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Abstract

The fate of living cells often depends on their processing of temporally modulated
information, such as the frequency and duration of various signals. Synthetic stimulus-
responsive systems have been intensely studied for >50 y, but it is still challenging for
chemists to create artificial systems that can decode dynamically oscillating stimuli and
respond in the systems’ properties/functions, because of the lack of sophisticated
reaction networks that are comparable with biological signal transduction. Here we
report morphological differentiation of synthetic dipeptide-based coacervates in
response to temporally distinct patterns of the light pulse. We designed a simple cationic
diphenylalanine peptide derivative to enable formation of coacervates. The coacervates
concentrated an anionic methacrylate monomer and a photo-initiator, which provided a
unique reaction environment and facilitated light-triggered radical polymerization—
even in air. Pulsed light irradiation at 9.0 Hz (but not at 0.5 Hz) afforded anionic
polymers. This dependence on the light pulse patterns is attributable to the competition
of reactive radical intermediates between the methacrylate monomer and molecular
oxygen. The temporal pulse pattern-dependent polymer formation enabled the
coacervates to differentiate in terms of morphology and internal viscosity, with an
ultrasensitive switch-like mode. Our achievements will facilitate rational design of
smart supramolecular soft materials and are insightful regarding synthesis of the

sophisticated chemical cells.
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Introduction

The fate of living cells, such as differentiation and apoptosis, depends on the
extracellular environment.! The signals are varied as not only static information such as
types and concentration of signalling molecules, but also dynamically modulated
information in terms of frequency and duration.>? Cells can decode temporally dynamic
signals into different phenotypic responses by controlling gene expression patterns.*”
For example, T lymphocytes exhibit distinct immune responses (depending on the
frequency of Ca®* oscillation) through activation of different sets of transcription factors
[Fig. 1a (i)].* Neuronal progenitor cells can maintain their multipotent state through
oscillatory expression of three types of transcription factors, and differentiate into three
distinct cell types (neurons, astrocytes, and microglia) when the expression patterns
change from oscillatory to sustained [Fig. 1a (ii)].” To decipher temporal signalling
dynamics, cells rely on sophisticated signalling networks composed of specific motifs,
such as positive/negative feedbacks and feedforward loops of enzymes and
transcriptional factors. Researchers hypothesize that such dynamic aspects of
intracellular signal transduction enable transmission of rich and complex information—
with a limited set of signalling molecules—in a robust manner.

Inspired by elegant biological systems, many chemists have focused on
developing synthetic supramolecular systems (including molecular recognition and
stimulus responses) for >50 years.®'° Stimulus-responsive supramolecular materials
have potential applications in controlled drug delivery, biomedical sensing and
diagnostics, and regenerative medicine.''"'* However, artificial materials developed to
date exhibit responses to static information, such as types and concentration of signals.
Chemists unfortunately lack elaborate catalysts and sophisticated reaction networks that
are comparable with biological machinery. It thus remains challenging to develop
synthetic systems that can decode a temporally oscillating stimulus.

Here we report a synthetic coacervate that can differentiate in response to
repeated pulse stimuli with distinct intervals (Fig. 1b). Coacervates are liquid-like
membraneless molecular assemblies that form through liquid—liquid phase separation
(LLPS).'*1¢ Because of their ability to concentrate a wide variety of molecules and
promote reactions in the interior, coacervates are a protocell model that may be

pertinent to the origin of life.!’-3! This study demonstrates that only three key
3



