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Organelle-like structural evolution of
coacervate droplets induced by
photopolymerization

Mei Zhu, Zhenhui Li, Junbo Li, Youping Lin , Haixu Chen , Xin Qiao,
Xiaoliang Wang, Xiaoman Liu & Xin Huang

The dynamic study of coacervates in vitro contributes our understanding of
phase separationmechanisms in cells due to complex intracellular physiology.
However, current researches mainly involve the use of exogenous auxiliary
agents to form multi-compartmental coacervates with short-term stability.
Herein, we report the endogenous self-organizing of multi-component coa-
cervates (HA/PDDA/BSA/DMAEMA) induced by a dynamic stimulation process
of protein-mediated photopolymerization. As polymerization proceeds, the
cycled structural evolution and maturation from coacervate droplets into
multi-compartmental coacervates, coacervate vesicles and coacervate dro-
plets are revealed, which are driven by electrostatic interaction and osmotic
pressure difference supported by dynamic and thermodynamic control. Spe-
cially, by regulating the light stimulation time, a type of multi-compartmental
coacervates can be widely obtained with high structural stability over
300 days. Being a promising artificial cell model, it shows the special char-
acteristic of compartmentalized encapsulation of substrates, efficiently
improving enzymatic interfacial catalytic efficiency of organelle-like commu-
nication. Our study holds great potential for advancing the understanding of
the structural evolutionmechanism of membraneless organelles and provides
an instructive technique for constructing multi-compartmental coacervates
with long-term stability.

The coacervate droplets formed by liquid–liquid phase separation
regarded as a promising protocell model1–4 give rise to cell-like
behaviors5–9. The coacervate droplets, with characteristics of
molecularly crowded interior and spontaneous capture of sub-
stances, effectively promote the efficiency of intercellular biomo-
lecular synthesis10, storage catalysis11–14, and livingmaterial assembly
construction15, etc. Due to the tendency of coacervate coalescence,
some studies have focused on the membranization of coacervates
for stability and functionalization purposes16–22. Furthermore, com-
plex coacervates involving phase transitions are investigated23–25,
and the organization rules of multiphase coacervates are also

revealed by learning the assembly of different property
components26–28.

Membraneless organelles involving phase separation mechanism
are ubiquitous in cells, such as nucleolus29, Cajal body30 and stress
granules31, and many physiological activities also involve phase
separation processes, such as neuroblast asymmetric division32,
autophagic degradation33, innate immune signaling34, etc. The com-
plex physiological reactions are very common within cells35, and the
dynamic process is closely related to intracellular liquid-liquid phase
separation. In the cell cycle, the nucleolus is a highly dynamic structure
that exhibits periodic disappearance and reconstruction during
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mitosis. Cajal body generally undergoes disassembly in the mitotic
period, and its reassembly is related to the gene transcription level and
the proliferation rate of cells. Stress granules, as a temporary shelter
for mRNA and proteins, will rapidly form inside cells when cells are
stimulated by high temperature, oxidative stress, and irradiation, etc.
After the disappearance of environmental stress, the stress granules
dissociate again. These membraneless organelles exhibit dynamic
transformation processes. Currently, many studies have shown that
the sustained and abnormal formation of stress granules is associated
with neurodegenerative diseases, revealing that the aggregation and
precipitation of disease proteins in stress granules are important
pathogenic mechanisms of various neurodegenerative diseases36.
However, other studies have also demonstrated that the relationship
between phase separation and pathogenic mechanisms does not
always involve protein precipitation. For example, when motor neu-
rons are subjected to adverse environmental stimuli, mutant protein
Glycyl-tRNA synthetase (GlyRS), leading to Charcot-Marie-Tooth type
2 neuropathies (CMT2D), interacts with core protein G3BP of stress
granules. Outwardly, the aberrant G3BP interaction does not affect the
dynamic assembly and disassembly of stress granules, nor does it
produce the protein precipitation. However, the abnormal interaction
can significantly interfere with the protein network of stress granules,
and a large amount of residual non-stress particle components disrupt
the normal stress response of cells. By breaking the abnormal combi-
nation, the disease symptoms of the CMT2D mouse model can be
effectively alleviated37. Therefore, the impact of phase separation on
cellular function is not only related to the molecular structure of
proteins such as multivalent domains38 or intrinsically disordered
regions (IDRs)39, but also related to the dynamic transformation pro-
cess of phase separation assemblies.

A kinetic process is usually accompanied by fast composition
changes, leading to the generation of osmotic pressure, which con-
tradicts the tight internal structure and liquid-like mobility of coa-
cervates. To date, the implementation of non-equilibrium dynamic
process of coacervates generally requires the auxiliary agents to sta-
bilize at the surface of coacervates40,41 or depends on the temperature
sensitive41,42 or charged components43–45 of the coacervate. The
dynamic transform of coacervates based on chemical reactions and
the relationship between the transient states of non-equilibrium and
thermodynamically stable structures have receivedminimal attention.

When cells are subjected to external stimuli, membraneless
organelles play a crucial role in maintaining cellular physiological
processes, and generally have a high protein density. Herein, from the
perspective of protein functionality, we attempt to explore the rela-
tionship between the functional response of proteins and the dynamic
transformation of membraneless organelles upon exposure to irra-
diation stimulation. That will further reveal the structural transition
process of membraneless organelles and the relevance between
dynamic non-equilibrium states and thermodynamic equilibrium
structures of membraneless organelles, which may provide a per-
spective for researching on the pathogenic mechanisms of cells.

Given that multivalent interactions are the main driving force for
the intracellular liquid-liquid phase separation, in this study, we
demonstrate a type of dynamic-driven self-organization process of
multi-componental coacervates composed of polysaccharides, pro-
teins, and polymers by employing the protein-mediated
photopolymerization under light stimulation46, in which the struc-
tural evolution couples with endogenous homeostatic multi-
compartmental coacervates amidst changing environmental condi-
tions. To explore the dynamic process of coacervate droplets, the
counter-charged poly dimethyl diallyl ammoniumchloride (PDDA,Mw
200–350kDa) and hyaluronic acid (HA, Mw ~50 kDa) coacervates are
firstly formed, followed by adding bovine serum albumin (BSA) and
methacrylic acid 2-(dimethylamino) ethyl ester (DMAEMA)monomers.
Under light stimuli, BSA is activated to mediate the chain propagation

reaction of DMAEMA within the coacervates, resulting in formation
of the multi-compartmental coacervates via the mechanisms of
osmotic pressure balance and electrostatic interaction. The multi-
compartmental coacervates display excellent compartmental encap-
sulation features that various dyes/proteins are separated in thematrix
or sub-compartments, respectively, and show efficient interfacial cat-
alysis of lipases. Specially, as thepolymerization reactionproceeds, the
dynamic process is revealed that the homogeneous coacervates
transform into the multi-compartmental coacervates and coacervate
vesicles. Furthermore, the coacervate vesicles can spontaneously turn
into spherical homogeneous coacervate supportedby thermodynamic
control. After 180 days, the multi-compartmental coacervates still
show the separated encapsulation of dyes. Even after being placed
over 300 days, the homogeneous catalysis of multi-compartmental
coacervates could be realized, exhibiting enhanced catalytic efficiency
(Fig. 1 and Supplementary Fig. 1a).

