SCIENCE ADVANCES | RESEARCH ARTICLE

CHEMISTRY

Membrane-confined liquid-liquid phase separation

toward artificial organelles

Wenjing Mu'?, Zhen Ji', Musen Zhou?, Jianzhong Wu3, Yiyang Lin**, Yan Qiao'*

As the basic unit of life, cells are compartmentalized microreactors with molecularly crowded microenvironments.
The quest to understand the cell origin inspires the design of synthetic analogs to mimic their functionality and
structural complexity. In this work, we integrate membraneless coacervate microdroplets, a prototype of artificial
organelles, into a proteinosome to build hierarchical protocells that may serve as a more realistic model of cellular
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organization. The protocell subcompartments can sense extracellular signals, take actions in response to these
stimuli, and adapt their physicochemical behaviors. The tiered protocells are also capable of enriching biomolec-
ular reactants within the confined organelles, thereby accelerating enzymatic reactions. The ability of signal pro-
cessing inside protocells allows us to design the Boolean logic gates (NOR and NAND) using biochemical inputs.
Our results highlight possible exploration of protocell-community signaling and render a flexible synthetic plat-
form to study complex metabolic reaction networks and embodied chemical computation.

INTRODUCTION

Living cells are highly dynamic and structurally complex with the
capability to integrate a series of spatially and temporally ordered
chemical reactions and biological processes (1-3). The construction
of their synthetic analogs often starts with rudimentary cell-like
entities having compartmentalized structures that can be used for
protocell modeling to unravel mechanisms underlying prebiotic or-
ganization and the origin of life (4-6). Existing membrane-bound
protocells are mostly prepared through the self-assembly of amphi-
philic molecules [e.g., surfactants (7), lipids (8-10), and block copo-
lymers (11, 12)], protein-polymer conjugates (13, 14), functionalized
inorganic colloids (15, 16), and layer-by-layer polyelectrolyte struc-
tures (17). Alternatively, membraneless protocells can be synthe-
sized by spontaneous coacervation leading to liquid-liquid phase
separation (LLPS) (18-21). Notwithstanding versatile protocells
currently available, considerable challenges exist in bottom-up syn-
thesis of artificial cells with tiered structures and advanced func-
tions (22-27).

An important feature of modern cells lies in their capability of
growth, division, migration, and metabolism; key to these function-
alities is information processing that encompasses cellular responses
to both internal and external signals such as chemical/physical stimuli
and biological cues (28, 29). One example is intracellular processes
that use primary information carrier molecules such as nucleic acids
and proteins to take actions in response to extracellular cues (30).
Cells can not only sense the presence of a range of signals at the in-
terface of plasma membranes as involved in extracellular communications
but also adapt themselves in terms of morphology and behaviors (31).
These signals include physical stimuli (e.g., light and temperature)
and the concentrations of chemical compounds (e.g., H" and OH")
and biomacromolecules (e.g., nucleic acids and proteins) (32-34).
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Recent years witness a growing interest in mimicking the way that
cells coordinate inter- and extracellular regulatory signals to gener-
ate responses and control cellular fates (35-40). In this work, we design
hierarchical protocells with modern cell-like compartmentalization
and, more importantly, the associated behavior and functionality.
These protocells allow regulated chemical exchanges with the sur-
roundings and information transduction across the membrane. Spe-
cifically, we construct tiered compartmentalized protocell systems
in which membraneless coacervate microdroplets are encapsulated
as artificial organelles by a proteinosome. The procedure is similar
to the cellular condensation of proteins and RNA under physiological
conditions into membraneless droplets via LLPS (41). Although the
demixing of polyelectrolytes and oligopeptides has been reported
before (42), we here demonstrate the adaptive behavior of confined
coacervate microdroplets (artificial organelles) in a protocell, as well
as the signal processing and information transduction between the
protocells and the extracellular environment across the semipermeable
membrane constructed by protein-polymer nanoconjugates. We
anticipate that these protocells will inspire further work on the de-
sign of protocell-based complex metabolic reaction networks and
embodied chemical computation.

