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Hierarchical compartmentalization responding to changes in intracellular and
extracellular environments is ubiquitous in living eukaryotic cells but remains
a formidable task in synthetic systems. Here we report a two-level compart-
mentalization approach based on a thermo-responsive aqueous two-phase
system (TR-ATPS) comprising poly(N-isopropylacrylamide) (PNIPAM) and
dextran (DEX). Liquid membraneless compartments enriched in PNIPAM are
phase-separated from the continuous DEX solution via liquid-liquid phase
separation at 25 °C and shrink dramatically with small second-level compart-
ments generated at the interface, resembling the structure of colloidosome, by
increasing the temperature to 35 °C. The TR-ATPS can store biomolecules,
program the spatial distribution of enzymes, and accelerate the overall bio-
chemical reaction efficiency by nearly 7-fold. The TR-ATPS inspires on-
demand, stimulus-triggered spatiotemporal enrichment of biomolecules via
two-level compartmentalization, creating opportunities in synthetic biology

and biochemical engineering.

Living eukaryotic cells can simultaneously coordinate essential cellular
and metabolic events, such as gene expression and enzymatic reac-
tions, by subdividing intracellular space into discrete compartments' .
These compartments of biocomponents within eukaryotic cells can
spatiotemporally concentrate and localize reactants or protect
unstable intermediates from unfavorable micro-environments in
either membrane-bound or membraneless form*®. While canonical
organelles, such as mitochondria and the Golgi apparatus, are sur-
rounded by lipid bilayer membranes, the liquid-state membraneless
compartments, also known as membraneless organelles, have recently
aroused broad interest due to their essential roles in regulating bio-
logical functions’™, such as stress response” and RNA metabolism™.
Membraneless compartments display high dynamicity and flexibility
due to the absence of membrane structure and can fuse upon physical
contact and exchange molecules with the surrounding cytoplasm or
nucleoplasm™". They can also be dynamically assembled and

dissociated in response to cellular microenvironmental changes'. The
unique advantages offered by membraneless organelles towards signal
transduction, biomolecule storage, and gene expression attracts
drastic interest from the science community in designing artificial
counterparts. Since the discovery of liquid P granules in the embryo,
liquid-liquid phase separation (LLPS) of biomolecules has been
recognized as an essential approach to forming membraneless
compartments”? and hence been widely adopted in artificial mimics
capable of compartmentalization®2°,

Aqueous two-phase systems (ATPSs) are formed via LLPS, a pro-
cess of demixing a homogeneous aqueous solution containing two
incompatible components into two distinct aqueous phases above a
critical concentration or temperature” . They have emerged as pro-
mising in-vitro compartmentalization models owing to their all-water
and biocompatible environment®*>2, The compartmentalization in
ATPSs can program the spatial distribution of biomolecules, including
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enzymes, polypeptides, RNA, and DNA, through partitioning
Despite the significant advances in building systems for compart-
mentalization based on the emerging ATPSs, regulating hierarchical
compartmentalization via external stimuli remains challenging since
most reported ATPSs are composed of inert components without
stimuli-responsive functions.

In this study, we develop a thermo-responsive ATPS (TR-ATPS) that
allows regulating two-level compartmentalization through two-step
phase separation. The TR-ATPS comprising thermo-responsive poly(N-
isopropylacrylamide) (PNIPAM) and dextran (DEX) displays sensitive
phase transition behaviors in response to temperature variations. In a
PNIPAM (5 wt%)/DEX (5wt%) solution, liquid membraneless compart-
ments enriched in PNIPAM separate from the continuous DEX-rich
phase at 25 °C. When the temperature is increased to 35 °C, the size
of PNIPAM compartments decreases sharply from 56-145 pum to
14-60 pm, accompanied by the generation of small second-level com-
partments (-1 um) at the interface. The second-step phase separation of
the TR-ATPS is thermally reversible, according to the reconfiguration of
PNIPAM chains between hydrophilic coils and hydrophobic
globules®**°, The transition temperature of the TR-ATPS is around 31 °C,
close to the human body temperature, rendering the system suitable for
investigating biochemical reactions in vitro. As a demonstration, we
introduce glucose oxidase and horseradish peroxidase into the TR-ATPS
and observe their colocalization in the colloidosome-like compartments
when the temperature is increased to 35 °C. The enrichment of enzymes
in the small second-level compartments with large surface area accel-
erates the tandem enzymatic reaction efficiency by approximately
7-fold. This work introduces the concept of TR-ATPS that displays two-
level compartmentalization via two-step phase separation in response to
temperature changes and regulates biocomponents localization spa-
tiotemporally. The current study provides insights into the develop-
ment of environment-adaptive compartmentalization systems with
potential applications as microreactors and extraction tools beneficial
to biochemical process engineering and synthetic biology.

