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Liquid-liquid phase separation plays an important role in many natural and

technological processes. Herein, we implement lateral microphase separation
at the surface of oil micro-droplets suspended in water to prepare a range of
discrete floating protein/polymer continuous two-dimensional (2D) hetero-
structures with variable interfacial domain structures and dynamics. We show
that gel-like domains of bovine serum albumin (BSA) co-exist with fluid-like
polyvinyl alcohol (PVA) regions at the oil droplet surface to produce floating
heterostructures comprising a 2D phase-separated protein mesh or an array of
discrete mobile protein rafts depending on the conditions employed. Enzymes
are embedded in the discontinuous BSA domains to produce droplet-
supported microphase-separated 2D reaction scaffolds that can be tuned for
interfacial catalysis. Taken together, our work has general implications for the
structural and functional augmentation of oil droplet interfaces and con-
tributes to the surface engineering and functionality of droplet-based micro-

reactors.

The control of phase separation in mixtures of immiscible solvents or
aqueous solutions of incompatible solutes is an important con-
sideration in areas of cosmetics', food processing®, enhanced oil
recovery’, micro-reactor technology*, bioengineering’, complex
emulsion reconstruction®, and protocell modeling’. Aqueous
liquid-liquid two-phase separation in mixtures of incompatible
water-soluble macromolecules is associated with segregative
(demixing) and associative (coacervation) processes*", and has
been used for the enrichment of DNA, extraction of proteins”, and
construction of artificial cells capable of programmable spatial
organization'®, microreactor processing'’, bacterial capture and
killing?®, and microscale motility?*. Although three-dimensional

(3D) phase separation is diverse and has many important applica-
tions, two-dimensional (2D) phase separation is strongly influenced
by spatial confinement, structural asymmetry and distinctive inter-
facial functions and dynamics such as entropy-driven pattern
formation®, restricted interfacial molecular diffusion®, and con-
trolled movement®. 2D phase separation also plays an important role
in the functioning of living cells*. Specific membrane proteins are
enriched in lipid rafts for aiding signal communication”’” and mole-
cular internalization®, and internal microstructures such as the
endoplasmic reticulum?’, mitochondria®® and lipid droplets** are
associated with surface-segregated components that mediate intra-
cellular interactions between organelles™.
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Although various assembly strategies involving liposomes?®?,
polymersomes®®, oil-water emulsion microdroplet*** or coa-
cervate micro-droplets'®?°*¢3% have been reported as pathways to
functional micro-compartments, the use of 2D phase separation
for the modulation of interfacial structure and functionality in
discrete enclosed micro-ensembles has not been explored in
detail*>**°"*, In this paper, we produce continuous floating het-
erostructures with interfacial morphology and functionality by
spontaneous lateral microphase separation of an aqueous mix-
ture of bovine serum albumin (BSA) and polyvinyl alcohol (PVA)
at the surface of oil micro-droplets. A range of different phase-
separated modes with variable interfacial domain structures and
dynamics is demonstrated. In each case, gel-like BSA domains co-
exist with fluid-like PVA regions to produce floating droplet-based
heterostructures comprising a continuous protein 2D mesh or an
array of discrete protein rafts. The latter exhibit translational
motion across the oil droplet surface depending on their domain
size and area ratio and the viscosity of the aqueous medium. We
demonstrate that active enzymes can be immobilized in the dis-
continuous BSA domains to produce discrete floating protein/
PVA droplet heterostructures capable of spatially modulated
interfacial catalysis. Our work has general implications for the
structural and functional augmentation of oil droplet interfaces,
provides a route to the spontaneous assembly of discrete con-
tinuous protein/polymer phase-separated heterostructures and

PVAin BSA BSAin PVAin BSA

2D view

Distance

3D top view

f  BsA:5mg/mL; PVA: 0.5 mg/imL

20.1%

4
63.6~

I PVAinBSA
BSA in PVA

60.5%

Phase inversion

7.8% ¢ >

PVA in BSAin PVA
Hybrid structure

Fig. 1| Lateral microphase separation on oil-in-water droplet interfaces. 2D (top
row) and 3D top view (bottom row) CLSM fluorescence images of five modes of
microphase separation observed on the surface of tributyrin oil droplets sus-
pended in water at pH 7; PVA-in-BSA (a), BSA-in-PVA-in-BSA (b), hybrid of PVA-in-
BSA and PVA-in-BSA-in-PVA (c), PVA-in-BSA-in-PVA (d) and BSA-in-PVA (e). BSA is
labeled with rhodamine B isothiocyanate (RBITC; red fluorescence). Insets on
bottom row: fluorescence intensity profiles recorded at selected positions on the
droplet surfaces (yellow dashed lines in top views). f Distribution of different
microphase separation modes at different BSA and PVA concentrations. Size of PVA

Hybrid structure

BSA: 4 mg/mL; PVA: 0.6 mg/mL

offers a step to the surface engineering of droplet-based micro-
reactors for potential use in biocatalytic processing.