RESULTS

Construction of coacervate microdroplets

To construct artificial organelles, we synthesized a bola-shaped am-
phiphile with two negatively charged glutamic acids appended to a
rigid azobenzene [4,4'-glutamic acid azobenzene (AzoGlu,)] (fig. S1).
The latter served as a photosensitive ingredient of the artificial or-
ganelles and was paired with a pH-responsive cationic polyelectrolyte,
diethylaminoethyl-dextran (DEAE-dextran) (Fig. 1A). The azobenzene
main stem undergoes reversible and efficient photoisomerization be-
tween planar trans-AzoGlu, and nonplanar metastable cis-AzoGlu,
states by irradiation with ultraviolet (UV) and blue light (table S1
and figs. S2 and S3). The carboxylic groups on AzoGlu, and tertiary
amine groups on DEAE-dextran showed protonation/deprotonation
transitions in response to changes in the environmental pH. Direct
mixing of trans-AzoGlu, and DEAE-dextran led to a turbid suspension
of coacervate microdroplets over a broad range of solution conditions
(Fig. 1B and fig. S4A). At a total concentration of macromolecules
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Fig. 1. AzoGlu,/DEAE-dextran coacervate microdroplets. (A) Schematic of active AzoGlu,/DEAE-dextran complexation to produce microdroplet condensation via
LLPS. The process is responsive to wavelength-dependent light irradiation, or subtle pH changes triggered disassembly-assembly of coacervates. (B) Phase diagram
showing the presence of microdroplets (orange region) at different trans-AzoGlu,/DEAE-dextran molar ratio and trans-AzoGlu, concentrations. (C) Optical microscopy
image and (D) 3D confocal fluorescence microscopy image (loaded with HPTS) showing the formation of coacervate microdroplets in a mixture of trans-AzoGlu, (10 mM)
and DEAE-dextran (10 mM monomer). (E) Optical microscopy image showing disassembly of microdroplets after UV light irradiation for 7 min. (F) Count number of coa-
cervates in the mixture of trans-AzoGlu, (10 mM) and DEAE-dextran (10 mM monomer) as detected by flow cytometry with different durations of UV light irradiation. Error
bars represent the SDs of three independent measurements. (G) Reversible diameter changes of trans-AzoGlu,/DEAE-dextran microdroplets with UV/blue light irradiation
for 10 cycles. (H) Transmittance of trans-AzoGlu,/DEAE-dextran mixtures and (I) their coacervate counts suggesting the existence of coacervate microdroplets at a narrow

pH window. Scale bars, 10 um.

equal to 20 mM and 1:1 monomer molar ratio, the system showed
spherical coacervates (~3.6 um in diameter) with a good optical con-
trast in the aqueous phase (Fig. 1, C and D, and fig. S4, B and C).
We explored the sequestration of incoming molecules to trans-
Az0Glu,/DEAE-dextran coacervates with several model compounds
(fig. S5). Small compounds like 8-hydroxypyrene-1,3,6-trisulfonic
acid trisodium (HPTS; negatively charged), rhodamine 6G (positively
charged), and Nile Red (neutral) could be readily loaded into the
microdroplets. However, the sequestration of macromolecules was
more complicated. While highly charged polyelectrolytes such as
rhodamine isothiocyanate-tagged polyelectrolyte (RITC-PDDA)
and single-stranded oligonucleotide (TAMRA-ssDNA) could be
sequestered, nonionic dextran (FITC-dextran) was excluded from the
coacervates. The dependence on electrostatic interactions was reason-
able because polyelectrolytes had the tendency to complex with ionic
species even when the zeta potential of the coacervate microdroplets
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was close to zero. Notably, the coacervate microdroplets were ob-
served to recruit both hydrophilic (HPTS) and hydrophobic (Nile Red)
fluorophores, indicating the existence of hydrophobic microdomains
within hydrophilic droplets.

The coacervate microdroplets can serve as a protocell model that
sensitively responds to external stimuli such as light and pH. Imme-
diately after exposing to UV light, trans-AzoGlu,/DEAE-dextran
microdroplets underwent size shrinkage and eventually disassem-
bled (Fig. 1, E and F, and figs. S6 and S7). The demixing process was
also indicated by the changes in macroscopic appearance from tur-
bid to clear solution (fig. S8). The microdroplet dissociation can be
reversed by thermal relaxation of cis-azobenzene in dark (fig. S9) or
exposure to blue light for approximately 8 min (movie S1 and fig.
§10). These assembly/disassembly transitions were fully reversible
for over 10 cycles (Fig. 1G and fig. S11). We explored the molecular
origin of macroscopic LLPS with density functional theory (DFT;
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fig. S12), which suggests an increase of the dipole moment of azo-
benzene from 5.27 D (trans state) to 11.20 D (cis state) after photo-
isomerization. This would reduce hydrophobicity of azobenzene and,
eventually, lower the tendency of cis-AzoGlu, to complex with DEAE-
dextran to form coacervate microdroplets. The theoretical predictions
were confirmed by a control experiment with glutamylglutamic acid/
DEAE-dextran complexation that did not produce microdroplets,
highlighting the indispensable role of hydrophobic interaction in
coacervation. Furthermore, AzoGlu, and DEAE-dextran are known to
have pH-sensitive functional groups [e.g., -COOH and -N(C,Hs),],
with the pK, (where K, is the acid dissociation constant) reported to
be 3 to 4 (43) and 9.2 (44, 45), respectively. The carboxylic acids on
Az0Glu, are protonated when the solution pH is below 4, whereas
the number of positive charges on DEAE-dextran would be reduced
under basic (pH > 9.2) conditions. As a consequence, the electrostati-
cally driven trans-AzoGlu,/DEAE-dextran complexation was highly
pH sensitive, and stable coacervate microdroplets exist within a
narrow pH window ranging from 4.5 to 7.5 (Fig. 1, Hand I). The

