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Description of movies

Movie S1: CO2-induced dispersion of PS-PDEA powders into a droplet of pH 7.7 aqueous solution of 

BTB. The droplet was placed on a PS-PDEA powder bed supported by a hydrophilic glass 

slide. CO2 aeration rate: 100  5 Lh1.

Movie S2: CO2-induced coalescence of two Janus LMs-1, laid on a PTFE plate, encapsulated in both 

dyed lycopodium (red) and PS-PDEA (white) particles. Note the gradually dispersed PS-

PDEA powders.

Movie S3: CO2-triggered luminol chemiluminescence microreaction in LMs between solutions of a 

mixture of 0.01 M luminol, 30 wt% H2O2, and 30 wt% NaOH (left), and 0.01 M K3[Fe(CN)6] 

(right).

Movie S4: CO2-triggered LM-based microreaction among solutions of KI (left), starch (middle), and 

K2S2O8 (right). In this video, the distance between the left KI-containing LM-1 and the right 

merged LMs becomes larger during the coalescence of LMs carrying starch and K2S2O8 

solutions. However, this did not prevent the final coalescence, indicating the facility of this 

coalescence strategy.

Movie S5: CO2-triggered coalescence of two Janus LMs-1 containing colorless deionized water and a 

blue aqueous solution of methyl blue.

Movie S6: CO2 as an efficient trigger for batch coalescence of three pairs of LMs-1 and subsequent 

initiation of the chemical reaction between solutions of KI (lower) and K2S2O8 (upper). The 

coalescence time was shortened a bit due to slightly weakened stability of K2S2O8- and KI-

containing LMs-1. Here, very thick K2S2O8 (0.08 M; the concentration of saturated K2S2O8 

solution is ca. 0.20 M at 20 C) and KI (1 M) solutions were used in order to more clearly 

observe the color change during the reaction. This is because the solution color within an LM 

is somewhat weakened, resulting from the screening of coating powders. But in fact 

mircroreaction applications, we can decease the concentration of K2S2O8 and KI solutions to 

increase the stability of LM-1.
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Experimental Section

Materials

The monomers, styrene (St, Sigma-Aldrich, 99%) and 2-(diethylamino)ethyl methacrylate (DEA, 

Aldrich, 99%), were passed through an activated basic alumina column to remove the inhibitors prior to 

use. Polyethylene glycol monostearate (PGM, TCI, n = approx. 45, palmitate and stearate mixture), 

methyl blue (Aladdin, AR), sodium thiosulfate (Na2S2O3, Greagent, AR), and starch (Greagent, AR) were 

used as received. Dibasic sodium phosphate (Na2HPO4, AR), potassium persulfate (K2S2O8 or KPS, AR), 

isopropyl alcohol (IPA, AR), bromothymol blue (BTB, IND), hydrochloric acid (HCl, AR), sodium 

hydroxide (NaOH, AR), potassium permanganate (KMnO4, AR), phenol (AR), bromine water solution 

(AR, 3 wt%), hydrogen peroxide (H2O2, AR, 30 wt%), and iodine (I2, AR) were purchased from Kelong 

Chemical Co., Ltd. (Chengdu, China) and used as received. Potassium iodide (KI, 99), dimethyl yellow 

(98%), potassium hexacyanoferrate () (K3[Fe(CN)6], 99%), and luminol (98%) were obtained from 

Adamas-beta and used as received. Gellan gum (Sigma, BioReagent) was used as received. Rhodamine 

B-dyed lycopodium particles were supplied from Qingdao Mt. Fuji Agricultural Science and Technology 

Development Co., Ltd.

Lugol’s iodine was prepared form the previous description: 5 g of I2 and 10 g of KI in 100 mL water.1 

Deionized water (resistivity,  = 18.25 M cm) was treated with the ultrapure water purification system 

(UPH-I-10T, Chengdu Ultrapure Technology Co., Ltd., China). CO2 and N2 gases (99.99%) were 

provided by the Jinnengda Gas Company (Chengdu, China).

Synthesis of PS and PS-PDEA particles: PS-PDEA latex with different PS/PDEA weight ratios was 

produced by the seeded emulsion polymerization according to the recipes in Table S1. With this two-step 

protocol, PS latex were obtained firstly, followed by the final product, PS-PDEA latex.

Emulsifier PGM and pH buffering agent Na2HPO4 were dissolved in a 500 mL round-bottom flask 

with 237.0 g deionized water at 45 C and 135 rpm under a nitrogen atmosphere. The stirring rate 

(135 rpm) of a Teflon stirrer and nitrogen blanket were maintained throughout the reaction. After 

deoxygenating with N2 gas for 1 h, the monomer St was injected and then the emulsification was started. 

After 0.5 h, KPS aqueous solution was infused, and subsequently the temperature was increased to 70 C 

to conduct the emulsion polymerization. After reaction for 9 h, the second monomer DEA and another 

KPS aqueous solution (the total deionized water used to dissolve the whole KPS (i.e., step 1 and 2) was 

11.0 g) were added with the batch addition method. The second-stage reaction was allowed to proceed 

for 12 h to gain the PS-PDEA latex.