Results

0il droplet-templated liquid-liquid lateral microphase
separation

Gentle shaking of an aqueous mixture of BSA (M, = 66.5 kDa) and PVA
(M,, =18 kDa) at pH 7 and room temperature with tributyrin produced
a dispersion of stabilized oil-in-water droplets with a mean diameter of
42 pm. 2D and 3D confocal laser scanning microscopy (CLSM) fluor-
escence images indicated that emulsification was associated with five
different modes of spontaneous protein/polymer lateral microphase
separation on the surface of the individual tributyrin microdroplets.
The modes included binary phase-separated microstructures (PVA-in-
BSA and BSA-in-PVA), along with more complex nested arrangements
(BSA-in-PVA-in-BSA, PVA-in-BSA-in-PVA, hybrid PVA-in-BSA/PVA-in-
BSA-in-PVA) (Fig. 1a-e and Supplementary Fig. 1). Changes in the
concentrations of BSA and PVA produced different relative percen-
tages of the various floating microstructures with PVA-in-BSA and BSA-
in-PVA being the dominant 2D microphase organizations (Fig. 1f, and
Supplementary Table 1). Irregularly shaped discontinuous PVA
microdomains dispersed in a continuous BSA phase were observed
when the protein and polymer concentrations were equal or greater
than 5 mg/mL and equal or less than 0.5 mg/mL, respectively. The size
of the floating PVA domains increased as the BSA and PVA
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(g) and BSA (h) discontinuous domains for different concentrations; samples: S1,
BSA 9 mg/mL, PVA 0.1 mg/mL; S2, BSA 8 mg/mL, PVA 0.2 mg/mL; S3, BSA 7 mg/mL,
PVA 0.3 mg/mL, S4, BSA 3 mg/mL, PVA 0.7 mg/mL; S5, BSA 2 mg/mL, PVA

0.8 mg/mL; S6, BSA 1 mg/mL, PVA 0.9 mg/mL. Data in (g, h) are presented as violin
plots, black dashed lines indicate median and gray solid line indicate quartiles
(n=1000 domains examined over 3 independent experiments). All relevant
experiments in (a-e) are performed independently at least three times with similar
results. Source data are provided as a Source Data file.
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concentrations were progressively decreased and increased, respec-
tively. For example, changing the BSA and PVA concentrations from 9
to 7 mg/mL and from 0.1 to 0.3 mg/mL, respectively, extended the PVA
domains from ca. 0.5 to 1.1 pm in dimension (Fig. 1g). Consequently,
decreasing the protein concentration below 5 mg/mL (PVA > 0.5 mg/
mL) resulted in phase inversion with the relative proportions of 2D
PVA-in-BSA and BSA-in-PVA microstructures changing from approxi-
mately 64 and 8% (BSA: PVA =5 mg/mL: 0.5 mg/mL) to 6 and 61 % (BSA:
PVA =4 mg/mL: 0.6 mg/mL), respectively. The size of the irregularly
shaped BSA domains was ca. 1.7 um at a BSA: PVA concentration ratio
of 3mg/mL: 0.7 mg/mL, and decreased to 1.2 pm at a BSA: PVA con-
centration ratio of 1 mg/mL: 0.9 mg/mL (Fig. 1h).

Molecular dynamics (MD) simulations of BSA and PVA molecules
placed near to an oil/water interface (Supplementary movie S1 and
Supplementary Figs. 2 and 3) gave BSA-BSA and PVA-PVA inter-
molecular interaction energies of -2.8x10° and -7.6 x10*kJ/mol,
respectively (Supplementary Fig. 4). In contrast, the intermolecular
interaction energy between BSA and PVA was —4.1x 10°kJ/mol (Sup-
plementary Fig. 4). The large free energy differences were consistent
with microphase separation at the surface of the tributyrin oil droplets.
We attributed the lower intermolecular interaction energy between
PVA molecules to the prevalence of intramolecular rather than inter-
molecular hydrogen bonds at the oil-water interface (Supplementary
Figs. 5 and 6). In comparison, multiple types of intermolecular

0.3 s after bleaching 30 s after bleaching
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BSA

interactions between the BSA molecules, including hydrogen bonding
(41%), charge-mediated (29%), salt bridging (26%) and hydrophobic
bonding (4%) accounted for the high protein-protein interaction
energy (Supplementary Figs. 7 and 8). The presence of additives such
as urea* and sodium dodecyl sulfate (SDS)** disrupted 2D BSA/PVA
microphase separation, while high concentrations of 1,6-hexanediol,
which is known to disrupt hydrophobic interactions**, had minimal
effect on lateral phase separation (Supplementary Fig. 9).

