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Abstract: Elastin-like polypeptides (ELPs) have been proposed as a
simple model of intrinsically disordered proteins (IDPs) which can
form membrane-less organelles via liquid-liquid phase separation
(LLPS) in cellular milieu. Herein, fluorescently labeled ELP is studied
in cytomimetic aqueous two-phase system (ATPS). Droplet-based
protocells are obtained in a microfluidic system, allowing for
confinement, temperature changes and statistical analysis. The
spatial organization of ELP is observed in such binary ATPS

macrocrowders. In addition, owing to switch of conformational states,

dynamic formation and distribution of ELP-rich droplets within the
artificial cytoplasm is triggered by temperature. Three-dimensional
structured proteins are concurrently encapsulated along with ELP in
synthetic cells and distinct partitioning properties of these proteins
and ELP in binary polymeric phases are observed. This
underpinning discovery demonstrates that the ability of ELP to
coacervate with temperature can be maintained inside intracellular
mimetic medium, and the preferential distribution of ELP in
macromolecular crowding.

Introduction

Compartmentalization of biocomponents is one of the essential
and vital biological functions for the evolution of living systems.
Cell, the basic unit of life, is certainly the most recognized
biological compartment that shares this function known as
cellularization, that exists in spatiotemporally concentrated and
localized reactants or protect biomaterials from damaging
environment.!" Inside cells, cellular materials are further
compartmentalized into organelles, that are either membrane-
bound vesicles or membrane-less structures, providing an
organization of bioactivity.”! Membrane-less organelles have
aroused enormous interest for their important role in many
cellular processes,®! and significant efforts have been provided
to identify the molecular principles underlying their formation.*!
Remarkable progress has been made in field of complex
coacervates based membrane-less compartments that are
believed holding great promise for mimicking subcellular
entities.”! Pioneering studies were especially carried out by
Mann and Keating, who recently demonstrated that dynamic
assembly/disassembly of membrane-less microdroplets based
upon complex coacervation can be modulated in response to
environmental stimuli, for example light or enzyme activity.
Over the last decade, with compelling evidence accumulated,
there has been a significant increasing awareness that non-
membrane subcellular structures in living cells are liquid-like
assemblies that generally contain RNA and intrinsically
disordered proteins (IDPs). It is now well admitted that they are
formed by spontaneous liquid-liquid phase separation (LLPS),
since Brangwynne and his colleagues discovered P granules in
embryo,™ heralding cell biology steps into a new phase.® IDPs
that are seen as one of the most important drivers for
constructing such liquid-like bodies,® have been estimated to
occupy over 30% among proteins in eukaryotic cell.'” They are
lacking the ftraditional ordered three-dimensional structures
existing in conventional proteins, and many of them reveal highly
repetitive and low complexity sequences. IDPs based on elastin-
like polypeptide (ELP) sequences have been recently reported
to undergo thermoresponsive phase transition and exhibit similar

structures to membrane-less
organelles.!""!