Results
Formation of multi-compartmental coacervates
TheHA/PDDA coacervates were first constructed at the volume ratio of
HA/PDDA= 3:1 (HA = 15mg/mL, PDDA= 85mg/mL) based on electro-
static interaction ( > 400mM NaCl, complete dissociation) (Fig. 2a and
Supplementary Figs. 1b–g, 2), and the coacervates were stable within a
wide pH range of 2-12 (Supplementary Fig. 3). By adding BSA (7.5mg/
mL) and DMAEMA (5% w/v), the HA/PDDA/BSA/DMAEMA complex
coacervate droplets could be widely formed with homogeneous
interior (Fig. 2b and Supplementary Figs. 4, 5). The coacervates with
molecularly crowded interiors can spontaneously takeupnegativedyes
(calcein, fluorescein sodium) while excluding positive dyes (RBITC,
Rhodamine B), hydrophobic dye (Nile red) and dextran-FITC with a
molecular weight over 40 kDa (Supplementary Fig. 6). By labeling BSA
with FITC (BSA-FITC, green fluorescence), the CLSM images indicated
that DMAEMA can facilitate the encapsulation of BSA into the coa-
cervates (Fig. 2c, d and Supplementary Fig. 7). Subsequently, under
405 nm illumination with anaerobic ambiance, BSA-mediated photo-
polymerization could be carried out in the coacervate droplets. Then,
the generated polymer (PDMAEMA) can induce the formation of multi-
compartmental coacervates, which showed excellent compartmental
sequestration on dyes. Calcein (green fluorescence) was sequestrated
in the coacervate matrix, while Nile red (red fluorescence) was encap-
sulated in sub-compartments (Fig. 2e and Supplementary Figs. 8, 9).
The SEM image revealed the obvious chamber of the multi-
compartmental coacervates (Fig. 2f), and the three-dimensional
CLSM image also showed the characteristic of compartmentalization
(Fig. 2g). As a control experiment, in the absence of illumination or
anaerobic conditions, no multi-compartmental coacervates was
observed and the coacervates dissociated, indicating that BSA-
mediated photopolymerization was necessary for the formation of
multi-compartmental structures (Supplementary Fig. 10).

Bleaching was performed at different positions of the multi-
compartmental coacervates, marked as 1 or 2, located at the connec-
tions of tow/multiple sub-compartments, respectively. The corre-
sponding fluorescent recovery plots revealed that the fluorescence of
both recovered within 20 s (Fig. 2h, i, and Supplementary Fig. 11),
suggesting that the multi-compartmental coacervates still maintained
fine mobility resembling the original coacervates (0h). Besides, by
further assessment of compartmental encapsulation of multi-
compartmental coacervates, we found that the matrix of multi-
compartmental coacervate showed the similar encapsulation beha-
vior to that of the original coacervates. The negative dyes (calcein,
fluorescein sodium) were preferentially sequestered into the matrix,
while dextran-FITCwith amolecular weight over 40 kDawas excluded.
Significantly, the multi-compartmental coacervate exhibited specific
encapsulation for hydrophobic dye Nile red, positive dyes RBITC and
rhodamine B within sub-compartments (Supplementary Fig. 12).
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To further elucidate spatial composition of multi-compartmental
coacervates, we specially synthesized positively charged polymer
PMAEB labeled by RBITC (poly ethyl bromide salt of dimethylami-
noethyl methacrylate) in place of PDDA to form HA/PMAEB/BSA/
DMAEMA coacervates, and the HA/PMAEB/BSA/DMAEMA multi-
compartmental coacervate was also successfully constructed (Sup-
plementary Figs. 13–15). Through adding HA labeled with
5-aminofluorescein (HA-AF) and BSA labeled with FITC (BSA-FITC),
respectively, the results revealed that the components, including
PMAEB-RBITC (red), HA-AF (green), and BSA-FITC (green) weremainly
distributed in the coacervate matrix (Fig. 2j). The generation of
PDMAEMA triggered the formation of the multi-compartments, which
increased the zeta potential of the coacervate solution towards a
positive potential (Supplementary Fig. 16). We further explored the
spatial distribution of PDMAEMA. The fluorescent PDMAEMA was
synthesized by labeling with fluorescein O-methacrylate (PDMAEMA-
FMA, greenfluorescence), andmixed in the order of PDDA, PDMAEMA,
HA, and BSA. PDMAEMA-FMA was mainly located at the surface of
coacervates phase (Fig. 2j and Supplementary Fig. 17). To extend our
exploration of PDMAEMA distribution, the coacervate solution after
polymerization for 2.5 h was centrifuged and then discarded the

supernatant, followedby immediately resuspending in H2O. Themulti-
compartmental coacervates exhibited a high zeta potential of about
59.7 ± 1.2mV. The resuspended multi-compartmental coacervates in
H2O were stained with RBITC (red) and calcein (green). As a result,
RBITCwas located at the external and internal interfaces, separated by
a central green region stained with calcein (Fig. 2k). This observation
also suggested that PDMAEMA could be preferentially coated at
internal and external interface of the multi-compartmental coa-
cervates, leading to an increase in zeta potential of the coacervate
phase, based on electrostatic interaction between BSA and PDMAEMA
(Supplementary Fig. 18 and Fig. 2l).