A Proteinosome with DEAE-dextran Coacervate-in-proteinosome

chemical signal-responsive coacervation enables us to build hierarchi-
cal protocells with information processing function.

Engineering artificial organelles within a confined space

We then transferred the trans-AzoGlu,/DEAE-dextran complexation
into a membrane-confined cell-sized cavity. To this end, we fabri-
cated semipermeable proteinosomes using a crosslinked monolayer
of bovine serum albumin/poly(N-isopropylacrylamide) (BSA-NH,/
PNIPAAm) nanoconjugates (Fig. 2A). To prepare coacervate micro-
droplets inside proteinosomes (coacervate-in-proteinosome proto-
cells), we initially encapsulated DEAE-dextran in the proteinosome
cavity (Supplementary Materials) and introduced trans-AzoGlu, at
a monomer molar ratio of 1:1 to the bulk solution. Because of their
small size, trans-AzoGlu, molecules are able to penetrate through the
porous protein membrane, while large DEAE-dextran molecules are
retained inside proteinosomes, resulting in the electrostatic com-
plexation of trans-AzoGlu,/DEAE-dextran through LLPS (Fig. 2A).
The presence of small dots with intensified green fluorescence

B Proteinosome with DEAE-dextran

Coacervate-in-proteinosome

‘/"

. Proteinosomes with
10° § Coacervates 2 DEAE-dextran

G Coacervate-in-proteinosome

__dih |

Proteinosomes with DEAE-dextran

Count

Coacervates

2 1 Coacervate-in-proteinosome

T T T T 5 T T 6 T T ! T 4 T T 5 T T G T T .
10 10° 10 10 10 1 4

0 10
FSC-A FSC-A

I e T I B
10 10 10 10 10 10 10° 10

FSC-A SSC-A

£

K M 10mM
1607 ] SmM

25mM

120 N

Count

80

"l

0 { |
00 04 08 12 16 20
Coacervates D (um)

Fig. 2. Engineering artificial organelles within a proteinosome. (A) Schematic of engineered artificial organelles inside a proteinosome. Fluorescence microscopic
images showing (B) uncondensed FITC-labeled DEAE-dextran (green) evenly dispersed inside an RITC-labeled proteinosome (red) and (C) condensed microdroplets due
to complexation of trans-AzoGlu, and DEAE-dextran. (D to F) Flow cytometry analysis of FSC-A versus SSC-A for (D) coacervates, (E) DEAE-dextran-encapsulated proteino-
somes, and (F) proteinosomes containing condensed trans-AzoGlu,/DEAE-dextran microdroplets. (G) Comparison of SSC-A distributions showing the increase of internal
complexity as the polymer was condensed inside proteinosomes. (H to K) Fluorescence microscopy images showing distinct size distribution of microdroplet grown in-
side proteinosomes. The microdroplet diameter is strongly dependent on the DEAE-dextran concentration. Scale bars, 10 um.
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suggested the formation of coacervate droplets with condensed flu-
orescently labeled DEAE-dextran, and the surrounding red fluorescence
lumen indicated the intactness of protein membrane (Fig. 2, B and C).

Flow cytometry is a powerful tool to detect and identify different
cell populations. The analysis is especially sensitive to cellular gran-
ularity or complexity changes during cell differentiation or between
different phenotypes. Here, we applied flow cytometry to characterize
the granularity and complexity of our model protocells (i.e., coacervates,
DEAE-dextran encapsulated proteinosomes, and coacervate-
in-proteinosome protocells) with varied hierarchical levels. Figure 2
(D to G) presents the dot plot of forward-scattered light area
(FSC-A) versus side-scattered light area (SSC-A) of the above sys-
tems. In these figures, each dot represents the results for an indi-
vidual protocell analyzed by a flow cytometer. The characteristic
distribution of different protocell populations was determined by
different physical properties such as cell size and granularity. We
noticed that proteinosomes exhibited stronger FSC-A signals rela-
tive to trans-AzoGlu,/DEAE-dextran coacervate microdroplets
owing to the larger size of proteinosomes (~40 um) in comparison
with coacervates (~3.6 um). The broad distribution of SSC-A signal
indicates the varied internal granularity and complexity of differ-
ent protocells. As shown in Fig. 2G, DEAE-dextran-loaded pro-
teinosomes displayed higher SSC- A values than coacervate droplets,
implying the increased complexity of internal structures. When DEAE-
dextran was further condensed into droplets inside proteinosomes,
the hierarchical system exhibited an even higher SSC-A signal in-
tensity. Overall, the forward and side-scattered light profiles con-
firmed the encapsulation and condensation of DEAE-dextran inside
proteinosomes.