Interfacial microphase domain structure and dynamics

Given that the discontinuous microdomains formed by lateral phase
separation on the oil droplets were morphologically irregular rather
than circular (minimal interface energy)®”, we used fluorescence
recovery after photo-bleaching (FRAP) to determine the fluidity of 5-
([4,6-dichlorotriazin-2-yllJamino)fluorescein  hydrochloride (DTAF)-
labeled BSA and DTAF-PVA adsorbed independently at the surface of
tributyrin droplets in water. The fluorescence intensity of PVA at the
oil/water interface was almost completely recovered within 30s
(Fig. 2a, ¢), while no detectable fluorescence intensity recovery was
observed for BSA even after 600 s (Fig. 2b, d); these observations were
consistent with the presence of a fluid phase or non-mobile gel-like
microstructure, respectively. The diffusion coefficient of the surface-
adsorbed PVA molecules was 0.94 +0.19 um?%/s (Fig. 2e and Supple-
mentary Fig. 10), which was comparable to values determined for
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Fig. 2 | Interfacial microphase domain structure and dynamics. CLSM fluores-
cence images showing a single DTAF-labeled (green fluorescence) PVA-coated tri-
butyrin microdroplet before bleaching (left) and 0.3 (middle) and 30 s (right) after
laser-induced bleaching (a); corresponding CLSM images for a single DTAF-labeled
BSA-coated tributyrin microdroplet before bleaching (left) and 30 (middle) and
600 s (right) after bleaching are shown in (b). The laser-induced bleaching is highly
localized (orange circles); non-activated regions (control) are also shown (blue
circle). ¢, d Corresponding FRAP profiles showing time-dependent changes in
fluorescence intensity (FI) recorded from the orange and blue circles shown in

(a and b), respectively. Fluid and gel-like states are observed for the PVA and BSA
surface layers, respectively. e Diffusion coefficients of PVA and BSA at the tribu-
tyrin/water interface confirming the gel or fluid states of the microphase-separated
BSA or PVA domains, respectively. f Plots of complex modulus (E*) and viscosity of
BSA and PVA microphases at pH = 7 and 3 (BSA only) at the air/water interface.
CLSM fluorescence images for oil droplets with BSA (g) or PVA (h) continuous

phases showing immobile or mobile microphase-separated PVA and BSA domains,
respectively; Insets: Enlarged view of the yellow dashed area; RBITC-BSA, red
fluorescence. i Changes of Pearson’s correlation coefficient (PCC) over time
showing the relationship of the microphase-separated state compared to the initial
states. A PCC value close to 1.0 indicates that the fluorescence signals recorded at
the same positions at different times and at time t = O are highly overlapping, while
fluorescence signals approaching zero indicate that the two fluorescence signals
are not correlated. The PCC values maintain near to 1.0 over time, which demon-
strate that the relative position of the PVA domains did not change. The PCC values
gradually decrease to zero due to changes in the relative positions of the dis-
continuous BSA domains. Data in (c—f) and (i) are presented as mean values + SD,
error bars indicate standard deviations (n =3 independent experiments). All rele-
vant experiments are performed independently three times with similar results.
Source data are provided as a Source Data file.

Nature Communications | (2025)16:1897


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57141-w

phospholipids at oil/water interfaces*. The complex modulus (£*) and
viscosity (1) of the BSA phase (£*=58.6 mN/m, u=16.0 mN-s/m) were
considerably larger than those determined for PVA (E*=11.3 mN/m, and
1 =4.9 mN-s/m) (Fig. 2f), consistent with the increased intermolecular
interactions associated with the protein domains. The time-dependent
changes in the relative positions of discontinuous PVA or BSA micro-
domains on oil droplet surfaces at pH 7 were determined by 3D con-
focal microscopy imaging. The data indicated that the 2D PVA-in-BSA
microstructures remained arrested in shape, size and position (Fig. 2g)
and showed no fusion between the discontinuous PVA domains after
being stored at room temperature in the dark for over two years.
(Supplementary Fig. 11), consistent with the low mobility of the gel-like
BSA continuous phase. In contrast, the relative positions of the dis-
continuous BSA domains present in floating BSA-in-PVA micro-
structures changed over a period of hundreds of seconds (Fig. 2h, i).
The 2D trajectories of the BSA rafts across the oil/water interface
were statistically determined and shown to follow Brownian motion

with an almost linear relationship between the mean squared dis-
placement (MSD) values and time, which were modulated by the size
of the BSA domains (Fig. 3a and Supplementary Fig. 12). To ensure
adequate statistical numbers, the BSA rafts on each microdroplet were
divided into two groups according to their area with each group
comprising 50% of the population; consequently, the group containing
the smaller 50% of the domains exhibited a 1.2 times increase in MSD
after 50 s of movement compared to the set comprising the larger 50%
of islands. As each BSA raft was surrounded by many other protein
domains, the movement was more typical of restricted Brownian
motion®*, The extent of deviation from regular Brownian motion was
classified by an anomalous exponent (o =1 (regular), « <1 (restricted)).
Plots of o against area ratio (ie; surface area of BSA domain/total sur-
face area of microdroplet) of the discontinuous BSA microdomains
confirmed that the crowded array of BSA rafts restricted 2D Brownian
motion of the protein rafts with larger area ratios associated with
increased levels of restriction (lower o values) (Fig. 3b and
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Fig. 3 | Motility of microphase-separated BSA rafts on oil droplet surfaces.