The resultant PS-PDEA latex was purified by 6 repeated centrifugation-redispersion cycles 

(typically 11 000 rpm for 30 min) with a centrifuge (TG16G, Hunan Kaida Scientific Instruments Co., 



Ltd., China). The first centrifugation was carried out with a latex/IPA (approx. 2:1, mass ratio) mixture. 

Each supernatant was carefully decanted and alternately replaced with fresh IPA and then pH 7.3 

deionized water except that the last four centrifugation-redispersion cycles were redispersed only with 

deionized water. The final purified latex was adjust to pH 9 and whereafter freeze-dried for 72 h. After 

the freeze-drying process, the resultant white powder suffered a grinding technique to achieve the final 

fine white powder. The PS latex was obtained before adding DEA, and the manufacture of PS powder 

was the same as that of PS-PDEA powder.

Table S1 Recipes of the seeded emulsion polymerization

KPS (g)Recipe 

no.

St

(g)

DEA

(g)

St/DEA

(w/w)

PGM

(g)

Na2HPO4

(g)

Water

(g) Step1 Step2

1 30.056 15.562 1.93 2.533 0.555 248 0.430 0.216

2 33.043 12.516 2.64 2.532 0.556 248 0.464 0.183

3 36.471 9.125 4.00 2.524 0.555 248 0.516 0.129

Extraction of PDEA from PS-PDEA particles: PDEA in the PS-PDEA composite particles was 
extracted by IPA, which is a good solvent for PDEA and a poor solvent for PS.2 1 g PS-PDEA emulsion 
was diluted to 1/300 times with IPA, and followed by mild stirring at room temperature for 96 h.

Preparation of BTB indicator: 0.1 g BTB was dissolved in 3.2 mL 0.05 M NaOH solution, and then 

was diluted to 200 mL with deionized water. BTB pH indicator shows a color change from yellow to blue 

upon increasing the pH from 6.0 to 7.6 with a green intermediate color.3

Characterization

Scanning electron microscopy (SEM). As for the PS-PDEA latex particles, SEM visualization was 

implemented using a FEI Inspect F field-emission microscope operating at an accelerating voltage of 

20 kV. A 1 wt% aqueous latex dispersion (diluted with pH 7.3 deionized water; similarly hereinafter) or 

0.33 wt% IPA dispersion of PS-PDEA particles after the extraction treatment was dropped onto a round 

glass slide to form a dried thin emulsion film, which then was placed on a copper stub and sputter-coated 

with a thin layer of gold prior to observation in order to minimize sample-charging problems. With respect 

to the PS-PDEA powders, SEM visualization was performed using Hitachi SU3500 and JSM-7500F 

instruments at an accelerating voltage of 15 kV. A thin gold film was sputtered on the samples before 

imaging.

Transmission electron microscopy (TEM). TEM observation was performed using a Hitachi H600 



transmission electron microscope operating at an accelerating voltage of 75 kV and using a Tecnai G2 

F20 S-TWIN transmission electron microscope operating at an accelerating voltage of 200 kV. The 

specimens were prepared by dripping a 1 wt% aqueous latex dispersion on carbon-coated copper grids 

and then gently blotted with filter paper to obtain a thin emulsion film on the grid. The grid was next 

stained with 2 wt% phosphotungstic acid (pH 6.5) for 35 min and subsequently blotted with filter paper 

to attain a thin liquid film, followed by drying at room temperature.

Cryogenic transmission electron microscopy (Cryo-TEM). The specimens for cryo-TEM observation 

were prepared in a controlled environment to vitrify the solutions. The temperature of the chamber was 

regulated between 25 and 28 C, and the relative humidity was kept close to saturation to prevent 

evaporation during the preparation. 2 L of 1 wt% aqueous latex dispersion pre-heated at 25 C was 

placed on a carbon-coated holey film supported by a copper grid, and gently blotted with filter paper to 

obtain a thin liquid film (20−400 nm) on the grid. Next, the grid was quenched rapidly into a cryogen 

reservoir containing liquid ethane at 180 C and transferred into liquid nitrogen (196 C) for storage. 

Then the vitrified specimen stored in liquid nitrogen was transferred into a Tecnai F20 cryo-microscope 

using a Gatan 626 cryo-holder and its workstation. The acceleration voltage was set to 200 kV, and the 

working temperature was kept below 170 C. The images were recorded digitally with a charge-coupled 

device camera (Gatan 894 ) under low-dose conditions with an under-focus of approximately 3 m.

1H NMR spectroscopy. 1H NMR spectra of PGM emulsifiers, PS, and PS-PDEA microspheres were 

registered with a Bruker Avance -600 MHz spectrometer. The PS and PS-PDEA latex with emulsifiers 

were dried at 60 C for 24 h prior to characterization.

Particle size and zeta potential. Regarding the latex particles, average hydrodynamic diameter and zeta 

potential were determined in triplicate on a 0.05 wt% aqueous latex dispersion with a Malvern Zetasizer 

Nano ZS and M3-Phase analysis Light Scattering (M3-PALS) techniques, respectively. The particle size 

distribution index (PDI) was also determined along with the detection of particle size. Dynamic light 

scattering (DLS) measurements were performed using a He–Ne solid-state laser with a wavelength of 

633 nm at 25 C and a 173 scattering angle. As for the powders, the particle size distribution was 

measured on a JL-6000 laser particle analyzer (Chengdu Jinxin Fenti Detecting Instruments Co., Ltd., 

China) operating at an air dispersion pressure of 4.2 bar. The volume average diameter (D4,3), D10, D50, 

and D90 of powders can be provided via this technique. D10 (D50 or D90) means that 10% (50% or 90%) 

of the particles are less than the given size.

