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Supplementary Video 1: Droplet generation process by LIPS 19 

The process of laser irradiation for 10 min and the scenario after disabling the laser. This process 20 

was observed using phase contrast microscopy. Sample: upper phase of DEX (Mw550,000) 6 wt.% 21 

+ PEG (Mw35,000) 2.6 wt.% + l-DNA 29 ng/μL. A square with a side of 169 µm. Playback speed 22 

10X.  23 

 24 

 25 

Supplementary Video 2: Patterning of LIPS droplets  26 

Patterning process of LIPS droplets. Sample: upper phase of DEX (Mw550,000) 6 wt.% + PEG 27 

(Mw35,000) 2.6 wt.% + l-DNA 29 ng/μL. A square with a side of 676 µm. Playback speed 100X. 28 

 29 

 30 

Supplementary Video 3: Coalescence of two LIPS droplets 31 

Two DEX droplets generated by LIPS were coalesced by manipulation. The process was observed 32 

by phase contrast microscopy. Sample: upper phase of DEX (Mw550,000) 6 wt.% + PEG 33 

(Mw35,000) 2.6 wt.%. A square with a side of 84.5 µm. Playback speed 1X. 34 

 35 

 36 
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Supplementary Video 4: Laser induced disappearance of LIPS droplet 37 

The laser irradiation process to the LIPS droplet observed by phase contrast microscopy. The droplet 38 

disappeared after successive laser irradiation. The final disappearance depends on the balance 39 

between the mixing effect and the induction of new droplets by laser irradiation. Sample: upper phase 40 

of DEX (Mw550,000) 6 wt.% + PEG (Mw35,000) 2.6 wt.%. A square with a side of 33 µm. Playback 41 

speed 1X.  42 
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Supplementary Note 1: Temperature increase by the laser irradiation 55 

We estimated the temperature increase attributed to laser irradiation from the temperature 56 

dependence of fluorescence intensity. The temperature dependence of fluorescence intensity of 0.01 57 

wt.% aqueous solution of Rhodamine B is illustrated in Fig. S1a. The intensity was normalised by 58 

that at 25 °C, which was the temperature in the droplet experiment. The intensity monotonically 59 

decreased with an increase in the temperature. Figure S1b shows the intensity profile of a fluorescent 60 

image of the 0.01 wt.% Rhodamine B aqueous solution in a sample cell with ITO coating, which is 61 

captured after laser irradiation for 1 min. The intensity is normalised by the image captured before 62 

irradiation. The intensity at the laser-irradiation spot decreased from 1 to 0.85. The increase in 63 

temperature caused by laser irradiation was estimated at approximately 10 K. Changes in 64 

concentration attributed to the Soret effect of Rhodamine B are negligible (in the order of 10-5 65 

wt.%/K). 66 

 67 

 68 
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 69 

Fig. S1: Estimation of temperature increase. a, Temperature dependence of 0.01wt.% aqueous 70 

solution of Rhodamine B. b, Intensity profile of the fluorescent image of the sample after laser 71 

irradiation. 72 
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Supplementary Note 2: Case without ITO coating 83 

We experimentally verified that our droplets were generated by the Soret effect by comparing two 84 

cases, i.e. with and without ITO coating (Fig. S2). When laser light is irradiated on the region without 85 

an ITO coating, no temperature gradient is produced. In this case, we did not identify any sign of a 86 

concentration change, which means the interaction between the sample and laser light does not induce 87 

phase separation in the sample and that local heating is essential for generating droplets. Further, 88 

heating or cooling the ‘whole’ sample by a temperature stage in the range of 283–368 K did not cause 89 

anything to indicate a phase separation. In other words, droplets cannot form without ‘local’ heating. 90 

Hence, the temperature gradient caused by local heating changes the local concentration due to the 91 

Soret effect, which results in phase separation. 92 

The generation process (Fig. 1d in the main text) appears similar to that observed by Walton and 93 

Wynne1,2; however, the mechanisms are different. They estimated that the effect of thermophoresis 94 

is negligible in their system and concluded that their LIPS was caused by the electromagnetic energy 95 

stored in the sample by laser irradiation. In our case, the Soret effect causes droplet generation.  96 