a Relative mean squared displacement (MSD) ratios of BSA domain size (smaller
50% of population): BSA domain size (larger 50%) determined for oil droplet-
supported lateral BSA-in-PVA microstructures. b Anomalous exponent () of dis-
continuous BSA domains determined at different area ratios (AR). ¢ Total motion
path length of discontinuous BSA domains for AR values of 0.13 and 0.40. Trajec-
tories of floating BSA rafts for AR values of 0.13 (d) or 0.40 (e). f MSD plot of
Brownian motion of BSA domains at 0, 1.5, or 3% sodium alginate (SA) solutions.
g Diffusion coefficient (D,) of BSA domains in 0, 1.5 or 3% SA solutions. h In-situ
CLSM fluorescence images showing changes in the configuration of lateral BSA-in-
PVA microstructures floating on tributyrin oil microdroplets (BSA, 4 mg/mL; PVA,

Before remodeling

0.6 mg/mL) at an initial pH of 7 (left), followed by acidification to pH 3 (middle) and
then a decrease back to pH 7 (right). Identical numbers in the images indicate the
same droplet. i 3D fluorescence microscopy top view images of floating BSA-in-PVA
microstructures recorded at an initial pH of 7 (left), and after acidification to pH 3
(middle) followed by increasing the pH back to 7 (right). Differences in (c) calcu-
lated by unpaired T-test (two-sided), **p < 0.001. Data in (a, ¢, f, g) are presented as
mean values + SD, error bars indicate standard deviations (n =5 independent
experiments in (a), n=3 independent experiments in ¢, f, g). All relevant experi-
ments are performed independently at least three times with similar results. Source
data are provided as a Source Data file.

i After remodeling
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Supplementary Fig. 12). For example, the average distance traveled
during 50s for an area ratio of 0.13 (a=0.96) was 10 um compared
with ca. 7um at 0.40 («=0.78) (Fig. 3c). The former system also
exhibited longer trajectories that overlapped between different
domains, indicating dynamical changes in the relative spatial positions
of the protein rafts (Fig. 3d, e). The average diffusion coefficient of BSA
domains with an average size of 1.33 um for an area ratio of 0.13 was
1.76 102 pm?/s (Supplementary Fig. 12). Interestingly, the 2D trans-
lational motion of the BSA rafts was decreased when the viscosity of
the surrounding aqueous phase increased (Supplementary movie S2).
For example, the MSD in aqueous solution (1.4 x 107 pm?'s) was an
order of magnitude larger than the diffusion coefficient calculated in
1.5wt% sodium alginate solution (1.89 107> pm?/s); increasing the
alginate concentration to 3 wt% further restricted domain movement
(2.3 x10™* um?¥s) (Fig. 3f, g and Supplementary Fig. 13).

Translational movement of the BSA domains through the float-
ing phase-separated microstructure resulted in inter-domain colli-
sions and partial aggregation of the gel-like protein rafts into
irregular clusters. The degree of aggregation was reversible and
became more pronounced at pH values close to the isoelectric point
of BSA (pH 4.7) (Supplementary Fig. 14), indicating that electrostatic
repulsion between apposed edges of the BSA domains played an
important role in minimizing aggregation of the motile protein
domains under neutral pH conditions. Consequently, at high positive
or negative zeta potential values, for example at pH values of 3.5 or
9.5, respectively, repulsion between the protein domains was suffi-
ciently high that the floating BSA-in-PVA microstructures trans-
formed into a homogeneous BSA/PVA shell around the oil droplets
(Fig. 3h and Supplementary Fig. 15). This was consistent with
decreases in £* and yu to values of 23.2 and 3.8 mN-s/m, respectively,
at pH 3 (see Fig. 2f). Interestingly, in situ transformation of the
homogeneous BSA/PVA shell by returning the pH to 7 produced a 2D
BSA-in-PVA phase-separated microstructure with increased mor-
phological regularity (Fig. 3h and Supplementary movie S3). Speci-
fically, the mean size and size distribution of the BSA domains
decreased and narrowed, respectively, after remodeling (Fig. 3i). The
phase separation was not affected by different buffers or changes in
salt concentration, which ruled out the effect of these additives on
the pH-mediated changes in phase separation (Supplementary
Figs. 16, 17). In addition, nested microstructures such as PVA-in-BSA-
in-PVA were almost absent after remodeling, being replaced by the
binary PVA-in-BSA and BSA-in-PVA floating microphases (Supple-
mentary Fig. 18), indicating that the nested microphase-separated
modes were kinetically arrested.