Detection of shell thickness of LMs. The shell thickness of LMs was measured by a KEYENCE VHX-

1000 digital optical microscope. A 20 L droplet of 2.0 wt% aqueous solution of gellan gum at 70 C 



was dropped onto PS-PDEA powders and subsequently rolled to produce an LM. Following cooling to 

room temperature, the inner liquid phase formed a hydrogel, which enabled the LMs to be cut in half for 

direct visualization of their shells. After dividing, the sectioned LMs were laid on a glass slide and 

observed immediately in order to diminish the effect of liquid evaporation on morphology of LMs.

UV-Vis absorption spectra. The reactants and reaction products were extracted from LMs and test tubes. 

They then were diluted to desired concentrations with deionized water for UV-Vis absorption spectra 

measurements using a Shimadzu UV-3600 spectrophotometer. All reagents were attenuated to 1/3000 

times. The reaction products between solutions of KI and K2S2O8, among solutions of KI, K2S2O8, and 

starch, as well as among solutions of KI, K2S2O8, starch, and Na2S2O3 were respectively diluted to 1/1500, 

1/923, and 1/667 times. These dilution ratios ensure that all analytes containing I can possess as close I 

concentrations as possible.



S1. Fabrication of PS-PDEA powders

Fig. S1 Schematic illustration of the fabrication of PS-PDEA powders.

To fabricate CO2-sensitive LMs, the powder with CO2-tunable surface wettabilities is required. Thus, 

poly[2-(diethylamino)ethyl methacrylate] (PDEA) was selected because of its CO2-induced hydrophobic-

to-hydrophilic transition;4 however, it is hard to obtain PDEA powders owing to their relative low glass 

transition temperature (Tg, 1626 C5). PDEA was therefore incorporated into the high-Tg polystyrene 

(PS, ca. 100 C6) particles via the seeded emulsion polymerization, using PS particulates as the seeded 

latex and DEA as the second monomer (Fig. S1).



S2. Detection of the morphology and structure of PS-PDEA microspheres

The following PS-PDEA particles/powders refer to the sample of recipe 1 (Table S1) unless otherwise 

specified.

a) PS-PDEA powders

Fig. S2 1H NMR spectra of PGM emulsifiers (green line), PS latex with emulsifiers (purple), PS powders without 

emulsifiers (blue), PS-PDEA latex with emulsifiers (red), and PS-PDEA powders without emulsifiers (black), dissolved 

in CDCl3.

The PS-PDEA powders were obtained following the elimination of emulsifiers from PS-PDEA latex by 

centrifugal washing and freeze-drying processes. Considerable decrease of the oxyethylene protons 

signals at 3.63.7 ppm in the 1H NMR spectrum (Fig. S2) confirmed the removal of emulsifiers from 

latex to powders. However, it is worth noting that the powders still contained very few emulsifier residues, 

but which did not affect the fabrication of LMs as well as the CO2-responsiveness of PS-PDEA 

microspheres and LMs.



Fig. S3 1H NMR spectra of PS-PDEA powders of recipes 13, dissolved in CDCl3.

As shown in Fig. S3, the signal observed at δ 6.27.2 ppm is assigned to the phenyl protons (5H, 

C6H5) of the PS unit, and the peak at δ 3.94.2 ppm belongs to the methylene protons (2H, 

COOCH2CH2N) of the PDEA unit. Thus, based on the integral areas of these two signals, the PS/PDEA 

weight ratio and PDEA content in PS-PDEA powders can be estimated by the eqs 1 and 2, respectively, 

as follows:
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Where mi, Mi, Si, Wi are the mass, molar mass, integral area, and mass fraction of i, respectively. The 

results were presented in Table S2.

Table S2 PS/PDEA weight ratio and PDEA content in PS-PDEA powders of recipes 13

Recipe no.
PS/PDEA

(w/w)

PDEA 

contenta

(wt%)

1 2.81 26

2 3.75 21



3 7.50 12

a The very few emulsifier residues were neglected in the calculation 

of PDEA content of PS-PDEA powders.

The PS/PDEA weight ratio in Table S2 is somewhat larger than the St/DEA (w/w) monomer feed 

ratio in Table S1. This is mainly because some PDEA was lost by the centrifugal washing processes, 

confirmed by the decrease of integrated intensity of signal at δ 3.94.2 ppm, in the 1H NMR spectrum 

(Fig. S2), from PS-PDEA latex to powders.

Fig. S4 SEM images of PS-PDEA powders at a set of magnifications. The magnification increases from the left to the 

right. Scale bars from the left to the right are 100 m, 5 m, and 500 nm, respectively.

Fig. S5 Laser diffraction particle size distribution of PS-PDEA powders. Their D4,3, D10, D50, D90 values were 184, 20, 

164, 388 m, respectively.



b) PS-PDEA latex

Fig. S6 Typical size distribution curves obtained for 0.05 wt% aqueous dispersions of PS and PS-PDEA latex measured 

by DLS. The PDI for PS and PS-PDEA latex is 0.05 and 0.03, respectively.