 97 
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 98 

Fig. S2: Comparison of two cases with/without ITO coating. The droplet was induced by laser 99 

irradiation for 10 min to the upper PEG-rich phase of DEX 6 wt.% PEG 2.6wt.%. The same sample 100 

cell was irradiated with laser light in different regions (a) with and (b) without ITO coating. Left: 101 

phase-contrast images, right: fluorescent images of dextran. Scale bar = 5 µm.  102 
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Supplementary Note 3: Estimation of DNA enrichment factor and Dex concentration ratio 110 

1. DNA enrichment factor  111 

We evaluated the DNA concentration of droplet [DNA]droplet and that of the surrounding phase (the 112 

upper PEG-rich phase) [DNA]surrounding separately, and we estimated the DNA enrichment factor as 113 

the concentration ratio [DNA]droplet / [DNA]surrounding.  114 

In the initial preparation of the DEX/PEG mix with DNA, we used 29 ng/µL of DNA as the 115 

concentration for the total mixture. However, most of it goes to the lower DEX-rich phase because 116 

DNA is enriched to the DEX-rich phase. Thus, the DNA concentration of the upper PEG-rich phase 117 

is very low (< 1 ng/µL). The concentration of nucleic acid below a few ng/µL is difficult to estimate 118 

by conventional methods such as UV spectroscopy. In our confocal experiments, the average intensity 119 

of fluorescence from SYBR gold is almost the same signal level as the one from pure water, implying 120 

that it is difficult to estimate accurate DNA concentration from the average intensity of fluorescent 121 

images. However, DNA molecules are visible because the full length of l-DNA (48,502 bp) is about 122 

16 µm. Thus, we estimated the low DNA concentration of the surrounding phase (upper PEG-rich 123 

phase) from the number of DNA molecules in a unit area of confocal images for calculating the 124 

enrichment factor.  125 

For a low concentration range below 1 ng/µL, we observed DNA suspension in water by confocal 126 

microscopy at several DNA concentrations. The typical images are shown in Extended Data Fig 6a 127 
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in the main text. We analysed 10 images (image size: 155 µm × 155 µm) at each concentration and 128 

counted the number of DNA molecules in a unit area using commercial software (Image Pro Plus, 129 

Media Cybernetics). The spatial resolution of confocal measurements in the vertical (Z) direction was 130 

193 nm (objective lens 100 X oil, N.A. 1.47), and the overlap of molecules in the Z-direction can be 131 

neglected. The DNA molecules were well isolated, and the analysis was successful below 600 pg/µL. 132 

The results are illustrated in Extended Data Fig 6b in the main text. The concentration dependence of 133 

the number of DNA molecules showed a good linearity in the concentration range of 3–600 pg/µL. 134 

We performed a linear fit to the concentration dependence and the result was used to estimate the 135 

DNA concentration of the upper PEG-rich phase used for LIPS experiments. The confocal images of 136 

the upper PEG-rich phase were analysed and estimated as [DNA]surrounding = 70 ± 10 pg/µL. A confocal 137 

image of the upper phase is shown in Extended Data Fig 6c in the main text.  138 

For the high concentration range above 1 ng/µL, we evaluated the DNA concentration from the 139 

absolute fluorescent intensity of confocal images. We observed DNA suspension in water in the same 140 

cell used in the LIPS experiments and measured the average intensity of the image at the same Z-141 

position of droplet generation close to the ITO surface. The result is shown in Fig. S3. The linearity 142 

is maintained in the concentration range of 1–1000 ng/µL. We increased the amount of SYBR gold 143 

concentrate at high concentrations above 100 ng/µL to maintain a sufficient amount of SYBR gold 144 

for DNA molecules. For the suspension of 100 ng/µL, the intensity was measured in both conditions 145 
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at 1/1000 and 1/100 of SYBR gold concentrate and the intensities were consistent with each other. In 146 

the LIPS experiment, we prepared all samples with 1/1000 of SYBR gold concentrate. The amount 147 

of SYBR gold is sufficient because the total DNA concentration for the initial mixture is 29 ng/µL, 148 

which is in the linear regime in the concentration dependence shown in Fig. S3. In addition, the initial 149 

