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Metastable phase-separated droplet
generation and long-time DNA enrichment

by laser-induced Soret effect
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Spatiotemporally controlled laser-induced phase separation (LIPS) offers unique research avenues
and has potential for biological and biomedical applications. However, LIPS conditions often have
drawbacks for practical use, which limit their applications. For instance, LIPS droplets are unstable
and diminish after the laser is terminated. Here, we developed a novel LIPS method using laser-
induced Soret effect with a simple setup to solve these problems. We generate liquid-liquid phase-
separated (LLPS) droplets using LIPS in an aqueous two-phase system (ATPS) of dextran (DEX) and
polyethylene glycol (PEG). When DEX-rich droplets were generated in the DEX/PEG mix on the phase
boundary, the droplets showed unprecedently high longevity; the DEX droplets were retained over
48 h. This counterintuitive behaviour suggests that the droplet is in an unknown metastable state. By
exploiting the capability of DEX-rich droplets to enrich nucleic acid polymers, we achieved stable DNA
enrichment in LIPS DEX droplets with a high enrichment factor of 1400 + 400. Further, we patterned
DNA-carrying DEX-rich droplets into a designed structure to demonstrate the stability and
spatiotemporal controllability of DEX-rich droplet formation. This is the first report for LIPS droplet

generation in a DEX/PEG system, opening new avenues for biological and medical applications

of LIPS.

Liquid-liquid phase separation (LLPS) attracts large interest in biological
sciences since the recent findings that phase separation plays important
roles in a wide variety of biomolecular systems'™. In addition to biological
droplets, the ATPS (aqueous two-phase system) of Dextran (DEX) and
polyethylene glycol (PEG) also draws a large attention because ATPS of
DEX/PEG can enrich some of biomolecules in DEX-rich phase’"" while
these polymers are chemically and biologically inert and thereby they show
fine biocompatibility. In particular, DEX-rich droplets in DEX/PEG ATPS
have been reported to well enrich DNA molecules’. Other biomolecules
such as RNA and proteins are also reported to have enriched in the DEX-
rich phase®"’. For these reasons, DEX/PEG ATPS was utilised in micro-
chemical/biological systems for efficient DNA and protein enrichment'""?
or in artificial cell models to enrich biomolecules and/or enhance biomo-
lecular reactions'®*™. Thus, spatiotemporal control of LLPS including
DEX/PEG ATPS under the microscope is of great importance for biological
applications.

Laser-induced phase separation (LIPS) is a method to generate
LLPS droplets in a controlled manner and it has been investigated in

several systems'®”’. Local heating upon laser irradiation to LCST
(lower critical solution temperature) systems is a simple LIPS
method'™"” where droplets are created when the heated region
satisfies the two-phase condition. However, the generation tem-
perature for the LIPS in LCST systems is limited by the phase dia-
gram and generally it requires high generation temperature which is
not applicable in biological experiments. Especially, it is difficult to
keep precise temperature control for biological reactions. In the case
of DEX/PEG systems, there are some systems which show LCST*. In
principle, LIPS in those systems should be possible but LIPS DEX
droplet generation has never been reported so far. This would be
partly because of the above reasons.

Another approach for LIPS is to use the Soret effect (thermophoresis),
which is a non-equilibrium phenomenon wherein a concentration gradient
is formed under a temperature gradient™. In this case, local concentration is
modulated by temperature gradient, but temperature does not directly drive
phase separation. This means that the generation temperature is basically
not limited by the phase diagram. LIPS by the Soret effect can be conducted
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ata desired temperature if the appropriate concentration gradient is formed.
The concentration gradient of a molecule induced by the Soret effect, Vc, is
described as

Ve==S;c(1 —¢)VT

where ¢, VT, and Sy represent the molecular fraction, temperature gradient,
and the Soret coefficient, which is defined as the ratio of the thermal mass
diffusion coefficient (D7) to the mutual mass diffusion coefficient (D),
respectively; St = D7/D. The value of S ranges from 10~ to 10" *”. Whether
a molecule accumulates (S7 < 0) or is excluded (S7 > 0) along a temperature
gradient depends on its species and its combination with other molecules in
the mixture’. On the other hand, the concentration gradient generated by
the Soret effect is generally not sufficient to induce phase separation. There
are, therefore, only a few reports on LIPS using the Soret effect. Delville et al.
demonstrated LIPS in a quaternary micellar system because the required
concentration change was sufficiently small to achieve phase separation'®"”.
Voit et al. studied thermal patterning on a polymer blend using a focused
laser beam and modulated phase separation near the critical point where the
Soret coefficient diverges’*.

Another drawback of LIPS so far is that LIPS droplets prepared using
these methods are ephemeral and disappear after the termination of laser
irradiation because the droplets are formed under non-equilibrium condi-
tions in a stable single phase. The duration of the LIPS droplets is basically
determined by the diffusion of molecules. In previous reports on LIPS
experiments with binary mixtures, LIPS droplets disappeared within tens of
minutes””. Thus, LIPS droplets are principally unstable and revert to the
miscible solution state after laser induction*"”*, which limits their range of
application.