Results
Compartmentalization of TR-ATPS
Thermo-responsive polymer PNIPAM with a number-average mole-
cular weight of 103 kg/mol and a lower critical solution temperature
(LCST) of 31.5 °C is adopted as one component of the TR-ATPS to
endow the compartmental system with stimuli-responsive functions
(Fig. 1a)**2. In a PNIPAM/DEX system composed of 5 wt% PNIPAM and
Swt% DEX, the repulsive interactions between the incompatible PNI-
PAM and DEX trigger the formation of micro-droplets enriched in
PNIPAM through LLPS at 25 °C****, When the temperature is increased
above the LCST of PNIPAM, e.g., 35 °C, PNIPAM chains reconfigure
from hydrophilic coils to hydrophobic globules, triggering the second
step of phase separation. The original liquid compartments shrink
gradually and disappear due to the insolubilization of PNIPAM above
its LCST, generating small compartments stacking at the transient
original compartment interface, and forming a colloidosome-like
structure. The generated colloidosome-like compartments can store
biomolecules (e.g., proteins, polypeptides, and RNA) and regulate
enzymatic catalysis speeds via the interception of enzymes (Fig. 1b, c).
To visualize the generated compartments in the TR-ATPS as
mentioned above, rhodamine and fluorescein isothiocyanate (FITC)
are selected to label PNIPAM and DEX, respectively. Liquid compart-
ments enriched in PNIPAM with diameters ranging from 56 to 145 pm
are phase-separated from the continuous DEX phase at 25 °C, as shown
in Fig. 2a-g. The separated fluorescence signals of rhodamine and FITC
(Fig. 2h) and the rapid coalescence of the PNIPAM droplets within 3 s
(Supplementary Fig. 1a and Supplementary Movie 1) indicate that the
system undergoes a segregative LLPS. We further characterize the
dynamics of the phase-separated droplet by fluorescence recovery
after photobleaching (FRAP) measurements. A phase-separated

compartment enriched in PNIPAM is observed at 25 °C, as shown in
Supplementary Fig. 2a. The fluorescence intensity in the bleached
region recovers to 92% of the initial intensity within 15s (Supplemen-
tary Fig. 2b—d). The 92% intensity recovery indicates the free diffusion
of fluorescent molecules and thus confirms the liquid-like state of the
phase-separated membraneless compartment. When the temperature
is increased to 35 °C, the diameters of the primary compartments
decrease from 56-145 pm to 14-60 pm (Fig. 2i-0). During the heating
process, small second-level compartments (-1 um) enriched in PNIPAM
are generated at the interface of the primary compartments, accom-
panied by the migration of DEX from the continuous phase to the
phase-separated second-level compartments (Fig. 21-n). PNIPAM and
DEX undergo interfacial co-precipitation, similar to the interfacial
polyelectrolyte complexation***. PNIPAM is not dissolved in water
when the temperature is higher than its LCST. The formed interfacial
second-level compartments display solid-like properties as confirmed
by the stable interface without coalescence (Supplementary Fig. 1b and
Supplementary Movie 2) and the larger elastic modulus than the vis-
cous modulus at 35 °C (Supplementary Fig. 3). These small second-
level compartments display the characteristics of “colloidal
particles”’. The outer phase is mainly water with little DEX dissolved
(Supplementary Fig. 4). The small compartments located at the inter-
face consist of physically associated PNIPAM and DEX. The inner phase
of large compartments is mainly water. Both phenomena can be
attributed to the reconfiguration of PNIPAM chains from hydrophilic
coils to hydrophobic globules in response to temperature changes*®.
The overlap of fluorescence signals of rhodamine and FITC, as shown
in Fig. 2p, implies the colocalization of PNIPAM and DEX. Small second-
level compartments consisting of PNIPAM and DEX are observed on
the surface of the primary compartment at 35 °C, as shown in Fig. 2q-s.
Small second-level compartments are merely located at the edge, as
indicated by the fluorescent interface and the dark core of the cross-
section of the primary compartment (Fig. 2t-v). The z-stack confocal
images (Fig. 2w and Supplementary Movie 3) demonstrate the com-
partment’s three-dimensional (3D) structure—small second-level
compartments self-assemble at the interface of the primary compart-
ment, resembling colloidosomes in appearance. The size of the small
second-level compartment is associated with the molecular weight of
PNIPAM and the size of the primary compartment. The PNIPAM is
synthesized by traditional radical polymerization with a polydispersity
index of 1.59 (Supplementary Fig. 5). The broad molecular weight
distribution indicates the different lengths of PNIPAM chains. When
the temperature is above the LCST, PNIPAM chains with different
lengths aggregate to form small second-level compartments with
varying sizes at the interface of a primary compartment (Supplemen-
tary Fig. 6a). To confirm whether the size of the second-level com-
partment is associated with the size of the primary compartment, we
decrease the size of primary compartments from 56-145 pm to 25-80
pm via extending vortex time. When the temperature is increased to
35 °C, the average size of generated second-level compartments
decreases from ~1 pm to -235nm (Supplementary Fig. 6b). These
results indicate that it is convenient to modulate the size of small
second-level compartments by changing the diameter of primary
compartments.

