 0.5°C s™"). As the radius of
the W/O microdroplets increased, the percentage of round porous structures of the capsular

DNA coacervates increased, regardless of the cooling rate.

Figure 5B shows a possible model explaining the Figure 5A results in terms of the relationship
between the W/O microdroplet radius and the wettability of the DNA coacervate to the W/O
microdroplet interface. If the wettability of DNA coacervate to the interface increases, the DNA
coacervates prefer to spread on the interface; thus, the wettability would act as friction against
the DNA coacervate phase separation. However, because the wettability affects only the
surface of the DNA coacervate attached on the lipid monolayer, the DNA coacervate far from
the microdroplet interface does not feel the friction so strongly; thus, the apparent friction
against the DNA phase separation decreases with the DNA coacervate thickness (d) (Figure
5B). Here, we consider the dependence of d on the W/O microdroplet radius (R). Cinitiat and
Ceoacervate denote the initial concentration of the DNA Y-motif in W/O microdroplets before
coacervation and the DNA Y-motif concentration of the DNA coacervate on the microdroplet
interface, respectively (Cipitial < Ccoacervate)- Assuming that all DNA Y-motifs accumulate on
the microdroplet interface and that Ceoacervate does not depend on the W/O microdroplet radius,

the conservation of the total amount of DNA Y-motifs before and after coacervation gives

4 4 4
gn-R3Cinitial = (g mR3 — EH(R - d)3) Ccoacervate-

We have

d=R <1 i 3/1 ___ Cinitial )’
Ccoacervate

which indicates d increases proportionally to R. This means the friction decreases with the

microdroplet radius (R) increased (Figure 5B). Therefore, the VPS process would be

12
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accelerated in the larger W/O microdroplets, resulting in the increase in the percentage of
porous structures in the larger W/O microdroplets (Figure 5B). This hypothesis is also
supported by Figure S1, which indicates the lower DOTAP ratio condition (i.e., less
electrostatic interaction, less wettability, and less friction) resulted in a higher probability of

porous structure formation.

This hypothesis was evaluated using a numerical model. To numerically analyze the formation
process of round porous structures of capsular DNA coacervates, we extended Araki and
Tanaka's disconnectable spring model*? for the VPS of soft matter (Supplementary Note 2).
The disconnectable spring model is a type of Brownian dynamics simulation model based on
the overdamped Langevin equation for coarse-grained particles representing representative

points of soft matter.
d
¢ X = —ViUpor () + &, (1)

where x; is a normalized position of i-th coarse-grained particle in a DNA coacervate; t is the
normalized simulation time; { is a normalized friction constant; §; is a normalized thermal
noise force ((§;) = 0 and (§;(t)§;(t)) = 2T{5;;6(t — t)I; I is the identity matrix); T is the
normalized ‘virtual’ temperature of the system; Uy, is a total potential composed of (i) the sum
of the Lennard-Jones (LJ) potential between all pairs of particles and (ii) the sum of the
harmonic potential representing elastic energy between particles connected with a spring. Here,
the friction against DNA coacervate phase separation is assumed to decrease with the
microdroplet radius as the above hypothesis. The connected particles can be stochastically
disconnected with a disconnection rate p(l) = At~ 2Eta)/T | where AE(l;;1) = Eo —

%’dii’z; l;;» is the extension length of the spring between i-th and i’-th particles; At is the time

13
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step of simulation; E, decides the intrinsic disconnection rate without spring extension at the

normalized temperature T: p(0) = At~'e~Fo/T That is, the disconnection probability depends
on the ratio of the stored elastic energy % Icll-l-r2 to thermal energy (o< T)*. Once the particles

are disconnected, they remain unconnected. In contrast to the original model, the temperature

was not constant when analyzing the annealing process of DNA coacervates in this study. Thus,
the model was extended under the assumption that the temperature linearly decreased as

follows:

T=Ty(1—-kct), 2)

where T, is the initial normalized temperature and k. is the cooling rate in numerical
simulation; the calculation was performed during 0 < t < k_!. In addition, the motion of the
particles was constrained to a spherical surface to mimic the W/O microdroplet interface
( Supplementary Note 2). Equation (1) was solved using the Euler-Maruyama method as

follows:

Numerical simulation of the structure of DNA coacervates has been performed by changing
two parameters, the cooling rate k. and the friction constant ¢ . Figure 5C shows the
numerically simulated structure of the DNA coacervate. The friction constant (horizontal axis)
decreased from left to right, corresponding to an increase in the W/O microdroplet size. The
simulation results show that the DNA coacervates tend to be more porous in the case of a
smaller frictional force, which suggests that more porous DNA coacervates are obtained in the
case of larger microdroplets, as shown in Figure SA. When the cooling rate k. (vertical axis)
decreases from bottom to top, as shown in Figure 5C, the DNA coacervates tend to be more
porous because there is sufficient disconnection between particles that causes the VPS before
gelation at a low temperature. These results support the bar chart data for the DNA coacervate

structures (Figure 5A). Thus, the hypothesis of this study would be reasonable.
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Extraction and manipulation of capsular DNA coacervates in an aqueous solution

To produce DNA microcapsules, gelated capsular DNA coacervates were extracted from the
W/O microdroplets by removing the oil phase and placing them in an aqueous buffer solution.
Figures 6A and 6B show the extracted round porous and non-porous DNA microcapsules,
respectively (see Supplementary Movies 5 and 6). It was confirmed that the extracted DNA
microcapsules were not coated with lipids (Figure S2). Therefore, the DNA microcapsules

were self-standing in the aqueous solution.

Next, to investigate the chemical-mechanical responsivity of the round porous DNA
microcapsules, PEG (final concentration of ~1.25%) was added to a surrounding buffer
solution of the round porous DNA microcapsules. Figure 6C shows the time-lapse images of
the 3D-reconstructed CLSM images of the shrinkage of the round porous DNA microcapsules
after the addition of PEG. Interestingly, during shrinkage, the shapes of the round porous DNA
microcapsules were similar. In contrast, although the same experiments were done for regular
DNA hydrogel microparticles, they hardly shrank even after adding the PEG solution (Figure
6D). The size of the round porous DNA microcapsules 15 min after the addition of PEG
decreased to ~34% in diameter (~4% in volume) (Figure 6E), and the size of the microparticles
decreased to ~94% in diameter (~83% in volume). This shrinkage was probably induced by the
osmotic pressure exerted inside and outside the DNA hydrogels. After the removal of PEG
from the solution, the round porous DNA microcapsules did not recover. These results suggest
that the round porous DNA microcapsule was soft and that the mesh structures of the DNA

hydrogel may have been rearranged. This result demonstrated that the round porous DNA
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microcapsules had chemical-mechanical responsivity and their size could be tuned depending

on the chemical environment.

CONCLUSIONS

From the results of this study, it can be shown that a DNA coacervate composed of DNA Y-
motif nanostructures formed porous and non-porous microstructures through phase separation
at the lipid monolayer interface of a W/O microdroplet (Figures 2 and 4). Microscopic
observations (Figure 3) revealed that the cooling rate led to the formation of a porous or non-
porous structure of capsular DNA coacervates. This is because competition between the VPS
and gelation speeds of the DNA coacervate determines the nonequilibrium structure during the

phase separation process.

Moreover, it was found that the formation of either the jagged or the round porous structures
depended on the DNA Y-motif concentration (Figures 2 and 3). Soft matter systems generally
exhibit two typical VPS processes depending on the concentration of minor slower-diffusion
components such as DNA Y-motifs. First, the minor slower-diffusion components with lower
concentrations form transient droplet-like discrete coacervates by phase separation while
expelling the major faster-diffusion components such as water. Then, the discrete coacervates
show Brownian diffusion and aggregate with one another to form a network-like porous
structure®3 such as the jagged porous structures. On the other hand, the minor slower-diffusion
components with higher concentrations formed a transient liquid-like continuous coacervate
by phase separation while expelling the major component, and the continuous coacervate

further phase-separated in a viscoelastic manner to form a sponge-like porous structure®® such
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as the round porous structures. The numerical simulation results (Figure 5C) supported the

experimental results and this general feature of the VPS.