ELPs are synthetic biopolymers consisting of repetitive
pentapeptide sequences Val-Pro-Gly-Xaa-Gly, (VPGXG), where
the guest residue (X) can be any amino acid with the exception
of proline.'"? The particular feature of ELPs is to exhibit lower
critical solution temperature (LCST) phase behavior in water;
below their phase transition temperature (T:) they are soluble,
while above their T; they undergo simple phase separation to
form an ELP-rich coacervate, which is driven by an entropic
process due to hydrophobic interactions between ELP
chains.'"®° Due to these unique characteristics, ELPs have
been reported as an extremely simple but relevant analogue of
IDP."® Recently, a simple protocellular compartment was
described by compartmentalizing a library of ELPs or ELP-RNA-
binding domain inside water-in-oil emulsions to either study their
ability to form multilayered orthogonal coacervates and variable
size of hydrogels, or engineer membrane-less organelle of ELP-
RNA condensates that inhibits translation.!"! However, in those
cases ELPs were mostly manipulated in simple aqueous
medium, lowering the system complexity and limiting the
understanding of myriad possibilities of how IDP operates in cell
cytoplasm. The interior of natural cells is indeed a crowded
milieu , where IDPs abundantly locate and operate with many
other biomacromolecules.!" An aqueous two-phase system
(ATPS) composed of two neutral polymers such as dextran and
poly(ethylene glycol) (PEG) can be viewed as a simple model
system to mimic this intracellular organization, and has been
extensivelgl studied in bulk or encapsulated inside droplets and
vesicles."™ The effect of such macromolecular crowding on
structures and functions of ordered proteins is rather well
documented. However, much less is known about how the
complexity of the cell interior might affect structural and
functional behavior of IDPs that can themselves phase separate.
In the present paper, we first demonstrate that in bulk phase
ATPS emulsions, ELP shows preferential localization between
binary polymeric phases. However, phase separation of ELP
has not been observed efficiently when sample is heated above
T:. Next, two types of microdroplet-based cell-like constructs are
generated by microfluidics, in which synthetic cytoplasmic
organization (ATPS) and fluorescently labelled ELP (artificial
IDP) with/without well-defined natural proteins and enzymes,
namely bovine serum albumin (BSA), horseradish peroxidase
(HRP) and concanavalin A (Con A), are simultaneously present.
When temperature is set below Ti ELP exhibits similar
pronounced partitioning preference between two polymeric
phases in protocell constructs. Upon heating, ELP is able to
respond to temperature change and phase separate, enriching
at liquid-liquid interface of ATPS or internalizing into dispersed
dextran phase. The process of coacervation and spatial
distribution is completely reversible upon lowering the
temperature below the T; of ELP. To further increase complexity
of artificial cytoplasm, proteins of BSA, HRP and Con A, are
individually added to ATPS and ELP system. Through injection
into oil phase at high temperature, single emulsions are formed
holding a homogenous phase in the compartments. With
temperature decreasing below ELP’s transition temperature,
temperature-regulated phase separation of ATPS can rapidly
occur and ELP consequently enriches in one phase of
dextran/PEG system. In addition, specific partitioning behaviors

phase separated IDP in
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of each protein between dextran and PEG phases can be seen.
Similar to ELP behaviors at high or low temperature in previous
case, dynamic formation/dissolution and re-localization of ELP
coacervates can be clearly observed. Our findings based upon
combination of ELP and artificial cytoplasmic system, especially
when they are compartmentalized inside protocells, may allow
for the building of a cell-mimicking system with a higher degree
of hierarchical complexity.

Results and Discussion

Aqueous biphasic systems, namely mixtures of two neutral
polymers or a polymer and a salt, can phase separate through
segregation into two regions where one polymer is enriched in
another component, driven by predominantly repulsive
interactions  between  macromolecules."”’  To  mimic
biomacromolecules crowded nature of cells’ interior,"™ a
classical solute pair of dextran and PEG was used in the present
work. Indeed, it has been reported that at certain molar masses
and concentrations of each polymer, segregative phase
separation can be initiated by temperature.''”"® Considering that
thermo-responsive ELP is incorporated with the ATPS, phase
diagrams of dextran/PEG system at 10°C and 50°C (Figure S1,
Supporting Information) were determined by cloud point titration
method to identify threshold concentrations under which ATPS
could demix, forming two immiscible aqueous phases. In this
phase diagram, regions of two-phase and single-phase were
segregated by coexistence curves, where phase separation is
observed above the curve, while the ATPS solution exists as a
homogeneous phase below the curve.l"® Varying temperature
from 10°C to 50°C, the curve of phase diagram shifted towards
higher concentration of PEG and dextran, leading to an
increased compatibility of the system. To generate bulk phase
ATPS water-in-water droplets, which are further used to
investigate partitioning behavior of the ELP, various
concentration ratios between dextran and PEG in the two-phase
region were tested. In a typical experiment, the concentrations
used for dextran and PEG were 4 wt% and 8 wt%, respectively,
allowing the formation of stable dextran-in-PEG droplets at both
10°C and 50°C (Figure S1, Supporting Information).