We noticed that the condensed microdroplets inside proteino-
somes (~1 um; Fig. 2H) are much smaller than those formed in the
free space (~3.6 pm; fig. S4, B and C). In principle, the size of micro-
droplets was determined by the amount of polyelectrolyte available
from the surrounding. In a bulk solution, the microdroplets grow
over time due to continuous polyelectrolyte recruitment and drop-
let coalescence (fig. S13). However, this was not the case inside pro-
teinosomes because the protein layer served as a semipermeable
membrane that prevented DEAE-dextran from diffusing out and
harvested additional trans-AzoGlu, from environment (fig. S14). As
a result, the microdroplets can only recruit polyelectrolyte (DEAE-
dextran) trapped inside each proteinosome and the size will be
much smaller than that of those formed in open environments. To
validate this hypothesis, we determined the size of proteinosome-
bound microdroplets by changing the concentration of DEAE-dextran
initially trapped inside proteinosomes. We observed microdroplet
growth dependent on DEAE-dextran concentration (Fig. 2, Hto J).
As expected, a higher polyelectrolyte concentration resulted in larger
microdroplets. The diameter of proteinosome-bound microdroplets
increased from 0.4 um to 0.7 and 1.1 um when the concentration of
DEAE-dextran rose from 2.5 mM to 5 and 10 mM, respectively.

Signal processing and biological computing

of complex protocell

The protocells made of trans-AzoGlu,/DEAE-dextran microdroplets
in proteinosomes offer a versatile platform to condense biomacro-
molecules (e.g., protein, enzyme, and DNA) under confinement
and recruit small molecules [e.g., adenosine 5’-triphosphate (ATP)]
from outside the protein membranes (Fig. 3A). Especially, the coa-
cervation upon external stimuli (e.g., light and pH) in bulk solution
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can be transferred to an intelligent, miniaturized coacervate-in-
proteinosome protocell system within a confined space. We took ad-
vantage of this system to exert control over biomolecular condensation
and thereby to regulate their biological activities, which was regarded
as a biomimetic process of microdroplet-mediated biological functions.

We demonstrated that the coacervate-in-proteinosome protocells
were able to spatially control the condensation of genetic materials
such as a single-stranded DNA. To this end, fluorescence-labeled
ssDNA (TAMRA-ssDNA) chains were introduced into proteino-
some together with DEAE-dextran. The homogeneous red fluores-
cence indicated that ssDNA was not condensed at the initial stage
(movie S2 and fig. S15). Immediately after the addition of trans-
Az0Gluy, a series of bright fluorescent clusters emerged inside the
proteinosome, suggesting rapid molecular diffusion and perme-
ation across the protein membrane. The coacervation facilitates the
efficient partition of ssDNA into the artificial organelles (Fig. 3B
and movies S3 and S4). ssDNA condensation can be actively medi-
ated with external light irradiation. Upon exposure to UV light, the
strength of fluorescence from microdroplets gradually decreased
and disappeared after 24 s, indicating the disassembly of coacervates
and the release of ssDNA (Fig. 3C, movie S5, and figs. S16 and S17).
When switching to blue light, coacervate microdroplets emerged
along with the condensation of ssDNA chains (movie S6 and fig.
$18). The actively controlled membraneless condensation of nucle-
ic acid represents a model system mimicking the spatiotemporal
organization of eukaryotic chromosomes.