The DNA VPS coacervates on the microdroplet interface were key in forming complex
hierarchical structures, such as porous DNA microcapsules. In this study, the diffusion of the
DNA Y-motif was considered to be limited by the microdroplet interface friction, and the
difference in the diffusion rate between the DNA Y-motif and surrounding small molecules
was enhanced, resulting in the formation of the VPS pattern, which was not observed in bulk
solution experiments before*®. In addition, the dependence of the porous pattern formation on
the microdroplet radius can be interpreted in terms of the wettability of the DNA coacervate to
the microdroplet interface; i.e., the decrease in the wettability of the DNA coacervate to the
surface with the increase of the microdroplet radius would result in the preferable formation of

porous structures of capsular DNA coacervates.

Finally, it was shown that the porous or non-porous structures of the capsular DNA
coacervates can be extracted into an aqueous solution and maintain their shape (Figure 6).
These results offer an approach for designing and fabricating artificial cells or protocells with
more complex structures and functions based on the VPS processes of DNA coacervates. In
addition, Figure 6C shows that the extracted DNA microcapsules shrank while maintaining
their shape similarity under osmotic pressure. This stimulus responsivity enables the
development of molecular-responsive systems with DNA aptamers® and molecular-
mechanical systems with DNA actuators’. In addition, DNA molecular devices capable of

molecular computing using DNA logic gates**’!.7?

can be implemented in our DNA
microcapsules. This study is believed to provide a new approach for developing dynamic

capsule structures for artificial cells®! and molecular robotics’.
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EXPERIMENTAL SECTION

Materials

Three designed ssDNA sequences (ssDNAT:
GCTCGAGCCAGTGAGGACGGAAGTTTGTCGTAGCATCGCACC; ssDNA2:
GCTCGAGCCAACCACGCCTGTCCATTACTTCCGTCCTCACTG; ssDNA3:

GCTCGAGCGGTGCGATGCTACGACTTTGGACAGGCGTGGTTG) were purchased from
Eurofins Genomics (Tokyo, Japan). DOPC (850375P), DOTAP (890890P), and NBD-DOTAP
(810890P) were purchased from Avanti Polar Lipids, Inc. (Alabaster, Al, USA) as powder
stocks. Mineral oil (23334-85) was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Tris-
HCI buffer (pH 8.0) was purchased from Invitrogen (Carlsbad, CA, USA). Chloroform,
methanol, sodium chloride (NaCl), and polyethylene glycol (PEG; Mw=300,000-500,000)
were purchased from Wako Pure Chemical, Inc. (Osaka, Japan). Deionized (DI) water was

obtained using a Millipore Milli-Q system.

Formation of DNA hydrogel microparticles in bulk solutions

Twenty microliters of DNA solution containing 5 pM of the three ssDNAs, 20 mM Tris-HCl
buffer (pH 8.0), 350 mM NacCl, and 1x SYBR® Gold were prepared in a PCR tube. DNA
microparticles were synthesized using a thermal cycler (T Gradient, Biometra, Gottingen,
Germany). For the preparation of the DNA hydrogel microparticles, the DNA solution was

annealed by reducing the temperature from 95°C to 20°C at the cooling rate re= 0.01°C s!
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Preparation of an oil phase containing lipids

Forty microliters of lipid mixture of DOPC and DOTAP (10 mM each) in a
chloroform:methanol solvent (2:1, in volume ratio) were poured into a glass tube. The lipid
composition of DOPC and DOTAP (DOPC:DOTAP) was DOPC:DOTAP = 0:100, 10:90,
20:80, 30:70, 40:60, and 50:50, respectively. The organic solvent was evaporated by airflow to
form a dry film at the bottom of the glass tube. The tube was then placed in a desiccator for 60
min. Mineral oil (200 pL) was added to the glass tube. Finally, the glass tube was sonicated in
an ultrasonicator (ASU-3, AS ONE, Osaka, Japan) at 40°C for 60 min. The final lipid

concentration was 2 mM.