Thermally reversible compartmentalization of TR-ATPS

The phase-separated PNIPAM droplets generated by directly mixing
PNIPAM and DEX at 25 °C coalesce over time. The phase separation
would eventually reach equilibrium, forming two phases with a clear
interface. To better demonstrate the thermo-reversible properties of
TR-ATPS, we use microfluidics to generate stabilized all-aqueous
double emulsions in oil. The incorporation of surfactant in the oil
phase prevents the coalescence of all-aqueous double emulsions,
convenient for observing the thermally reversible compartmentaliza-
tion of TR-ATPS. The TR-ATPS composed of 5wt% PNIPAM and 5 wt%
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Fig. 1| Schematic of two-level compartmentalization of TR-ATPS. a Schematics of two-level compartmentalization of the PNIPAM/DEX system. b Biomolecular storage

and (c) enzyme cascade reaction in the colloidosome-like compartments.

DEX would reach equilibrium by phase separating into a PNIPAM-rich
phase and a DEX-rich phase, which are then selected as the external
and the internal phases, respectively, to generate all-aqueous double
emulsions using droplet microfluidics (Fig. 3a). The continuous flow of
the two phases is sheared by an oil phase consisting of FC-40 with 1%
fluorosurfactant. The generated all-aqueous emulsions with DEX-rich
cores and PNIPAM-rich shells (Fig. 3b) are collected and sealed in a
chamber to avoid evaporation. By labeling DEX and PNIPAM with FITC
and rhodamine, respectively, all-aqueous double emulsions with green
cores of 46 + 9 um (Fig. 3c and Supplementary Fig. 7a) and red shells of
15+ 5 pm (Fig. 3d and Supplementary Fig. 7b) are observed at 25 °C.
The separated fluorescence signals with clear interfaces (Fig. 3e, f)
imply the PNIPAM/DEX system undergoes segregative LLPS at 25 °C. As
the temperature increases to 35 °C, the thickness of shells decreases by
around 30%, accompanied by the migration of green fluorescence
signals from the cores to the shells, leaving dark cores (Fig. 3g-i and
Supplementary Fig. 7c). Small second-level compartments composed
of hydrophobic PNIPAM aggregates are generated at the interface of
the primary compartment triggered by thermo-induced coil-to-
globule transition of PNIPAM chains, resembling the colloidosome-
like structure observed in the non-equilibrium state. The overlap of
fluorescence signals of FITC and rhodamine (Fig. 3i, j) implies that
PNIPAM and DEX colocalize in the generated second-level compart-
ments at 35 °C.

To visualize the transition dynamics, the changes in fluorescence
signals during the heating process are simultaneously recorded by a
confocal microscope (Supplementary Movie 4). Red shells consisting
of the PNIPAM-rich phase shrink first and the size of shells decreases
from 8-24 pm to 7-16 pm within 34 s, while no noticeable change
occurs in the green shells of the DEX-rich phase. The green fluores-
cence signal of the DEX-rich phase starts to migrate to the red signals
of PNIPAM-rich shells at 51s and completely overlaps with the red
signal within 68 s. The shells thin out to 6-15 pm during this period.
Phase transition reaches equilibrium at 68 s as heating for over 68 s
does not trigger other noticeable variations of the size and the fluor-
escence signals of all-aqueous double emulsions. The phase transition

of the equilibrated TR-ATPS is thermally reversible, verified by
recording the variations of fluorescence signals during the subsequent
cooling (Supplementary Movie 5). As the temperature decreases from
35°Cto 25 °C, green FITC and red rhodamine signals start to separate
at 17 s, completely isolated after 51s, and reach the final stable core-
shell structure after 204 s. The recovery of the initially separated FITC
and rhodamine signals along a decreasing temperature confirms the
phase transition of the PNIPAM/DEX system is thermally reversible.

Mechanism of two-level compartmentalization

The underlying principle of two-level compartmentalization is the
repulsive interactions between the incompatible polymers and
the thermally reversible reconfiguration of PNIPAM chains. When the
temperature is below the LCST of PNIPAM, i.e., 25 °C, PNIPAM chains
present the configuration of hydrophilic coils*’. Hydrogen bonds are
formed between the amide groups of PNIPAM and water molecules,
and between the hydroxyl groups of DEX and water molecules,
respectively (Fig. 4a)**°°. As the concentration of the ATPSs containing
PNIPAM is above the binodal curve, the repulsive interactions between
the incompatible PNIPAM and DEX trigger the first level of compart-
mentalization by forming membraneless compartments enriched in
PNIPAM***3, Increasing the temperature above the LCST of PNIPAM,
i.e., 35 °C, induces the reconfiguration of PNIPAM chains from hydro-
philic coils to hydrophobic globules*®, breaking the formed hydrated
layer on the PNIPAM chains. PNIPAM contains amide groups (-CONH-)
that can act as hydrogen bond acceptors, while DEX contains hydroxyl
groups (-OH) that can act as hydrogen bond donors™*2, Hydrogen
bonds subsequently rearrange between the amide groups of hydro-
phobic PNIPAM globules and the hydroxyl groups of DEX. The for-
mation of hydrogen bonds can lead to the physical association of
PNIPAM and DEX. The reconfiguration of PNIPAM chains in response
to temperature changes induces the dramatic shrinkage of the primary
compartments, accompanied by the generation of small second-level
compartments at the interface. To verify our hypothesis, attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
of the PNIPAM (5 wt%)/DEX (5 wt%) aqueous solution below and above
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Fig. 2 | Compartmentalization of the PNIPAM/DEX system at different tem-
peratures. Phase-separated PNIPAM droplets in PNIPAM (5 wt%)/DEX (5 wt%)
solution under (a) FITC channel, (b) rhodamine channel, and (c) merged channel at
25°C. Confocal images of PNIPAM droplets in PNIPAM (5 wt%)/DEX (5 wt%) solution
under (d) FITC channel, (e) rhodamine channel, and (f) merged channel at 25 °C.
g Histogram illustrating the size distribution of primary compartments at 25 °C.
Results are collected from more than n > 20 different primary compartments.