ELPs that serve as model IDPs for their temperature-sensitive
phase behavior have been widely characterized and have been
demonstrated to build liquid granules inside microdroplets.['421%
We specifically focused this study on ELP containing periodically
spaced methionine residues in the guest position, namely
ELP[M+V3-60] following established nomenclature (Figure S2,
Supporting  Information).?® This ELP was produced
recombinantly in Esherichia coli bacteria and purified by inverse
transition cycling (ITC) as described previously."®"! In order to
visualize preferential localization of artificial IDP inside
dextran/PEG system, a BODIPY dye was selected to
fluorescently label ELP[M1V3-60] at the N-terminal end (Figure
S3 and S4, Supporting Information). To examine purity of
BODIPY labelled ELP, named BDP-ELP[M;V3-60], SDS-PAGE
electrophoresis analysis was conducted on the ELP after
purification by ITC. This analysis evidenced that the fluorescent
ELP product is free of excess dye molecules (Figure S5, see the
Supporting Information for full experimental detail). We then
evaluated the ftransition temperature (T:) of the resulting
BODIPY-labeled ELP at 0.25 and 0.125 mg mL™" in each
polymer phase, respectively (dextran 4 wt% or PEG 8 wt%) (See
more details in the Supporting Information). At both
concentrations of 0.25 and 0.125 mg mL™" in dextran solution,
BDP-ELP[MV3-60] exhibited phase transition around 30°C
(Figure  S6, Supporting Information), confirming that
fluorescently tagged ELP can experience thermally induced
phase transition in between 10 to 50°C in only dextran and PEG
aqueous phases of the ATPS system. However, we have

noticed that transition temperatures of ELP in macromolecular
crowding environment shift to lower temperature, which can be
attributed to the increased hydrophobicity of ELP when mixed
with PEG or dextran, as a result of the interaction between
macromolecules and water molecules that leads to the reduction
of swelling of polypeptide chains.

To determine the effect of microcompartmentalization induced
by phase separation of ATPS on the distribution of ELP and its
ability to form coacervates, BDP-ELP[M:V3-60] in APTS was
analyzed by fluorescent confocal microscopy. As temperature is
a crucial parameter to control over ELP phase state, we
compared behaviors of the ELP when temperature is above and
below Ti.. We first tested BDP-ELP[M;V3-60] (0.25 mg mL™)
within dextran/PEG mixture through vortex mixing, generating
dextran-in-PEG bulk phase emulsions. Initially the bulk
emulsions were imaged at 10°C, below ELP transition
temperature (Figure 1 a). Dextran-in-PEG droplets were well
fabricated, highlighted by tracking fluorescein labelled dextran.
ELP showed markedly uneven spatial distribution between
dextran/PEG phases, with no obvious accumulation in the
dextran droplets, but significant BODIPY signal was detected in
the continuous PEG region, indicating BDP-ELP[M1V3-60] can
partition towards PEG fraction in a highly selective manner. We
reasoned that this strong partitioning could be attributed to the
molecular structure of PEG which differs from that of dextran.??!
Indeed, PEG is a highly hydrophilic polymer that contains highly
coil-like flexible chain and ELP is in fully hydrated polymer chain-
like conformation at 10°C (below the T;), resulting in the
preferential distribution of the ELP into PEG phase (Figure 1 a2),
as compared to dextran that is stiffer and less hydrated at this
temperature. To assess the influence of thermally induced
phase transition of ELP on its distribution within bulk ATPS
emulsions, we then monitored the BODIPY fluorescence signal
upon heating the sample above its T up to 50°C. At high
temperature, dextran droplets structurally remained stable
(Figure 1 b1). As a consequence of the conformational change
from coiled chain structure to coacervate form at the
temperature higher than T;, ELP is expected to phase separate
in the PEG-rich phase. A spatially inhomogeneous organization
of ELP and decrease of fluorescence occurred at 50°C, as a
result of nanoscale ELP coacervates that were formed during
the increase of temperature in the imaging chamber (diameter 9
mm; thickness 0.12 mm); however nano-sized coacervates
would be fairly diluted in PEG environment consequently leading
to undetectable coacervation of ELP based upon fluorescence
imaging (Figure 1 b2). We further decreased the temperature
back to 10°C, and the same initial fluorescence levels were
observed (Figure 1 c), attesting the reversibility of the process.
From this first series of experiments, one can then conclude that
our artificial IDP based on BDP-ELP[MV3-60] specifically
localizes in the PEG phase of the APTS independent on the
applied temperature.
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Figure 1. Distribution of BDP-ELP[M;V3-60] in the bulk phase dextran/PEG
emulsion system. (a.b.c) Confocal images and schemes (not to scale) of BDP-
ELP[M;V3-60] within dextran-in-PEG droplets at 10, 50 and 10°C respectively.
(a) 10°C. (b) 50°C. (c) 10°C.