In this study, we aimed to develop a novel LIPS methodology for the
generation of phase-separated DEX-rich droplets in a DEX/PEG system by
use of the laser-induced Soret effect. DEX has a unique feature; this polymer
exhibits a negative Soret coefficient, S < 0°'; DEX molecules accumulate to
the hot region along the temperature gradient. Thus, the negative St of DEX
is, in principle, suitable for LIPS with the Soret effect. We developed a local
heating system in which an infrared laser spot was introduced on a coverslip
coated with a semiconductor which absorbs the infrared light and produces
heat. The local heating produced a temperature gradient, which resulted in
the local condensation of DEX via the Soret effect. The laser-induced Soret
effect successfully triggered the formation of DEX-rich droplets. We dis-
covered that the generated droplets were extraordinarily stable; the droplets
were retained for over 48 h. It was also found that the DEX-rich droplets
enriched DNA molecules by a factor of 1400. Finally, we demonstrated the
patterning of DNA-containing droplets along the defined structures by
exploiting the controllability, longevity and capability for DNA enrichment
of the LIPS-induced DEX-rich droplet.

Results

LIPS droplet generation by laser-induced Soret effect

We produced LIPS droplets in a miscible mixture of DEX
(Mw = 4.5—6.5%10°) and PEG (Mw = 3.5 10%). A phase diagram of
the DEX/PEG system is illustrated in Fig. 1a. It does not change within the
experimental temperature range of 293-363 K. Therefore, heating by laser
irradiation did not directly affect the phase of the DEX/PEG system (see
Methods). We performed experiments on a DEX/PEG mix on the coex-
isting curve, which is the phase boundary between single- and two-phase
states, with the expectation that the system would inevitably enter the two-
phase region by the small change in concentration induced by the Soret
effect. The DEX/PEG mixture on the coexisting curve was prepared
experimentally as follows; at first, a DEX/PEG mixture was prepared at an
initial composition in the two-phase region—DEX at 6 wt.% and PEG at
2.6 wt.% (open circles in Fig. 1a). The DEX/PEG mixture was equilibrated to
form macroscopic two phases and complete phase separation, as shown in
the photograph in Fig. la. Each phase obtained by the preparation should
be exactly on the phase boundary because it is an equilibrium phase. The

DEX/PEG compositions of the upper PEG-rich phase and the lower DEX-
rich phase are estimated from the fluorescent intensity of the spiked,
fluorescently labelled DEX and PEG (Fig. 1a), respectively. The composi-
tions were consistent with those reported in a previous study””. The upper
PEG-rich phase solution was used in subsequent experiments to induce
DEX-rich droplet generation by LIPS.

Local heating was performed under a microscope using an infrared
(IR) laser. Figure 1b illustrates a schematic of the experimental setup. A
temperature gradient was generated at the laser focus point, where the IR
laser light was absorbed by the ITO coat on a coverslip of a sample cell. The
schematic of DEX-rich droplet generation by LIPS is shown in Fig. 1c. The
temperature gradient produced upon the laser irradiation attracts DEX
molecules via the Soret effect, resulting in the local DEX concentration
increase. When the local concentration satisfies the two-phase condition, a
DEX-rich droplet phase appears at the focal point of the IR laser. The
temperature increase at the heating spot during laser irradiation was esti-
mated to be +-10 K from the surrounding medium, generating a tempera-
ture gradient of 0.1 K/um (Supplementary Note 1).

Figure 1d illustrates time-lapse images of the droplet-generation pro-
cess (see also Supplementary Movie 1). When the laser irradiation was
initiated, the growth of the dark domain in the phase contrast images was
observed, as well as the growth of a fluorescence spot in the fluorescence
images. After the irradiation time for 10 min, the laser was switched off.
Then, the small droplets suddenly appeared around the main droplet (see
phase-contrast images at 10 or 60 s after laser termination in Fig. 1d). These
satellite droplets gradually coalesced into the main droplet. The droplet
interface was not clear during laser irradiation, and it became sharp after
laser termination. It is likely that the active mass transport of DEX by the
laser-induced Soret effect perturbed the formation of a stable interface. We
also examined LIPS using an ITO-free glass substrate. DEX accumulation
and droplet formation were not observed (Supplementary Note 2), con-
firming that droplet generation was not induced by the radiation pressure or
electromagnetic force of the laser but by local heating, which caused the
Soret effect. We confirmed that the temperature of the generated droplet can
be changed after the laser is switched off (Supplementary Note 3).

When the DEX/PEG mix was prepared at concentrations below the
coexisting curve (blue circle in the phase diagram in Fig. 1a), laser irradiation
failed to form a droplet, although DEX condensed (Fig. le). When the
irradiation was terminated, the accumulated DEX molecules diffused within
minutes. This means we need an initial sample very close to the coexisting
curve for LIPS using the Soret effect as more investigated below.

Longevity of LIPS droplet

The generated DEX droplets exhibited remarkable longevity. Figure 2a
shows a representative series of time-lapse images for 2 days. Figure 2b
exhibits the time course of the diameter of the droplet shown in Fig. 2a.
Initially, the diameter was approximately 7 um. After the initial shrinkage
process of 1-2 h, the droplet size reached a steady value of approximately 3
pm. Figure 2c illustrates the diameters of the droplets generated under the
same experimental condition plotted as a function of the laser irradiation
time #r. The initial diameter ranged from 6-12 pm, and the final diameter
was 1-3 pm. Neither the initial nor the final diameter showed a clear fix-
dependence. This suggests that DEX condensation by the laser-induced
Soret effect plateaued within 5 min of irradiation.