O 0 I N n B~ WO =

e e e e
AN O AN W NN = O

components are needed to enable the temporally distinct stimulus pattern-dependent
response of an artificial system: (i) synthetic coacervates composed of a simple cationic
dipeptide, (ii) anionic polymers that are synthesized by stimuli-triggered radical
polymerization inside the coacervates, and (iii) light with a tunable pulse frequency.
Pulsed light-emitting diode (LED) irradiation at high frequency—to coacervates
containing a photo-initiator and a methacrylate monomer—produced anionic polymers
that strongly interacted with the cationic dipeptide, leading to changes in the
morphology and physical properties of the coacervates. In contrast, no changes in the
coacervates occurred by using pulsed light with a lower frequency. The mechanistic
study reveals that this temporal pattern-dependent coacervate differentiation was
induced by the presence/absence of in sifu photo-generated polymers, which can be
controlled by the substrate competition between molecular oxygen and the methacrylate
monomer towards reactive radical intermediates. This differentiation also represents an
ultrasensitive switch-like response that is rarely carried out in synthetic systems

chemistry.*?
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Fig. 1. Conceptual illustration of differentiation of synthetic coacervates driven by
temporally oscillating stimuli. (a) Biological examples of control of cellular fate and
functions by temporally oscillating signals. NFAT, NF-xB, and Oct are transcription
factors. NFAT: nuclear factor of activated T cells, NF-«B: nuclear factor x-light-chain-
enhancer of activated B cells, Oct: octamer transcription factor. (b) Concept of this
study: differentiation of synthetic dipeptide-based coacervates in response to temporally
distinct patterns of the light pulse. (¢) Chemical structures of a cationic dipeptide 1 for
coacervate formation, a methacrylate monomer (sulfoMA) and a photo-initiator (LAP)

for radical polymerization, and a poly(sulfoMA) polymer. SulfoMA: 3-sulfopropyl
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methacrylate potassium salt, LAP: lithium phenyl(2.,4,6-trimethylbenzoyl)phosphinate.
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Results and discussion
We designed a novel dipeptide derivative 1 that contains a ters-butyl
phenylalanylphenylalaninate (FF—OtBu) motif as a key module for LLPS (Fig. 1c). A
diphenylalanine sequence has been frequently used as a self-assembling moiety for
supramolecular nanofibers and coacervates.’*® To avoid biased formation of
nanofibers, we introduced a bulky zert-butyl group at the C-terminus. In addition, we
attached a 4-phenylpyridinium group at the N-terminus to potentially induce cation—n
interactions, which are often crucial for LLPS of biomacromolecules.!'>!®

We prepared a coacervate solution by heating dipeptide 1 in a 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (100 mM, pH 7.0), followed by cooling
to room temperature to obtain a white suspension (Fig. 2a). By microscopic imaging,
we observed many spherical droplets with a diameter of 2.8 + 0.9 um that exhibited
sedimentation and coalescence into larger droplets, indicating their liquid-like
properties (Figs. 2b, c, Fig. S1, Movie 1). The time-course of transparency measurement
shows that sedimentation was completed within 3 h (Fig. S2). To estimate the fluidity of
1 in the droplets, we prepared a fluorescent probe by tethering BODIPY FL dye at the
N-terminus of the FF—OtBu motif (2, Fig. S3). Fluorescence recovery after
photobleaching (FRAP) analysis of coacervates containing 1 and 2 (0.067 mol% of 2
mixed with 1) indicates rapid and almost complete recovery with a half time and mobile
fraction of 4.08 + 0.14 s and 83.2% =+ 0.9%, respectively (Figs. 2d—f, Movie 2). We also
conducted microrheological analysis to evaluate the viscosity of the coacervates, using
carboxylate-modified polystyrene beads with a diameter of 1.0 um as a probe. A log—
log plot of mean square displacement against lag time indicates a slope of ca. 1,
suggesting that the droplets behaved as a viscous liquid (Fig. 2g, Fig. S4).3° In
accordance with the Stokes—Einstein equation, we calculated the viscosity to be 4.08 +
0.13 Pa-s, which is similar to that of jam and some in vitro protein-based
coacervates.**! These coacervates were stable in their liquid state on the glass surface
for at least 28 d, as confirmed by time-lapse microscopic observations (Fig. S5). This
outstanding long lifetime of our coacervates may be due to inhibition of B-sheet
formation of the FF peptide through the bulky tBu group at the C-terminus, as
expected.*? In accordance with transparency measurements, the coacervates exhibited

temperature-dependent assembly—disassembly with a melting temperature of ca. 56°C,
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over at least three cycles between 20°C and 60°C (Fig. S6). We determined the critical
coacervation concentration to be between 3 and 10 mM (Fig. S7). These data reveal that
the designer dipeptide 1 self-assembled into stable coacervates by LLPS.