Despite size of bulk phase dextran-in-PEG emulsions lie in
microscale, PEG-rich region is a macroscopic phase in which
as-formed ELP coacervates might be at relatively low local
concentrations, resulting in difficulties of visualizing phase
separation efficiently. Water-in-oil emulsions constructed by
droplet-based microfluidics are simple yet powerful entities to
encapsulate multiple complex solutions towards synthesis of
artificial cells. We then developed a microfluidic strategy to
generate microdroplets in which nanoliter cytomimetic system
and the IDP analogue were enclosed simultaneously. To
emulsify two polymer phases of ATPS into single droplets
surrounded by an oil continuous phase, we used a capillary-
based microfluidic device. The device was built from a theta (6)
shape injection capillary with two separate channels that is
tapered to a narrow tip and slightly inserted in a second
cylindrical capillary which is used as collection channel for
produced microdroplets (Figure 2 a). As demonstrated in
previous bulk ATPS emulsions experiments, strikingly selective
partition of ELP to PEG-rich phase occurred at both
temperatures above and below T:. To examine partitioning ability
of ELP, 0.5 mg mL™" fluorescent BDP-ELP[MV3-60] was mixed
with 8 wt% of dextran (with 0.2 mg mL" FITC-dextran) in one
stream and 16 wt% of PEG was flowed as the second solution
through another channel. An oil phase (TEGOSOFT
DEC/mineral oil) with a non-ionic surfactant (ABIL EM 90) was
pumped into the device through the interstice between
cylindrical and square capillaries to merge and pinch off two
aqueous flows at the aperture forming water-in-oil microdroplets
(Figure 2 b). Syringe pumps were utilized to introduce two
aqueous streams into the device at the same flow rate.
Therefore a volume ratio of 1:1 between the dextran and PEG
phase could be precisely achieved, making sure that
concentrations of solutes in as-prepared microdroplets were
exactly the same as those in previously prepared bulk phase
emulsions.