Multi-compartmental coacervates induced by
photopolymerization
With the happening of polymerization, the generated PDMAEMA
inside the coacervate droplets could increase the electrostatic inter-
action of the coacervate, which drives the external aqueous influx into
the interior to form the multi-compartmental structure. To elucidate
the formation mechanism of multi-compartments, the interior of HA/
PDDA/BSA/DMAEMA coacervates containing calcein and RBITC dyes
was locally irradiated by 488 nm laser. CLSM images clearly showed
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Fig. 1 | Schematic illustration of the formation of multi-compartmental coa-
cervates and the dynamic structural transformation of coacervate droplets
induced by BSA-mediated photopolymerization. Specially, the formed multi-

compartmental coacervates show long-term stability with enhanced interfacial
catalytic efficiency of lipases.
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the ingress of external solution along with the uptake of RBITC, which
indicated that the internal driving force facilitated the generation of
multiple vacuoles (Supplementary Figs. 19, 20). When the multi-
compartmental coacervate droplets were centrifuged and then
resuspended in H2O, it was clearly observed that fusion between the
sub-compartments occurred with the ingress of H2O into the coa-
cervate droplets (Supplementary Fig. 21). The results indicated that the
internal and external osmotic pressure balance is an important factor
to keep multi-compartmental coacervates stable. When the multi-
compartmental coacervate was exposed to high concentration salt
solution, the multi-compartmental coacervates dissociated (Supple-
mentary Fig. 22). Moreover, the content of the monomer in

the coacervates phase and bulk solution was investigated, and the
conversion ratio of DMAEMAwas determined by 1H NMR. It was found
that the concentration of DMAEMA in the supernatant decreased over
polymerization time, which would lead to a reduced osmotic pressure
of the external solution. Decreasing osmotic pressure of bulk solution
is beneficial for the formation of the internal sub-compartments.
(Supplementary Figs. 23–25).

Dynamic structural evolution of coacervate droplets
Based on the above observations, by elongating the polymerization
time, with the accumulation of PDMAEMA inside the coacervates,
more dynamic evolution processes of multi-compartmental

Fig. 2 | Dynamic formation of multi-compartmental coacervates induced by
photopolymerization. CLSM images of coacervates with different components:
(a) HA/PDDA, (b) HA/PDDA/BSA, HA labeled by 5-aminofluorescein named HA-AF
(green). CLSM images of the spatial distributions of BSA (labeled by FITC, green) in
(c) HA/PDDA/BSA coacervates and (d) HA/PDDA/BSA/DMAEMA coacervates,
observed at 10min and 1min, respectively. The short dot lines are the corre-
sponding line fluorescence intensity shown in (c, d), showing that DMAEMA facil-
itates the encapsulation of BSA into the coacervates. e CLSM images of HA/PDDA/
BSA/DMAEMA coacervates under 405 nm illumination at 0 h and 2.5 h. The formed
multi-compartmental droplets show that calcein (green) is sequestrated in the
coacervatematrix, while Nile red (red) is encapsulated in sub-compartments. f SEM
image of the multi-compartmental coacervates after vacuum freeze drying.
g Three-dimensional image of a single multi-compartmental coacervate (Fluor-
escamine, blue). h CLSM images of the multi-compartmental coacervate bleached
at different positions marked with 1 and 2 during a FRAP experiment, (HA-AF,
green). i Corresponding fluorescent recovery plots in (h). The multi-

compartmental coacervates (HA/PDDA/BSA/DMAEMA) are formed by 405nm
illumination for 2.5 h in (e–i). j Spatial distribution of multi-compartmental coa-
cervate components including HA, PMAEB, BSA and PDMEMA, labeled by different
fluorescent dyes, respectively. Scale bars in (a–j), 5μm. k CLSM images of the
resuspended multi-compartmental coacervates in H2O after centrifugation, show-
ing that RBITC (red) is encapsulated in the inner and the outer membrane while
calcein (green) is sequestrated in the coacervate matrix. The multi-compartmental
coacervates are formed by 405 nm illumination for 5 h. Scale bars in (k), 3μm.
lAgarose gel electrophoresis ofHA/PDDA coacervates, HA/PDDA/BSA coacervates,
HA/PDDA/BSA/DMAEMA coacervates (0 h) and multi-compartmental coacervates
formed by illumination under 405 nm for 1 h, 3.5 h and 5 h, respectively. Running
time, 70min. The concentration of BSA decreases, while the brightness of the
bands marked in the orange box increases and the bands tend to move towards a
negative direction, suggesting an increase in the concentration of positive
PDMAEMA and the interaction between BSA and PDMAEMA. Source data are pro-
vided as a Source Data file.
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coacervates could occur. We employed a confocal laser scanning
microscope toobserve the structural transformation of coacervates in-
situ, and the polymerization was triggered under 365 nm ultraviolet
irradiation (Fig. 3a). As shown in Fig. 3b and Supplementary Movie 1,
the coacervates underwent a faster structural transformation within
3.5 h. A spherical coacervate was first transformed to multi-
compartmental condensates, and the diameter of both the whole
coacervate and the sub-compartment gradually increased. Then, with
the increase in polymerization time, the coacervate matrix was further
compressed, and the number of sub-compartments decreased. Sub-
sequently, the inner sub-compartment fractured along with an
immediate decrease in the diameter of the coacervate, ultimately
forming spherical coacervate vesicles. These structural transforma-
tions exhibited an increase in length of coacervates, width of coa-
cervates and diameter of sub-compartments (Fig. 3c), accompanied by
fluctuations inaspect ratio (lengthof coacervates/widthof coacervates
ratio) (Fig. 3d). In general, the structural transition of coacervates with
polymerization time was classified into four periods based on the
aspect ratio, including growth, deformation, elongation and plateau
period. The aspect ratio of coacervates at growth period was about 1,
and the coacervates maintained an increase in diameter of whole
coacervates and sub-compartments. Then, the aspect ratio of

coacervatesfluctuated around ~1.1 duringdeformationperiod, and this
non-equilibrium state coacervates exhibited inner rupture of sub-
compartments. Subsequently, the coacervates transformed into
elongation period, during which the aspect ratio mutated to be ~1.5,
and the coacervates converted to approximately two-chambers.
Finally, the spherical coacervate vesicles were formed, and the aspect
ratio rapidly decreased to be ~1 during plateau period.

To be of great interest, it is observed that the coacervate
vesicles can spontaneously transform into spherical homogeneous
coacervate droplets named decubation period. As shown in Fig. 3e,
the RBITC initially was distributed in the sub-compartment, inner
and outer membrane of coacervate vesicles (red fluorescence). The
condensed phase flowed slowly to form thin and fragile sites as
shown by the white arrows, and the vesicle ultimately broke at this
point. During the adaptive process of the amorphous coacervate,
the spherical homogeneous coacervate was spontaneously formed
and reached a final thermodynamic equilibrium state. RBITC was
distributed at the outer membrane of the final coacervates, which
tracked the distribution of the polymers. The final coacervate
matrix exhibited similar encapsulation behavior to the original
HA/PDDA/BSA/DMAEMA coacervates (0 h) (Supplementary
Figs. 26, 27).