We investigated the relationship between the droplet longevity and the
initial composition of the DEX/PEG mixture. In particular, we asked how
stable the generated droplets are when the initial concentrations of DEX and
PEG are below the coexisting curve (inset of Fig. 2d). For this purpose, we
prepared DEX/PEG mixtures by diluting the PEG-rich phase taken from
DEX/PEG ATPS solution, which systematically changed the distance from
the coexisting curve (inset of Fig. 2d). When the DEX/PEG mix was pre-
pared at a dilution factor of 0.9 (pink triangle in the inset of Fig. 2d), LIPS
droplets were once generated, however, they disappeared within 30 min
(pink triangles in Fig. 2d). The droplets prepared in diluted mix shrank
significantly faster than that without dilution. When the DEX/PEG mix was
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Fig. 1 | Droplet generation induced by the Soret effect. a Phase diagram of the
ATPS of Dextran (M,, = 5.5 x 10°) and PEG (M,, = 3.5 x 10*). The black circles are
phase boundary obtained by visual observation. A sample was prepared with an
initial composition of DEX 6 wt.% and PEG 2.6 wt.% (open circle) in a two-phase
region. The mixture was phase-separated, and the composition of each phase is
indicated by a red circle and a triangle (see Methods). The upper PEG-rich phase of
the phase-separated mixture was used in droplet generation experiments. The black
curve represents the coexisting curve. b Experimental setup. The ITO coated on the
cover glass absorbs laser light and causes local heating. ¢ Droplet generation process
induced by the Soret effect. (See text.) Side view of the laser focus region. The white
particles denote the dextran molecules. (i) Before laser irradiation. (ii) A temperature
gradient occurs at the ITO surface when the laser irradiation is initiated. (iii) Dextran
molecules enter the hot region. (iv) A dextran-rich domain is formed. (v) The phase-

separated droplets remain after the laser is switched off. d Droplet generation process
(Sample: upper phase of DEX 6 wt.% and PEG 2.6 wt.% including fluorescently
labelled DEX 0.2 wt.%). (top) Phase contrast images. (Bottom) Fluorescence images
of dextran. When the laser irradiation was initiated, a dark dextran-rich domain
gradually appeared, and the droplet interface became sharp when the laser irra-
diation was stopped (see text). Successful droplet generation was observed only for
the sample at the phase boundary. Scale bar = 20 um. e Cases in which no droplets
were generated (DEX 0.7 wt.% and PEG 2.5 wt.% blue circle in the phase diagram).
The sample composition was very close to that of (d) but only the behaviour caused
by the Soret effect was observed. Dextran collected by the Soret effect diffuses rapidly
after the laser is switched off (local heating is removed). (top) Phase contrast images.
(Bottom) Fluorescence images of dextran. Scale bar = 20 um.
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Fig. 2 | Long-time droplet presence and its relationship with the distance from
the coexisting curve. a-c Cases where the droplet generated in the sample on the
coexisting curve sustains for a long time. The droplet was generated in the upper phase of
DEX 6 wt.% and PEG 2.6 wt.% (red circle in Fig. 1a). a Time evolution of phase-contrast
images after the laser was switched off. (Laser irradiation time 10 min.) The number
denotes the time elapsed after the laser was disabled. The droplets did not disappear and
remained for more than two days. Scale bar = 10 um. b Time evolution of droplet
diameter. The value approached a finite value of approximately 3 pm and converged.
¢ Droplet diameters at ¢ = 0 and 600 min plotted against the laser irradiation time #.
d-f Relationship between droplet generation behaviour and distance from the coexisting
curve obtained by dilution experiments on the upper PEG-rich phase (see text). d Time
evolution of droplet diameter when the generated droplet disappears (pink triangles).
This was attributed to the laser irradiation experiment using a sample of the diluted upper
PEG-rich phase with a dilution factor of 0.9. The long-time presence achieved without
dilution (dilution factor 1) is plotted for comparison (red circles). The solid curves are
visual guides. The inset shows the schematic illustration of dilution experiments. Red
circle: upper PEG-rich phase: sample on the coexisting curve (solid curve). Diluting the

dilution factor
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small ”n
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upper PEG-rich phase increases the distance from the coexisting curve (a smaller dilution
factor corresponds to being more distant from the coexisting curve). The condition
where the produced droplet disappeared (Pink triangle: dilution factor = 0.9). Further
dilution makes a condition where droplet generation is unsuccessful (Blue crosses).

e Droplet diameter in the initial regime. The diameter is normalised by the initial value at
t=0. The lines represent the linear fits of the initial linear regime of time dependence.
Numbers in the legend denote the dilution factor. (f); Initial speed of droplet shrinkage
obtained as the slope in the fit results in (e). The speed decreases approaching the
coexisting curve: dilution factor =1. The solid curves represent visual guides.

g, h Schematic illustration of the mechanism of longevity. g Schematic phase diagram of a
DEX/PEG system. LIPS droplets generated from the open circle inside the one-phase
region disappear. When the initial sample is on the phase boundary (red circle), LIPS
droplet exhibits longevity. h The relationship between the behaviour of a LIPS droplet
(time dependence of droplet diameter d(t) after switching off the laser) and the initial
composition of the sample. The longevity appears when the initial composition is
approaching the phase boundary because of decreasing the driving force to make the
created LIPS droplet disappear.