We subsequently investigated uptake of several fluorescent dyes bearing diverse
properties: fluorescein, Nile red, rhodamine B (RhoB), and rhodamine 6G (Rho6G).
Confocal microscopy images of the coacervates after adding the fluorescent dyes
demonstrated substantially strong fluorescence inside the coacervates, indicating that all
of the dyes were concentrated inside the coacervates (Fig. 2h, Fig. S8). We
quantitatively determined the quantities of the encapsulated dyes by high-performance
liquid chromatography (HPLC) and fluorescence spectroscopy analysis of the
supernatant (Fig. S9). The estimated partition coefficients indicate that the coacervates
were enriched in anionic fluorescein and hydrophobic Nile red more efficiently than in
zwitterionic RhoB and cationic Rho6G (Fig. 2h). These results indicate that both
electrostatic and hydrophobic interactions between the assembled 1 and fluorescent
dyes may be the driving forces for molecular sequestration.

Using the molecular uptake capability, we performed peptide oligomerization
inside the coacervates by using a hydrophobic N-carboxy anhydride of L-phenylalanine
(L-Phe NCA) as a monomer and anionic FL-NH> as an initiator (Fig. 2i). NCA
derivatives are a plausible prebiotic active species for peptide synthesis.?%*3* To our
best knowledge, however, no attempts have been made to use NCA derivatives for a
reaction inside coacervates. Because of the relatively fast hydrolysis of NCA (0.018 s!
at pH 8.5) in aqueous solution,* the desired peptide formation should compete against
nonproductive NCA hydrolysis. However, we expected that the oligomerization reaction
could preferentially proceed inside the coacervates through concurrent sequestration of
FL-NH> and L-Phe NCA (Fig. S10). HPLC analysis 3 h after adding L-Phe NCA into a
mixture of the coacervate and FL-NH; indicate that 84.7% + 0.6% of FL-NH> was
consumed and we observed signals attributable to Phe-oligomers (FL—Phe,: n = 1-4;
Fig. 2j, Fig. S11). The calibration curves indicate that the number-average degree of
polymerization (DPy) and dispersity were 1.77 + 0.09 and 1.38 & 0.02, respectively
(Fig. S12). In contrast, only 7.3% + 0.2% of the FL-NH> reacted; we detected weak
signals of FL-Phe; and an almost negligible quantity of FL—Phe> in the absence of the

coacervates (DPy: 0.092 + 0.004). These data demonstrate that the coacervates can
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1  provide a unique microenvironment that favourably promotes plausible prebiotic
2 peptide oligomerization by suppressing the competitive NCA hydrolysis.
3
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Fig. 2. Liquid-liquid phase separation of a synthetic cationic dipeptide. (a) Photograph
of a suspension containing coacervate droplets. (b) Confocal laser scanning microscopy
(CLSM) images of the coacervates containing 1 and the fluorescent probe 2. Chemical
structure of 2 is shown in Fig. S3. Left: Differential interference contrast (DIC) image,
right: BODIPY channel. (¢) Time-lapse CLSM images of coalescence of the
coacervates. (d) FRAP analysis of the coacervates containing 1 and 2. The
representative data is shown. (e) Half recovery time and (f) mobile fraction of 2. The
data represent the mean + standard error of the mean (s.e.m.) (n = 15). (g)