The harvesting of biomolecules by coacervate microdroplets in a
confined proteinosome may be regarded as a model process that
mimics organelle-coordinated biochemical reactions. To elucidate
this functionality, we exploited coacervate-in-proteinosome proto-
cells to simultaneously encapsulate enzymes and corresponding sub-
strates such that the catalytic reactions can be accelerated. To this
end, we enclosed horseradish peroxidase (HRP; Fig. 3D) inside
coacervate-in-proteinosome protocells and recruited the enzyme
substrate, 10-acetyl-3,7-dihydroxyphenoxazine (Amplex Red), from
the external surroundings. The substrate diffused across the semi-
permeable proteinosome membranes and was subsequently harvested
by trans-AzoGlu,/DEAE-dextran microdroplets within the proto-
cells. The addition of H,O; to the surrounding solution initiated
HRP-catalyzed oxidation reaction of nonfluorescent Amplex Red
and converted it into a fluorescent product (resorufin). In comparison
with that for free enzymes in a bulk solution, the oxidation reaction
was accelerated due to the accumulation of HRP inside the coacervates
within proteinosomes (Fig. 3E). The confinement effect was further
amplified when HRP was condensed by coacervate-in-proteinosomes.
By contrast, when the coacervate-in-proteinosome protocells were
exposed to UV light, the microdroplets were disaggregated (fig. S19),
leading to a reduction of the catalytic reaction rate (Fig. 3E). Similarly,
co-encapsulation of glucose oxidase (GOx) and HRP by coacervate
microdroplets within proteinosomes (fig. S20) was also found to in-
crease the cascade reaction rate (fig. S21). The acceleration of catalytic
reactions inside coacervates was likely due to the macromolecular
crowding from coacervation, as well as the spatial proximity effect
from co-encapsulation of enzymes and substrates (46, 47). Therefore,
trans-AzoGlu,/DEAE-dextran microdroplets confined within pro-
teinosomes serve as artificial organelles that can harvest biomolecules
and coordinate enzymatic reactions.

We further explored the possibility of constructing Boolean log-
ic gates using the artificial organelles presented above. To develop a
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and NAND logic gates constructed from coacervate-in-proteinosome complex systems. Scale bars, 10 um.

NOR gate (Fig. 3, F and G), we prepared urease-loaded trans-AzoGlu,/
DEAE-dextran coacervates within proteinosomes and interfaced this
biosystem with UV light (Input 1) and urea (Input 2). The presence
of UV light is known to cause trans-to-cis transition of azobenzene
group and disassembles the coacervate microdroplets (0 for Output).
Similarly, the addition of urea initiated the hydrolysis of urea into
carbon dioxide and ammonia, which triggered a rapid increase in the
pH of the solution (fig. S22). This subsequently caused the dissociation
(0 for Output) of coacervate microdroplets inside proteinosomes
(fig. S23). This system can thus be described as a NOR logic gate, where
the activity (viz., coacervate formation, 1 for Output) was observed
only in the absence of both signals (UV light and urea) (fig. S24). In
another system, we developed a NAND gate (Fig. 3, H and I) by inte-
grating a cascade enzyme reaction within coacervate microdroplets.
To this end, we incorporated B-galactosidase (B-gal) and GOx into
the coacervates by co-condensation (fig. S25) and used lactose and
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oxygen as two inputs. B-Gal is able to catalyze the conversion of lactose
into galactose and glucose; the latter can be further oxidized into
gluconic acid by glucose oxidase and oxygen. This cascade reaction
reduced the solution pH (below ~4; fig. S26), which consequently dis-
assembled the coacervates (Fig. 1, H and I). Hence, the coacervate-
in-proteinosome system can be described as a NAND logic gate
(Fig. 3, H and I), where the activity (viz., coacervate formation within
proteinosomes, 1 for Output) was observed in the absence of either
lactose (Input 1) or oxygen (Input 2) (fig. S27). We expect that the proto-
cells can be integrated in any artificially designed complex reacting
processes mimicking networks for multistep information processing.

DISCUSSION
In summary, we reported a tiered protocell system that consists of
membraneless coacervate microdroplets (viz., artificial organelles)
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enclosed with a protein membrane. These subcompartments of the
protocells were able to sense a variety of extracellular signals (e.g.,
photons, protons, and small molecular weight compounds) and
adapted their behaviors through a series of biochemical reactions.
The hybrid protocells have the ability to harvest biomacromolecules
(e.g., DNA and proteins) by condensing them into liquid droplets
and recruit small molecules from surroundings by penetrating
through the semipermeable protein membrane. The active control
allows effective acceleration of enzyme-catalyzed reactions in cell-
like settings. Last, we demonstrated that the Boolean logic gates
(NOR and NAND) can be implemented within the protocell system
by integrating active coacervate formation/disassembly behavior
with enzyme-involved biocatalytic (cascade) reactions. Our results
open opportunities for the construction of hierarchical protocell
compartments and flexible synthetic platforms that can be used to in-
vestigate complex metabolic reaction networks and embodied chem-
ical computation.

