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ABSTRACT

Life consists of many hierarchical levels, in which complex behaviors emerge from the interactions
among simpler components. Here we demonstrate the cross-hierarchical transduction of dynamic
behaviors in life-like autonomous materials by investigating self-oscillating colloidosomes as a
model system. Self-oscillating colloidosomes are composed of self-oscillating microgels, which
exhibit autonomous flocculation/dispersion oscillation driven by a self-promoted Belouzov-
Zhabotinsky reaction at certain temperatures. We identified chemo-mechanical transduction across
hierarchical levels in self-oscillating colloidosomes under out-of-equilibrium conditions. The self-
oscillating colloidosomes exhibited swelling/deswelling or shape deformation oscillations in a
stochastic manner, originating from flocculation/dispersion oscillation at the microgel level. We
found that the choice between these two oscillation modes is determined by the oscillation modes
of their constituent self-oscillating microgels. These findings pave the way for cross-hierarchical

design of chemically powered autonomous materials.

Introduction

Life is hierarchically organized, and each level has distinct functions and emergent properties. At
the molecular level, small molecules and proteins respond to external stimuli, modulating the
properties of their assembly states and thereby inducing the dynamic behaviors at the cellular
level'3. For example, the intracellular signal leads to actin polymerization and actomyosin
contraction, thereby producing amoeboid migration of cells*. Understanding chemo-mechanical
transduction across hierarchical levels is key to engineering dynamic behavior of chemically

powered autonomous materials.
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To create life-like autonomous materials, we have established the concept of self-oscillating
polymer systems that exhibits dynamic behavior driven by self-promoted Belousov-Zhabotinsky
(BZ) reaction®. The systems are mainly composed of thermoresponsive poly(N-
isopropylacrylamide) (PNIPAAm) main chain and tris(2,2'-bipyridyl)ruthenium complex
(Ru(bpy)s*"), a catalyst of the BZ reaction. Since the hydrophilicity of the self-oscillating polymers
is different between the reduced state (Ru(bpy)s>*) and the oxidized state (Ru(bpy)s**), the lower
critical solution temperature (LCST) also differs in each state. Therefore, between a certain
temperature range, these self-oscillating polymers undergo autonomous structural oscillations
driven by the self-promoted BZ reaction. To date, we have developed several forms of self-

-1 "and microgels'>!*. Based on this

oscillating materials, including gels®®, micelles and vesicles
driving mechanism, the self-oscillating materials provide a platform for investigating the cross-
hierarchical transduction of chemical events.

In this context, we employed self-oscillating colloidosomes (SOCs) as a model system of
hierarchical autonomous materials. Colloidosomes are cell-like spherical hollow structures'*, and
are formed from Pickering emulsions that are stabilized by the self-assembly of amphiphilic

colloid particles at the oil-water interface'®. Because of their structures and flexible cell-like

membranes, they are favored as simplified artificial cell models. Many studies have shown that

16-18 19,20

silica particles and polystyrene latex particles can be used to fabricate the colloidosome
structures. Recently, microgels have attracted increasing interest as emulsifiers for Pickering
emulsions because of their unique deformability and stimuli responsiveness®!2°. Our previous
study demonstrated that SOCs composed of microgels exhibited periodic autonomous shape

deformation in the presence of the BZ substrates?®.
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In this study, we investigated chemo-mechanical transduction of dynamic behaviors in SOCs
across two hierarchical levels, from microgels to colloidosomes (Scheme 1). By modifying the
synthesis protocol for SOCs, we enabled independent characterization of the SOCs and their
constituent self-oscillating microgels (SOMGs). We found that the thermoresponsive behaviors of
the SOCs are inherited from the constituent SOMGs. Moreover, the dynamic behaviors of SOMGs
were transduced into that of the SOCs under out-of-equilibrium conditions. At the microgel level,
chemical redox oscillations of the Ru(bpy)s complex were transduced into mechanical oscillations
between flocculated and dispersed states. Upon crosslinking SOMGs to form colloidosomes, these
oscillations were further transduced into swelling/deswelling or shape deformation oscillations. In
addition, the temperature dependence of SOC oscillations modes was inherited their constituent
SOMGs. These results established that the dynamic characteristics of the lower hierarchy were
transduced to the higher hierarchy.