Floating microphase-separated interfacial reaction platforms
Having established reconfigurable oil droplet-supported platforms of
2D BSA/PVA phase-separated microstructures, we sought to develop
floating continuous protein/PVA heterostructures capable of spatially
modulated interfacial enzyme catalysis. In the presence of PVA, pro-
teins such as alkaline phosphatase, [3-galactosidase, human serum
albumin, catalase, lysozyme, myoglobin and GFP spontaneously
underwent lateral microphase separation on the surface of tributyrin
oil droplets at pH 7 (Supplementary Fig. 19). In contrast, spatially
homogeneous mixtures of PVA and glucose oxidase (GOx), PVA and
horseradish peroxidase (HRP) or PVA and calmodulin (CaM) were
observed at the oil droplet/water interface (Supplementary Fig. 19).
The absence of 2D microphase separation was attributed to weak
protein-protein intermolecular attractions or strong protein/PVA
interactions, or both. Nonetheless, these proteins were enriched in the
BSA domains (Supplementary Fig. 19).

Given these observations, we generated oil droplet-supported 2D
reaction platforms with spatially distributed enzymes by specifically
enriching the discontinuous BSA domains of floating BSA-in-PVA
microstructures with GOx and HRP catalytic sites (Fig. 4a-c) and

investigated the influence of interfacial liquid-liquid phase separation
and microstructural remodeling on enzyme cascade activity on the
surface of oil microdroplets comprising three different surface con-
figurations: (i) an immobile homogeneous GOx/HRP/BSA platform:; (ii)
an as-prepared GOx/HRP-enriched BSA-in-PVA microphase-separated
platform with restricted domain motility; or (iii) a remodeled GOx/
HRP-enriched BSA-in-PVA microphase-separated platform with
increased domain dynamics (Fig. 4d). The level of enzyme loading was
the same for the homogeneous and microphase-separated oil droplet
platforms (Supplementary Fig. 20). The mole percentages of GOx, HRP
and BSA were 12, 10, and 78%, respectively, in the microphase-
separated platforms.

Measurements of the mean squared displacements and diffusion
coefficients before and after pH-mediated remodeling indicated that
the GOx/HRP-enriched BSA-based domains became more motile after
annealing, which was attributed to the decrease in mean size and more
uniform size distribution of the protein domains (Fig. 4e, f). To initiate
the enzyme cascade reaction, glucose was added to suspensions of the
different coated oil droplets in the presence of Amplex red at pH 7 and
25°C. As the enzyme cascade proceeds by diffusive transfer of GOx-
mediated H,0, to HRP and subsequent peroxidation of Amplex red,
we determined the influence of changes in the oil droplet-supported
microphase domain structure and dynamics by using CLSM to monitor
the initial rates of production of resorufin (Fig. 4g and Supplementary
Fig. 21). Specifically, under constant enzyme concentrations, the initial
reaction rates were 1.5 times slower on the homogeneous GOx/HRP
shell compared with the as-prepared floating GOx/HRP/BSA
microphase-separated catalytic platform. Moreover, the increased
level of domain movement in the remodeled phase-separated platform
increased the initial reaction rate 1.3-fold compared with the non-
annealed counterpart. The results suggest that decreasing the distance
between the enzymes by enrichment in the BSA gel-like domains of the
floating phase-separated microstructure facilitates diffusion of H,0,
from GOx to HRP, thereby increasing the initial rates compared with oil
droplets coated in a homogeneous reaction platform. The possibility
of translational movements in the 2D phase-separated platforms could
also decrease the H,0, diffusion time, thereby increasing local mass
transport*’. Consequently, the enhanced Brownian motion of the
protein domains in the annealed GOx/HRP/BSA-in-PVA microphase
further promotes transfer of H,O, from GOx to HRP to promote the
initial reaction kinetics. In contrast to previous reports**™°, although
our platform does not achieve large-scale regulation of enzyme reac-
tion rates, the phase separation-mediated changes in activity of the
microdroplets provides a platform and strategy for regulating the
surface structure and function of oil/water droplets.