METHODS

Preparation of DEAE-dextran coacervates

Trans-AzoGlu, solution was stored for at least 3 days in the dark
before use to ensure complete isomerization to the trans state, and
protected from light during use by wrapping the vial with alumi-
num foil. Coacervate suspension was prepared by directly mixing
trans-AzoGlu, (20 mM, pH 6.0) and DEAE-dextran (20 mM, pH 6.0)
to reach a total concentration of 20 mM. The freshly prepared
coacervate microdroplets were incubated for ca. 15 min before use.

Phase diagram

Coacervate solutions were prepared by mixing trans-AzoGlu, (20 mM,
pH 6.0) and DEAE-dextran (20 mM, pH 6.0) solutions with different
ratios. If necessary, the solutions were further diluted with deionized
water before addition of the second component in Eppendorf tubes
to reach desired concentrations. The samples were incubated for ca.
15 min, and their coacervation behaviors were investigated on an
optical microscope. The results were obtained from three indepen-
dent experiments.

Sequestration properties of the coacervate microdroplets
Trans-AzoGlu,/DEAE-dextran droplet suspensions (50 ul) were
prepared in Eppendorf tubes, and then HPTS (1 pl, 5 uM in water),
rhodamine 6G (1 pl, 5 uM in water), Nile Red (1 pl, 2 uM in methanol),
TAMRA-ssDNA (0.3 pl, 20 pM in 50 mM tris-HCI containing
100 mM NaCl, pH 7.4), RITC-PDDA (0.3 ul, 1.5 mM in water), and
FITC-dextran (2.5 pl, 0.5 mg/ml in water) were added.

Light-induced trans/cis-AzoGlu, isomerization

and reversible disassembly/reassembly of microdroplets
Trans/cis-AzoGlu, isomerization was achieved with UV (365 nm,
30-W light-emitting diode light) and blue light (450 nm, 20-W high-
intensity discharge lamp) irradiation. For the isomerization experi-
ments characterized by 'H nuclear magnetic resonance (NMR) spectra,
0.6 ml of trans-AzoGlu, solution [6 mM in dimethyl sulfoxide
(DMSO)-dg] was used. Trans-to-cis isomerization occurred with
20-min UV light irradiation, while the cis-to-trans isomerization was
induced after 60-min blue light exposure. The isomerization pro-
cess of AzoGlu, (0.6 mM in water) was also investigated on a UV-vis
spectrophotometer with 30-s UV and 10-min blue light irradiation.

Mu et al., Sci. Adv. 2021; 7 : eabf9000 28 May 2021

For light-induced disassembly/reassembly experiments studied by
flow cytometry, 2 ml of trans-AzoGlu,/DEAE-dextran coacervate
suspension (1:1, 20 mM total concentration, pH 6.0) or AzoGlu,/
DEAE-dextran solution [1:1, 20 mM total concentration, trans/
cis states of AzoGlu, molar ratio = 31:69 (see table S1), pH 6.0] was
irradiated with 300-min UV and 60-min blue light, respectively.

Light-induced disassembly/formation processes of microdroplets
were realized by an optical microscope with UV (325 < A < 375 nm,
120-W short-arc Hg light source) and blue light (460 < A < 500 nm,
120-W short-arc Hg light source) irradiation, respectively.

For confocal laser scanning microscopy (CLSM) experiments,
disassembly/reassembly processes of microdroplets were realized
by alaser on CLSM with UV (405 nm, 30-mW diode laser) and blue
light (488 nm, 25-mW argon laser) irradiation, respectively. The
microdroplets were disassembled with 7-min UV light irradiation,
which were again condensed into the trans-AzoGlu,/DEAE-dextran
coacervates after 8-min blue light irradiation.

pH-induced disassembly and reassembly

of the microdroplets

The disassembly of the trans-AzoGlu,/DEAE-dextran coacervates
was observed when the pH was adjusted to acidic (pH < 4.5) or basic
(pH > 7.5) conditions with HCI (0.1 M) or NaOH (0.1 M).

Transmittance studies

To a freshly made trans-AzoGlu,/DEAE-dextran droplet suspension
(1:1, 20 mM total concentration, pH 6.0) in a UV-vis cuvette (3-ml
volume, 1-cm path length), a solution of HCI (0.1 M) or NaOH (0.1 M)
was added to adjust the pH values. The transmittance of suspensions
was measured at 650 nm as a function of pH on a UV-vis spectro-
photometer (PerkinElmer, Lambda 950).