h The fluorescence intensity profile shows the distribution of PNIPAM and DEX
along the white dash line in (f). Phase-separated PNIPAM droplets in PNIPAM
(5wt%)/DEX (5 wt%) solution under (i) FITC channel, (j) rhodamine channel, and (k)
merged channel at 35 °C. Confocal images of PNIPAM droplets in PNIPAM (5wt

3500

—FITC
Rhodamine

(p)

3000
2500
2000
1500
1000

Fluorescence intensity
a
=3
o

Count
S = N W A OO N ®

o

10 20

Distance (um)

0 20 40 60 80 100 120 140 160 180 200 0 30 40 50 60 70

Size (um)

%)/DEX (5wt%) solution under (I) FITC channel, (m) rhodamine channel, and (n)
merged channel at 35 °C. o Histogram illustrating the size distribution of primary
compartments at 35 °C. Results are collected from more than n > 20 different
primary compartments. p The fluorescence intensity profile shows the distribution
of PNIPAM and DEX along the white dash line in (n). Confocal images show the
colloidosome-like surface structure under (q) FITC channel, (r) rhodamine channel,
and (s) merged channel. The cross-section of the hierarchical multi-compartment
under (t) FITC channel, (u) rhodamine channel, and (v) merged channel. Z-stack
confocal images of colloidosome-like compartments formed in the PNIPAM
(5wt%)/DEX (5 wt%) system under (w) merged channel.

the LCST of PNIPAM was recorded. The sharp absorption peak around
3600 cm™ shown in Fig. 4b is assigned to the stretching vibration of
free OH groups of DEX*’. When the temperature is increased above the
LCST of PNIPAM, the sharp absorption peak around 3600 cm™ dis-
appears into a broad absorption peak ranging from 3500 cm™ to
3200 cm™. The broad absorption peak should belong to the inter-
molecular hydrogen bond O-H stretching vibration between PNIPAM
and DEX**. To further confirm our hypothesis, 'H nuclear magnetic
resonance (*H-NMR) spectroscopy of the 5wt% PNIPAM, 5wt% DEX,

and PNIPAM (5 wt%)/DEX (5 wt%) aqueous solution at 25 °C and 35 °C
using D,0 as the solvent, are recorded, as shown in Fig. 4c. The peaks
located at 3.5-4.0 ppm and 5 ppm belong to DEX, while those at 1.16,
1.59, 2.02, and 3.89 ppm are assigned to PNIPAM>. When the tem-
perature is increased from 25 to 35 °C, the characteristic peaks of
PNIPAM located at 1.59 ppm and 2.02 ppm disappear, and the peak
located at 1.16 ppm at 25 °C shifts to 1.27 ppm with significantly
reduced intensity. The reconfiguration of PNIPAM chains breaks the
formed hydrogen between the amide groups of PNIPAM and water
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molecules, resulting in the disappearance and shift of the character-
istic peaks of PNIPAM. During the heating process, the characteristic
peaks of DEX located at 3.5-4.0 ppm and 5 ppm shift to 3.6-4.1 ppm
and 5.1 ppm. This indicates that the reconfiguration of PNIPAM chains
also has an impact on the formed hydrogen bond between DEX and
water due to the physical association with PNIPAM and DEX. All the
evidence based on the observed transitions in the ATR-FTIR and
H-NMR spectra supports our hypothesis. To confirm the essential role
of PNIPAM in the two-level compartmentalization, PNIPAM/poly-
acrylamide (PAM) has been selected as the positive control. By labeling
PNIPAM and PAM with rhodamine and FITC, respectively, the system
comprising 5wt% PNIPAM and 5wt% PAM displays phase-separated
PNIPAM droplets (55-105 pm) from the continuous PAM phase
(Fig. 4d) at 25 °C. The repulsive interactions between PNIPAM and PAM
drive the first level of compartmentalization. When the temperature is
increased to 35 °C (Fig. 4d), the diameter of the primary PNIPAM
compartments shrinks to 34-57 pm, accompanied by the generation of
small second-level compartments at the surface. This phenomenon is
similar to that observed in the PNIPAM/DEX system. An ATPS com-
prising polyethylene glycol (PEG) and DEX, in which neither two
components are thermo-responsive, is selected as another negative
control. By labeling PEG and DEX with rhodamine and FITC, respec-
tively, a system comprising 1wt% PEG and 9 wt% DEX displays phase-

separated PEG droplets from the continuous DEX phase (Fig. 4e) at 25
°C. The repulsive forces between the incompatible PEG and DEX drive
the phase separation, as reported previously*’. When the temperature
is increased to 35 °C, the phase-separated PEG droplets remain
stable without noticeable shape change, as shown in Fig. 4e. The stable
compartments with separated fluorescence signals at 35 °C indicate
that the lack of stimuli-responsive reconfiguration of polymer chains
cannot regulate two-level compartmentalization via external
stimulation.