Discussion

We describe a general approach to the use of oil-droplet templating
to generate a range of floating protein-polymer 2D continuous
microstructures by liquid-liquid lateral phase separation. The pro-
cedure produces a range of different phase-separated modes with
variable interfacial domain structures and dynamics, and can be
extended to different types of oil such as dodecane, tetradecane,
trichlorobenzene, trichloromethane, n-hexane, kerosene (Supple-
mentary Fig. 22) as well as non-ionic surfactant polymers such as
poly(poly(ethylene glycol) methyl ether methacrylate)-b-poly(N-iso-
propylacrylamide) (PPEGMA-b-PNIPAAm)° and Tween 80 (Supple-
mentary Fig. 23). The decreased fluidity of the BSA gel-like domains
facilitates the formation of tessellated heterostructures consisting of
a continuous protein 2D mesh, or an array of discrete protein rafts
that exhibit translational motion across the oil droplet surface
depending on their size, area ratio and viscosity of the aqueous
medium. Electrostatic interactions between the apposed edges of the
BSA rafts determine the level of reversible aggregation displayed in
the microphase structures. Moreover, enzymes can be immobilized
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Fig. 4 | Floating microphase-separated interfacial reaction platforms. 3D top
view of CLSM fluorescence images of a single tributyrin oil droplet showing parti-
tioning and colocation of RBITC-labeled GOx (red fluorescence) (a) and ATTO 425-
labeled HRP (blue fluorescence) (b) in the discontinuous BSA domains of a floating
phase-separated microstructure. ¢ Partition coefficients of RBITC-GOx (= 4.8) and
ATTO 425-HRP (=15.5) determined from the concentration ratios, [protein]zsa/
[protein]pya. d Illustration showing influence of protein domain formation and
lateral motility of floating oil droplet-supported reaction platforms on surface-
localized enzyme cascade reactions; immobile homogeneous GOx/HRP/BSA plat-
form; (left), as-prepared GOx/HRP-enriched BSA-in-PVA microphase-separated
platform with restricted domain motility (middle) and a remodeled GOx/HRP-

enriched BSA-in-PVA microphase-separated platform with increased domain
dynamics (right). e MSD plots of discontinuous GOx/HRP/BSA domains before and
after remodeling of a protein-in-PVA microphase-separated reaction platform.

f Diffusion coefficient (D) of protein microphases before and after remodeling.
g Plot of time-dependent changes in fluorescence intensity (FI) associated with
resorufin production on homogeneous or microphase-separated GOx/HRP/BSA-in
PVA floating platforms before and after remodeling. Data in (c and e-g) are pre-
sented as mean values + SD, error bars indicate standard deviations (n=>5 inde-
pendent experiments in (c), n =3 independent experiments in e-g). All relevant
experiments are performed independently at least three times with similar results.
Source data are provided as a Source Data file.

in the discontinuous BSA domains to produce floating microphase-
separated 2D reaction scaffolds that can be tuned for interfacial
catalysis. Taken together, our work on droplet-templated liquid-
liquid lateral microphase separation provides a platform for spon-
taneously generating discrete spatially patterned 2D protein/poly-
mer heterostructures and advances the microengineering of oil
droplet/water interfaces for use in biocatalytic processing.

Methods

Characterization methods

Confocal fluorescence images were recorded on a Leica SP8 Laser
scanning confocal microscope (Germany). Optical tensiometers (OSA
100, China) were employed to test the interfacial tensions and the
interfacial rheological properties of emulsion droplets stabilized by
BSA and PVA. Image J (FUI) software (Version 1.44p, USA) was
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employed to measure the velocities and trajectories of BSA islands.
Micromanipulation was carried out on fluorescence microscope
(OLYMPUS, IX73, Japan) equipped with a micromanipulation system
(Eppendorf, TransferMan 4r, Germany).

Preparation of oil-in-water microdroplets

BSA (labeled with dyes) and PVA at a range of concentrations
were co-dissolved in water at pH =7.0 (10 mM PBS). 200 pL of the
aqueous mixture was then added to 20 pL of an oil phase (tri-
butyrin in most cases) in an EP tube followed by vigorous shaking.
After settling naturally for 5 min, microdroplets deposited at the
bottom of the tube were placed into PBS (10 mM, pH=7) to
remove extraneous proteins and polymers that were not adsor-
bed to the oil-water interface.

Determination of interfacial tension and interfacial rheology
An optical surface analyzer was used to determine the complex mod-
ulus (E*) and viscosity of BSA or PVA at the air/water interface by the
pendant drop method. The complex modulus (E*) and viscosity
were determined by periodically changing the volume of the pendant
drop. Specifically, an aqueous pendant drop (80 pL) containing BSA
(4 mg/mL, pH=7 or 3) or PVA (0.6 mg/mL, pH=7) was produced in
humid air and the volume kept constant during 2-h equilibration. A
sinusoidal oscillation of the volume of droplet was performed by the
pump. The amplitude was 4 pL and the frequency was 0.1Hz. The
interfacial complex modulus (E*) and viscosity was calculated auto-
matically by the instrument.

The interfacial tension of BSA and PVA at the interface of tributyrin/
water was also recorded by the optical surface analyzer. Tributyrin
pendant drop (20 pL) was produced in the solution of BSA (4 mg/mL,
pH=7) and PVA (0.6 mg/mL, pH=7). The interfacial tensions were
measured after 2 h of incubation.