Fig. 3 | Dynamic structural evolution of coacervate droplets. a Schematic
illustration of the structural evolution of coacervate droplets, showing approxi-
mately five periods including growth, deformation, elongation, plateau and decu-
bation periods. b Time-dependent images of coacervates illuminated by 365 nm
(20 W) for 3.5 h, showing that the coacervates transform into coacervate vesicles
due to an increase in the concentration of PDMAEMA. c Plots of the length ofmulti-
compartmental coacervates, width of multi-compartmental coacervates and dia-
meter of sub-compartments. d Time-dependent aspect ratio of multi-
compartmental coacervates. Aspect ratio = length of coacervate/width of coa-
cervate. There are 19 data points reflecting the growth and fusion of internal sub-
compartments. e Time-dependent CLSM images of coacervate vesicles, showing
that vesicles spontaneously transform back into coacervates, (RBITC, red). f CLSM

image of restored coacervates in (e) showing the sequestration of calcein. g Sche-
matic illustration of external phase reconfigurations of coacervates. Generally,
coacervate solution (HA/PDDA/BSA/DMAEMA) after polymerization under 405 nm
for 6 h (10μL) is mixed with NaCl solution of different concentrations (190μL).
h Typical turbidity of the coacervate polymerization solution after adding NaCl
solution (10% w/v monomer content as a corresponding example shown in j).
i Turbidity of the coacervate polymerization solution with different monomer
contents. j Corresponding typical structural transformation of coacervates in (h).
k NaCl-dependent CLSM images of reconstructed coacervates (15% w/v), (HA-AF,
green), (Nile red, red). Scale bars, 5μm. Source data are provided as a Source
Data file.
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Moreover, considering a large amount of PDMAEMA in bulk
solution at the stage of high conversion rate of monomer, the solution
became sticky. To further reveal the thermodynamic-driven structural
transformation, we tried to implement the external phase reconfi-
guration of coacervates. The reaction solution was diluted with dif-
ferent concentrations of NaCl solution to drive the structural
transformation of the multi-compartmental coacervates (Fig. 3g).
Generally, the coacervate solution (HA/PDDA/BSA/DMAEMA) con-
tained DMAEMA with different contents of 2.5%, 5%, 7.5%, 10%, 12.5%,
15% and 20% w/v, respectively, and was irradiated under 405 nm for
6 h. Then, 10μL of reaction solution was mixed with 190μL of NaCl
solution and tested by UV-vis spectrum (Fig. 3h, i). The corresponding
structural transformations in Fig. 3h were summarized in Fig. 3j.
Typically, the external phase of reconstructedmultiphase coacervates
exhibited a lower critical salt concentration and was preferentially
dissociated (i-ii). Then, the multiphase coacervate transformed into a
condensed membrane-coated coacervate (iii-iv). When the critical salt
concentration of the inner phase was reached, the coacervate dis-
sociated completely (v-vi). At higher salt concentration, the pre-
cipitation occurred due to salting out of PDMAEMA (vii). Significantly,
through the further investigation, the external phase of multiphase
coacervate was composed of BSA and PDMAEMA, showing detention
of Nile red, while its internal phase still maintained the composition of
HA, PDDA and BSA, capable of taking in calcein (Fig. 3k, and Supple-
mentaryFigs. 28-30). The similarBSA/PDMAEMAcompositionwas also
observed in sub-compartments (Supplementary Figs. 31, 32).

The above exploration of external phase reconstruction further
indicated that the coacervate vesicles tended to gradually break
towards the formation of spherical homogeneous coacervate sup-
ported by a thermodynamic-driven process. We have demonstrated
that the evolution process coupled with homeostasis of coacervates
under the light stimulus, and the cycled evolution from homogeneous
coacervate droplets into multi-compartmental coacervate, coacervate
vesicle, and coacervate droplets are revealed, reminiscent of stress
granules in living cells. When cells are subjected to stimuli such as high
temperature, oxidative stress, and irradiation, the stress granules
quickly form as temporary shelters for mRNA and proteins, and then
dissociate after the disappearance of environmental stress. However,
to be of our great surprise, the dynamic-driven formation of the
transition state in this studied coacervate system could be fixed per-
manently by controlling the stimulation time 2-3 h under 405 nm,
which then brings a special type of multi-compartmental structure in
the coacervate droplet community with spatial regulation of biological
reaction.

Stability of multi-compartmental coacervates
It is found that the formed multi-compartmental coacervates could
maintain the morphology well over several months (Supplementary
Fig. 33). Despite being subjected to the mechanical stirring at
100 rpm for 4 h (Supplementary Fig. 34e–g), there was no emergence
of coalescence or dissociation of multi-compartments. As a control
experiment, HA/PDDA coacervates and HA/PDDA/BSA/DMAEMA
coacervates (0 h) were condensed at the bottom or nearly com-
pletely dissociated (Supplementary Fig. 35). By contrast, the multi-
compartmental coacervates could well resist centrifugation force at
300× g for 1min. Even after undergoing five cycles of centrifugal
treatment, the resuspended multi-compartmental coacervates still
maintained the intact structure of over 80% with almost invariable
diameter, indicating robustness and stability of the formed multi-
compartmental coacervates (Fig. 4a and Supplementary Figs. 36, 37).
Even if the centrifugal force was increased at 2600 × g for 3min, no
homogeneous coacervates or large-sized coacervates were formed.
The results showed restricted phase separation in the interior of
multi-compartments, and the reconfigured coacervate still showed
regional partition for calcein and rhodamine B (Fig. 4b). In addition,

the multi-compartmental coacervates can be formed in a wide pH
range from 4 to 10 (Supplementary Fig. 38).