By fabricating droplets via microfluidics, monodispersed single
emulsions and interior phase-separate dextran droplets were
produced with mean diameters of 195 uym and 113 pm
respectively (Figure 2 c,d), indicating every single microdroplet
harbors identical contents of dextran/PEG system as well as the
fluorescent ELP. As-formed droplets were collected using
continuous oil solution and imaged immediately at 10°C. We
likewise observed that BDP-ELP[M:V3-60] rapidly partitioned
towards PEG-rich phase from dextran solution, which is in good
agreement with our previous observations in bulk ATPS
emulsions (Figure 2 c). After the incubation at 10°C for 15
minutes, ELP distribution was in equilibrium and its spatial
organization inside cell-like chassis was analyzed in detail by
confocal microscopy. According to the image (Figure 2 e),
fluorescence intensities of both ELP and FITC-dextran can be
acquired by line intensity profile (measured droplets n = 30),
allowing quantitative determination of distribution of each
fluorescent product within protocells. In the corresponding
intensity profile (Figure 2 f) it is clearly seen that a significant
amount of ELP appeared in PEG-rich environment and the
fluorescence signal emitted from ELP dramatically dropped 90%
in the dextran-rich lumen, where in contrast with FITC-dextran
signal remained steadily.
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Figure 2. Encapsulation of BODIPY labelled ELP inside protocellular
compartments via paired emulsions. (a) lllustration and (b) optical image of
formation of paired emulsions by microfluidics; here, the upper phase is
dextran and ELP while the lower phase is PEG. (c) Confocal images of as-
prepared microdroplets where green indicates dextran phase labelled by
FITC-dextran; blue represents BODIPY tagged ELP that concentrates in the
PEG phase; bright field and merged channel. (d) Size distribution of emulsions
formed via microfluidics. Green bars indicate size of dextran lumen; blue is for
droplet overall diameter. (e) Confocal image of microdroplets at 10°C. Inset in
(e) shows scheme of physical states of components inside droplets. (f)
Fluorescence intensity profile shows distribution of dextran and ELP below T,
for example corresponded to white dash line in (e). Droplet number for
fluorescence intensity profile n = 30. Plots show the average values, with the
shaded region indicating standard deviation.

To determine how the confinement may impact on thermal-
responsive phase separation of the ELP, the droplets were
heated well above the T; (50°C), and image acquisition was
started 15 minutes equilibrium to guarantee a uniform
temperature within imaging petri-dish. Interestingly, in such cell-
mimicking compartments, phase transition of the ELP was
thermally triggered and resulted in the formation of clearly visible
coacervates, whose dynamics could be readily followed. As
shown in Figure 3 a, at 50°C, dextran lumen was thoroughly
encircled by phase separated ELP entities, denoting these
puncta bodies condensed from PEG-rich and progressively re-
distributed mostly at the interface of dextran/PEG phases.
Having ELP conformation changed into protein-rich assemblies
at a temperature well above the T;, within dextran/PEG system,
the PEG phase largely excludes these coacervates since it is
occupied by flexible chains and therefore cannot provide ideal
environment for ELP-rich droplets. On the contrary, nanosized
void space, existing in the dextran phase, is driving these ELP
droplets to move at the interface and even for some part
internalize into the dextran lumen (Figure 3 b). Consistently, in
the three-dimensional surface plot (Figure 3 c), the fluorescence
signals of BDP-ELP[MV3-60] at dextran/PEG interface and
some spots in dextran lumen were remarkably stronger than the
surrounding PEG phase.
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Figure 3. Coacervation and dynamic distribution of BDP-ELP[MV3-60] in microdroplets at 50°C and 10°C. (a) At 50°C, ELP coacervates were formed and
directed to the dextran/PEG interface. Green indicates FITC-dextran and blue is for BDP-labeled ELP. (b) Schematic illustration of ELP behavior in compartments
when T is above T:. (c) Merged channel of bright field and blue channel of microdroplets imaged at 50°C; (inset) 3D surface plot shows fluorescence intensity
coming from ELP coacervates in the region of interest indicated by red dash circle in (c). (d) Upper: size variation of dextran lumen and microdroplets against
temperature changes; bottom: volume variation of dextran lumen, PEG phase and microdroplets in response to temperature changes (number of droplets
measured n = 30). (e) Rehydration and relocation of the ELP when temperature is cooled down to10°C, below T:.
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Therefore, observations in these microdroplets differed from bulk
phase emulsions, both in terms of the formation of ELP
coacervates and their spatial re-organization. We reasoned the
different behaviors stem from two aspects: (i) the volume in a
microdroplet is around 4.38 nanoliter, as compared to the
volume of an imaging spacer that is 7634 nanoliter, meaning
that in protocellular compartments the local concentration of
condensed coacervates would be higher. This difference in local
concentration of ELP coacervates allowed these puncta to
readily fuse into larger size and spatially arrange towards the
interface and dextran core; (ii) interestingly, we found during the
incubation at 50°C, the PEG phase dehydrated as attested by its
decreased average volume while the dextran phase enriched in
water and increased its overall volume (Figure 3 d). This
consequently led to a slight increase of ELP concentration in
PEG phase, which may promote its coacervation and re-
localization. Taken together, the strategy of
microcompartmentalization enables a particularly efficient phase
separation and associated dynamic distribution of ELP-rich
assemblies to occur, offering increased feasibility of using
droplet-based protocells to investigate IDPs. Furthermore, to
demonstrate the reversibility of this dynamic
assembly/disassembly phenomenon of such protein-rich
droplets and their spatial organization, the temperature was
lowered back to 10°C. The ELP coacervates readily rehydrated
and re-dispersed, leading back to the same initial repartition into
PEG-rich phase (Figure 3 e). To further confirm this specific
behavior of our artificial IDP in cellular mimetic system, we
reduced ELP concentration to 0.125 mg mL™ and observed the
exact same phenomenon (Figure S7, Supporting Information).
Based upon these observations, the compartmentalized
temperature responsive ELP can not only toggle between
homogenous phase and phase-separated coacervate, but also
can reversibly and dynamically move between PEG-rich phase
and dextran-PEG interface. Such mimic of the dynamics of
reversible assembly of protein coacervates in polymer-based
cytomimetic system can provide enlightened understanding of