Microrheological analysis of the coacervates. The slope of a black solid line is 1. The
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data represent the mean + s.e.m. (n = 60). (h) CLSM images of fluorescent dye uptake
into the coacervates. Insets show chemical structures of fluorescent dyes, and the
numbers shown below the images are partition coefficients (Kp: defined as
[concentration in the coacervate]/[concentration in the supernatant]). (i) Schematic
illustration of peptide oligomerization with L-Phe NCA and FL-NH> as a monomer and
an initiator, respectively. Competitive hydrolysis of NCA concurrently proceeds in
aqueous solution. NCA: N-carboxy anhydride. (j) HPLC charts of the reaction mixtures
in the (top) absence and (bottom) presence of the coacervates. The data represent the
mean + standard deviation (s.d.) (n = 3). Condition: [1] =15 mM, [2] = 10 uM (for b—
f), [fluorescein] = [Nile Red] = [thodamine B] = [rhodamine 6G] = 10 uM (for h), [FL—
NHz] = 1.0 uM (for j), [L-Phe NCA] =200 uM (for j), 100 mM MES, pH 7.0, 23°C (for
d—f), 24°C (for g), rt, 3 h (for j).

10
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With the coacervates as a unique reaction environment, we next conducted light-
triggered radical polymerization inside the coacervates by using an anionic methacrylate
monomer and a photo-initiator. Generally speaking, the radical polymerization—in
terms of its efficiency (e.g., yield and degree of polymerization)—depends on molecular
oxygen, a competitive quencher for the active radical intermediates. We expected either
coacervates or the light pulse (temporal) pattern might impact the polymerization under
such competitive conditions. We also anticipated that the produced anionic polymers
would facilitate alteration of the coacervate properties through enhanced electrostatic
interactions with cationic dipeptide 1.*> We used 3-sulfopropyl methacrylate potassium
salt (sulfoMA) and lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP) as an
anionic monomer and a photo-initiator, respectively (Fig. 1c). HPLC analysis indicates
that both sulfoMA and LAP were concentrated in the coacervates (Fig. S13). After
adding a mixture of sulfoMA and LAP to a suspension containing the coacervates in a
MES D-0 buffer (100 mM, pD 7.0), we irradiated continuous LED light (Amax: 365 nm,
23.5 mW/cm?) for 10 min in air (Fig. S14). We then dissolved the resulting mixture in
methanol-ds and analyzed the mixture by 'H nuclear magnetic resonance (NMR)
spectroscopy. 'H NMR spectra indicate that 25% + 3% of the sulfoMA monomer was
consumed and we detected signals that are attributable to the poly(sulfoMA) polymer
(Figs. S15b, S16). In accordance with size-exclusion chromatography (SEC), the
number-average molecular weight and DP, were (3.3 £0.2) x 10* and 82 + 11,
respectively (Fig. S17a) [determined by using polyethylene glycol (PEG) and
poly(sulfoMA) standards, respectively; see Supporting Information for details: Fig.
S18]. As controls, we obtained no polymer products without either LED irradiation or
the photo-initiator (Figs. S15¢, d). To confirm if the radical polymerization proceeded
inside the coacervates, we performed LED irradiation of the supernatant after
centrifugation. '"H NMR spectra indicate that we did not produce any polymers, and thus
light-triggered radical polymerization proceeded inside the coacervates (Fig. S19).

We next carried out pulsed LED irradiation of the coacervates in the presence of
sulfoMA and LAP. We controlled the frequency of the LED light pulse by changing the
OFF time (an interval time of 11-1900 ms) under a constant ON time (100 ms) with
identical pulse numbers (3000 times) (Fig. 3a, Movie 3). The consumption ratio of

sulfoMA determined by '"H NMR measurements was substantially distinct, depending
11
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on the irradiation patterns (7% =+ 3% and 22% =+ 2% for 0.5- and 9.0-Hz irradiation,
respectively; Figs. 3b, 3d, Fig. S20). We observed signals that are attributable to the
polymers in the 9.0-Hz irradiated sample, but not in the 0.5-Hz irradiated sample. SEC
analyses indicate that the DP, of the polymers at 9.0-Hz irradiation was 63 + 5
(dispersity: 1.85 + 0.08), whereas there was almost no peak for the 0.5-Hz irradiation
(Figs. 3c, 3d, Figs. S17b, c). These data reveal that the efficiency of light-triggered
radical polymerization was substantially dependent on the photo-irradiation pulse
patterns, albeit at the same irradiation dose.