We speculated that the formation of PDMAEMA reduced the drop
adhesion force (DAF) between the coacervate droplets, which was one
of the key factors for the long-term structural stability of multi-
compartments. We detected the interaction force between the coa-
cervates and the corresponding substrate surface prepared by
depositing the same coacervate solution onto a glass slide. At the
contact interface between the droplet and the surface, there are three
forces: Fγ, interfacial tension; Fp, caused by interface capillary pres-
sure differenceΔP; Fa, surface-applied force for droplets, representing
mutual compression or attraction between the droplet and the sur-
face. Thedirection andmagnitudeof Fadependon the valuesof Fγ and
Fp to maintain equilibrium of forces at the contact interface (Fγ + Fp +
Fa = 0). By tracking the process of the coacervate droplet breaking on
the surface, the contact angle (θ) and the interaction force (DAF)
between the droplet and the surface were directly calculated based on
the contour as shown in Fig. 4c and Supplementary Fig. 39. As shown in
Fig. 4d, the drop adhesion force (DAF)/contact angle (θ) between the
HA/PDDA/BSA coacervate droplet and the HA/PDDA/BSA substrate or
the multi-compartmental coacervate droplet and the multi-
compartmental coacervate substrate were tested. The process was
mainly described as three stages: a to b represented that the droplet
began to contact the surface, and both DAF and θ rapidly increased; b
to c exhibited that moving the substrate towards the opposite direc-
tion induced the elongation and deformation of the droplet; c to d
implied the breakup of the droplet. DAF between HA/PDDA/BSA coa-
cervate droplet and HA/PDDA/BSA substrate was estimated to be
51.85 ± 3.64μN, and thatbetween themulti-compartmental coacervate
droplet and its substrate was estimated to be 30.14 ± 6.4μN, indicating
a lower DAF between the multi-compartmental coacervates. This was
also supported by the investigationof contact angles. After the droplet
breakup at position d, the contact angle of HA/PDDA/BSA coacervate
droplet with its substrate was 75.61⁰, while that of the multi-
compartmental coacervate droplet with its substrate was 104.17⁰
(> 90⁰), which revealed that multi-compartmental coacervates tended
to repel each other. These were also consistent with directly char-
acterizing the contact angle of both HA/PDDA/BSA coacervate droplet
with its substrate, as well as the multi-compartmental coacervate
droplet with its substrate, and the contact angle was detected to be
57.4⁰ and 102.1⁰, respectively (Fig. 4e).

Meanwhile, the zeta potential of the multi-compartmental coa-
cervates was determined to be approximately 59.7mV. Compared with
the zeta potential of –10.28 ± 1.5mV of DMAEMA, that of PDMAEMA
converted to a positive value of 13.4 ± 2.8mV (Fig. 4f), which then con-
tribute to the other key factor inmaintaining structural stability ofmulti-
compartmental coacervates. To further understand the details of elec-
trostatic interaction, the electrostatic potential (ESP) mapped van der
Waals surface of DMAEMA and PDMAEMA was demonstrated by DFT
simulation calculation47–49. The ESP minima/maxima points were quan-
titatively analyzed and labeled on the surface. The ESP minimum of
DMAEMA was calculated to be -43.13 kcal/mol, and a larger ESP max-
imum near the carbon-carbon double bonds was observed (19.38 kcal/
mol) (Fig. 4g). In contrast, PDMAEMA exhibited multiple larger ESP
maxima, and showed negative ESP minimum near nitrogen atoms
(Fig. 4h, i), which contributes to the possibility of PDMAEMA as a Lewis
base. As a result, PDMAEMA, with its positive zeta potential, interacted
with negatively charged BSA in H2O to maintain the stability of multi-
compartmental coacervates.

Based on the above observations, we proposed the formation
process of multi-compartmental coacervates as follows. Along with
polymerization proceeding, PDMAEMA is preferentially generated in
the interior of coacervates due to high BSA partition, which increases
the electrostatic interaction to induce the formation of inner vacuoles
of coacervates. With further increases in concentration of PDMAEMA,
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the positively charged PDMAEMA stabilizes at interfaces/surfaces
against the disappearance and coalescence of internal vacuoles. At the
same time, a decrease in osmotic pressure of bulk solution also pro-
motes the generation of sub-compartments, and osmotic pressure
balance between the internal sub-compartment and the external bulk
solution is an important factor to keep multi-compartmental coa-
cervates stable (Fig. 4j).

Moreover, given the good stability of the formed multi-compart-
ments, the developed phase separation method would be a robust
technique for creating various coacervate-based functionalized ensem-
bles. In this regard, we employed various intracellular proteins-mediated
photopolymerization to investigate the structural transformation of
coacervates, including ribonuclease A (RNase A) and lysozyme (Fig. 5a
and Supplementary Fig. 40). As a result, these proteins-mediated pho-
topolymerization also induced coacervate droplets to transform into
multi-compartments, showing similar compartmental sequestration
characteristics for calcein (green) and RBITC. Furthermore, we also tried
to incorporate E. coli into PDDA prior to addition of HA to give rise to
bacteria-enriched coacervate droplets, followed by the addition of BSA
and DMAEMA (Fig. 5b). Under 405nm LED light for 2.5 h, a type of
coacervates/bacteria ensemble was formed with good structural stabi-
lity over 1 week (Fig. 5d, e and Supplementary Fig. 41). By contrast, the
coacervates/bacteria assemblies formed under dark condition, showed
irreversible coalescence of the coacervates/bacteria assemblies (Fig. 5c).

Transition and regulation of interfacial/homogeneous catalysis
The phase separation is of great significance for regulating the spatial
location of enzymes to affect certain biological reactions.We explored

the spatial location of RBITC-modified lipase. The lipase-RBITC
can be specially distributed into sub-compartments of the multi-
compartmental coacervates, while its catalytic substrate,
4-methylumbelliferone butyrate, and the blue fluorescent product, 4-
methylumbelliferone, were both retained in the coacervate matrix
(Fig. 5f). The size of multi-compartmental coacervates could be regu-
lated by controlling the polymerization time (Supplementary Fig. 34).
Accordingly, the catalytic efficiency of lipases would be varied. We
selected the multi-compartmental coacervate with sub-compartments
of different sizes, obtained by polymerization under 405 nm for 1.5 h,
2.5 h and 3.5 h, respectively. The interfacial catalysis of lipases was
successfullymonitored as shown in Fig. 5g and Supplementary Fig.42a,
b. After 400 s of reaction, the fluorescent intensity of the product
based on multi-compartmental coacervates of 1.5 h photo-
polymerization showed the highest catalytic rate. With the size of sub-
compartment increasing, the interfacial catalytic efficiency decreased
accordingly. The catalytic efficiency of lipases based on multi-
compartmental coacervates of 1.5 h, 2.5 h and 3.5 h, increased by
approximately 29.4, 11.5 and 8.7 times compared with that in the
absence of coacervates, respectively. (Fig. 5h and Supplementary
Fig. 42c).