coacervation of  protein  clusters  within  subcellular
compartments.>!
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Figure 4. (a) Phase diagram in which a green circle marks the composition
used in this experiment (3.6 wt% dextran and 3.8 wt% PEG). (b) lllustration of

microdroplets formed by single emulsion microfluidic device. Grey-colored
droplet indicates its homogeneous form at 50°C; Yellow-blue core-shell droplet
represents droplet with phase separation of ATPS, ELP and protein. (b1)
Scheme of a microdroplet prepared at 50°C prior to phase separation showing
homogeneous spatial distribution of all components; (b2) Scheme of a
microdroplet at 10°C in which ATPS and protein phase separate, with ELP
largely enriched in PEG phase. (c) Optical image of generation of water-in-oil
single emulsions at 50°C.

In living cells, membrane-less subcellular structures are
ubiquitous, and enable spatiotemporal control of biological
reactions. These membrane-less organelles are liquid-like
architecture, that form via protein phase separation in the
cytoplasm.® Having accomplished dynamic modulation of
assembly/disassembly of phase-separated IDP-rich droplets and
spatial regulation of their localization inside cellular
compartments with artificial cytoplasm encapsulated, we further
explored cell-mimicking potential of our macromolecularly
crowded protocells. To this end, we extended the complexity of
the cytomimetic system, three types of well-structured and
functional proteins: BSA, HRP and Con A were individually
introduced to a single-phase ATPS together with BDP-
ELP[M+V3-60]. All these proteins were labelled with rhodamine
fluorophore allowing to spectrally visualize both protein and ELP
in protocells. We started with a solution mixture that is pre-
heated at 50°C including a single-phase ATPS, ELP and single
protein. By changing temperature below or above ELP Ti, both
processes of partitioning of ELP and proteins along with phase
separation of one-phase dextran/PEG system were monitored,
and dynamic coacervation of ELP was also investigated. In this
instance, to firstly reach a single-phase ATPS, a concentration
ratio of 3.6 wt% dextran and 3.8 wt% PEG was used upon the
phase diagram. The temperature-dependent phase separation
property of ATPS was confirmed in bulk solution (Figure 4 a and
Figure S8, Supporting Information). Microfluidic device was
developed by replacing the theta (8) shape capillary with a single
channel cylindrical capillary to produce water-in-oil single
emulsions at high-throughput (Figure 4 b,c). Typically, a solution
of ATPS of 3.6 wt% dextran $0.1 mg mL™ FITC-dextran) and 3.8
wt% PEG, and 0.25 mg mL™ of both ELP and protein was pre-
mixed at 50°C and used as dispersed phase. The same oil
phase (TEGOSOFT DEC/mineral oil) was used as continuous
phase. To tune the generation of emulsion droplets in the
dripping regime, typical flow rates for aqueous and oil phase
were 500 and 5000 pL h™', respectively. It was important that
during the formation process, the aqueous phase was kept at
50°C, rendering a homogenous cyan-colored phase inside
single emulsions, attesting that green fluorescent dextran tracer,
rhodamine-protein (red) and BODIPY-ELP coacervates (blue)
were uniformly localized within protocells (Figure 4 b1). Upon
cooling to 10°C below ELP T;, spontaneous phase demixing of
dextran/PEG system drives rehydrated ELP and FITC-dextran
into PEG and dextran regions separately, while the distribution
of protein depends on its nature and interactions with each
polymeric phase (Figure 4 b2).
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Figure 5. Representative confocal images of Rh-BSA, BDP-ELP[M,V3-60] and ATPS within microdroplets at different temperatures showing thermally induced
dynamic organization and motion of the ELP-rich droplets and spatial organization of protein and ELP. (a) Microdroplets are initially imaged at 50°C. (b) 10°C. (c)