a) poly(NIPAAm-co-NAPMAmM-co-
NAPMAmM(Ru(bpy)s)) microgel
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Scheme 1. (a) Chemical structure of poly(NIPAAm-co-NAPMAm-co-NAPMAm(Ru(bpy)s))
microgel (SOMG). (b) Schematic illustration of self-oscillating colloidosomes (SOCs) assembled

by self-oscillating microgels (SOMGs).
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Experimental section

Materials. N-Isopropylacrylamide (NIPAAm) was generously donated by the KJ chemicals Co.
(Tokyo, Japan), and purified by recrystallization from toluene/hexane mixed solvent. N-(3-
Aminopropyl)methacrylamide hydrochloride (NAPMAm) was purchased from Combi-Blocks
(San Diego, USA), and purified by reprecipitation in Tetrahydrofura. N-Succinimidyl acrylate
(NAS) was purchased from Tokyo Chemical Industry (Tokyo, Japan). Potassium peroxydisulfate
(KPS) was purchased from Kanto Chemical (Tokyo, Japan). N,N-Dimethylacrylamide (DMAAm)
was purchased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan), and was purified by
being passed through a column of basic alumina before using. Bis(2,2’-bipyridine)(1-(4’-methyl-
2,2’-bipyridine-4-carbonyloxy)-2,5-pyrrolidinedione)-ruthenium(Il)  bis(hexafluorophosphate)
(NHH-Ru(bpy)s) was purchased from HangZhou Trylead Chemical Technology (Hangzhou,
China). All other chemical reagents were purchased from Wako Pure Chemical Corporation, and

used as received.

Synthesis of poly(NIPAAm-co-NAS). Poly(NIPAAm-co-NAS) was synthesized by free radical
polymerization. NIPAAm (5.04 g, 44.6 mmol), NAS (0.381 g, 2.26 mmol), and 2,2’-
azobis(isobutyronitrile) (AIBN) (34.8 mg, 0.212 mmol) were added into a 100 mL three-neck
round-bottom flask and methanol (30 mL) was added as a solvent. DMF (774 pL, 10.0 mmol) was
also added into the reaction solution as the NMR calculation standard. The solution was
deoxygenated by argon gas bubbling at room temperature for 30 min. The polymerization was
carried out at 60 °C for 24 h. The reaction was quenched by cooling down in an ice-water bath.
The reacted solution was evaporated by a rotary evaporator and was dissolved in a good solvent,

the mixture of toluene and acetone, and then was reprecipitated in a poor solvent, hexane. After
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the suction filtration, the collected powders were redissolved into the mixture of toluene and
acetone, and then the reprecipitation in hexane was carried out. The collected polymers were dried
under vacuum for 48 h. Finally, white solid products were obtained. Poly(DMAAm-co-NAS) was
synthesized by the same procedure except the monomers were changed from NIPAAm to

DMAAm.

Synthesis of poly(NIPAAm-co-NAPMAm) microgel. poly(NIPAAm-co-NAPMAm)
microgels were synthesized by precipitation polymerization. NIPAAm (1.69 g, 14.9 mmol),
NAPMAm (0.268 g, 1.50 mmol), and N, N -methylenebis(acrylamide) (MBAAm) (0.0568 g, 0.368
mmol) were added into a 300 mL three-neck round-bottom flask and deionized water (95 mL) was
added as a solvent. DMF (774 pL, 10.0 mmol) was also added into the reaction solution as the
NMR calculation standard. The solution was deoxygenated by argon gas bubbling at 70 °C for 30
min. KPS (0.0405 g, 0.150 mmol) was added into a 13.5 mL screw bottle and dissolved in
deionized water (5 mL). The initiator solution was deoxygenated by argon gas bubbling at room
temperature for 30 min. Then, the initiator solution was added into the flask through a PTFE tube.
The reaction was carried out at 70 °C for 1 h and the solution was stirred at 250 rpm during the
reaction. The reaction was quenched at room temperature with an open atmosphere. The reacted
solution was dialyzed against deionized water, and the dialysis solvent was exchanged one time.

Finally, white solid products were obtained by a freeze-dryer.

Synthesis of poly(NIPAAm-co-NAPMAm-co-NAPMAmRu(bpy)3) microgel (SOMG). 0.95
g of poly(NIPAAm-co-NAPMAm) microgel was dissolved into 50 mL of DMSO, and then NHS-

Ru(bpy)s (370 mg, 0.365 mmol), and triethylamine (TEA) (305 pL, 2.19 mmol) were also added.
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The reaction was carried out at room temperature for 24 h. The solution was dialyzed against
DMSO, and the dialysis solvent was exchanged twice. Then, the dialysis solvent was changed to
deionized water, and was exchanged four times. Finally, orange solid products were obtained by a

freeze-dryer.