Molecular dynamics (MD) simulations

The force field was constructed by ORCA, MultiWFN and Gromacs. The
force field of BSA was AMBER99SB-ILDN constructed by Gromacs. PVA
and tributyrin were structurally optimized using ORCA. The function
was B3LYP and the base group def2-TZVP. RESP charges were assigned
using MultiWFN and the GAFF force field of the molecule was gener-
ated. The simulation was performed using Gromacs 2021.7. The size of
the simulation box was 22 nm x 22 nm x 27 nm, which contained 4 BSA,
26 PVA and 7709 tributyrin and 136,794 H,0. The water model was
SPC. 64 Na*" were used to balance the system charge to make the
system process electrically neutral.

During the simulation, 50,000 steps of energy minimization were
first performed to eliminate bad contacts in the initial structures. Then,
two equilibrium simulations were carried out: NVT (constant volume)
and NPT (constant pressure). Finally, MD simulations were performed
for 200 ns at 298.15K and 1bar pressure. The finished simulation
integrated Newton’s equations of motion using a leapfrog algorithm
with an integration time step of 2 fs. The finished product was simu-
lated using the V-rescale temperature coupling method and the Par-
rinelloRahman pressure coupling method. The nearest neighbor
search was performed using the Verlet method. The cutoff radius for
Coulomb and van der Waals interactions was 1.4nm. Long-range
electrostatic interactions were calculated using the PME method.
Long-range dispersion correction was used for energy and pressure.
After the simulation, the simulation trajectories were visualized using
the VMD 1.9.4 program.

Fluorescence labeling of proteins

A selected protein (10 mg) was dissolved in 5 mL of PBS (50 mM, pH = 8)
and then 50 pL of a fluorescent dye (dissolved in DMSO, 1 mg/mL,
RBITC, Atto 425 or DTAF) was added dropwise. The mixture was stirred
at room temperature for 5h and purified by dialysis with deionized

water for 36 h to remove unreacted fluorescent dye. Any precipitates
were removed by a syringe filter (Nylon, 0.2 um) and the protein pow-
der was obtained by freeze drying.

Fluorescence recovery after photobleaching (FRAP)
BSA-DTAF-stabilized tributyrin microdroplets were prepared. The
fluorescence was irreversibly bleached with 100% fluorescent intensity
by CLSM. The fluorescence recovery images were taken at an interval
of 30s. Confocal software (Leica) was used to calculate the fluores-
cence intensity changes with time.

Because PVA-DTAF did not undergo phase separation with
BSA, we prepared PVA-stabilized microdroplets with unlabeled
PVA. Specifically, 200 pL of PVA (1 mg/mL) was mixed with 20 pL
of tributyrin followed by vigorous shaking. After 10 min sedi-
mentation, 200 pL of PBS (50 mM, pH = 8) was added to adjust the
pH of the solution followed by addition of 1 pL of DTAF (dissolved
in DMSO, 1mg/mL). In this way, the impact of fluorescence
labeling on the liquidity of PVA could be reduced. The redundant
dye and PVA were removed by changing the supernatant to water.
The photobleaching procedure was also used with BSA-DTAF-
stabilized tributyrin microdroplets except the fluorescence
recovery images were recorded every 0.3s as the fluorescence
recovery process was very fast.

Diffusion coefficients were calculated according to a previous
method®. Specifically, the fluorescence intensity of the membrane
near the bleaching point was measured by image ). The curve was fitted
to a Gaussian function. The peak height of the curve (C,) represented
the concentration of the bleached dyes, and R, represented the
parametric half-width of the Gaussian equation when t=0s
(Ro =0.8493218 * FWHM (full width at half maximum)). (Ci0)/Cy)* and
t were fitted linearly according to formula 1-1. The slope was 8D/Ry%.
The diffusion coefficient (D) was calculated according to the slope.

2
(C““”) 1+ 80, M

Remodeling of two-dimensional phase separation

200 uL of an aqueous solution containing BSA (4 mg/mL) and PVA
(0.6 mg/mL) was mixed with 20 pL of tributyrin. After shaking and
settling, SpL of microdroplets and 10 pL of citrate buffer solution
(0.1M, pH=3) were uniformly mixed and incubated for 3 min to
transform the phase-separated microstructure into a homogeneous
structure. Then, 50 pL of PBS (0.05 M, pH=8) was added to change the
pH of the mixture to around 7 and the mixture incubated for 5 min to
promote the re-formation of the phase-separated state.

Two-dimensional phase separation in different buffers and salt
concentrations

Oil-in-water microdroplets were prepared as described above
(section, Preparation of oil-in-water microdroplets). SpL of
microdroplets were added to 500 pL of different aqueous solu-
tions (PBS, 50 mM, pH =3 or 7; citrate buffer, 100 mM, pH=3 or 7;
distilled water; NaCl, 60, 300 or 3000 mM) and the phase-
separated structures observed by CLSM.