Storage of biomolecules in TR-ATPS

To demonstrate the biomolecular storage function of TR-ATPS, which
involves diverse bioactive molecules, fluorescein amidite (FAM)
labeled RNA (homopolymer poly(rA) of 40 nt) is selected as the guest
biomolecule and mixed with PNIPAM (5 wt%)/DEX (5wt%) aqueous
solution (Fig. 5a). The FAM-RNA displays higher distribution in the
more hydrophilic DEX-rich phase at 25 °C, as shown in Fig. 5b. Raising
the temperature to 35 °C triggers the second-level compartmentali-
zation, forming the colloidosome-like structures. FAM-RNA migrates
into the phase-separated small second-level compartments, as con-
firmed by Fig. 5b. FAM-RNA is stored in the small compartments. As the
temperature recovers to 25 °C, the stored FAM-RNA are released and
partitioned into the DEX-rich phase. Except for RNA, proteins and
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FITC channel, rhodamine channel, and merged channel at 25 and 35 °C. Each
experiment was repeated independently three times with similar results. e Phase-
separated PEG droplets in PEG (1 wt%)/DEX (9 wt%) solution under FITC channel,
rhodamine channel, and merged channel at 25 and 35 °C. Each experiment was
repeated independently three times with similar results.

polypeptides, such as bull serum albumin (BSA) and poly-L-
lysine (PLL), can also be stored and released by the TR-ATPS (Supple-
mentary Fig. 8). The storage and release of biomolecules could be
accounted for as follows: When the temperature is above the LCST of
PNIPAM, hydrogen bonds subsequently rearrange between the amide

groups of hydrophobic PNIPAM globules and the hydroxyl groups of
DEX. The formation of hydrogen bonds can lead to the physical
association of PNIPAM and DEX. Due to the colocalization of PNIPAM
and DEX, biomacromolecules migrate with DEX into the small com-
partments at the interface due to their strong affinity for DEX*.
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Fig. 5 | Biomolecular storage in TR-ATPS. a Schematic of biomolecules storage in TR-ATPS. Storage and release of (b) FAM-RNA in PNIPAM (5 wt%)/DEX (5 wt%) aqueous
solution at 35 and 25 °C. Each experiment was repeated independently three times with similar results.

Spatiotemporal regulation of biochemical reaction via two-level
compartmentalization

We use a classic bi-enzymatic cascade reaction catalyzed by horseradish
peroxidase (HRP) and glucose oxidase (GOX) to demonstrate the reg-
ulation of biochemical reactions via two-level compartmentalization.
The schematic diagram (Fig. 6a) shows that glucose is converted into
gluconic acid and hydrogen peroxide via an oxidation reaction cata-
lyzed by GOX. The resulting H,O, then reacts with amplex red under the
mediation of HRP, producing a fluorescent molecule, resorufin, which
has a maximum excitation wavelength of 563 nm and emission wave-
length of 587 nm*°. The hydrophilic substrate, glucose, prefers to par-
tition into the more hydrophilic DEX-rich phase, while the hydrophobic
substrate, amplex red, partitions into the relatively hydrophobic
PNIPAM:-rich phase®’. Rhodamine and FITC are selected to label GOX
and HRP to mark their localization in the PNIPAM (5 wt%)/DEX (5 wt%)
system. Both rhodamine-labeled GOX and FITC-HRP exhibit uneven
spatial distribution between the two phases, as shown in Supplementary
Fig. 9a-c. Rhodamine-labeled GOX prefers PNIPAM-rich compartments,
and FITC-HRP distributes more in the continuous DEX-rich phase,
indicating that GOX and HRP preferentially partition into PNIPAM-rich
and DEX-rich phases, respectively (Supplementary Fig. 9d). By raising
the temperature to 35 °C, the compartments enriched in PNIPAM dra-
matically shrink from 35-97 um to 14-43 pm in diameter (Supple-
mentary Fig. 9e and Supplementary Fig. 10). The rhodamine signal in
PNIPAM-rich compartments is approximately 6.5 times stronger than
that at 25 °C (Supplementary Fig. 11), implying a 6.5-fold elevation of
GOX concentration. During the heating process, HRP migrates from the
continuous DEX-rich phase to the shrunk compartments with a 3-fold
increment of concentration (Supplementary Fig. 9e-g and Supple-
mentary Fig. 12), achieving the colocalization of GOX and HRP in the
interfacial small second-level compartments (Fig. 6b-f). To quantify the
preference distribution of enzymes in the presented TR-ATPSs at 25 °C
and 35 °C, we measure the partitioning fraction for both GOX and HRP,
defined as the fluorescence intensity of each enzyme in the PNI-
PAM/DEX phase divided by its overall fluorescence intensity, in multiple
PNIPAM/DEX systems*. The ratios of PNIPAM and DEX are adjusted but
the total content of the two is maintained at 10 wt% for the selected
PNIPAM/DEX systems. The partitioning fraction of GOX in the com-
partments enriched in PNIPAM from the PNIPAM (5 wt%)/DEX (5 wt%)
system at 25 °C is around 62% (Fig. 6g and Supplementary Fig. 9d), while
HRP in the compartments enriched in DEX and PNIPAM is around 55%
and 45%, respectively (Fig. 6h, i). Once the temperature increases to
35 °C, the partitioning fraction of GOX and HRP in the interfacial
second-level compartments enriched both PNIPAM and DEX dramati-
cally increase to 89% and 68%, respectively (Fig. 6i and Supplementary
Fig. 9h). When the mass fraction of DEX increases from 5 wt% to 8 wt%,
the partitioning fraction of HRP in the DEX-rich phase slightly rises from