To examine the impacts of molecular oxygen and the coacervates on this radical
polymerization, we conducted three additional experiments. The first experiment was
photo-polymerization with a 0.5-Hz pulse frequency in an Ar atmosphere (Fig. S21).
The yield was substantially increased: 47% + 9% (Figs. 3b, 3d, Fig. S22); and the
number-average molecular weight and dispersity of the obtained polymers were (4.3 +
0.9) x 10* and 2.10 £ 0.05, respectively (Figs. 3c, 3d, Fig. S17d). Furthermore, the
irradiation patterns showed a negligible impact on the polymerization in an Ar
atmosphere [yield: 37% + 12%, the number-average molecular weight and dispersity of
polymerization: (2.90 £ 0.14) x 10* and 1.72 £ 0.07, respectively, for a 9.0-Hz pulse
frequency] (Figs. S17e, S22). These data indicate that molecular oxygen was a strong
inhibitor of the radical polymerization inside the coacervates and played important roles
on the pulse pattern dependency in air. The second experiment was radical
polymerization without the coacervates using 9.0-Hz of pulse frequency in air. There
was monomer (sulfoMA) consumption (24% + 3%, Fig. S23) by 'H NMR
measurements, but the SEC curve substantially shifted to the lower molecular weight
region compared with that obtained in the presence of the coacervates (Fig. 3c, Fig.
S24). The third experiment was radical polymerization in a buffer, where concentrations
of sulfoMA and LAP were identical with those in the coacervate (sulfoMA: 190 mM,
LAP: 25 mM). 'H NMR measurements showed 87.7% + 0.8% of sulfoMA was
consumed, but the estimated number-average molecular weight (5480 + 60) was 5-fold
smaller than that in the presence of the coacervate (Figs. S25 and S26). Clearly, our
coacervates can promote radical polymerization even in O>-rich competitive conditions,
probably through enrichment of both the sulfoMA monomer and LAP inside the

coacervates and suppression of termination reactions.

12



O 0 I N n B~ WO =

p—
w o = O

Combined with these results, it is conceivable that the competition of reactive
radical species between the sulfoMA monomer and molecular oxygen is critical for the
dependence of the polymerization on the photo-irradiation pulse patterns (Fig. 3e). In
open-air reaction systems, molecular oxygen diffuses from the air and dissolves into the
aqueous phase and coacervates. The quantity of radicals photo-generated per unit time
depends on the OFF time of the light pulse. At photoirradiation with the longer OFF
time (0.5 Hz), the generated radicals are small in quantity and thus effectively quenched
by the dissolved molecular oxygen. However, when irradiated with the shorter OFF
time (9.0 Hz), the quantity of the radicals photo-generated per unit time is greater than
that in the longer OFF time case, such that the radicals can escape from the quenching

by using molecular oxygen, leading to enhanced formation of poly(sulfoMA) polymers.