Communications Chemistry | (2025)8:61


www.nature.com/commschem

https://doi.org/10.1038/s42004-025-01438-w

Article

more diluted; the dilution factor was less than 0.9 (blue crosses in the inset of
Fig. 2d), no droplet formation was observed. Figure 2e shows the time-
courses of the droplet diameter for the samples with the dilution factors
from 1 to 0.9. We analysed the initial linear regime using linear fitting to
estimate the initial speed of droplet shrinkage, v,. The results are shown in
Fig. 2f. The rate of shrinkage v, decreases systematically as the dilution factor
approaches 1 (no dilution: on the coexisting curve). This suggests that the
driving force to revert the droplet to the original miscible state decreases
when the composition of the DEX/PEG mix approaches the coexisting
curve. The relationship between the initial composition in the phase dia-
gram and the appearance of longevity is schematically explained in Fig. 2g,
h (see also Discussion). These findings confirm that the DEX/PEG mix
composition has to be quite close to or on the coexisting curve for the stable
DEX droplet generation.

DNA enrichment in LIPS droplet

We attempted DNA enrichment in LIPS DEX droplets by exploiting the
capability of DEX-rich droplets to enrich DNA molecules®. The concept of
our experiment is schematically illustrated in Fig. 3a; the longevity of DEX-
rich LIPS droplets is expected to achieve stable DNA enrichment. First, we
examined the possibility of DNA enrichment in LIPS droplets. The PEG-
rich phase solution for LIPS was prepared with A-DNA (48,502 bps)
through the protocol as same as the above experiments. The DNA con-
centration in the prepared PEG-rich solution was 70 pg/uL (see Methods
and Supplementary Note 4). We conducted LIPS with DNA-containing
PEG-rich solution as same as above. Figure 3b shows the images of a LIPS
DEX droplet generated upon laser irradiation for 5 min. The fluorescence
image of the DNA intercalator reveals the enrichment of DNA in the LIPS
droplet. The droplets with enriched DNA were as stable as droplets prepared
without DNA. After initial shrinkage, the droplets retained a constant
diameter over 24 h. The fluorescence signal from DNA was more stable than

Fig. 3 | DNA enrichment in the LIPS droplet. a Schematic illustration of the
concept of long-time DNA enrichment in LIPS droplets. b, ¢ Phase-contrast image,
fluorescent image of dextran, and fluorescent image of DNA observed by epi-
fluorescence microscopy from left to right. The droplet was induced by laser irra-
diation for 5 min to the upper PEG-rich phase of DEX 6 wt.% and PEG 2.6 wt.% + A-
DNA (48,502 bp) 29 ng/pL.b t =0 h. ¢ t = 18 h after the laser is disabled. The droplet
was visualised using a DNA intercalator and fluorescently labelled dextran. The
DNA was successfully incorporated into the generated dextran-rich droplet. Scale
bar = 10 pm.
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that from DEX; the fluorescence signal of DNA in droplets was observed
even after 18 h (Fig. 3c), while the fluorescence signal of DEX became
significantly darker compared with the initial fluorescence signal (¢ =0 h).

For more quantitative analysis on the concentration of DNA and DEX
of the LIPS droplets, the fluorescence intensity of the droplets was measured
with confocal microscopy. This is because the fluorescence images of the
droplets in epifluorescence microscopy contained a considerable level of
background fluorescence intensity from the surrounding medium, ham-
pering accurate measurement. LIPS droplets were prepared on laser-
equipped epifluorescence microscopy and subsequently translated to con-
focal microscopy for time-evolution observation. Therefore, the confocal
microscopy observations were started several minutes after LIPS. However,
as shown below, the time evolution of the fluorescent signal of DNA/DEX in
LIPS droplets exhibited significantly slower change, in the order of tens of
minutes. Thus, the delay caused by sample translation was neglected.

Figure 4a displays the representative time-lapsed images of the LIPS
droplets visualised by fluorescent DNA/DEX after laser irradiation for
12 min. The time course of droplet diameter is shown in Supplementary
Fig. la. It showed an exponential decay and converged to a finite value
around 3 pm. The fluorescent intensity of DNA in the LIPS droplet showed
a temporal rise around 51 min, followed by decay. In contrast, the fluor-
escence intensity of DEX showed a simple monotonous decay. We defined
the enrichment factor of DNA, EFPN as the ratio of DN A concentration in a
LIPS droplet to that in the surrounding PEG-rich solution,
EF°™ = [DNA]gropler! [DNA]gurrounding: The DNA concentration in droplets
ranged from 50 to 200 ng/uL, while that of the surrounding PEG-rich phase
solution was 70 + 10 pg/pL (see Methods and Supplementary Note 4). The
time evolution of EF°™ is illustrated in Fig. 4b. As observed in the time-
lapsed images, EF”™* initially showed a transient rise to the maximum value
around 50 min, followed by slow decay to a steady level. The statistical
analysis showed the mean values of the initial, maximum, and steady stages
were 1200, 2000, and 1400 (Fig. 4d). The individual data were plotted against
the initial droplet diameter d;, in Supplementary Fig. 2a. Although the exact
mechanism for the transient rise of EFP™ is not clear, it is attributable to
condensation upon the droplet shrinkage (See Supplementary Fig. 1a). Time
tmax When EFP™ showed its maximum is shown in Supplementary Fig. 3a.
In some cases, there was no evident maxima (Supplementary Fig. 3b).