55% to 60%, while GOX in PNIPAM decreases from 62% to 54% (Fig. 6g-i
and Supplementary Figs. 13-15). By raising the temperature from 25 °C
to 35 °C, the partitioning fraction of GOX and HRP in the interfacial
small second-level compartments drops to 74% and 58%, respectively.
These results indicate that PNIPAM dominates the colocalization of
GOX and HRP. The significant difference in the partitioning fraction of
both enzymes implies that the localization of biocomponents can be
regulated via compartmentalization of the PNIPAM/DEX system sti-
mulated by temperature variations and/or the components of the
system.

To evaluate the catalytic efficiency of GOX and HRP, we measure
the fluorescence intensity of resorufin generated from the tandem
enzymatic reactions. No resorufin is produced in the absence of GOX
and HRP due to the lack of catalysts, as confirmed by Supplementary
Fig. 16a, b. Resorufin is generated under the catalysis of GOX and HRP
and prefers to partition into PNIPAM-rich compartments (Supplemen-
tary Fig. 16c, d). The partitioning fraction of resorufin in the compart-
ments increases from 58% to 80% when the temperature has risen from
25 °C to 35 °C (Supplementary Fig. 16e). To confirm the impact of
temperature on the fluorescence intensity of resorufin, the fluorescence
signals of resorufin (125puM) in 1X buffer solutions (50 mM sodium
phosphate buffer, pH 7.4) are monitored at 25 and 35 °C. When the
temperature is raised from 25 to 35 °C, the intensity varies by less than
5 % (Supplementary Fig. 17a), indicating that temperature has only
negligible influence on the resorufin intensity. To verify the influence of
the local environment of the fluorophore on its fluorescence intensity,
we record the intensity of 125 uM resorufin in different working solu-
tions. Compared with resorufin in 1X buffer solution, the fluorescence
intensity decreases by 11 % and 41 % in 5wt% PEG and 5wt% DEX,
respectively, but increases by 53% in 5wt% PNIPAM (Supplementary
Fig. 17b). These results imply that the local environment has a significant
impact on the intensity of resorufin. The variance of fluorescence
intensity can be explained by the hydrophobic nature of resorufin, which
tends to adopt a more stable and relaxed conformation in relatively
hydrophobic macromolecular crowding surroundings than in hydro-
philic polymer solutions. It allows for more efficient energy transfer
between excited and ground states, resulting in higher fluorescence
intensity. To study the impact of turbidity associated with the presence
of droplets, the intensities of 125 uM resorufin in two ATPSs are also
recorded for comparison. The intensity of resorufin decreases by 26.5 %
in a PEG (1 wt%)/DEX (9 wt%) solution, while it rises by 29 % in a PNIPAM
(5 wt%)/DEX (Swt%) solution (Supplementary Fig. 17b). The turbidity
associated with the presence of droplets slightly improves the intensity
in comparison with that in a single-phase solution, probably due to the
compartmentalization-induced enrichment of resorufin. To avoid the
impact of the local environment on the intensity of resorufin, the stan-
dard curves of resorufin in a 50 mM sodium phosphate buffer, a 50 mM
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sodium phosphate buffer solution containing 1wt% PEG and 9 wt% DEX,
and a 50 mM sodium phosphate buffer solution containing 5wt% PNI-
PAM and 5 wt% DEX are calibrated (Supplementary Fig. 18). The intensity
of resorufin shows a good linear relationship with its concentration in all
these solutions.

To quantify the catalytic efficiency, the kinetic behaviors of
GOX@HRP in different working solutions are investigated by

monitoring the fluorescence of the oxidation product of amplex red in
1-min intervals while changing the concentration of substrate, glucose.
The oxidation product of amplex red catalyzed by GOX@HRP shows a
time-dependent linear increase after the addition of glucose, as shown
in Supplementary Fig. 19. A detailed kinetic analysis of GOX@HRP in
these working solutions is demonstrated in Fig. 6j-1. The initial reac-
tion rate versus the concentration of glucose follows the typical
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Fig. 6 | Spatiotemporal regulation of bi-enzymatic cascade reactions through
compartmentalization of GOX and HRP in PNIPAM/DEX systems. a Schematic
diagram and chemical reaction equations demonstrating the generation of resor-
ufin catalyzed by GOX and HRP. Colocalization of GOX and HRP in the small second-
level compartments from the PNIPAM (5 wt%)/DEX (5 wt%) under (b) rhodamine
channel, (c) FITC channel, and (d) merged channel at 35 °C. The confocal images
show the colocalization of GOX and HRP on the (e) surface and (f) cross-section of
the colloidosome-like compartments under the merged channel at 35 °C.