The values of diameters and PDI in Fig. S6 are one of the parallel test results, which are always varied 

within a small range even for the same sample measured in triplicate. Thus, the relatively exact average 

hydrodynamic diameter and PDI of latex should be a statistical mean value of several parallel 

measurements and were presented in Table S3.

Table S3 Mean hydrodynamic diameters and PDI of PS and PS-PDEA latex

PS PS-PDEA
Recipe no.

Size (nm) PDI Size (nm) PDI

1 140 0.06 154 0.04

2 162 0.09 174 0.05

3 167 0.08 173 0.04

Fig. S7 SEM images of the (A) PS seeded and (B) PS-PDEA latex particles. The arrows in (B) indicate the microspheres 

with very weak dents on their surface. (C) TEM image (stained with 2 wt% phosphotungstic acid at pH 6.5) of the PS-



PDEA particles. (D) SEM image of the particulates after the extraction of PDEA from the PS-PDEA composite particles 

with IPA for 96 h. Scale bars in (A), (B), and (D) are 500 nm, and 200 nm in (C).

As exhibited in the SEM image in Fig. S7A, the PS seeded particles showed a relatively 

monodisperse, spherical morphology without any dent on the surface. However, golf ball-like PS-PDEA 

particulates were gained after adding DEA (Figs. S7B,C). Clearer cavities and golf ball-like morphology 

were observed after the extraction of PDEA from the PS-PDEA particles with IPA (Fig. S7D), indicating 

that the PDEA domain principally located around the bottom of each hole of the composite particles (see 

Fig. S1). This result is well consistent with the formation mechanism of golf ball-like particles reported 

by Okubo et al.7



S3. CO2-responsiveness of the PS-PDEA microspheres

a) PS-PDEA latex

Fig. S8 CO2-responsiveness of the PS-PDEA latex. Variations of the (A) mean hydrodynamic diameter and (B) zeta 

potential for a 0.05 wt% aqueous dispersion of PS-PDEA latex before (black) and after CO2 (red) uptake as well as 

following replacement of CO2 with N2 (blue).

To verify the CO2-responsiveness of PS-PDEA microspheres, particle size measurements for a 0.05 wt% 

aqueous dispersion of PS-PDEA latex in the absence and presence of CO2 were carried out. As depicted 

in Fig. S8A, a striking increase in particle size is gained after 13 min of CO2 bubbling at 50 mLmin1 

(adjusting pH to 4.2). While it regained its initial dimension when replacing CO2 with N2 (pH back to 

7.0). Meanwhile, this process was accompanied with a variation in zeta potential in the same trend as 

particle size (Fig. S8B), which indicated the protonation and deprotonation of PDEA chains with the 

aeration and removal of CO2.



Fig. S9 (A) Variation of the mean hydrodynamic diameter (red circle) and zeta potential (blue square) with solution pH 

for a 0.05 wt% aqueous dispersion of PS-PDEA latex. Cryo-TEM images of PS-PDEA latex particles (B) before and (C) 

after CO2 treatment. The quite spherical circles of around 1.2 m in (C) and (D) are the holes of copper grids. TEM 

images (stained with 2 wt% phosphotungstic acid) of PS-PDEA latex particulates in the (D) absence and (E and F) 

presence of CO2. The pH value of PS-PDEA latex was around 4.2 after the CO2 uptake. CO2 aeration rate: 35 mLmin1; 

bubbling time: 25 min. Scale bars in (B) and (C) are 500 nm, and 200 nm in (D), (E), and (F).

To elucidate the particle size variations with and without CO2, the mean hydrodynamic diameter and 

zeta potential of PS-PDEA latex at different pH values were measured. The pH of sample was adjusted 

by bubbling N2 into the system to remove the CO2. The initial system was a 0.05 wt% aqueous dispersion 

of PS-PDEA latex with saturated CO2 (pH  4.2). As exhibited in Fig. S9A, with the aeration of N2, the 

average hydrodynamic diameter presented a downward trend until a plateau was reached at around pH 

6.8, while the zeta potential decreased constantly, indicative of continuous deprotonation of tertiary amine 

groups of PDEA. This result manifested the increase and decrease of particle size of PS-PDEA latex in 

the presence and absence of CO2 was attributed to the protonation and deprotonation processes, 

respectively. More specifically, such protonation caused the electrostatic repulsion-induced chain 

extension of PDEA chains, which in turn rendered the augmentation of hydrodynamic diameter.8