Fabrication of colloidosome. The fabrication scheme is shown in Scheme S1. 200 mg of
P(NIPAAm-co-NAPMAm-co-NAPMAmRu(bpy)s) microgel was dissolved into 5 mL of PBS(-),
and 100 mg of poly(NIPAAm-co-NAS) was dissolved into another 5 mL of PBS(-). Then, two
solutions were fully mixed. Next, 40 mL of 1-octanol was added into the mixed solution, and the
solution was vigorously mixed. The resulted dispersion was left overnight at 20 °C for the cross-
linking reaction. Next day, the supernatant oil was eliminated, and 20 mL of ethanol was added to
dissolve the oil and water. After the colloidosomes precipitated in the bottle, the supernatant was
eliminated again, and 20 mL of ethanol was added. Next, the solution was dialyzed against ethanol,
and the dialysis solvent was exchanged twice. Then, the dialysis solvent was changed to deionized
water, and was exchanged three times. Finally, the colloidosomes were stored in the solution for
the following experiments. The colloidosomes whose crosslinkers were P(DMAAm-co-NAS),

were fabricated with the same procedure.

Dynamic light scattering (DLS) measurement. DLS measurements were carried out on a zeta-
potential & particle size analyzer (Otsuka ELSZ-2000, Japan). The sample solution was
equilibrated for 10 min at each temperature. The hydrodynamic radius (Rn) was calculated using

the CONTIN analysis.
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UV-vis absorption measurement. UV-vis measurement was carried out on a UV-vis
spectrophotometer (SHIMADZU UV-1900i, Japan) with a thermoelectric cell holder
(SHIMADZU S-1700, Japan). For the measurement of oscillatory behaviors, the time course mode
was used. The wavelength was set as a certain wavelength and the measurement time was set as

3600 s.

Optical microscopic observation. The microscopic observation was conducted on the digital
microscope (Keyence, VHX-900, Japan) equipped with a high-resolution 1000x zoom lens
(Keyence, VH-Z100R). A 24 mm X 24 mm glass slide (thickness: 0.12 — 0.17 mm) was used for
holding the sample solution. An appropriate size circle was drawn on the glass slide using high
vacuum grease to avoid the leakage of the solution. Then, the sample solution was added to the

circular range and another glass slide was used as a cover.

Confocal microscopic observation. Confocal laser scanning microscopy was conducted using
FLUOVIEW FV3000 Confocal Microscope (Olympus, Japan) with a 100x oil immersion
objective lens and a differential interference contrast (DIC) prism. The lens was immersed in oil
(IMMOIL-F30CC, Olympus, Japan) to obtain clear image. The excitation wavelength was 488 nm.
A 24 mm x 24 mm glass slide (thickness: 0.12 — 0.17 mm) was used for holding the sample solution.
An appropriate size circle was drawn on the glass slide using high vacuum grease to avoid the
leakage of the solution. Then, the sample solution was added to the circular range and another

glass slide was used as a cover.
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Results and discussion

The microgels were synthesized by the precipitation copolymerization of NIPAAm and NAPMAm.
Then, BZ catalyst was introduced into the microgels to fabricate SOMGs through a condensation
reaction between the NHS esters of Ru(bpy)s; complex and the primary amine groups of NAPMAmM
units. According to the previous study, by using 1-octanol as the oil phase, it is possible to fabricate
the water-in-oil (W/O) Pickering emulsion stabilized by PNIPAAm microgels®’. Based on this
procedure, we fabricated the colloidosome structures using SOMGs through the W/O emulsion
method. The polymer crosslinker, poly(NIPAAm-co-NAS), was used to maintain the
colloidosome structure after redispersing into the aqueous solution. After the dialysis, the obtained
SOCs were stored in the aqueous solution.