Especially, it is worth noting that after 300 days, the multi-
compartmental coacervates could still keep the morphology, and
maintain their sequestration characteristic of separating different
substances into distinct regions to achieve the efficient organization
and coordination of spatial biochemical reactions. Notably, the multi-
compartmental coacervates after 300days canencapsulate RBITC into
coacervate matrix (Supplementary Fig. 43). In this case, by adding

Fig. 4 | Long-termstabilityofmulti-compartmental coacervates. aCLSM images
of multi-compartmental coacervates undergoing five cycles of centrifugation at
300 × g for 1min. The insets are photographs of centrifugation and redispersion of
multi-compartmental coacervates. b CLSM images of restricted phase reconfi-
guration inside multi-compartmental coacervates by centrifugation at 2600 × g for
3min, showing regional sequestration of coacervates for calcein and rhodamine B.
Themulti-compartmental coacervates in (a,b) are obtainedby405 nm illumination
for 2.5 h. c Contour images of the HA/PDDA/BSA droplet or the multi-
compartmental coacervate droplet (5 h) contacting the corresponding substrate,
showing that the droplet will fracture from the substrate. d Drop adhesion force
(DAF)/contact angle (θ) between HA/PDDA/BSA droplets or multi-compartmental
coacervate droplets with the corresponding substrate, obtained by calculating the
contour of the droplet contacting the surface and then breaking from the surface.

e Contact angle between HA/PDDA/BSA droplets or multi-compartmental coa-
cervate droplets onto the corresponding substrate surface. The multi-
compartmental coacervates in (c-e) are obtained by 405 nm illumination for 5 h.
The substrate was prepared by depositing the same solution onto a glass slide and
drying naturally. f Zeta potential of DMAEMA and PDMAEMA in H2O at 25 ⁰C. Data
are presented asmean ± s.d. (n = 3). g Electrostatic potential (ESP) mapped van der
Waals surface ofDMAEMA. Electrostatic potential mapped van derWaals surface of
PDMAEMA with ESP minima (h) and maxima distribution (i). The cyan/orange
points represent ESPminima/maxima, respectively. Blue and orange dashed boxes
represent the large minima and maxima, respectively. j Proposed formation pro-
cess of stable multi-compartmental coacervates. Scale bars, 5μm. Source data are
provided as a Source Data file.
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lipase-RBITC into the multi-compartmental coacervates, we examined
homogeneous catalysis of lipase-RBITC in the multi-compartments
applied after 300 days (Fig. 5i). The homogeneous catalysis of lipase-
RBITC was successfully carried out along with the generation of a blue
fluorescent product, and the fluorescence intensity of catalytic pro-
ductwas enhanced about 8 times comparedwith that in the absence of
coacervates (Fig. 5j, k), which was slightly lower than the catalytic rate
of homogeneous catalysis of lipase-FITC in multi-compartments coa-
cervate obtained by 3.5 h polymerization (Supplementary Fig. 44).

Our study reveals the endogenous self-organization process of
coacervates induced by protein-mediated polymerization under light
stimulation. By exploring the dynamic structural evolution of coa-
cervates, we found that the mechanism of coacervate phase transition
is not permanent, but evolves with the environment.We conclude that

the dynamic transformation of coacervates involves both assembly
and disassembly: the accumulation of products during chemical
reaction process will result in morphological deformation, relying on
the dynamic control to drive complex structural transformation and
the thermodynamic control to reach phase equilibrium, and the
behavior of phase separation is related to multiple factors, such as
external irradiation, metabolites, enzyme catalytic processes, etc. By
controlling the duration of light stimulation, the dynamic transfor-
mation of coacervates facilitates the formation of stable multi-
compartmental coacervates, which exhibits the spatial separated
encapsulation of dyes/proteins, and enhances interfacial catalytic
efficiency by regulating location of enzymes. Our studies reveal
that combining osmotic pressure and electrostatic interaction
could induce the production of sub-compartments and stabilize
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Fig. 5 | Construction of various coacervate assemblies and time-dependent
transition of interfacial/homogeneous catalysis. a CLSM images of HA/PDDA/
RNase A/DMAEMA multi-compartmental coacervates induced by RNase
A-mediated photopolymerization under 405 nm for 2.5 h, showing compartmental
sequestration for calcein (green) and RBITC (red). b Schematic illustration of the
stable coacervates/bacteria assemblies formation. c Microscopy image of coa-
cervates/bacteria assemblies without polymerization observed after 24h, showing
the fusion between the coacervates/bacteria assemblies. d Microscopy images of
coacervates/bacteria assemblies formed under 405 nm illumination for 2.5 h,
observed on the eighth day, showing the assemblies naturally deposited and
gathered at the bottom, but were still re-dispersed (2.5% w/v monomer content).
eDiameter statistics of coacervates/bacteria assemblies. Scale bars in (c, d), 50μm.
Data are presented as mean± s.d. (n = 94). f Schematic illustration of lipase-RBITC-
mediated interfacial catalysis. g CLSM images of lipase-RBITC-mediated interfacial
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fluorescence), while the catalytic product 4-methylumbelliferone (blue fluores-
cence) was distributed in the coacervate matrix after 400 s of catalytic reaction.
h The fluorescent ratio statistics of the catalytic product in multi-compartmental
coacervates of different sizes or no coacervates. The multi-compartmental coa-
cervates ofdifferent sizeswere obtainedbyphotopolymerization under 405 nm for
1.5 h, 2.5 h and 3.5 h, respectively. i Schematic illustration of lipase-RBITC-mediated
homogeneous catalysis after 300days. jCLSM images of homogeneous catalysis of
lipase-RBITC in the multi-compartmental coacervates, formed by 405 nm illumi-
nation for 2.5 h and applied after 300days, showing that lipase-RBITC (red) and the
catalytic product (blue) were both distributed in the coacervate matrix after 400 s
of catalytic reaction. k Corresponding fluorescent intensity and ratio statistics of
the catalytic product generated by lipase-RBITC-mediated homogeneous catalysis
in 300 days multi-compartmental coacervates. The shaded region represents the
error interval of standard deviation of the mean points. Scale bars in (g, j), 5μm.
Source data are provided as a Source Data file.
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multi-compartments. High zeta potential at the interface between the
matrix and the sub-compartments/bulk phase overcomes limitation of
structural stability. Even after 300 days, the multi-compartmental
coacervates still show the spatial sequestration characteristics. Based
on the distribution of lipase in coacervate-matrix after 300 days,
homogeneous catalysis of lipases is efficiently achieved. Therefore, it is
anticipated that these studies could provide an available approach in
design of long-term stable multi-compartmental microreactor models
or hierarchical assemblages combined with the natural versatility of
modules. Many studies have revealed the importance of protein
domains in phase separation. By our researching, we realize that the
functionality of proteins also plays a crucial role, especially in complex
phase separation dynamic processes. We hope to promote under-
standing the phase separation mechanism to help effectively design
and apply phase separation to regulate cellular physiological process.