However, despite non-crosslinked PDEA chains, the enlargement of PS-PDEA particle size was so 

significant that we speculated whether such size increase was also created by any further chain 

entanglement of extended PDEA hair. To this end, direct visualization of PS-PDEA latex aqueous 

dispersions before and after introducing CO2 was performed with cryo-TEM. In the presence of CO2, 

most of the distances between particulates (Fig. S9C) were less than the average hydrodynamic diameter 



of 878 nm (see Fig. S9A), verifying the chain entanglement between extended PDEA hair. However, by 

comparing the PS-PDEA particle morphology with (Fig. S9C) and without CO2 exposure (Fig. S9B), the 

expansion of particle size was not observed. This may be due to a low contrast between the extended non-

crosslinked PDEA hair region and the background. Therefore, observation of the PS-PDEA latex aqueous 

dispersions was implemented by TEM in combination with staining technique using 2 wt% 

phosphotungstic acid to contaminate the PDEA section.9 Comparison of the latex particulate morphology 

in the absence (Fig. S9D) and presence of CO2 (Fig. S9E) revealed both the CO2-induced particle size 

enlargement and the chain entanglement between extended PDEA hair (in Fig. S9E, the dark outside shell 

represented the charged PDEA domain). Here, it is worth noting that the single enlarged particle sizes 

were much less than the average hydrodynamic diameter of 875 nm (see Fig. S9E), which showed a great 

deviation between TEM and DLS measurements. However, considering the following three facts: (i) the 

maximum size of two entangled particles in Fig. S9E is more than 875 nm; (ii) the particle sizes evaluated 

by TEM are usually less than that determined via DLS;10 (iii) the existence of more entangled particles is 

possible (see Fig. S9F), which would usually induce larger hydrodynamic diameters; therefore, it is 

reasonable that the sizes of a single particle measured through TEM images were far away from the mean 

hydrodynamic diameter of 875 nm.

Moreover, according to the 7.3 of pKa value of PDEA homopolymer and protonation degree equation 

  1/(1  10pH  pKa),11 the protonation degree of PDEA chains was 76.0% at pH 6.8 where the particle 

size became the lowest and remained unchangeable (see Fig. S9A). This suggested that adequate 

protonation of PDEA chains enabled the enlargement of hydrodynamic diameter of PS-PDEA latex.

Fig. S10 SEM image of the PS-PDEA latex particles after bubbling CO2 at 35 mLmin1 for 25 min. Scale bar: 500 nm.

Further, it is noteworthy that CO2 was able to make such PS-PDEA particulates present more distinct 

golf ball-like morphology as exhibited in Fig. S10 (see Fig. S7B for the sample before CO2 treatment). 

This is because the extension of PDEA chains leaves clearer cavities, and soluble PDEA chains induced 

by their protonation causes the removal of part of PDEA homopolymer from particles. Such phenomenon 

verified the correctness of the sketch of PS-PDEA particulate in Fig. S1A again.



b) PS-PDEA powders

The above discussions about CO2-responsiveness are concerned with the PS-PDEA latex containing 

emulsifier, then what about the PS-PDEA powder devoid of emulsifier? Thereupon, we laid a drop of pH 

7.7 aqueous solution of bromothymol blue (BTB) on a PS-PDEA powder bed (0.025 g, approx. 10.0  

8.0  1.5 mm) to detect its CO2-responsiveness under continuous CO2 uptake at 100  5 Lh1 (Fig. 1 and 

Movie S1; see Fig. S11 for the experimental apparatus and operations). BTB is usually employed as a pH 

indicator, showing color change yellow to blue upon increasing the pH from 6.0 to 7.6 with a green 

intermediate color.3 With the introduction of CO2, the color of this droplet altered from blue to green to 

yellow. Such phenomenon confirmed the decline of pH of the drop, at least down to pH 6.0. Then acidic 

droplet bred the wettability transition of PS-PDEA powders, directly contacting the liquid, from 

unprotonated hydrophobic (the initial apparent contact angle  was about 134, see also Fig. S12) to 

protonated hydrophilic character (the final  cannot be estimated, because of collapse of the droplet and 

the fact that the material that the droplet really touched was the hydrophilic glass slide, but not the PS-

PDEA powders anymore). Thereby substantial dispersion of powders into the aqueous phase was 

observed.

This CO2-induced dispersion can be illuminated in terms of surface free energy change: when 

immersing a fine smooth spherical particle into a liquid from air, the energy variation of the system is 

described as Eimm  4R2LV cos,12 where R is the radius of the particle, LV represents the interfacial 

tension of gas/liquid interface,  denotes the equilibrium three-phase contact angle. Hence, as the surface 

wettability of the particle transforms form hydrophobicity (  90) to hydrophilicity (  90), Eimm 

varies accordingly from a positive to negative value. This signifies that the immersion of such particulate 

becomes a spontaneous process (i.e., immersion is energetically favoured) from a passive status (excess 

energy would be demanded if to immerse the particles into the liquid phase).

In addition, the dispersion of powders made the droplet gradually sink until rapidly, totally collapsing 

as soon as the liquid phase contacted with the hydrophilic glass slide (at 123 s).13 It was also found, despite 

it is apparent, that the time of the droplet collapse decreased with the reduction of particle layer thickness.



Fig. S11 (A) Experimental apparatus for studying the CO2-responsiveness of PS-PDEA powders and LMs. (B) Sketch 

of the chamber. R, D (the inner diameter of channel), and h are 56, 5, and 38 mm, respectively.

Determination of CO2-responsiveness of PS-PDEA powders/LMs: A 20 L droplet of pH 7.7 aqueous 

solution of BTB settled on the PS-PDEA powder bed (or LMs) along with the underlying substrate 

was/were put into the transparent glass chamber and then a glass lid was applied to cover this vessel. Next 

turning on the CO2 flowmeter and controlling the CO2 aeration rate at 100  5 Lh1 as well as 

simultaneously recording the variation on droplet (or LMs), using Apple’s iPhone 6s coupled with a Micro 

Phone Lens.