The concentration ratio of DEX of the droplet to the surrounding
solution, CRP™ was estimated as the fluorescence intensity ratio of the
droplet to that in the surrounding PEG-rich solution, CR°** = [DEX] droplet/
[DEX]surrounding (Supplementary Note 4). Figure 4c shows the time evolu-
tion of CR”™ that exhibited an exponential decay from approximately 6 to a
plateau level, around 2 (Fig. 4c). The trend of the DEX concentration
decrease can be seen in the result of statistical analysis shown in Fig. 4e. The
validity of the change is discussed in Supplementary Note 5. The individual
data were plotted against the initial droplet diameter d, in Supplementary
Fig. 2b. The timescale of the decay in CR”™ was similar to that of the
diameter (Supplementary Fig. 4).

The presence of DNA did not show a significant effect on the behaviour
of the LIPS droplets. The decay rate of the droplet diameter was the order of
10" min in both cases, w/ and w/o DNA (Supplementary Fig. 1b). The initial
value and the final value of CR”™ were almost the same between w/ and w/o
DNA shown in Fig. 4e.

Comparison of LIPS droplet and spontaneous droplet

We compared LIPS droplets with droplets formed by spontaneous phase
separation. The spontaneous droplets of the DEX-rich phase were prepared
by agitation of the two-phase DEX/PEG mix which is the same composition
as that used in LIPS experiments and observed in confocal microscopy
(Supplementary Note 6). The DNA enrichment factor EF”™* and the DEX
concentration ratio CR™™ of spontaneous droplets were compared with
those of LIPS droplets in Fig. 5a and b, respectively. The mean values of
initial and final EF™™* for LIPS droplets are 1200 and 1400, which are higher
than EF™™* for spontaneous droplets, around 600 (Fig.5a). The distribution
of EF”™ for LIPS droplets is wider than that of spontaneous ones. The mean
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Fig. 4 | Time evolution of LIPS droplet observed by confocal measurements. The
droplet was generated by laser irradiation for 12 min to the upper PEG-rich phase of
DEX 6 wt.% and PEG 2.6 wt.% + A-DNA (48,502 bp) 29 ng/pL. a Time-lapse images
of a droplet visualised using a DNA intercalator and fluorescently labelled dextran.
The time in each image is the time after the termination of the laser. Scale bar = 5um.
b DNA enrichment factor. Error bars were estimated from standard deviation in the
estimation of cyurrounding: € Fluorescence intensity ratio of dextran. Error bars

represent uncertainties from focal positions. d DNA enrichment factor at char-
acteristic times. The time t,,,, denotes the time when the DNA enrichment factor
reaches its maximum value. It depends on the experiment (51 min for b) and is
shown in Supplementary Fig. 3. e Dex intensity ratio at characteristic times in the
case with and without DNA. In (d, e), 25-75 percentile (box), median (line), mean
(cross), highest/lowest observations (whiskers).

values of initial and final CR”™ for LIPS droplets are 6.9 and 3.0, which are
smaller than CR”™ of spontaneous ones, 9.4 (Fig.5b).

For the direct comparison of LIPS droplets and spontaneous droplets,
we conducted LIPS with ATPS of DEX/PEG; the PEG-rich phase solution
containing spontaneous DEX-rich droplets (Fig. 5¢c—f). LIPS droplets were
generated as the same as in the other experiments. The fluorescent intensity
of DNA in the LIPS droplet at t = 7 min after generation was higher than the
spontaneous one by a factor of 4.3. The intensity of DEX was lower than the
spontaneous one by a factor of 0.7. Thus, the direct comparison confirmed

that LIPS droplets have higher EF”™* and lower CR”™ than those of
spontaneous droplets. These observations indicate that the property of LIPS
droplets is not very far from that of spontaneous phase separation but
is different from it. In the PEG concentration in this study, the Soret effect of
DNA itself* could contribute to the mechanism for the higher EF”™* for
LIPS droplets than that of the spontaneous one’”. If so, EF"™* could
increase further by increasing #iz up to the equilibrium of the Soret effect.
Braun et al. demonstrated laser-induced DNA enrichment using the
interplay of the Soret effect and convection although it is not a phase
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separating system™. The enriched DNA in their method diffused away after
heating. In our case, convection is negligible since local heating is achieved
by heating the ITO surface at the bottom of the sample cell. Note that we
confirmed that the Soret effect of DNA itself is not the mechanism for the
stable DNA enrichment in LIPS droplets (Supplementary Note 7).

Composition of LIPS droplet

The composition of LIPS droplets was estimated in confocal measurements
by spiking fluorescently labelled DEX and PEG in DEX/PEG mix (see
Methods and Fig. 6). The initial and final DEX/PEG compositions of LIPS
are plotted as the dotted and closed blue circles in Fig. 6d, respectively. These
compositions were estimated from the mean values of CR”™ and CR™ at
the initial state, i.e., just after LIPS: ¢ ~ 5 min and after long-time incubation:
t ~ 100 min (Fig. 6a-c). The initial composition is close to the composition
of the DEX-rich phase in the spontaneous ATPS of DEX/PEG (red triangle
in Fig. 6d), while the final composition is close to the PEG-rich phase (red
circle in Fig. 6d). This means that the DEX/PEG composition of LIPS
droplet gradually changes with time, approaching to the composition of
PEG-rich phase (see also Supplementary Fig. 5). However, as seen in the
stable plateau of CR”™ in Fig. 4c, the LIPS droplet almost pauses the
composition change to stay at a particular composition in the meta-
stable state.