g Partitioning fraction of GOX in PNIPAM-rich phase from PNIPAM/DEX systems at
25°C and 35 °C. h Partitioning fraction of HRP in DEX-rich phase from PNIPAM/DEX

systems at 25 °C and 35 °C. i Partitioning fraction of HRP in PNIPAM-rich phase from
PNIPAM/DEX systems at 25 °C and 35 °C. Michaelis-Menten plots of tandem
reactions catalyzed by GOX and HRP in (j) a 50 mM sodium phosphate buffer (pH
7.4), (k) a 50 mM sodium phosphate buffer (pH 7.4) containing PEG (1 wt%)/DEX
(9 wt%), and (I) a 50 mM sodium phosphate buffer (pH 7.4) containing PNIPAM
(Swt%)/DEX (5wt%) at 25 and 35 °C. Lineweaver-Burk plots of tandem reactions
catalyzed by GOX and HRP in (m) a 50 mM sodium phosphate buffer (pH 7.4), (n) a
50 mM sodium phosphate buffer (pH 7.4) containing PEG (1 wt%)/DEX (9 wt%), and
(0) a 50 mM sodium phosphate buffer (pH 7.4) containing PNIPAM (5 wt%)/DEX
(Swt%) at 25 and 35 °C. Error bars indicate mean + SD (n = 3 independent samples).

Michaelis-Menten kinetics. The maximum initial velocity (Viax) of
GOX@HRP in different working solutions is calculated based on the
Lineweaver-Burk plots (Fig. 6n, o and Supplementary Table 1). A sig-
nificantly enhanced Vj,.x of GOX@HRP from 1.101 to 6.638 pM/s is
observed in a 50 mM sodium phosphate buffer (pH 7.4) containing
PNIPAM (5 wt%)/DEX (5 wt%), when the temperature is raised from 25
to 35 °C. The K;,, value of GOX/HRP increases from 1.339 uM in 1x buffer
t0 3.165 pM in PNIPAM (5 wt%)/DEX(5 wt%) at 25 °C. The variation in the
Ko is probably induced by the hydrophilicity of the environment*’. The
Vinax/Km values are similar in the three working solutions at 25 °C,
indicating their comparable catalytic efficiency. When the temperature
is increased from 25 to 35 °C, The K., values decrease in all three
working solutions, indicating the higher affinity between enzymes and
substrates. Raising temperature increases the kinetic energy of mole-
cules, resulting in more frequent and energetic collisions between
the enzyme and substrate®. Raising the temperature increases the
Vinax/Km values in the three working solutions. The V., /K, values in
PNIPAM (5 wt%)/DEX (5 wt%) solutions increase from 0.348 t0 2.495s7,
implying that the overall reaction efficiency is improved by around
7-fold. To verify the influence of temperature on the activities of the
enzymes, we use the glucose oxidase assay kit and peroxidase assay kit
from ThermoFisher to quantify the enzymatic activities. The standard
curve of glucose oxidase and HRP shows a good linear relationship
with the fluorescence intensity of the product (resorufin), as shown in
Supplementary Fig. 20. When the temperature is increased from 25 to
35°C, the activities decrease by 7 %-15 % for glucose oxidase, and ~5.5 %
for HRP. The 1.13-fold enhanced V;,,,« in the buffer solution is probably
induced by the faster diffusion of components. To verify the essential
role of the thermo-responsive phase separation in expediting enzy-
matic reaction rates, a PEG/DEX system has been selected as a control
since neither PEG nor DEX displays reconfiguration in response to
temperature changes. A 2-fold enhanced V,,x was observed in a
50 mM sodium phosphate buffer (pH 7.4) containing 1wt% PEG and
9 wt% DEX. Utilizing fluorescence dye Rhodamine and FITC to label
GOX and HRP, respectively, enzymes show no alternation in the
PEG/DEX system during the heating process, as confirmed by Sup-
plementary Fig. 21, 22. The improved V;,,,x in the PEG/DEX system may
be due to the macromolecular crowding environment and faster dif-
fusion of molecules®®2, The 7-fold improvement of the overall reaction
efficiency in the TR-ATPS is probably due to the generation of small
compartments via two-level compartmentalization, which produces a
higher specific surface area and enriches enzymes in the small com-
partments. The faster diffusion of components and the variation of the
local environment may also play a role in such a process. The TR-ATPS,
capable of spatiotemporally regulating biocomponents via compart-
mentalization in response to external stimuli, would provide insights
into developing synthetic cells with hierarchical structures and cell-
mimetic functions.