Formation of the capsular DNA coacervates on the interface of the W/O microdroplet

Twenty microliters of DNA solution containing 5 or 10 uM of the three ssDNAs, 20 mM Tris-
HCI buffer (pH 8.0), 350 mM NaCl, 1x SYBR® Gold was prepared. Two microliters of the
DNA solution were added to the lipid-containing oil (50 pL) in a PCR tube, and the mixture
was emulsified manually to obtain W/O microdroplets. Capsular DNA coacervates were
formed using a thermal cycler. The DNA solution inside the W/O microdroplets was annealed

by reducing the temperature from 95°C to 20°C at each cooling rate.

Imaging of the capsular DNA coacervates on the interface of the W/O microdroplet

Fluorescence imaging of the DNA microstructure was performed using a confocal laser
scanning microscope (IX81, FV-1000; Olympus, Tokyo, Japan) with a UPLSAPO 40x

objective lens. A DNA-specific fluorescent dye (SYBR® Gold or DAPI) was used to stain the
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DNA microstructures. Five microliters of the W/O microdroplet solution were poured on
silicon-coated glass (30x40%0.17 mm, Matsunami Glass Ind., Osaka, Japan). Confocal images
were recorded, and Z stacks were collected and analyzed using software (FV-10-ASW 1.7,

Olympus, Tokyo, Japan).

Real-time observation of the formation process of the capsular DNA coacervates on the

microdroplet interface

Formation of capsular DNA coacervates was observed using a fluorescence microscope (IX71,
Olympus, Tokyo, Japan) with a LUCPLFLN 20x objective lens. A DNA-specific fluorescent
dye (SYBR® Gold) was used to stain DNA microstructures. Fluorescence images were
recorded using a scientific complementary metal oxide semiconductor (sSCMOS) camera (Zyla
4.2 plus; Andor, Belfast, UK). The sample temperature was controlled with a computer using
a Peltier cooling/heating stage with a thermocouple (10021; Linkam Scientific Inst., Tadworth,

UK).

Extraction of the capsular DNA coacervates from W/O microdroplets to an aqueous

solution

Twenty microliters of DNA solution containing 10 uM of the three ssDNAs, 20 mM Tris-HCl
buffer (pH 8.0), 350 mM NaCl, 1x SYBR® Gold was prepared. Capsular DNA coacervates
form inside the W/O microdroplets, as described above. After annealing the DNA solution
inside the W/O microdroplets, it precipitated at the bottom of the PCR tube. The lipid-
containing oil was then removed from the supernatant. Subsequently, 40 pL of fresh lipid-free

oil was added to the PCR tube and pipetted. After 1 h, the W/O microdroplets precipitated at
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the bottom of the PCR tube. The oil-exchange process from lipid-containing to lipid-free oil
was repeated. After 1 h, the oil in the supernatant was removed entirely. Then, 20 uL of the
buffer containing 20 mM Tris-HCI buffer (pH 8.0) and 350 mM NaCl was added into the PCR
tube. A hole was made at the bottom of the PCR tube with a pushpin, and the DNA

microcapsules were collected through the hole and poured into another PCR tube.

Manipulation of the round porous DNA microcapsules

An observation chamber was constructed (the detailed methods are shown in Figure S3). A
round porous DNA microcapsule solution (20 pL) was placed in the chamber, and 20 pL of
PEG solution (2.5 wt%, Mw=300,000-500,000) was added to the chamber using a pipette.
Morphological changes in the round porous DNA microcapsules were observed using confocal

laser scanning microscopy with a UPLSAPO 40x objective lens.
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Figure 1. The formation of porous/non-porous structures of capsular DNA coacervates on the
interface of W/O microdroplets. (A) Schematic illustration of the formation of liquid- and gel-
like DNA coacervates. When the solution temperature T > T,,y, three kinds of ssDNAs