First, we examined the internal structure of the SOCs, which are assembled from the SOMGs.
Because of the phosphorescence of the Ru(bpy)s complex, the internal structure of the SOCs could
be visualized using the confocal laser scanning microscopy. Figure 1 shows that the SOCs have a
hollow structure with a membrane thickness around 2-3 um. According to the DLS results, Ry of
the SOMGs is around 635 nm in water at 24 °C (Figure S1). These results suggest that the
membrane of the SOCs is not composed of a monolayer of the SOMGs. A similar phenomenon
was also reported in a previous study using l-octanol as the oil phase in the W/O emulsion
method?’. Uptake of 1-octanol by microgels increases the attractive interaction between microgels,
resulting in greater adsorption at the interface layer and formation of heterogeneous membranes.
We also assumed that the size distribution of the SOMG and the broad molecular weight
distribution of the polymer crosslinker contributed to the inhomogeneity of the membrane (Figure

S2a).
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Figure 1. (a) Confocal microscopic image of single SOC and the zoom in part of the membrane
of the SOC (yellow dash line rectangle). (7' = 24 °C, solvent: water) (b) Plot correspond to the

intensity profile along the white respective dash line on the confocal image.

The thermoresponsive behaviors of the SOMGs were then studied. In high salt concentration
solutions, PNIPAAm microgels aggregate above a certain temperature due to increased
hydrophobicity of the microgel network?®. This temperature is determined as critical flocculation
temperature (CFT). Figure 2 shows the temperature dependence of the SOMG dispersion from
DLS measurements under reduced and oxidized conditions. The hydrodynamic radius (Rn)
increases sharply above a specific temperature in each case, indicating the CFTs for reduced and
oxidized states at Trred = 15 °C and Trox = 25 °C, respectively. We also found that the Ry of the
oxidized state is bigger than that of the reduced state below the TFrq, Which is attributed to the
higher hydrophilicity of SOMGs in the oxidized state. In addition, the SOMG was slightly shrunk
as the temperature increased below the 7F, which is attributed to the thermoresponsive volume

phase transition of PNIPAAm based microgels, similar to a previous report®.

10
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Figure 2. (a) Temperature dependence of the hydrodynamic radius (Rn) for the SOMG dispersions
under reduced and oxidized conditions, and (b) enlarged view of panel (a). ((SOMG] = 0.5 g/L,
reduced condition: [HNO3] = 800 mM, [NaCl] = 50 mM; oxidized condition: [HNO3] = 800 mM,

[NaBrOs] = 50 mM)

The equilibrium swelling ratio for the SOCs under both reduced and oxidized conditions were
also determined, with the projected area at 10 °C normalized to 1 (Figure 3). As the temperature
increased, the equilibrium swelling ratio gradually decreased, indicating the deswelling of the
SOCs. One of the reasons for this phenomenon is the thermoresponsiveness of the SOMGs, the
main component of the SOCs. Although the SOMGs on the SOCs are fixed by the polymer
crosslinker and cannot move freely, they still tend to move closer together due to the flocculation
above the CFT, leading to deswelling of the SOCs. Additionally, consistent with the volume phase
transition behavior of self-oscillating gels®, the SOMGs also deswell with increasing temperature
under the CFT as shown in Figure 2b, thereby contributing to the deswelling of the SOCs. Note
that thermoresponsive deswelling was also observed for the SOCs crosslinked with the non-
thermoresponsive polymer, poly(DMAAm-co-NAS) (Figure S3), indicating that the deswelling

and flocculation at the microgel level are transduced into deswelling at the colloidosome level.

11
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Another reason comes from the thermoresponsive property of the polymer crosslinker
poly(NIPAAm-co-NAS), which has a lower critical solution temperature (LCST) at 20 °C (Figure
S2b). Contraction of the crosslinker polymer chains shortens the distance between microgels,
leading to a more compact structure. As a result, the temperature dependent deswelling of the
SOCs arises from both the thermoresponsive property of the SOMGs and the crosslinker. In
addition, the swelling ratio of the SOCs also differs between redox states (Figure 3). This arises
from differences in the flocculation temperatures of the constituent SOMGs in redox states (7F red
< Tr,0x). Overall, these results clearly indicate that the thermoresponsive behaviors of the SOMGs

were successfully inherited by the SOCs.
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Figure 3. Equilibrium swelling ratio of the SOC under the reduced and oxidized conditions. The
values are the average of three different SOCs. (reduced condition: [HNO3] = 800 mM, [NaCl] =

50 mM; oxidized condition: [HNOs] = 800 mM, [NaBrOs] = 50 mM)

Thus far, we have investigated the thermoresponsive behaviors of the SOMGs and SOCs. We
next focus on dynamic chemo-mechanical transduction under out-of-equilibrium conditions. Since
the flocculation of the SOMGs decreases the optical transmittance of their dispersions®, the self-
oscillating behaviors of the SOMGs can be observed by UV-vis absorption spectroscopy. The self-

oscillating profiles at different temperatures were observed at 583 nm, an isosbestic point between