DNA concentration of the PEG-rich phase was approximately 70 pg/µL, as shown above. The volume 150 

of one droplet was estimated to be in the order of 10 µm3. This value is significantly smaller than the 151 

total sample volume by a factor of 10-8. We concluded that the sample contains an adequate amount 152 

of DNA molecules and SYBR gold to achieve high concentration in the droplet, and that linearity is 153 

maintained under the experimental conditions of this study. 154 

Figure S4a shows an example of the time evolution of the absolute intensity of the LIPS droplet 155 

obtained as raw data. We converted the absolute intensity to DNA concentration (Fig. S4b). The 156 

enrichment factor was obtained by dividing the DNA concentration of the droplet by that of the 157 

surrounding phase (upper PEG-rich phase), i.e. [DNA]droplet /[DNA]surrounding (Fig. S4c). The 158 

experimental error of the enrichment factor was attributed to the estimation of the concentration value 159 

of the surrounding phase (upper PEG-rich phase) and the focal position in the confocal measurements. 160 

We considered these factors and determined the error bars in Fig. 4b in the main text as 15%.  161 

 162 

 163 
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 164 

Fig. S3: DNA concentration dependence of fluorescence intensity from SYBR gold. The 165 

fluorescence intensity of DNA suspension in pure water was measured in confocal microscopy at two 166 

conditions, 1/1000 (black circles), and 1/100 (red crosses) of SYBR gold concentrate. Experiments 167 

were performed at room temperature (297 ± 0.5 K). 168 
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 172 

Fig. S4: Evaluation process of the DNA enrichment factor from confocal data.  173 

a, raw data. b, absolute concentration. c, concentration ratio.  174 
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2. DEX concentration ratio 176 

The DEX concentration ratio was estimated as the intensity ratio of the average intensity inside 177 

droplet Idrop to that of the surrounding phase Isurrounding, i.e. Idrop/Isurrounding. Before the estimation of the 178 

intensity ratio, the background signal in confocal measurements including the dark current of the 179 

camera, stray light, and fluorescent signal from substances excluding the target must be subtracted 180 

from raw data. The background intensity was measured as the average intensity of pure water in the 181 

same sample cell. In time-lapse measurements, a confocal image was obtained by averaging an 182 

appropriate minimum number of images for an adequate S/N of 1–16 frames. The average intensity 183 

of an image for the emission range to detect DEX is illustrated in Fig. S5a as a function of the number 184 

of images for averaging. The intensity is independent of the number of images for averaging.  185 

To calculate Isurrounding, small ROIs (rectangular regions of approximately 30 µm on each side) were 186 

selected from several different positions (approximately 10) from an image, and subsequently, the 187 

average intensity and its standard deviation for each ROI were calculated. Isurrounding was obtained as 188 

the average intensity of those ROIs. The raw data of Idrop and Isurrounding in a time-lapse measurement 189 

are illustrated in Fig. S5b. The background intensity was subtracted from the raw data before 190 

calculating the intensity ratio. Finally, the DEX concentration ratio is calculated as shown in Fig. S5c. 191 

The experimental error of the intensity ratio was determined by the possible error due to the focal 192 

position in the confocal measurements as the factor ± 0.6. 193 
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 194 

Fig. S5: Evaluation process of the DEX concentration ratio from confocal data. a, background 195 

signal. b, raw data. c, intensity ratio. 196 
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Supplementary Note 4: Validity of the temporal change of the intensity ratio 199 

We checked the possibilities affecting the temporal dependence to confirm that a decrease in the 200 

intensity ratio arises from concentration change.  201 

The first possibility is the intensity decrease caused by photobleaching. The contribution of the 202 

photobleaching effect to the fluorescence intensity was estimated by the continuous repeat acquisition 203 

of spontaneous droplets. These droplets were produced solely by agitating the system in the two-204 

phase region, and therefore, in principle, the DEX concentration inside the droplet should be constant 205 

with time. Figure S6a illustrates the average intensity of 139 droplets by repeating the image 206 

acquisition 100 times. One round of acquisition took approximately 10 s. The intensity was 207 

normalised by the intensity of the first image, and we determined that photobleaching decreased 208 

intensity by less than 5 %. In the confocal measurement of the laser-induced droplet, an excitation 209 

laser irradiated the sample for 1–20 s for each image. A maximum of 50 timelapse images were 210 

obtained. The possible intensity decrease caused by photobleaching in the timelapse measurement 211 

was estimated at less than 5 %. The possible photobleaching effect for the DNA is also estimated to 212 

be less than 5 % from Fig. S6b. 213 

Next, the signal leakage in multi-wavelength measurement was estimated. Figure S7a illustrates 214 

the confocal image of DEX-rich droplets observed in the emission range used for detecting DEX 215 