(ssDNA1, ssDNA2, and ssDNA3) are dispersed in the bulk solutions; when T,y > T > T,
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the three ssDNAs form a DNA Y-motif with self-complementary sticky ends; when T, > T >
T; , liquid-like coacervates are formed by the dynamical repetition of attachment and
detachment of sticky ends of DNA Y-motifs; when T; > T, gel-like DNA coacervates are
formed by the static binding of the DNA Y-motifs via their sticky ends. T}y is the melting
temperature of the Y-motif stem. T, is the formation temperature of liquid-like DNA
coacervates. T is the formation temperature of gel-like DNA coacervates. (B) Schematic
illustration of the formation of porous/non-porous structures of capsular DNA coacervate on
the interface of a W/O microdroplet. The W/O microdroplet is covered with a lipid monolayer
interface composed of a zwitterionic lipid (DOPC) and a cationic lipid (DOTAP), and the
aqueous phase of the W/O microdroplet contains three ssDNAs. By the annealing of the
emulsion of W/O microdroplets, the DNA coacervates formed with self-assembly of DNA Y-
motifs on the lipid monolayer interface via an electrostatic interaction between the anionic
DNA molecules and the cationic interfacial lipids, resulting in the formation of porous/non-

porous structures of capsular DNA coacervates.

33

https://doi.org/10.26434/chemrxiv-2023-jvs7d ORCID: https://orcid.org/0000-0002-3874-2670 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-jvs7d
https://orcid.org/0000-0002-3874-2670
https://creativecommons.org/licenses/by/4.0/

A (10 M, r_=0.01°C s7) C (10uM, 7 =0.5°Cs")

3D reconstructed CLSM images 3D reconstructed CLSM images E
n=597 n=362 n=338 n=552
100
B Round porous
B Non-porous

80
S

© 60
(o))
]
c

20 ym § 40
B Surface Cross-section D Surface Cross-section g

20

0

0.01 005 01 05
Cooling rate of annealing: r_ (°C s™)
10 pm
F (5 MM, 7 =0.01°C s) H (5 uMm, r.=05°Cs?)

3D reconstructed CLSM images 3D reconstructed CLSM images J

n=395 n=815 n=635 n=385
Jagged porous
B Non-porous

20 pm /

Percentage (%)

G Surface Cross-section | Surface Cross-section

0.01 005 01 05
Cooling rate of annealing: r_ (°C s™)

10 ym 10 um

Figure 2. Formation of capsular DNA coacervates on the W/O microdroplet interface. (A) 3D
reconstructed CLSM image of round porous structures of capsular DNA coacervates (Cpna=
10 uM; re= 0.01°C s!). (B) CLSM image of the surface and section of the round porous
structures of capsular DNA coacervates indicated by the white arrow in (A). (C) 3D
reconstructed CLSM image of non-porous structures of capsular DNA coacervates (Cpna= 10
uM; re=0.5°C s). (D) CLSM image of the surface and section of the non-porous structures of
capsular DNA coacervates indicated by the white arrow in (C). (E) 100% stacked bar chart of
porous/non-porous structures of DNA coacervates depending on the cooling rate r.. (F) 3D
reconstructed CLSM image of jagged porous structures of capsular DNA coacervates (Cpna=
5 uM; re= 0.01°C s!). (G) CLSM image of the surface and section of the jagged porous

structures of capsular DNA coacervates indicated by the white arrow in (F). (H) 3D
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reconstructed CLSM image of non-porous structures of capsular DNA coacervates (Cpna= 5
uM; = 0.5°C s7). (I) CLSM image of the surface and section of the non-porous structures of
capsular DNA coacervates indicated by the white arrow in (H). (J) 100% stacked bar chart of
porous/non-porous structures of DNA coacervates depending on the cooling rate rc. n: number

of capsular DNA coacervates in (E) and (J).