12
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the reduced and oxidized SOMGs, as shown in Figure 4a. All samples exhibited periodic
oscillations in optical transmittance, indicating the flocculation/dispersion oscillation of the
SOMG driven by the BZ reaction. At 15 °C, only slight flocculation occurred in the reduced state
as shown in Figure 2. Consequently, the amplitude of the transmittance oscillations was much
smaller than the other two temperatures. At 20 °C, the SOMGs in the reduced state drastically
flocculated, and a clear transmittance oscillation was observed. Note that the oscillation became
unstable overtime, and transmittance did not completely recover to its initial value, which implies
the incomplete dispersion of SMOGs during the oxidized regime. When the temperature was
increased to 25 °C, the optical transmittance decreased sharply at the outset, indicating the
formation of large aggregates. However, the oscillation amplitudes at 25 °C were smaller than
those at 20 °C, because the SOMGs in the oxidized state already flocculated slightly at 25 °C
(Figure 2), and redispersion during the oxidized regime was less complete. We also found that the
SOMGs precipitated over time (Figure S4), leading to an increase in transmittance at the later
times. Then, the average oscillation periods were calculated using the 4th to 8th cycles. As shown
in Figure 4b, the average oscillation period decreased as the temperature increased, which is
consistent to Arrhenius equation®'. Based on these results, we speculate that the precipitation
observed at 25 °C was induced by the faster oscillation rate at higher temperatures. The increased
oscillation rate leads to a shorter oscillation period. During this period, the flocculated SOMGs in
the reduced state lack sufficient time to fully disperse upon the oxidized regime. As a result, the
SOMG dispersion oscillated between a flocculated reduced state and an incompletely dispersed

oxidized state at 25 °C.
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Figure 4. (a) Oscillation profiles of optical transmittance for the SOMG dispersions at different
temperatures. (BZ reaction condition: [SOMG] = 0.38 g/L, [HNO3] = 800 mM, [NaBrOs] = 50
mM, [Malonic Acid] = 100 mM, wavelength: 583 nm) (b) Average oscillation period for the

SOMG dispersions at different temperatures.

Next, we examined the self-oscillating behaviors of the SOCs. At 20 °C in the presence of BZ
substrates, the SOC exhibited the autonomous swelling/deswelling oscillations (Figure Sa, Movie
S1). Because Ru(bpy)s; catalysts are tethered only within the SOMGs, the constituent SOMGs drive
these oscillations via the self-promoted BZ reaction. The redox oscillations induce
flocculation/dispersion oscillation at microgel level, and these oscillations were transduced into
volumetric oscillations at colloidosome level. This result is also consistent with a higher
equilibrium swelling ratio of the SOCs in the oxidized state than in the reduced state.

Another mode of self-oscillations was also observed for the SOC at 20 °C in the presence of BZ
substrates (Figure Sb, Movie S2). The shape of the SOC periodically changed between a circular
shape and an irregular shape, that is the buckling/unbuckling shape deformation oscillation. This

behavior is similar to our previous report®®

. Same as the swelling/deswelling oscillation mentioned
above, the SOC tends to swell in the oxidized state during the BZ reaction. However, since the

SOC is crosslinked, the volume change is restricted. Therefore, the membrane buckled inside to

14
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accommodate swelling by increasing surface area. Upon returning to the reduced state, the SOC
deswelled and recovered a circular shape. We discuss the occurrence of the volume and the shape
deformation oscillations in the SOCs later.

Besides 20 °C, the SOCs were also observed under 15 °C and 25 °C. The self-oscillating profiles
and movies were in the Supporting Information (Figure S5-8 and Movie S3-6). The self-
oscillating profile of the SOC that shows shape deformation was used for the calculation of the
average oscillation period. Figure 5¢ shows that, when the reaction temperature increased, the
average oscillation period of the SOC decreased, which is similar to the result of the SOMG
dispersion. As a consequence, the self-oscillating behaviors of the SOC at different temperatures

is also consistent to Arrhenius equation’!.
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Figure 5. (a) Autonomous swelling/deswelling oscillation and (b) shape deformation oscillation
of colloidosomes at 20 °C during the BZ reaction. (BZ reaction condition: [HNO3] = 800 mM,
[NaBrOs3] = 50 mM, [Malonic Acid] = 100 mM) (al) (bl) Snapshots of the colloidosome at
different moments under the optical microscope. (a2) (b2) Oscillation profiles of projected areas