Fig. S12 Snapshot of a 20 L droplet of BTB aqueous solution at pH 7.7. The droplet was placed on a PS-PDEA powder 

bed supported by a hydrophilic glass slide. Scale bar: 1 mm.



S4. Schematic illustration of the fabrication of unitary LMs

Fig. S13 Sketch of self-coating formation of a unitary LM (LM-0 or LM-).



S5. Properties of LMs-

Fig. S14 (A) Snapshot of a PS-PDEA-coated 20 L LM. It is apparent that its shell is nonuniform and multilayer. Blue 

arrow heads indicate the weak spots on the surface of LM. Insert: the enlargement of the weak spots; scale bar: 200 m. 

Digital photos of an (B) intact and (C) sectioned 20 L LM prepared with 2.0 wt% aqueous gellan gum solution. (D) 

Snapshots of a bare droplet, a semi-coated droplet, and an LM- placed on the PS-PDEA powders (left), in addition to 

an LM- placed on a glass slide (middle), and the planar air-water interface (right); scale bars: 1 mm. All LMs- were 

manufactured using PS-PDEA powders and a 20 L BTB solution at pH 6.0.

The hydrophobicity of PS-PDEA powders permitted the fabrication of stable LMs. Figs. S14A,D (or Fig. 

S14B) show images of several LMs- manufactured via rolling microliter droplets of a pH 6.0 aqueous 

solution of BTB (or 2 wt% aqueous gellan gum solution at 70 C) on a bed of PS-PDEA powders. The 

as-prepared quasi-spherical LMs- exhibited non-uniform and multilayer shells (Fig. S14A) with 

thicknesses of around 70400 m (such range may be wider as the shell thickness varies always for 

different LMs14) (Fig. S14C). Although some weak spots were present on the LM surfaces (Fig. S14A), 

their stability was satisfactory, even when placed at the air-water interface (Fig. S14D, right), attributed 

to the presence of an air layer separating the particle shell and the supporting liquid.15



Fig. S15 (A) CO2-induced rupture of a PS-PDEA-coated LM- and non-rupture of a PS-wrapped LM-0. (B) CO2-

induced rupture of three LMs-. Both of the inner liquids in (A and B) are 20 L aqueous solutions of BTB at pH 7.7. 

(C) Sketch of the CO2-induced rupture of LM-. Scale bars: 3 mm.

Interestingly, the stability of LM- was found to be CO2-controllable, i.e., CO2-induced rupture. To 

reveal this property of LMs-, fracture experiments were conducted by introducing CO2 gas into a home-

made chamber (Fig. S11), which contained a PS-PDEA-wrapped LM- and a PS-coated LM-0, used as 

a reference. To well observe and acquire variation in the liquid pH within the LMs, we employed a 

0.5 gL1 aqueous solution of BTB instead of pure water to prepare LMs, as this pH indicator shows a 

strong visible color change from yellow to blue upon increasing the pH from 6.0 to 7.6 with a green 

intermediate color,3 which covers the variation in the water pH in the presence or absence of CO2.

As depicted in Fig. S15A, the LM-0 remains intact after aeration with CO2 at 100  5 Lh1, while 

the LM- ruptures rapidly within 20–26 s and subsequently releases its interior liquid. This evidenced 

the disruption of LM- involved both CO2 and PDEA. Moreover, a wide spectrum of color change was 

observed in Fig. S15A: blue–green transition is assigned to LM- yet blue–green–yellow belongs to LM-

0. These color variations and color differences testified the generation and consumption of protons in LM-

, respectively, resulting from the ionization of carbonic acid formed by the hydration of CO2 and 

protonation of the tertiary amine groups of PDEA. In addition, it was found that the disruption of LM- 

required sufficient protons (see ESI S6).16 When continuously aerating CO2, the ample protons can further 

disperse almost all PS-PDEA powders into the interior aqueous solution (Fig. S15B, 90 s). However, 

intriguingly, numerous undispersed powders still located on the surface of ruptured LM- upon rupture 

(Fig. S15A, image 2; Fig. S15B, 24 s). This phenomenon was assumedly ascribed to the presence of some 

vulnerable spots on the LM shell (Fig. S14A) and an additional upward force from substrate for the bottom 

PS-PDEA powders, as well as the larger density of CO2 than air and lower CO2 inlet design compared to 

the outlet (see ESI S7 for demonstrations). 



Consequently, based on the above analyses, as displayed in Fig. S15C, the process of CO2-induced 

rupture can be simply described as follows: Continuous CO2 aeration produces an adequate number of 

protons within LM- due to the gas permeability of LM.17 This course is accompanied by the protonation 

of PDEA chains and consequent consumption of the protons. The protonation brings about a hydrophobic-

to-hydrophilic wettability conversion, followed by the dispersion of the PS-PDEA powders into the liquid 

core. A macroscopic burst then takes place upon contact between the internal liquid and the hydrophilic 

substrate.13 With the continued stimulation of CO2, residual undispersed PS-PDEA particles are further 

immersed, and a collapsed LM carrying fully dispersed PS-PDEA powders is obtained.

The CO2-induced rupture endows the LM- with potential as a miniature CO2 sensor and in the 

controllable release of inner water-soluble agents, indicating promise as a drug delivery candidate.