13
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Fig. 3. Radical polymerization triggered by pulsed light irradiation in the coacervates.
(a) Schematic illustration of radical polymerization inside the coacervate triggered by

pulsed LED irradiation. (b) '"H NMR spectra (500 and 400 MHz, 4:6 D>O/CDs0D, rt)
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after pulsed LED irradiation. Black square: sulfoMA, blue rhombus: dipeptide 1, red
circle: poly(sulfoMA) polymer. (¢) SEC charts after pulsed LED irradiation. (d) Table
of '"H NMR and SEC data. N.D.: not determined, a: determined by 'H NMR, b:
estimated by SEC with a calibration curve using poly(sulfoMA) polymers synthesized
by RAFT polymerization, c: determined by SEC with PEG standards. The data
represent the mean + s.d. (n = 3). Reaction condition: [1] =15 mM, [2] =10 uM,
[sulfoMA] =15 mM, [LAP] = 0.3 mM in 100 mM MES (pH 7.0). (e) Plausible
mechanism of dependence of light pulse patterns in radical polymerization. R (red) and
RO» (dark blue) mean reactive radical intermediates and quenched molecules/polymers
by O», respectively. Other termination mechanisms such as combination and

disproportionation of the radicals were omitted for clarity.
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The morphologies/properties of the coacervates changed during pulsed-light-
triggered polymerization (Fig. 1b). Confocal microscopy images indicate that many
droplets with a diameter ranging from 0.26—-1.9 pm (0.8 + 0.3 um) were generated
inside the coacervates after 9.0-Hz light pulse irradiation (Fig. 4a, left). These inner
droplets exhibited coalescence, indicating their liquid-like nature (Fig. S27, Movie 4).46-
48 These inner droplets showed growth by adding H,O, whereas these temporally
disappeared by addition of saturated NaCl aqueous solution, which suggest the droplets
may be formed through tight electrostatic interaction between 1 and poly(sulfoMA)
polymers (Fig. S28). In contrast, the morphology remained unchanged and we did not
observe inner droplets after 0.5-Hz light pulse irradiation, albeit at the same photo-
irradiation dose (Fig. 4a, right). FRAP analysis demonstrated that the physical
properties of the coacervate changed after pulsed light irradiation in a pulse pattern-
dependent manner. In the case of the 0.5-Hz pulse irradiated coacervates, we observed
rapid recovery with a half time and mobile fraction of 6.3 = 0.2 s and 67.4% =+ 0.5%,
respectively; which are almost comparable with those of nonirradiated coacervates (5.93
+ 0.07 s and 68.4% =+ 0.2%, respectively) (Figs. 4b—d, blue and black, respectively;
Movie 5). However, the coacervates after 9.0-Hz pulse irradiation exhibited a
substantially distinct recovery profile: a longer half time and lower mobile fraction of
11.7 £ 0.3 s and 42.1% =+ 0.7%, respectively (Figs. 4b—d, red, Movie 5).
Microrheological analysis gave almost the same viscosity between the nonirradiated and
0.5-Hz irradiated coacervates (3.81 = 0.19 and 3.66 + 0.13 Pa-s, respectively; Fig. S4,
black and blue, respectively). In the 9.0-Hz irradiated coacervates, in contrast,
microbeads exhibited little Brownian motion, indicating its much higher viscosity than
the nonirradiated and 0.5-Hz irradiated coacervates (Fig. S4a, red). It is reasonable to
hypothesize that such increased gel-like viscosity is attributable to the tighter
electrostatic interactions of cationic 1 with the anionic polymers that were efficiently
generated inside the coacervates with the 9.0-Hz pulse irradiation (Figs. 1b, 3e). Taken
together, the dipeptide-based coacervates can differentiate in terms of morphology and
physical properties, in response to temporally distinct light pulse patterns.

We finally examined such stimuli-pattern dependence in detail, by confocal
imaging and FRAP measurements of the differentiated coacervates. The morphological