50°C and (d) 10°C.

First, we tested Rh-BSA using the aforementioned approach.
After production and collection of microdroplets off the
microfluidic device, single emulsions were imaged instantly at
50°C. Figure 5 a shows that inside monodispersed microdroplets,
fluorescence signals for FITC-dextran, rhodamine and BODIPY
were uniform, indicating that a homogenous phase was
successfully created. To activate the phase separation,
temperature was set down to 10°C at which dextran and PEG
will demix from homogenous phase creating a two-phase
system. With decreasing temperature, the onset of phase
transition was initially captured around 30°C. Once temperature
reached 10°C, emulsions were subsequently maintained for 15
minutes. In this period, the dynamics of dextran condensed from
surrounding ATPS was continuously monitored showing that
small, discrete dextran droplets appeared and fused with one
another, enlarging in size and eventually forming a dextran
lumen (Video S1, Supporting Information). After reaching
equilibrium at 10°C, confocal images of these emulsions
obviously exhibited that respective segregation of each
components: Rh-BSA particularly enriched in dextran phase as
native BSA molecules readily partition into dextran-rich phase
whilst ELP mostly accumulated within PEG shell (Figure 5 b).
The observations revealed that ATPS for a given concentration

ratio of dextran/PEG phases is strongly capable of selectively
distributing substances between the two phases, for instances
artificial IDP and specific three-dimensionally structures proteins.
We expanded our experiment to evaluate behaviors and
distribution of Rh-BSA and BODIPY-labeled ELP against raising
temperature back to 50°C and examined the ability of ATPS to
re-mix into a single phase. Interestingly, we found that
dextran/PEG system retained its phase-separated form at high
temperature resulting in BSA also maintaining the localization in
dextran-rich phase confirmed by the colocalization of FITC and
rhodamine fluorophores inside dextran lumen (Figure 5 c).
Similar to what we observed in paired emulsions, ELP at 50°C
phase separated forming coacervates that spatially distributed at
the dextran/PEG interface. The formation of such a “coacervate
membrane” may prevent the reorganization of ATPS back into a
single phase by lowering the surface tension at the dextran/PEG
interface (Figure 5 c), as polyelectrolytes and liposomes can
do.”¥ Consequently, the associated dynamic distribution of the
protein is inhibited, retaining its preferential localization in the
dextran/PEG system. Upon lowering the temperature to 10°C,
striking phase transition only occurred to ELP that was
rehydrated and preferentially localized in PEG-rich phase, while
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BSA was still preferentially localized in dextran lumen (Figure
5d).