S6. Requirements for the CO2-induced rupture of LM-

As depicted in Fig. 15A, it is noteworthy that the color of LM-0 does not change to yellow upon the burst 

of LM-, implying that the solution is adequate for the rupture of LM- when near to pH 6.0. But 

surprisingly, the LM- containing pH 6.0 BTB solution (or pH 5.9 deionized water) still maintains its 

original status, except for the color change of the inner liquid from yellow-green to dark green mixed up 

with a little blue, due to the consumption of protons. This test suggests that the rupture of LM- requires 

sufficient protons.16

In order to further demonstrate such conclusion, the integrity of LM- after different aeration time 

of CO2 at 100  5 Lh1 was recorded. To avoid the effect of residual CO2 on the LM- as much as 

possible, after stopping CO2 uptake, we immediately removed the glass lid and then blew air into the 

chamber to replace CO2. It was found that the LM- did not rupture until the CO2 aeration for adequate 

time (at least 6 s, Fig. S16), that is, until the provision of sufficient protons.

Interestingly, aeration time of 1 s was adequate to fracture the LM- (about 3040 s) when we did 

not remove the glass lid and expel the CO2. This indicates the great impact of the residual CO2 on the 

rupture of LM- and the high sensitiveness of LM- to CO2 gas.

Fig. S16 Rupture probability of the LM- as a function of aeration time of CO2 at 100  5 Lh1. The rupture tests under 

the same aeration time were conducted in triplicate. The observation time was fixed to be 5 min.



S7. Interpretations for the existence of numerous undispersed powders on the surface of broken 
LM-

Fig. S17 (A) Time sequence of digital photographs showing the color variation of a 20 L pH 7.7 BTB droplet placed 

on a PTFE plate with the aeration of CO2 at 100  5 Lh1 (B) CO2-induced color alteration for an LM-0 from blue to 

green to yellow (inner liquid: 20 L pH 7.7 BTB solution; CO2 aeration rate: 100  5 Lh1). Note the two different 

colors of the inner liquid at 40 s—green (upper section) and canary (lower section). Scale bars: 1 mm.

In Fig. S17A, with the treatment of CO2, the BTB aqueous solution, adjacent to the substrate and droplet 

surface, alters its color from blue to green to yellow prior to the liquid in the other regions. As for the case 

in Fig. S17B, after CO2 uptake for 40 s, the solution within LM-0 was divided into two distinct colors—

the upper moiety remained green while the lower one had turned to canary. Both of these two tests confirm 

the bottom liquid except in the center is susceptible to CO2 gas owing to the greater density of CO2 than 

the air and the lower CO2 inlet design compared to the outlet (see Fig. S11). Therefore the preferential 

protonation and dispersion of the nether PS-PDEA powders of LM- would occur.



S8. CO2-induced rupture and coalescence between contacting LMs-

Fig. S18 CO2-induced rupture and coalescence between two contacting LMs-. Inner liquid: 20 L pH 7.7 BTB solution; 

CO2 aeration rate: 100  5 Lh1; scale bar: 1 mm.



S9. Schematic representation of the fabrication of patchy LMs

Fig. S19 Sketch of manufacturing a patchy LM through squeezing two contiguous LMs—LM-0 and LM-—using a 

tweezer and simultaneously sticking the contact interface with a needle to aid the formation of a liquid bridge.



S10. CO2-induced formation of a particle-free gap on the LM-1 surface

Fig. S20 CO2-induced formation of a macroscopic particle-free gap on the surface of LM-1, which was coated with both 

non-responsive PS (the bigger powder section mixed up with some yellow particles) and CO2-responsive PS-PDEA (the 

smaller powder section) powders. The yellow PS particles were dyed with dimethyl yellow for better distinguishing the 

PS and PS-PDEA sections. The inner liquid is an aqueous solution of methyl blue. Droplet size: 20  1 L. Scale bar: 

1 mm.



S11. Factors of affecting the coalescence of LMs-1

a) PS-PDEA powder size

Fig. S21 SEM images of sieved PS-PDEA powders in size of (A) 300 mesh, (B) 120260 mesh, and (C) 50100 mesh. 

Scale bars: 200 m.

The PS-PDEA powders passing through 50 (300 m) but not 100 mesh (150 m), through 120 (125 m) 

but not 260 mesh (57 m), and through 300 mesh (48 m) sieves were collected. In order to verify the 

powder size after screening, direct visualization of these powders was performed with a SEM. As shown 

in Fig. S21, the powder sizes were consistent with the size of standard sieves.

Table S4 Relationship between the size of PS-PDEA powders and the coalescence and rupture time of LMs-1 and 

LMs- (fabricated with these powders), respectivelya

Powder
Coalescence time

(s)

Rupture time

(s)

50100 mesh 20 4 25 5

120260 mesh 14 3 16 2

300 mesh 12 1 14 2

a CO2 aeration rates were 100  5 Lh1. The merging and rupture tests were 

conducted at least five times, separately.

Fig. S22 Digital photographs of sectioned 20 L LMs fabricated with 2.0 wt% aqueous gellan gum solution and (A) 



50100 mesh, (B) 120260 mesh, and (C) 300 mesh PS-PDEA powders. Scale bars: 200 m.