change occurred with 2.0 Hz or more of pulse frequency (Fig. S29). Interestingly, the
16
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responses in terms of both the half recovery time and mobile fraction exhibited a
sigmoid-shaped curve, reaching a plateau at 4.0 Hz (Fig. 4e, Fig. S30). This nonlinear
response was well-approximated by a Hill equation: Hill coefficients of 3.4 and 2.4 for
half recovery time and mobile fraction, respectively, indicating that this synthetic
coacervate system exhibited an ultrasensitive response to the temporally distinct
patterns of the light pulse. The ultrasensitive response of the coacervates in our work is
attributable to competition of the reactive radicals between the methacrylate monomer
and molecular oxygen.*»>* As described above, molecular oxygen diffused from the air
effectively quenches reactive radical species at lower frequency to generate a threshold,
whereas the amount of the radicals produced at higher frequency becomes higher than
that of molecular oxygen to proceed radical polymerization, resulting in the
ultrasensitive response. Such the ultrasensitive response based on the competitive
mechanism is considered as a new example of light-fueled dissipative systems.?®>!-72 To
date, it has been reported that coacervates can provide a microenvironment to accelerate

25,73-85

catalytic reactions mainly through molecular sequestration and to realize stimulus

responses towards reactive molecules (e.g. assembly-disassembly),2+28.38,45.82,86-90
Compared with these examples, one of the important aspects of our work is to combine
the rate enhancement effect with competitive inhibition via continuous supply of
diffusing O, which establishes a unique system in response to temporally distinct
stimulus patterns. The similar ultrasensitive responses were recently enabled by
coupling of enzymatic reactions with artificial photo-responsive inhibitors in a flow
reactor, but are still rare in synthetic systems chemistry.’!

We further performed FRAP experiments to confirm if our light responsive
system can discriminate (i) between the continuous/pulsed irradiation and (ii) among the
pulse frequencies under the condition where the time-averaged light intensity and the
total light intensity are constant (Fig. S31). FRAP analysis of the samples treated with
continuous and 9.0-Hz pulsed irradiation demonstrated the difference in the mobile
fraction (25.6% =+ 1.8% and 33% = 2%, respectively). Also, the mobile fraction of the
sample with 5.0-Hz pulsed irradiation (27% + 2%) was lower than that of 9.0-Hz pulsed
irradiation. Taken together, it is considered that our light responsive system can finely
control its response by distinguishing temporally distinct photo-stimuli patterns,

although the time-average light intensity should be the main controlling factor of the
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light responsive system.

The present results demonstrate induction of differentiation of synthetic
dipeptide-based coacervates driven by temporally distinct stimulus dynamics. The
proposed system, which can decode dynamic (temporal) information, is applicable to a
wide variety of synthetic stimulus-responsive supramolecules because it relies on a
simple, general substrate competition mechanism. Moreover, we found that our
coacervate can accumulate enhanced green fluorescent protein (EGFP) selectively on its
surface (Fig. S32, S33). Such unusual protein localization would lead to construction of
unique compartmentalized enzymatic networks, which might be useful for decoration of
coacervate surface through enzymatic polymer synthesis toward potential application
such as drug delivery carriers. We expect that the release rate of encapsulated
drugs/proteins from the coacervate carriers would be controlled by tuning the inner
viscosity with the unique light response. Further development will facilitate intelligent

chemical cells that enable life-like complex information processing.
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Fig. 4. Differentiation of the coacervates in response to the temporally distinct patterns
of the light pulse. (a) CLSM images of the coacervates after pulsed LED irradiation
(left: 9.0 Hz, right: 0.5 Hz). (b) FRAP analysis of the coacervates with/without pulsed
light irradiation. (c¢) Half recovery time and (d) mobile fraction of 2. Black: without
irradiation [LED(—)], blue: 0.5 Hz, red: 9.0 Hz. (e) Plot of (red) half recovery time and
(blue) mobile fraction against light pulse frequency. The responses were fitted by a Hill
equation. ny: Hill coefficient. Condition: [1] = 15 mM, [2] = 10 uM, [sulfoMA] =15
mM, [LAP] = 0.3 mM in 100 mM MES (pH 7.0). The data represent the mean + s.e.m.
(n =15). Post hoc multiple comparisons were conducted using a one-way ANOVA

followed by Tukey’s test. ***: P <0.001. ns: not significant.
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