and projected area ratios for the colloidosome. The projected area ratio (-) is defined as the
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Table 1 summarizes of the occurrence percentages for each oscillation mode at different
temperatures. The occurrence of the swelling/deswelling oscillation and the shape deformation
oscillation on SOCs appears random (Table S1), which may be attributed to the heterogeneity in
membrane thickness of the SOCs. Then, according to our previous study 2°, larger SOCs exhibit
higher probability of shape deformation oscillations. As shown in Table S1, the SOCs had larger
diameters at 15 °C compared with those in higher temperature. However, the occurrence for shape
deformation oscillations was only 26.7%, which is less than that at 20 °C, and the deformation
amplitude was small (Figure S6 and Movie S4). These results are likely linked to the self-
oscillation behaviors of the SOMGs. At 15 °C, the SOMGs exhibited autonomous oscillations
between dispersion and slight flocculation with small amplitudes (Figure 4a). We assumed that
the small flocculation/dispersion oscillation was transduced into the swelling/deswelling
oscillation in the SOCs with small amplitudes, leading to a lower probability of shape deformation
oscillations (Figure 6a). When the temperature was increased to 20 °C, the average diameter for
the SOCs decreased compared to that at 15 °C (Table S1). On the other hand, deformation was
much more obvious, and the occurrence percentage of shape deformation oscillations increased.
This is likely because of the drastic transitions of the SOMGs between flocculation and dispersion
states at 20 °C (Figure 4a), thereby driving shape deformation oscillations of the SOCs across
hierarchy (Figure 6b). At 25 °C, deformation on the SOCs became slight again (Figure S8 and
Movie S6), and the occurrence percentage of deformation oscillations was lower than that at 20 °C.
Additionally, nearly half of the SOCs did not show volumetric oscillations. As mentioned earlier,

the SOMG exhibited the flocculation/incomplete dispersion oscillations at 25 °C due to the higher
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oscillation rate (Figure 4a). We speculated that the incomplete oscillation in the microgel level

was transduced into smaller oscillation amplitudes in the colloidosome level (Figure 6¢). Together,

these observations indicate that the dynamic behaviors of the SOMGs are also inherited by the

higher hierarchical level.

Table 1. Summary of the percentage of occurrence of each oscillation type at each temperature.

15 different colloidosomes were counted at each temperature. Conditions of BZ substrates were

the same as Figure 4.

Temperature (°C)

No volume
oscillation (%)

Swelling/deswelling
oscillation (%)

Shape
deformation
oscillation (%)

15 0 73.3 26.7
20 0 533 46.7
25 46.7 33.3 20.0
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Figure 6. Schematic illustration of the self-oscillating behaviors of SOMGs and SOCs at (a) 15 °C,

(b) 20 °C, and (c) 25 °C.

Conclusion

In this study, the independent characterization of the SOMGs and the SOCs revealed the cross-
hierarchical transduction of dynamic behaviors. This was realized by modifying the synthesis
protocol, that is first synthesizing SOMGs and then fabricating SOCs using the SOMGs. Under
equilibrium conditions, thermoresponsive deswelling and flocculation at the microgel level were
transduced into deswelling at the colloidosome level. Beyond these thermoresponsive behaviors,

dynamic behaviors under out-of-equilibrium conditions were also inherited across the hierarchy.
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The SOMGs exhibited flocculation/dispersion oscillations driven by the self-promoted BZ
reaction, and the oscillation modes depended on temperature. We found that
flocculation/dispersion oscillation at the microgel level were transduced into the
swelling/deswelling or shape deformation oscillations at the colloidosome level. Moreover,
difference in the oscillation modes of the SOMGs determined the oscillation modes of the SOCs.
These results show how dynamic behaviors are transduced from the lower hierarchical level, the
SOMGs, to the higher hierarchical level, the SOCs. These findings pave the way for cross-

hierarchical design of chemically powered autonomous materials via a bottom-up approach.
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responsive crosslinker, self-oscillating profiles of the SOC during the BZ reaction at 15 and

25 °C, summary of the percentage of occurrence of each oscillation type at each temperature,
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Video for the optical microscopic observation of the autonomous oscillation behaviors of the

SOC during the BZ reaction (.mp4)
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