Since the aqueous gellan gum solution within as-prepared LMs gelled quickly, there was not enough 

time to manufacture an LM-1 via the technique as shown in Fig. S19. However, in theory, the PS-PDEA-

coated shell thickness of LMs-1 should be consistent with that of LMs-, as the LM-1 is fabricated via 

manual coalescence of an LM- and an LM-0. Moreover, the relationship between PS-PDEA powder 

sizes and the coalescence time of LMs-1 showed a same trend as that between the size of PS-PDEA 

powders and the rupture time of LMs- (Table S4). Here, the coating thickness of LMs-, therefore, was 

used to represent that of PS-PDEA patches of LMs-1.

The coalescence and rupture time between LMs prepared with 120260 and 300 mesh powders 

was rather close, which was presumably because of a relatively small difference between the shell 

thickness of LMs stabilized with these two powders (see Figs. S22B,C).

b) PS/PDEA weight ratio

Table S5 Variation of coalescence and rupture time of LMs-1 and LMs-, respectively, with PDEA content of PS-

PDEA powdersa

Recipe no.b
Coalescence time

(s)

Rupture time

(s)

1 20 5 23 3

2 25 2 25 5

3 64 6 61 11

a CO2 aeration rates were 100  5 Lh1. The merging and rupture tests were 

conducted at least five times, separately. b PDEA content increases from 

recipe 1 to 3 in turn as exhibited in Table S2.

Since the CO2-responsiveness of LMs derived from the PDEA, the LMs-1 prepared from the powders 

with higher PDEA content may merge more quickly. To verify this inference, we employed the PS-PDEA 

powders (recipes 13, Table S2) to manufacture three kinds of LMs-1 and recorded their merging time. 

As expected, quicker coalescence was observed for the LMs-1 with higher PS-PDEA content (Table S5), 

confirming seemly the inference. However, in view of the effect of PS-PDEA powder size on the 

coalescence and unlike size distribution of the three powders (Table S6), one of the screened PS-PDEA 

powders of recipes 13 was applied to further affirm such deduction. The coalescence time for recipes 1 

to 3 (using the 50100 mesh powders) is respectively 20  4 s, 22  3 s, and 58  3 s, which validated 

higher PDEA content in PS-PDEA powders did make rapider coalescence. The merging and rupture time 



between recipe 1 and 2 was somewhat close, which is due to a small difference between their PDEA 

content (see Table S2).

Table S6 Size distribution of PS-PDEA powders with different PS/PDEA weight ratiosa

Recipe no.b
D4,3

(m)

D10

(m)

D50

(m)

D90

(m)

1 184 20 164 388

2 96 10 47 283

3 25 1 21 55
a Size distribution of PS-PDEA powders was controlled by grinding processes. 
b PDEA content increases from recipe 1 to 3 in turn as exhibited in Table S2.



S12. CO2-triggered microreactions between two LMs-1

Fig. S23 CO2-triggered microreactions between two LMs-1 containing separate reactants. (A) Redox-fading reaction 

between solutions of 0.05 M Na2S2O3 (left) and 0.4 wt% KMnO4 (right); (B) complexation between solutions of 2 wt% 

starch (left) and 0.5 w/w% Lugol’s iodine (right); (C) substitution reaction between solutions of 1 wt% bromine water 

(left) and 0.03 M phenol (right); (D) chemiluminescence reaction between solutions of a mixture of 0.01 M luminol, 

30 wt% H2O2, and 30 wt% NaOH (left) and 0.01 M K3[Fe(CN)6] (right). Single droplet size: 20  1 L; scale bars: 

1 mm.

After exposure to CO2, all of the above chemical reactions were successfully initiated. Specifically, as 

displayed in Fig. S23A, the purple color of KMnO4-containing LM-1 faded to a brown color due to the 

removal of KMnO4 and generation of MnO2.18 In terms of the complexation reaction, the production of 

amylose-iodine complexes bred that both LMs-1 carrying yellow iodine and colorless starch solutions 

turned to blue LMs (Fig. S23B).19 In addition, Fig. S23C presents the color fading of yellow bromine 

water-containing LM-1, attributed to the formation of bromophenol.20 Furthermore, for the 

chemiluminescence reaction (Fig. S23D), the emission of blue light evidenced the onset of the reaction 

(see also Movie S3 for clearer luminescent frames).



S13. Slow liquid interdiffusion within the coalesced LMs

Fig. S24 Liquid interdiffusion between two coalescing Janus LMs-1 that contained different color liquids (single droplet 

size: 20  1 L) (see also Movie S5). The left white liquid was deionized water, while the right blue liquid belonged to 

a 0.5 wt% aqueous solution of methyl blue.

Although fine liquid interdiffusion was achieved, it was slow—relatively complete interdiffusion via the 
visual observation would spend at least tens of seconds. But this time is greatly affected by the 
concentration gradient of these two different liquids.21 Hence here such interdiffusion between the 
deionized water and 0.5 wt% methyl blue solution within LMs is still faster than the previously reported 
counterpart with 0.1 wt% methyl blue solution in one LM.22



S14. Control experiments

Fig. S25 UV-Vis absorption spectra of the reactants and products of the corresponding chemical reactions reacting in 

test tubes (corresponding to the LM-based microreactions in Fig. 3).
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