Methods
Characterization methods
Optical images were performed on a Leica DMi8 manual inverted
fluorescence microscope at 40× magnifications. Image J software was
employed to measure the diameters of the coacervates. Confocal
fluorescence images were performed on a Leica SP8 Laser scanning
confocal microscope. Scanning electron microscopy (SEM) image of
dried samples was obtained with a SU8000 instrument. 1H NMR
spectra of monomer/polymer solutions were measured on a Bruker
Avance-400 MHz NMR spectrometer using D2O as the solvent and
DMF as the reference. The test result was analyzed using MestReNova.
UV-vis spectrum measurements were measured on a PerkinElmer
spectrophotometer (Lambda 750S, USA). Zeta potential measure-
ments were performed using Malvern Zetasizer Nano-ZSP at 25 °C.
Agarose gel electrophoresis was conducted at 100 V using TAE buffer
as running buffer. The samples were loaded bymixing 4μL of sample,
1μL of 6× loading buffer, with 1μL of SYBR Green I. Drop adhesion
force (DAF)/contact angle (θ) were performed on an Optical Surface
Analyzer (OSA 100S-M, NBSI). Density functional theory (DFT) calcu-
lations were performed by Gaussian 09 software with DFT-D3 (BJ)
corrected B3LYP functional (B3LYP-D3 (BJ)). Geometry optimizations
were carried out at B3LYP-D3 (BJ)/6-311 G (d, p) level coupled with
IEFPCM solvent model (water).

Dynamic transformation of coacervates induced by protein-
mediated photopolymerization
HA (3mL, 15mg/mL) and PDDA (1mL, 85mg/mL) were mixed to pre-
pare the coacervate solution. Take 1mL of coacervate solution, and
then add BSA (1mL, 15mg/mL) and DMAEMA (0.1mL) sequentially to
obtain reaction mixture in a glass vial. Next, the vial was sealed and
purged with Argon for 30min. After anaerobic treatment, the vial was
irradiated under violet LED light (405 nm, 20W) at room temperature.
Aliquots were taken at predetermined time intervals, and then cen-
trifuged at 5300× g for 10min. The supernatant andprecipitationwere
diluted with D2O of 600mM NaCl for 1H NMR spectrum.

Fluorescence recovery after photobleaching (FRAP)
FRAP experiment is used to describe the mobility of coacervates. The
multi-compartmental coacervates were firstly prepared. Generally, HA
(0.45mL, 15mg/mL) and PDDA (0.15mL, 85mg/mL) were mixed to
prepare the HA/PDDA coacervate solution. Take 0.5mL of coacervate
solution, and then add BSA (0.5mL, 15mg/mL), DMAEMA (0.05mL)
and HA-AF (30μL, 10mg/mL, green fluorescence) sequentially to
obtain reaction mixture in a glass vial. The vial was sealed and purged
with Argon for 30min. After anaerobic treatment, the vial was irra-
diated under violet LED light (405 nm, 20W) at room temperature for
2.5 h to obtain the multi-compartmental coacervates. Then, FRAP
experiment was performed on a laser scanning confocal microscope.
The different positions of the multi-compartmental coacervate were

selected as a region of interest (ROI), and then ROI was bleached with
488 nm laser with 100% energy intensity, and time-lapse movies were
recorded for fluorescent intensity analysis.

Structural transformation of coacervates in-situ
The coacervate was firstly prepared according to the above procedure.
HA (0.45mL, 15mg/mL) and PDDA (0.15mL, 85mg/mL) weremixed to
prepare the HA/PDDA coacervate solution. Take 0.5mL of coacervate
solution, and then add BSA (0.5mL, 15mg/mL), DMAEMA (0.05mL)
and HA-AF (30 μL, 10mg/mL) sequentially to obtain reaction mixture
in a glass bottom dish. The dish was sealed and purged with Argon for
30min. After that, the dish was placed under laser scanning confocal
microscope with 488 nm laser, and irradiated under violet LED light
(365 nm, 20W) at room temperature. Time-lapse movies were recor-
ded for fluorescent intensity analysis. The length of the coacervates,
width of the coacervates and diameter of the sub-compartments were
measured by Image J software.

External phase reconfigurations of coacervates
Generally, HA (0.45mL, 15mg/mL) and PDDA (0.15mL, 85mg/mL)
were mixed to prepare the HA/PDDA coacervate solution. Take 0.5mL
of coacervate solution, and then add BSA (0.5mL, 15mg/mL), HA-AF
(30μL, 10mg/mL) and DMAEMA with different content of 2.5%, 5%,
7.5%, 10%, 12.5%, 15% and 20%w/v, respectively. Themixturewas sealed
and purged with Argon for 30min. The reaction was carried out under
405 nm illumination for 6 h. After that, take 10μL of reaction solution,
followed by mixing 190μL of NaCl solution of different concentra-
tions, and then observe under a laser scanning confocal microscope.

Stability of multi-compartmental coacervates
The stability of multi-compartmental coacervate was investigated by
centrifugation at different rates. The multi-compartmental coa-
cervates were obtained by polymerization under 405 nm illumination
for 2.5 h according to the above method. Then, 1mL of multi-
compartmental coacervates underwent five cycles of centrifugation
at 300 × g for 1min. After each cycle, 20μL of coacervate was mixed
with 1μL of dyes, and then observed under a laser scanning confocal
microscope. For inner phase reconfiguration of multi-compartmental
coacervates, the same procedure was implemented except for
increasing the centrifugal rate to 2600× g for 3min.

Drop adhesion force (DAF) measurement
DAF was used to assess the interaction between coacervates per-
formed on anOptical Surface Analyzer (OSA 100S-M, NBSI). Generally,
the substrate was first prepared by depositing the corresponding
coacervate solution onto a glass slide and dried naturally at room
temperature. The corresponding coacervate solution was inhaled into
a syringe pump (1mL). The general process was as follows: the droplet
was produced through compression, hanging at the tip of the needle,
and moving the substrate began to contact with the droplet. Then,
moving the substrate towards the opposite direction induced the
droplet elongation and deformation until the droplet breakup. By
tracking the process of the coacervate droplet breaking on the surface,
the contact angle (θ) and DAF between the droplets and the corre-
sponding surface canbe directly calculated by the contour as shown in
Supplementary Fig. 39.

Homogeneous/interfacial catalysis in multi-compartmental
coacervates
30μL of multi-compartmental coacervates formed by the different
polymerization time was mixed with lipase-FITC (15μL, 10mg/mL) or
lipase-RBITC (15μL, 10mg/mL), while lipase-FITC and lipase-RBITC
were encapsulated in matrix and sub-compartments, respectively.
Take 5μL of multi-compartmental coacervates with lipase-FITC or
lipase-RBITC onto a glass bottom dish, and then add 2μL of
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4-methylumbelliferone butyrate in-situ (4.19mg/mL). The catalytic
reaction wasmonitored by a laser scanning confocal microscope. As a
control, the equal volume of PBS (pH 8.0, 50mM) instead of multi-
compartmental coacervates or lipase was added into the reaction
system, followed by the addition of 4-methylumbelliferone butyrate,
showing no fluorescence or low fluorescence intensity.