Preparation of proteinosomes and
coacervate-in-proteinosome protocells

BSA-NH,/PNIPAAm proteinosomes were prepared according to a
previously reported method (13). Proteinosomes encapsulated with
DEAE-dextran/TAMRA-ssDNA or DEAE-dextran/RITC-HRP were
prepared following the above procedures. For DEAE-dextran/
TAMRA-ssDNA-containing proteinosomes, DEAE-dextran (10 pl,
120 mM monomer concentration) and TAMRA-ssDNA (2.5 pl,
100 uM) were added to BSA-NH,/PNIPAAm aqueous solution to
get a 60-ul aqueous solution, which was further added to the oil
phase to form Pickering emulsion. For DEAE-dextran/RITC-HRP-
containing proteinosomes, DEAE-dextran (10 pl, 120 mM mono-
mer concentration) and RITC-HRP (2.5 ul, 10 mg/ml) were added
to BSA-NH,/PNIPAAm aqueous solution to obtain a 60-ul aqueous
solution. To make coacervate-in-proteinosome protocells, trans-
Az0Gluy, solution (20 pl, 20 mM, pH 6.0) was added to 20 pl of BSA-NH,/
PNIPAAm proteinosome suspension at a trans-AzoGlu,/DEAE-dextran
molar ratio of 1:1.

RITC-labeled, DEAE-dextran—containing proteinosomes were
prepared as above by using a mixture of BSA-NH,/PNIPAAm and
RITC-BSA-NH,/PNIPAAm nanoconjugates (90 and 10 weight %,
respectively).

Light-induced release and capture of TAMRA-ssDNA inside
the proteinosomes

The coacervate-in-proteinosome protocells (trans-AzoGlu,/DEAE-
dextran monomer molar ratio = 1:1, 20 mM total concentration)
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were loaded with TAMRA-ssDNA (4.2 uM). The mixture was exposed
to UV light (405 nm, 30-mW diode laser) for 24 s to disassemble the
microdroplets and release TAMRA-ssDNA inside the proteinosomes.
To condense TAMRA-ssDNA within coacervates, the mixture was
irradiated with blue light (488 nm, 25-mW argon laser) for 40 s.

Enzyme-mediated peroxidation in
coacervate-in-proteinosome protocells

The HRP was encapsulated inside coacervate-in-proteinosome pro-
tocell following the protocol as below. Typically, 12 ul of trans-AzoGlu,
solution (20 mM) was added to 80 ul of proteinosome suspension
[50 mM phosphate-buffered saline (PBS) buffer, pH 6.0] with en-
capsulated HRP (6.25 pg/ml) and DEAE-dextran (3 mM). The mix-
ture was further diluted with 8 pl of PBS buffer (50 mM, pH 6.0). To
test the catalytic reaction, 100 pl of HRP-encapsulated coacervate-
in-proteinosome protocell suspension and 1 ul of Amplex Red solu-
tion (250 uM in DMSO) were added to 96-well plates (Thermo
Fisher Scientific; lighttight, flat bottom, nonsterile). The mixture
was incubated at room temperature to ensure that the sequestration
of the substrate into the coacervate phase had reached equilibrium.
Subsequently, a solution of H,O, (42.5 pl, 14.7 uM) was added to
initiate the HRP-mediated peroxidation reaction. The fluorescence
intensity (excitation = 530 + 10 nm, emission = 590 + 10 nm) was
monitored on a microplate reader (CLARIOstar Plus) over 250 s.

In a control experiment, 100 pl of coacervate-in-proteinosome
protocell dispersion was irradiated with UV light (365 nm, 30-W
light-emitting diode light) for 24 s to induce trans-to-cis transition
of AzoGlu, inside proteinosomes. The catalytic reaction was inves-
tigated following the above protocol.

In other control experiments, 100 pl of HRP-encapsulated pro-
teinosome (coacervate-free) suspension containing DEAE-dextran
(2.4 mM) and HRP (5 pg/ml), 100 ul of HRP-contained trans-AzoGlu,/
DEAE-dextran coacervate suspension (4.8 mM total concentration,
5 ug/ml HRP), and 100 pl of freshly prepared HRP solution (5 ng/ml)
were prepared separately to study the catalytic reaction following
the protocol as described above.

HRP/GOx-mediated cascade reaction in
coacervate-in-proteinosome protocells
Coacervate-in-proteinosome protocells doped with HRP (6.25 ug/ml)
and GOx (3.2 pg/ml) were prepared in a similar manner. The cas-
cade enzymatic reaction was initiated by addition of glucose solu-
tion (0.4 mM), and the catalytic reaction was investigated following
the above protocol.

Urease-mediated pH changes

The urease solution (50 ul, 0.4 mg/ml) was adjusted to pH 6.0, and
a solution of urea (1.3 ul, 0.5 M) was added to initiate the urease-
mediated catalytic reaction.