To show the flexibility and versatility of our cell-mimicking
system, two other proteins were used as models to be
incorporated in the artificial cytoplasm. One is HRP (Figure 6 a-
d), an enzyme widely used in biochemistry application, and the
other is Con A (Figure 6 e-h), a protein (lectin) that specifically
binds to carbohydrate. These two proteins were also individually
introduced to dextran/PEG/ELP system in the same manner by
mixing at 50°C prior to being loaded into the microfluidic device
to form single emulsions. Immediately after production,
microdroplets contain Rh-HRP or Rh-Con A were imaged and
analyzed at 50°C. For protein of HRP, all fluorescently tagged
substances were homogenously dispersed within protocellular
system (Figure 6 a), in contrast to the case of Con A in which
dextran was slightly driven separately from the single-phase
ATPS system (Figure 6 e). We noted that Rh-Con A was rapidly
and efficiently enriched inside dextran-rich phase thanks to its
affinity nature of strong binding to carbohydrates, like dextran
(Figure 6 e).”® With decreasing temperature below ELP
transition temperature, for both HRP and Con A conditions,
gradual demixing of dextran and PEG led to the simultaneously
significant enrichment of ELP into PEG phase (Figure 6 b,f and
Video S2, Supporting Information). With regard to distribution of
HRP and Con A, no substantial difference was observed
indicating HRP remained the homogeneity within ATPS; but Con

A continuously bound to dextran phase (Video S2, Supporting
Information). To validate the temperature regulated assembly of
ELP coacervates, both samples were heated to 50°C (Figure 6
c¢,g). We observed that regardless of the types of proteins that
were co-encapsulated, ELP always efficiently formed
coacervates that were preferentially directed towards the
dextran/PEG interface (Figure 6 c,g), in agreement with previous
observations. In Figure 6 g, we noticed that Con A aggregated
inside lumen leading to an increase of fluorescence intensity,
which could be explained by the denaturation of Con A due to
the incubation at high temperature for 15 minutes. Upon cooling
samples to 10°C, the rapid dissolution of those ELP-rich droplets
and re-localization of chain structured ELP into PEG phase were
imaged as usual (Figure 6 d,h). It is worth noting, unlike BSA
and Con A that preferentially accumulate in dextran-rich phase,
HRP did not strongly favor either phase, which is in agreement
with reported previously results.?”! In this way, we demonstrated
that our macromolecularly crowded protocells are endowed with
the ability of selectively separating proteins with/without well-
defined structures via phase separation of binary polymer
phases. Significantly, in complex synthetic cytoplasm, the
striking temperature-mediated behavior of ELP is highly
reproducible and fully reversible, providing an elegant starting
point for research about dynamic coacervation within artificial
cytoplasm.
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Figure 6. Representative confocal images of Rh-HRP, ELP with ATPS (a-d) and Rh-Con A, ELP with dextran/PEG system (e-h) within cell-like compartments at
different temperatures showing thermal dynamics of the ELP coacervates and spatial organization of HRP, Con A and ELP. (a.e) Microdroplets are initially

imaged at 50°C. (b.f) 10°C. (c.g) 50°C and (d.h) 10°C.
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Conclusion

We have presented two compartmentalization strategies,
namely bulk phase emulsion and cell-like compartment, to
investigate the ability of phase separation and spatial distribution
of an artificial IDP in a biomacromolecules crowded environment
that mimics cell cytoplasm. The temperature-mediated dynamic
and spatial control of coacervation of ELP in such cytomimetic
compartment represented an advance towards synthetic cells by
uniting IDP, ATPS, LLPS and compartmentalization. The distinct
distribution property of ELP as a function of temperature allowed
us to deepen insights into possible localization of other IDPs in
the complex cellular milieu. Particularly, this work reported a
robust approach to create protocellular systems with high-order
interior complexity, which would pave the way on predicting
distribution and phase-separating behavior of IDPs in
macromolecularly crowded synthetic cells.
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Entry for the Table of Contents

Intrinsically disordered proteins (IDPs) within cellular milieu can phase separate into membrane-less organelles. The phase-
separated feature of IDPs in intracellular environment has inspired the study of spatial distribution and dynamic coacervation of a
thermo-responsive elastin-like polypeptide (ELP) as a model of artificial IDP inside synthetic cell-like chassis.
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