Patterning of LIPS droplets

Finally, we attempted to demonstrate the controllability, reproducibility,
and longevity of LIPS droplets by patterning LIPS droplets in the presence of
DNA along a designated structure. Multiple LIPS droplets were generated at
the defined position to draw a heart mark by laser irradiation for 5 min
(Supplementary Movie 2). The time interval between each LIPS was 1 min
and the distance between droplets was approximately 50 um. Figure 7 shows
the fluorescence image of DNA-containing LIPS droplets stained with the
intercalator dye. The patterned LIPS droplets demonstrate not only
the controllability of LIPS but also that LIPS droplets do not interfere with
the formation of neighbour droplets under the present condition. More
complicated patterning should be possible if our method is combined with

laser foci technique”™*. In preliminary experiments, we also found that it is
possible to translocate LIPS droplets by moving the laser focal point.
Exploiting these phenomena, the coalescence of two droplets was also
demonstrated via manipulation (Supplementary Movie 3). This demon-
stration confirms the fluidity of the LIPS droplets, stating that the longevity
is not caused by trivial processes such as gelation or other chemical reac-
tions. We also observe the abrupt disappearance of LIPS droplets by short
laser irradiation (Supplementary Movie 4). Thus, the current system allows
for the microscopic handling of LIPS droplets: the patterning, translocation,
fusion, and clearance of the DEX-rich droplets, although the precise
understanding of the mechanism for these phenomena needs further
studies.

Discussion

The most prominent finding of this study is the extraordinarily long-time
stability of the LIPS droplets which allows stable DNA enrichment. The
generated droplets in our method are principally non-equilibrium droplets
because the initial state of the sample is a homogeneous single PEG-rich
phase. Intuitively, the droplets were expected to disappear, as observed in the
LIPS experiments conducted thus far’**. However, the generated droplets
did not vanish for a significantly long time after the laser was disabled. We
observed a distinct decrease in the diameter, indicating that the system
moved towards the original point on the coexisting curve. However, the
shrinkage stopped at a point before returning to the original homogenous
PEG-rich phase. Resultantly, the DEX/PEG composition of the droplets was
close to but not exactly on the phase boundary (Fig. 6). These observations
mean that LIPS droplets were stacked in a metastable state. The stable LIPS
droplets were also generated by using ATPS of DEX/PEG with different
compositions, suggesting the generality of the stable LIPS droplets.
Regarding the metastability, it is also worth noting the laser-induced dis-
appearance of LIPS droplets (Supplementary Movie 4). The laser irradiation
seems to work as a perturbation to agitate the metastable droplets and the
surrounding phase, and as a result, the droplets returned into the most stable
state of the homogeneous phase. Consistent with this interpretation,
spontaneously formed DEX-rich droplets in DEX/PEG ATPS which are
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Fig. 7 | Heart shape patterned by DNA-enriched droplets. Fluorescent image of A-
DNA (48,502 bp) observed by epifluorescence microscopy. Each droplet was gen-

erated by the laser irradiation of the sample for 5 min to the upper PEG-rich phase of
DEX 6 wt.% and PEG 2.6 wt.% + A-DNA (48,502 bp) 29 ng/uL. Scale bar = 100 um.

stable in nature were retained even after the laser irradiation (Supplemen-
tary Movie 5).

The initial condition of the sample on the phase boundary would be a
key to the mechanism for the longevity of LIPS droplets. For the system
exactly on the phase boundary, the other coexisting phase is energetically the

same. This implies that, in principle, the system can shift towards both
directions. This can be a similar situation to the coexistence of the ice at 0 °C
in water at 0 °C. There should be competing effects between two equilibrium
phases to which the system should go. The initial speed of droplet shrinkage
decreased when the system was approaching the coexisting curve (Fig. 21),
suggesting that the driving force to cross the phase boundary to return
toward the original equilibrium in the one-phase region dramatically
decreases and this causes the longevity as schematically illustrated in
Fig. 2g, h. On the other hand, this contention does not give a full explanation
for the reason why the system has metastable states.

The present study indicates that there is an unknown mechanism
which prevents the system from crossing the phase boundary to return to
the one-phase region. According to the classical nucleation theory for phase
separation, there is a critical radius R. for droplet growth, for which the
energy barrier is determined by the interfacial energy and the bulk free
energy of a droplet. While droplets of radius smaller than R_ preferentially
shrink, droplets show a stable growth when they occasionally reached R.”.
In the reverse process, it should be different from the same R, but there
would be a similar energy barrier for droplet shrinkage when the system
crosses the phase boundary from the two-phase region to the one-phase
region. That might be a mechanism for the remarkable longevity of the LIPS
droplets. Of course, this model would be too simplified. The exact under-
standing of the molecular mechanism for the metastability of LIPS droplets
needs future study.