(left) and DNA (right), where the intensity in the right-hand side figure is enhanced by a factor of 25. 216 
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This sample contained a fluorescent dye (TRITC-DEX 0.2 wt.%) only for DEX without DNA (DEX 217 

6 wt.% (including TRITC-DEX 0.2 wt.%) PEG 2.6wt.%). The right-hand side image highlights the 218 

signal leakage to the emission range of the DNA. The relationship between the fluorescence intensity 219 

in the emission range of DEX and DNA for the same droplet is presented in Fig. S7 (bottom). The 220 

estimated signal leakage from the fluorescent DEX was approximately 4%. 221 

Figure S7b illustrates the results of estimating the signal leakage of SYBR gold (1/1000 of SYBR 222 

gold concentrate) to the emission range of DEX, where we observe DEX-rich droplets that do not 223 

contain a fluorescent dye for DEX but only for DNA (SYBR gold) (DEX 6 wt.% (TRITC-DEX 0 224 

wt.%) PEG 2.6 wt.% + λ-DNA (48,502 bp, 29 ng/µL) + 1/1000 of SYBR gold concentrate). The 225 

intensity in the left-hand side figure is enhanced by a factor of 1,000. In this case, we observed an 226 

intensity distribution; however, the signal leakage was proportional to the original signal. The leakage 227 

of the SYBR gold signal was estimated at 0.1%. 228 

Figure S7c and d are raw data of the average intensity of an induced droplet in the timelapse 229 

experiment illustrated in Fig. 4 in the main text plotted with the signal leakage of other fluorescent 230 

dye estimated from real data. We concluded that the signal leakage was insufficient to cause time 231 

dependence. 232 

Finally, we checked if the decrease in the DEX intensity ratio could be attributed to the 233 

inappropriate focal position in confocal microscopy. Figure S8 is the side-view (the XZ-slice image) 234 
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of an induced droplet. The time interval between the two images was 10 min. The diameter is 235 

sufficiently large compared to a pixel size, and therefore, the intensity change can be considered a 236 

concentration change. There is a clear decrease in the average intensity; i.e. it decreased by a factor 237 

of 0.8. From above, we concluded that the DEX concentration ratio of the induced droplets decreased 238 

with time. 239 

 240 

Fig. S6: Estimation of photobleaching. a, TRITC-DEX. b, SYBR gold. 241 
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 244 

Fig. S7: Estimation of signal leakage in multi-wavelength detection. a, Confocal image of droplets 245 

visualised by TRITC-DEX (no SYBR gold). Scale bar = 20 µm. b, Droplets visualised by SYBR gold 246 

(no TRITC-DEX). Scale bar = 20 µm. c, Raw fluorescence intensity from DNA plotted with the 247 

estimated signal leakage from the DEX signal. d. Raw fluorescence intensity from DEX plotted with 248 

the estimated signal leakage from the DNA signal. 249 
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 250 

Fig. S8 : Side view of an induced droplet. The XZ-slice images of a droplet visualised by fluorescent 251 

DEX (TRITC-DEX). The droplet was induced by laser irradiation for 12 min to the upper PEG-rich 252 

phase of DEX 6 wt.% PEG 2.6wt.% + λ-DNA (48,502 bp, 29 ng/µL). (top) t = 7 min. (bottom) t = 17 253 

min after switching off the laser. The intensity ratio between the droplet and the surrounding phase 254 

decreased from 7.5 (t = 7 min) to 6 (t = 17 min). Scale bar = 5 µm.  255 
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Supplementary Note 5: DNA enrichment factor and DEX concentration ratio of droplets by 264 

spontaneous phase separation 265 

The DNA enrichment factor and DEX concentration ratio of droplets produced by spontaneous 266 

phase separation were estimated under the same condition of confocal microscopy as the laser-267 

induced droplet generation experiments. We prepared a sample of DEX 6 wt.% and PEG 2.6wt.% + 268 