Brownian motion statistics of protein domains

The Brownian motion of the BSA domains was recorded by a series of
CLSM 3D images with the same time interval. To obtain a more accu-
rate Brownian motion trajectory, the time interval between the two 3D
images was as small as possible. While maintaining clarity, a number of
steps were taken to enhance the speed of scanning, including setting
the scan format of the CLSM to 128*128, opening bidirectional x, only
capturing the lower part of the microsphere and setting the steps of
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the 3D scan to twenty-eight. Finally, the time interval of the 3D images
was set to 5s. To facilitate the statistics of the Brownian motion tra-
jectories, we recorded overhead views of the Brownian motion process
by CLSM and calculated the trajectories. To reduce the statistical error,
we captured CLSM images of the lower part of the sphere with the
radius angle around 90° (the red solid line in Supplementary Fig. 24),
so that the Brownian motion on the sphere surface can be approxi-
mated to the Brownian motion on the plane.

Trajectory analysis of Brownian motion

A series of CLSM 3D images were made into movies with movie
maker. The trajectories, speed and motion distance were calculated
by FIJ. Briefly, the movie was imported into FIJI. After determining the
scale, the area of interest in the movie was copied and converted to
8-bits. Adjustment of the threshold parameters was used to find
settings that would detect all protein domains and a limited number
of spurious detections. The plugin trackmate was utilized to calcu-
late information such as trajectories, speed of protein domains. The
trajectories were exported to XML file for further analysis. Finally, the
exported xml file was inputted to matlab and the MSD information
calculated.

Area ratio statistics of BSA domains

Area ratio statistics of the BSA domains was performed by FIJI.
Images after threshold setting were obtained as described above
for the Trajectory analysis of Brownian motion. For the phase
separation types PVA-in-BSA-in PVA and hybrid structures, the
internal PVA phase was also counted as a part of protein phase for
the determination of the area statistics. This was because the PVA
phase caused crowding of the BSA domains which limited Brow-
nian motion. The Fill Holes setting was performed to fill the PVA
holes inside the BSA phase. The total area of BSA phase was cal-
culated using Analyze Particles function in FIJI. The area ratio of
BSA domains was obtained by dividing the total area of the BSA
domain by the total area of the microdroplet.

The partition coefficient of RBITC-GOx and ATTO 425-HRP

The partition coefficient was determined as [protein]gsa/[proteinlpya,
where [protein]gsa and [protein]pys were the concentrations of RBITC-
GOx and ATTO 425-HRP in the BSA and PVA phases, respectively. The
fluorescence intensity was proportional to the protein concentration
of the substance. Hence, the partition coefficient was approximately
determined as fluorescence intensity in BSA phase/fluorescence
intensity in PVA phase.

Construction of enzyme reaction platforms based on lateral
phase separation

The GOx/HRP cascade reaction rates were determined using three
droplet-based platforms: (a) an immobile homogeneous GOXx/
HRP/BSA platform (homogeneously coated emulsion droplets),
(b) an as-prepared GOx/HRP-enriched BSA-in-PVA microphase-
separated platform (no remodeling; restricted domain motility),
and (c) a remodeled GOx/HRP-enriched BSA-in-PVA microphase-
separated platform with increased domain dynamics. Fluores-
cence intensity measurements on the droplet membranes were
used to ensure that the homogeneously coated emulsion droplets
and floating phase-separated microstructures contained the same
number of enzymes (Supplementary Fig. 20)). The preparation
procedure was as described above (see section, Preparation of
oil-in-water microdroplets). Solutions of RBITC-labeled enzymes
(HRP 2.3 mg/mL, GOx 10.8 mg/mL) and unlabeled BSA (10 mg/mL)
were mixed at a volume ratio of 1 to 19 as the aqueous phase of a
homogeneous oil-in-water emulsion. For the preparation of
floating phase-separated microstructure emulsion droplets, 60 pL
of a mixture of RBITC-labeled enzymes (HRP 2.3 mg/mL, GOx

10.8 mg/mL) and unlabeled BSA (10 mg/mL) with different volume
ratios was mixed with 140 pL PVA (I1mg/mL) and used as the
aqueous phase of an oil-in-water emulsion. When the volume ratio
of the enzyme solution and unlabeled BSA was 1:3, the mean
fluorescence intensity of the membrane (ca. 95.2) was equal to
that of the homogeneous emulsion, indicating similar levels of
enzyme loading (Supplementary Fig. 20d). Remodeling of the
floating phase-separated microstructures was undertaken as
described above (section, Remodeling of two-dimensional phase
separation). For all three platforms, 10 pL of oil droplets were
mixed with 1puL of Amplex red (200 uM) and 1pL of glucose
(500 uM). CLSM was used to determine the fluorescence intensity
changes associated with the product resorufin.

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

Data availability
The experimental data generated in this study are available as the
Supplementary Information. Source data are provided with this paper.
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