In recent years, many studies reported that intracellular droplets of
biomolecules, termed ‘cell biological droplets’ play pivotal roles in
biology'™***’. Thereby, the physicochemistry of phase separation systems
attracts large attention not only in soft matter physics but also in chemical
biology, biophysics and molecular biology"™*. The metastable droplet
generation mechanism in this study might be related to the formation of
stable cellular structures in protocells. It would be interesting to apply our
method to systems consisting of cell extracts or living cell systems. The DEX/
PEG system investigated herein also attracts attention because the DEX-rich
droplet is a model system to build protocells or artificial cell systems’. Our
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method can be utilised to produce cellular structures in artificial cells or to
the local formation of DNA origami structures. So far, we could not keep
both the LIPS droplet and the surrounding phase at the same temperature in
principle, but the present method enables us to do it. Our method has no
limitation in generation temperature and the temperature can be changed
even after generation (Supplementary Note 3), which provides a way to
develop new tools for biochemical reactions and digital bioassays such as
digital PCR. Further, the PEG-rich phase enables the enrichment of rare
substances and their manipulation from its dilute solution, which could be
applied to drug delivery. We preliminarily confirmed that RNA could also
be enriched in the LIPS droplets. Proteins such as antibodies can be enriched
in DEX-rich droplets, in particular when they are tagged with dextran-
binding domain (DBD)"". Considering these, the present LIPS method
would be a technological basis for the microscopic manipulation of biolo-
gical molecules/systems by use of LIPS droplets as a carrier.

In summary, we succeeded in metastable LIPS droplet generation with
unexpected longevity which has never been observed before. The counter-
intuitive longevity is putting a fundamental question to physics. To the
extent of our knowledge, it is also the first report of success in LIPS DEX
droplet generation using the DEX/PEG system and in LIPS DNA droplet
generation which keeps fluidity. We achieved highly stable DNA enrich-
ment by a factor of thousands. The advantage of our system is its applic-
ability to a variety of biomolecules not only DNA and RNA but also proteins
such as enzymes and antibodies tagged with dextran-binding domain
(DBD). We conducted the concentration-driven LIPS using the Soret effect,
which gave controllability of generation temperature. Simple setup by
conventional equipment gave accessibility for laboratory use. Those features
widen the possibility of applications of LIPS droplets in biological research.
The properties of encapsulating substances accompanied by phase separa-
tion are also important in pharmaceuticals*’, medical science, and agri-
cultural science.

Methods

Materials

We prepared a sample by mixing Dextran (DEX, Mw = 4.5 - 6.5 x 10°,
Sigma), Polyethylene glycol (PEG, Mn = 3.5 x 10, Aldrich), \-DNA
(48,502 bp, Nippon Gene), and pure water. To visualise and evaluate the
concentration of polymers, we used TRITC-Dextran (Mw = 5.0 x 10°,
Sigma) and FITC-PEG (Mw = 3.0 x 10*, Creative PEG Works). DNA was
visualised using an intercalator (SYBR Gold; Invitrogen). DEX and PEG
were dissolved in water at 20 wt.% as stock solutions before mixing.

The phase diagram of the system is shown in Fig. la. We chose the
system of the above molecular weights of DEX and PEG because the tem-
perature dependence of the phase diagram is negligible. This means that our
droplet generation is not induced by temperature-driven phase separation
but by the concentration-driven phase separation induced by the Soret
effect. We confirmed this property experimentally by the fact that phase
separation cannot be induced by heating the bulk sample (see also Sup-
plementary Note 2). Note that the temperature effect of phase separation in
DEX/PEG system depends on the molecular weight of polymers and there
are other DEX/PEG systems which show clear temperature dependence for
the lower molecular weight of DEX and PEG™".

For the droplet-generation experiments, we first prepared a sample
with an initial composition in the two-phase region to experimentally obtain
a sample on the coexisting curve. All components were mechanically mixed
using a conventional vortex mixer and centrifuged at 15,000 rpm (Eppen-
dorf Himac Technologies, CF18RS relative centrifugal force of 16,451.37 g)
for 20 min under temperature control at 298 K. The upper PEG-rich phase
(indicated by an arrow in Fig. 1a) produced from the mixture was extracted
and used as a sample. For the mixture of DEX 6 wt.% PEG 2.6 wt.% (open
circle in Fig. la), the composition of two separated phases after cen-
trifugation estimated from the fluorescent intensity of a dye (TRITC-DEX,
FITC-PEG) using a microplate reader (Molecular Devices, SpectraMax iD3)
was DEX 0.7 wt.% and PEG 3.1 wt.% for the upper PEG-rich phase and
DEX 8.4 wt.% and PEG 0.9 wt.% for the lower DEX-rich phase, where we

assumed that the concentration of the polymer with the dye was directly
proportional to that of the dye-free polymer of the same type. The quantity
of fluorescently labelled DEX varied from 0.02 wt.%-0.2 wt.% depending on
the experiment. The concentrations in the text denote the total DEX con-
centration. The DNA concentration of each equilibrated phase was 70 pg/
pL for the upper PEG-rich phase estimated by the confocal image of
DNA (see below), and 60 ng/uL for the lower DEX-rich phase estimated by
spectroscopy (Thermo Scientific, NanoDrop 2000).