B-Gal/GOx-mediated pH changes

Fifty microliters of a mixture solution of B-gal (0.05 mg/ml) and GOx
(0.2 mg/ml) was adjusted to pH 6.0, and a solution of lactose (5 pl,
0.5 M) was added to initiate the cascade enzymatic reaction.

Constructing Boolean logic gates in
coacervate-in-proteinosome protocells

To construct a NOR logic gate, coacervate-in-proteinosome protocells
(trans-AzoGlu,/DEAE-dextran, 1:1, 20 mM total concentration)
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doped with urease (0.4 mg/ml) were prepared following the above
protocol. To this mixture, a solution of urea (1.3 pl, 0.5 M) was added
to initiate the catalytic reaction. The dissociation of microdroplets
was imaged by CLSM.

To construct a NAND gate, coacervate-in-proteinosome protocells
doped with B-gal (0.05 mg/ml) and GOx (0.2 mg/ml) were prepared
in a similar manner. The cascade enzymatic reaction was initiated
by addition of lactose solution (5 pl, 0.5 M), and the stability of coace-
rvate microdroplets inside proteinosomes was recorded on a CLSM.

DFT calculations

NWChem was used for the quantum chemical calculation (48).
Similar to literature (49, 50), DFT calculations used the B3LYP
exchange-correlation and 6-31G basis set. The solvent effect was con-
sidered by using “conductor-like screening model” (COSMO) (51).
The dielectric constant used for water was 78.4. The radius of atoms
was taken from Stefanovich and Truong’s work (52). In the plot of
electrostatic potential, red stood for negative potential, while blue
represented positive potential.

Optical and fluorescence microscopy

Optical and fluorescence microscopy experiments were recorded on
a Leica DMIS inverted microscope using a x100 oil immersion lens
[HCX PL APO, 1.4 numerical aperture (NA)]. Fluorescence imaging
was performed using a Leica DFC9000 GT setup. In situ UV and
blue light irradiation of the microdroplets were recorded on an op-
tical microscope by using a 120-W short-arc Hg light source (OSRAM
Licht AG, Germany) equipped with bandpass filters to select the
desired wavelength (UV light: 325 < A < 375 nm; blue light: 460 <A <
500 nm). Coacervate microdroplets were imaged at ca. 15 min after
formation by loading an aliquot of the suspension onto a custom-made
polyethylene glycol (PEG)-functionalized capillary slide. The droplets
were left to settle for ca. 5 min on the glass coverslip before imaging.

Confocal laser scanning microscopy

CLSM measurements were carried out on a Zeiss LSM 880 using
a x63 oil immersion lens with a diode laser (405 nm for Hoechst
33258 excitation), an argon laser (488 nm for FITC and HPTS exci-
tation, 514 nm for rhodamine 6G excitation), and a HeNe543 laser
(543 nm for Nile Red and RITC excitation).

Flow cytometry

All measurements were performed by using a Novo Cyte 2060R flow
cytometer. The samples were analyzed immediately after prepara-
tion to minimize the effect of coalescence.

For light-induced disassembly experiments, 2 ml of trans-AzoGlu,/
DEAE-dextran coacervate suspension (1:1, 20 mM total concentra-
tion, pH 6.0) in a UV-vis cuvette (3-ml volume, 1-cm path length)
was irradiated with UV light (365 nm, 30-W light-emitting diode
light). The samples were analyzed by flow cytometry after 0-, 60-,
120-, 180-, and 300-min UV light exposure, respectively.

For light-triggered reassembly experiments, 2 ml of AzoGlu,/
DEAE-dextran solution (1:1, 20 mM total concentration, pH 6.0) was
irradiated with blue light (450 nm, 20-W high-intensity discharge
lamp). The samples were analyzed by flow cytometry after 0-, 30-,
and 60-min blue light irradiation, respectively.

For pH-induced disassembly/reassembly experiments, 2 ml of
trans-AzoGlu,/DEAE-dextran (1:1) coacervate suspension was an-
alyzed after adjusting the pH values between 1.0 and 10.0.
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All the flow cytometry measurements were recorded at a flow
speed of 10 pl/min for 2 min, and the particle number was counted
in 30 s.

2D pseudo-color dot plots of the FSC and SSC light for 100-ul aqueous
dispersions of trans-AzoGlu,/DEAE-dextran coacervates, DEAE-
dextran-containing proteinosomes, and coacervate-in-proteinosome
protocells were determined for a total of 20,000 events at a flow
speed of 6 pl/min.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabf9000/DC1
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