HA labeled by fluorescence dyes
HA was labeled by 5-Aminofluorescein utilizing the reaction between
carboxyl and amino groups. 100mgofHAwas dissolved in 2mLof PBS
buffer solution (50mM, pH = 6.5), and then added 3mL of
5-aminofluorescein solution (2.3mg/mL in DMSO). The reaction was
initiated by adding N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDAC, 11mg) solution and stirred at 200 rpm at room
temperature for 12 hours. After that, the solution was dialyzed (dialysis
tube ~35 kDa MWCO) extensively against Milli-Q water and purified by
using a filter (0.45 μm). After freeze-drying, the green fluorescent HA-
AF was obtained.

BSA/Lipase labeled by fluorescence dyes
BSA/Lipase (50mg) was dissolved in 2.0mL of PBS buffer solution
(50mM, pH = 8), and then FITC (50μL, 1mg/mL in DMSO) or RBITC
(50μL, 1mg/mL in H2O) was added dropwise. The mixture was stirred
at 200 rpm at room temperature for 6 hours. After that, the solution
was dialyzed (dialysis tube ~3 kDa MWCO) extensively against Milli-Q
water to remove unreacted dyes. After freeze-drying, the fluorescent
protein BSA-FITC, lipase-FITC and lipase-RBITC were obtained.

Synthesis of fluorescent PMAEB
Ethyl bromide salt of dimethylaminoethyl methacrylate (MAEB) was
firstly synthesized. Generally, methacrylic acid 2-(dimethylamino)
ethyl ester (DMAEMA) and bromoethaneweremixed atmolar ratio: 1:1
into 2mL of acetone with 0.2% (molar ratio) hydroquinone mono-
methyl ether (as an inhibitor). Then, the reaction was carried out at
40 °C for 24 h under a reflux condenser. The product was purified by
precipitation in cold diethyl ether for two times to obtain MAEB. Next,
the red fluorescent PMAEB was prepared by a traditional thermo-
initiated polymerization process. Generally, MAEB (200mg,
0.752mmol), AIBN (0.33mg, 0.002mmol) and HEMA (3mg,
0.023mmol) were added into 2mL of DMF in a 5mL round bottom
flask. After that, the flask was sealed with parafilm and purged with
Argon for 30min. The reactionwas carriedout at65 °C for 6 h and then
purified by diethyl ether/petroleum ether (1:2 volume ratio) to
obtained pure PMAEB. After that, the red fluorescent PMAEB was
prepare by mixing PMAEB (50mg), RBITC (100μL, 1mg/mL in H2O) in
2.0mL of PBS buffer solution (50mM, pH = 8). Themixturewas stirred
at 200 rpm at room temperature for 8 hours. After that, the solution
was dialyzed (dialysis tube ~3 kDa MWCO) extensively against Milli-Q
water to remove unreacted dyes. After freeze-drying, the red fluor-
escent PMAEB-RBITC was obtained.

Synthesis of fluorescent PDMAEMA
Generally, DMAEMA (400mg, 2.54mmol), AIBN (0.33mg,0.002mmol)
and fluorescein O-methacrylate (FMA, 2mg, 5 μmol) were added into
2mL of acetonitrile in a 5mL round bottom flask. After that, the flask
was sealed with parafilm and purged with Argon for 30min, and then
the reactionwas carried out at 65 °C for 6 h. Themixturewas purified in
diethyl ether/petroleum ether for three times to remove unreacted
monomer, and then dried at room temperature under vacuum for 24 h.
The green fluorescent PDMAEMA-FMA was obtained.

Contact angle measurement
The substrate was firstly prepared by depositing the corresponding
coacervate solution onto a glass slide and dried naturally at room

temperature. Then, the corresponding coacervate was dropped onto
the substrate surface, and the contact angle was measured.

Coacervates/bacteria assemblies construction
Generally, overnight cultured E. coliwaswashed three timeswithwater
by centrifugation (2124× g, 3min) and resuspended in deionized
water. Mix E. coli into PDDA prior to addition of HA to obtain bacteria-
enriched coacervate droplets, followedby addition of BSA (7.5mg/mL)
and DMAEMA (2.5% w/v). After Argon deoxygenation for 20min, the
polymerization of coacervates/bacteria assemblies was implemented
under 405 nm illumination for 2.5 h, and then sustained to observe
under microscopy at 16 h, 48 h and 8 days. By contrast, the coa-
cervates/bacteria assemblies were placed without illumination for
24 h, showing fusion between the coacervates/bacteria assemblies.

Fluorescent dyes encapsulation
Generally, 1μL of fluorescent dyes (0.1mg/mL) was added into 20μL
coacervates or multi-compartmental coacervates solution. After that,
taking 5μL of mixing solution was observed by a laser scanning con-
focal microscope. The coacervate was randomly selected for fluores-
cence intensity analysis.

General procedure of coacervate polymerization in different pH
solutions
HA (3mL, 15mg/mL) and PDDA (1mL, 85mg/mL) were mixed to pre-
pare the coacervate solution. Take 1mL of coacervate solution, and
then add 1mL of BSA solution (15mg/mL) with different pH (PBS
buffer, 20mM, pH = 4, 7, 10) and DMAEMA (0.1mL) sequentially to
obtain reaction mixture in a glass vial. Next, the vial was sealed and
purged with Argon for 20min. After anaerobic treatment, the vial was
irradiated under violet LED light (405 nm, 20W) at room temperature.
After 2.5 h, the samples were observed by a laser scanning confocal
microscope.

Structural transformation of coacervates induced by RNase
A/lysozyme -mediated photopolymerization
HA (3mL, 15mg/mL) and PDDA (1mL, 85mg/mL) were mixed to pre-
pare the coacervate solution. Take 1mL of coacervate solution, and
then add 1mL of RNase-A (15mg/mL) or lysozyme (3.75mg/mL) and
DMAEMA (0.1mL) sequentially to obtain reaction mixture in a glass
vial. Next, the vial was sealed and purged with Argon for 30min. After
anaerobic treatment, the vial was irradiated under violet LED light
(405 nm, 20W) at room temperature. Aliquots were taken at pre-
determined time intervals, and then centrifuged at 5300× g for 10min.
The supernatant and precipitation were diluted with D2O of 600mM
NaCl for 1H NMR spectrum.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All experimental data supporting the findings of the study are available
within the article and its Supplementary Information. Source data are
provided with this paper.
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