λ-DNA (48,502 bps, 29 ng/µL). Micrometre-size phase-separated droplets were formed by agitating 269 

the sample in a conventional vortex mixer. We awaited the sedimentation of droplets for 270 

approximately 30 min and extracted the upper PEG-rich phase containing an appropriate number of 271 

residual droplets to observe the isolated droplets under a microscope’s field of view. For an 272 

appropriate comparison with the value obtained in the droplet induction experiment, we placed the 273 

sample in the same sample cell used for the droplet generation experiment and awaited the 274 

sedimentation of droplets to the ITO surface. Then, we observed the droplets contacted with the ITO 275 

surface under the same experimental condition. Typical images of the droplets in Fig. S9. The DNA 276 

enrichment factor and DEX concentration ratio were estimated by the same method as in 277 

Supplementary Note 3. The results are illustrated in Fig. 5 in the main text. 278 
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 279 

 280 

Fig. S9: Phase-separated DEX-rich droplets obtained by agitation. Droplets containing DNA 281 

were visualised using SYBR gold. DEX 6 wt.% and PEG 2.6wt.% + λ-DNA (48,502 bp, 29 ng/µL) 282 

at 1/1,000 of SYBR gold concentrate. Scale bar = 20 µm. 283 
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Supplementary Note 6: Localisation of DNA in a PEG solution 292 

Duhr and Braun’s3 investigation into DNA suspension under a temperature gradient revealed that 293 

the DNA itself exhibits the Soret effect. They reported that the Soret coefficient ST of the DNA 294 

changed its sign around 4 °C and ST > 0 at room temperature (DNA moves away from the hot place). 295 

Maeda et al. revealed that, when DNA is added to a PEG solution, its behaviour depends on the length 296 

of the DNA and PEG concentrations4,5. At high concentrations of PEG, the DNA molecules can be 297 

localised to the hot region. 298 

To compare the DNA enrichment in the induced phase-separated droplet with the localisation of 299 

DNA caused by the Soret effect itself2,4,5, we performed local heating experiments in a DNA 300 

suspension in a PEG solution without DEX (PEG 3wt.% + DNA), which is approximately the same 301 

concentration as that of the system used in the droplet generation experiments (PEG 3.1 wt.%). The 302 

temporal evolution of fluorescent images that visualise DNA after laser irradiation for 5 min is 303 

illustrated in Fig. S10a. This system did not contain DEX, and it adhered to the condition that phase 304 

separation does not occur. Even without phase separation, the DNA molecules were localised at the 305 

irradiation spot by local heating at t = 0 s after switching off the laser. The intensity ratio in Fig. S10b 306 

was calculated by epifluorescence microscopy (not confocal); this ratio does not correspond to the 307 

enrichment factor. However, we can discuss the time scale of diffusion. Note that we performed 308 

similar experiments on both DNA in pure water and DNA in the DEX solution at the same 309 
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concentration as that of each component of the droplet generation experiments. In both cases, the 310 

DNA molecules moved away from the hot region created by laser irradiation. 311 

The localisation of DNA in the PEG solution is consistent with the observations in the literature4,5. 312 

However, the temporal evolution was entirely different from the enrichment in a phase-separated 313 

droplet. The diffusion of DNA was considerably fast. The intensity homogenized within minutes, 314 

which corresponded to a vanishing DNA localisation. These results suggest that the long-time 315 

localisation of DNA in the LIPS droplet induced by the Soret effect is not caused by the high 316 

concentration of PEG, and is instead caused by the generation of a phase-separated droplet. 317 

 318 

 319 

 320 
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Fig. S10: Case of local heating in a DNA suspension in a PEG solution (3 wt.%). a, The temporal 321 

evolution in the fluorescent images of the DNA after the laser is disabled. PEG 3 wt.% + λ-DNA 322 

(48,502 bp, 1ng/µL). In this experiment, we used λ-DNA tagged with a fluorescent dye MFP-488 323 

obtained with nucleic acid labelling reagents (Mirus Bio LLC, label IT, MFP-488). The laser 324 

irradiation time was 5 min. The time after the laser was switched off is indicated on the upper right-325 

hand side of each image. DNA is localised at the laser-irradiated position; however, it diffuses rapidly 326 

in a few minutes when the laser is disabled. Scale bar = 5 µm. b, Temporal evolution of maximum 327 

fluorescence intensity normalised by the intensity of the surrounding region. A small bright spot in 328 

Fig. S10a is an aggregate or dust, which was excluded from the analysis. The time scale is 329 

considerably faster than in the case of DNA enrichment in the phase-separated droplet. 330 
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