35

https://doi.org/10.26434/chemrxiv-2023-jvs7d ORCID: https://orcid.org/0000-0002-3874-2670 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-jvs7d
https://orcid.org/0000-0002-3874-2670
https://creativecommons.org/licenses/by/4.0/

A ()10 M, r,=0.01°C s (i) 5 UM, r,= 0.01°C s

DNA Lipid
10 m

B ()10 uM, 7,= 0.01°C s"

F

(i) 10 uM, 7= 0.33°C s
T=68°C 64°C 62°C 60°C 58°C

S e e B

(iii) 5 uM, r = 0.01°C s**

C
(i) Microscopic Binarized Reconstructed -
image |mage image D=1718
10° |
N(e) °a°_
o
102 o
o,
10
1072 10" 10°

Figure 3. Investigations of the mechanism of porous/non-porous structure formation of
capsular DNA coacervates on the W/O microdroplet interface. (A) Comparison between the
position of porous structures of capsular DNA coacervates and the distribution of interfacial
lipids in various DNA concentrations (i: Cpna= 10 uM, ii: Cpna= 5 pM). DNA: stained with
DAPI (blue); DOTAP: stained with NBD-DOTAP (green) (DOPC:DOTAP:NBD-DOTAP =

50:49.9:0.1). (B) Real-time observations of the formation process of porous/non-porous
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structures of capsular DNA coacervates on the interface of W/O microdroplets: (i) round
porous structures of capsular DNA coacervates (Cpna=10 pM; re= 0.01°C s!) (see also
Supplemental Movie 1); (ii) non-porous structures of capsular DNA coacervates (Cpna= 10
uM; re=0.33°C s7!) (see also Supplemental Movie 2); (iii) jagged porous structures of capsular
DNA coacervates (Cpna= 5 uM; re= 0.01°C s!) (see also Supplemental Movie 3); (iv) non-
porous structures of capsular DNA coacervates (Cona= 5 pM; = 0.1°C s!) (see also
Supplemental Movie 4). (C) Fractal dimension analysis of the jagged porous structures of
capsular DNA coacervates. (i) The reconstruction image (right) obtained from the microscopic
image (left) via the binarized image (middle), where the white and black regions correspond to
the DNA hydrogel parts and the background, respectively. (ii) Estimation of fractal dimension
of microscopic images by the box-counting method: log-log plot of box number N(¢) as a

function of box size €.
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Figure 4. Proposed formation mechanism of porous/non-porous structures of capsular DNA

coacervates on the interface of W/O microdroplets.
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Figure 5. Comparison between numerical simulation results and experimental results about the
formation of round porous structures of capsular DNA coacervates. (A) 100% stacked bar chart
of porous/non-porous structures of capsular DNA coacervates depending on the W/O
microdroplets size in each cooling rate, re= 0.01°C s™! (i), re= 0.05°C s! (ii), 7= 0.1°C s! (iii)
and r.= 0.5°C s’! (iv). The microdroplets with a radius R < 5 um were not measured because it

was difficult to evaluate small particles accurately. n: number of capsular DNA coacervates.
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(B) Hypothesis of the formation of round porous structures of capsular DNA coacervates in the
larger W/O microdroplets. (C) Diagram of the numerically simulated structures of DNA

coacervate.
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Figure 6. Extraction of gelated capsular DNA coacervates into an aqueous buffer solution from
W/O microdroplets and the investigation of the chemical-mechanical responsivity of their
structure. (A) 3D reconstructed CLSM image of round porous DNA microcapsule in an
aqueous solution (cpna= 10 uM; 7= 0.01°C s!). (B) 3D reconstructed CLSM image of non-
porous DNA microcapsule in an aqueous solution (cpna= 10 uM; r= 0.1°C s!). (C, D)
Investigation of the chemical-mechanical responsivity of round porous DNA microcapsules
(C) and DNA hydrogel microparticles (D). (C) Shrinkage of the round porous DNA
microcapsule after the addition of 1.25% PEG solution (production condition of the
microcapsule: cona= 10 pM; 7= 0.01°C s!). (D) DNA hydrogel microparticles unaltered by
the addition of 1.25% PEG solution. (E) Change ratios of diameter before and after the
shrinkage of the round porous DNA microcapsules (n=10) and the DNA hydrogel

microparticles (n=20).
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