To observe the spontaneously forming droplets, we used a vortex mixer
to agitate the solution for a few minutes. Subsequently, we used the upper
PEG-rich phase containing DEX-rich droplets after waiting for a sufficient
amount of time for sedimentation to reduce the number of droplets
for 30 min.

Local heating experiments and microscopy

Local heating was performed under a microscope (Nikon Ti2E, objective
lens 20X, N.A. 0.45). An infrared (IR) laser with a wavelength of 1064 nm
was connected to the microscope and focused on the sample (Thorlabs;
Diode laser 1064 nm, a laser power of 30 mW at the sample position). The
sample was sandwiched between a cover glass and a glass plate with ITO
(Indium Tin Oxide) coating (EHC. Co. Ltd.; ITO thickness = 20-40 nm, and
resistance = 100 ohms). ITO absorbs light of wavelength 1064 nm, which
causes a temperature increase at the beam position. The sample thickness
was controlled by a polyimide film with a thickness of 85 ym. The tem-
perature of the sample cell was controlled at 298 + 0.1 K by a temperature
stage (Linkam PE120) with a Peltier module. For multiple-droplet genera-
tion, temperature control is necessary to prevent the temperature gradient
caused by laser irradiation from influencing the droplets. The maximum
temperature increase by local heating was approximately 10 K, which was
estimated from the temperature dependence of fluorescence intensity of
Rhodamine B solution in water (Supplementary Note 1). The microscope
images were captured using a CMOS camera (Andor Zyla).

For confocal microscopy, the droplets were generated using the local
heating setup described above and they were observed under a confocal
microscope (Leica Microsystems, SP-8). The glass plate (thickness of
0.7 mm) with an ITO coating is greater than the working distance of the
objective lens (100X, N.A. 1.47) used in confocal microscopy. The sample
cell was flipped, and the induced droplets were observed from the bottom.
For the simultaneous observation of induced and spontaneous droplets, a
glass plate (thickness 0.2 mm) with an ITO coating was used without flip-
ping over the plate. A white laser was used for excitation (488 nm for SYBR
gold or FITC-PEG and 561 nm for TRITC-DEX), and the experiment was
performed with the minimum number of acquisitions to reduce the con-
tribution of photobleaching. We did not perform 3D acquisition every time
in a time-course measurement and analysed kinetics using the droplet
diameter instead of droplet volume for the same reason. Under this con-
dition, the decrease in intensity caused by photobleaching can be considered
negligible (Supplementary Note 5). The background light caused by the
reflection of the laser from the substrate was removed by notch filters and
time-gated acquisition from 0.2 ns. The time evolution was observed at
room temperature (297 0.5 K). The droplet diameter was estimated by
contour detection using commercial software (Image Pro Plus, Media
Cybernetics). As the obtained values could be underestimated, we set the
error bar to + 0.5 pm. For the non-linear fit analysis of the droplet diameter,
we added the initial droplet diameter after LIPS (¢ = 0) determined from the
phase contrast microscopy image to the time evolution of the droplet dia-
meter observed by confocal microscopy as the value d at t =0.

For the estimation of the composition of the LIPS droplets, we per-
formed the LIPS droplet generation experiments on the sample including
fluorescently labelled DEX and PEG (TRITC-Dextran (Mw = 5.0 x 10°,
Sigma) and FITC-PEG (Mw = 4.0 x 10, Creative PEG Works)). The
concentration ratios of DEX (CR”™) and PEG (CR™) between the droplet
and the surrounding phase were determined as a fluorescent intensity ratio.
They were converted to the concentration by multiplying the concentration
of the surrounding phase (0.7 wt.% for DEX, 3.1 wt.% for PEG).
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Fig. 8 | Confocal images of DNA suspensions.

a DNA suspension in water at several concentra-
tions, A-DNA (48,502 bp) visualised using DNA
intercalator (SYBR gold). These samples were
observed in a sample cell made of two coverslips
with an 85-um-thick spacer. The experiments were
performed at room temperature (297 + 0.5 K). Scale
bar = 10 pm. b Number of DNA molecules per unit
area as a function of DNA concentration observed in
DNA suspensions in water. Error bars are the
standard deviation of at least 10 images. The solid
line is a linear fit of the data. ¢ Upper PEG-rich phase
prepared at total composition: DEX 6 wt.% and PEG
2.6 wt.% + A-DNA (48,502 bp) 29 ng/uL. Scale

bar = 10 pm.
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Estimation of absolute DNA concentration

We determined the DNA concentration by comparison with the confocal
data of DNA suspensions in water with SYBR gold (see also Supplementary
Note 4). At a low concentration range below 1 ng/uL, DNA molecules are
isolated and visible in confocal images because the full length of \-DNA
(48,502 bp) is approximately 16 pm. We counted the number of DNA
molecules in several images and obtained the concentration dependence of
the number per unit area (Fig. 8). At the concentration range above 1 ng/uL,
it becomes difficult to distinguish the isolated DNA molecules. We
observed the confocal image of DNA suspensions in the same sample cell
and under the same experimental conditions as those in the LIPS experi-
ments. The concentration dependence of the average fluorescent intensity
was measured and used to determine the absolute concentration of the LIPS
droplets.

Data availability

All data that support the findings of this study are included in the manu-
script and/or supplementary information files. Those data are also available
from the corresponding authors upon reasonable request.
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