Discussion

In summary, this work introduces TR-ATPSs using the PNIPAM/DEX
system as the delegate. TR-ATPSs display two-level compartmentali-
zation in response to temperature changes. For the PNIPAM/DEX sys-
tem, PNIPAM-enriched liquid membraneless compartments are

separated from the continuous DEX phase through LLPS at 25 °C. By
raising the temperature to 35 °C, the PNIPAM-rich compartments
shrink significantly, accompanied by the generation of small second-
level compartments at the interface, resembling colloidosomes in
appearance. The underlying principle of two-level compartmentaliza-
tion is the repulsive interactions between the incompatible polymers
and the reconfiguration of PNIPAM chains responding to temperature
variations. The generated colloidosome-like compartments can store
biomolecules (e.g., proteins, polypeptides, and RNA), effectively pro-
gram the spatial distribution of enzymes and accelerate tandem
enzymatic reaction efficiency by around 7-fold. The TR-ATPSs capable
of programming the distribution of biomolecules have the potential to
enrich target biomarkers, facilitating rapid and point-of-care diagnosis.
The TR-ATPSs display thermally reconfigurable structures between
emulsion droplets and colloidosomes in a controllable manner. The
unique feature has rarely been reported in artificial systems®**, ATPSs
form two immiscible liquid phases that can be easily separated based
on their different densities, allowing for efficient recovery of the
encapsulated biomolecules. Besides, combining the advantages of
aqueous two-phase systems with thermally reconfigurable features
presents a unique system design that has not been extensively
explored. This approach offers opportunities for the development of
innovative enzyme-based technologies and applications. Compared
with previously reported ATPSs compartmentalization methods, such
as osmosis-driven and evaporation-driven phase separation of a single-
phase ATPS droplet®**, the compartmentalization of TR-ATPSs con-
trolled by varying the temperature is more reconfigurable and con-
trollable. In particular, unlike the inactivation of biomolecules caused
by the complete evaporation of single-phase ATPS droplets or high
osmolarity conditions, the temperature-regulated feature renders TR-
ATPSs higher biocompatibility under biomolecules-involved scenarios
by keeping them in mild aqueous environment.

The concept of TR-ATPS should be applicable to ATPSs containing
other thermo-responsive polymers®<°, which display similar LCST-type
phase transition with PNIPAM, such as poly(N, N-diethylacrylamide)
(PDEA)"*8, PDEA displays coil-to-globule phase transition at around
29.5 °C (Supplementary Fig. 23) and can form TR-ATPSs with DEX, PVA,
and PAM. The PDEA-based TR-ATPSs display similar two-level compart-
mentalization via two-step phase separation (Supplementary Fig. 24),
proving the university of the TR-ATPS concept. In addition, the LCST of
thermo-responsive polymers can be precisely regulated via copolymer-
ization with hydrophilic or hydrophobic comonomers®. For instance,
copolymers of dimethyl or di-n-propyl vinylphosphonate and diethyl
vinylphosphonate show tunable LCST between 5 °C and 92 °C’°, which
would broaden the application scenarios of TR-ATPSs. Moreover, the
approach illustrated by TR-ATPSs may be extended to the design of
other types of stimuli-responsive ATPSs, including pH-responsive ATPSs,
light-responsive ATPSs, and multiple-responsive ATPSs. For instance,
selecting azobenzene-contained polymers as one component can pre-
pare light-responsive ATPSs, in which the compartmentalization can be
reversibly triggered by light irradiation™. For ATPSs composed of two or
more types of stimuli-responsive polymers, the compartmentalization
can be regulated by different physicochemical signals, creating oppor-
tunities in synthetic biology and biochemical engineering.
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Methods

Materials and chemicals

The TR-ATPS was composed of self-synthesized PNIPAM and DEX
(M,, = 500 kg/mol, Dieckmann). The synthesis of PNIPAM followed a
standard radical polymerization process’. 1g of NIPAM was dissolved
in 10 ml water and oscillated for 10 mins to form a uniform solution.
5mg of APS was added into the solution and sonicated for 2 min for
complete dissolution. Subsequently, 10 pL TMEDA was injected into the
above solution to initiate the reaction. After 24 h, the resulting solution
was dialyzed for 72 h and freeze-dried for another 48 h. The obtained
PNIPAM power was stored at 4 °C. PDEA was synthesized by the same
method as PNIPAM using N, N-diethylacrylamide (TCI) as monomers.
Two ATPSs, PNIPAM/polyacrylamide (PAM, M, =150 kg/mol, Sigma
Aldrich) and DEX (M,, = 500 kg/mol, Dieckmann)/PEG (M,, = 3.5 kg/mol,
Sigma Aldrich), were selected as controls. Rhodamine B labeled PNIPAM
and PEG was custom-designed by Nanjing Starleaf Biological Technology
CO., Ltd. Fluorescein isothiocyanate (FITC) was covalently attached to
PAM (Nanjing Starleaf Biological Technology CO., Ltd) and DEX (TCI).
SU-8 photoresist (2025) and SU-8 developer were bought from Micro-
Chem. Polydimethylsiloxane (PDMS) microfluidic chips were prepared
from PDMS prepolymer and curing agent (both from Dow Corning)
following classic soft photolithography”. All reagents were used as
received. Deionized (DI) water was used in all the experiments unless
otherwise noted.

Compartmentalization of TR-ATPS

Different PNIPAM and DEX mass fractions were mixed and injected
into a chamber for the following observation under a microscope. The
chamber was prepared by sandwiching two coverslips with a spacer
of 120 pm.

The PNIPAM (5 wt%)/DEX (5 wt%) system was prepared by adding
0.5g PNIPAM and 0.5g DEX in 9 mL DI water and then oscillated for
10 mins for complete dissolution. Thermo-responsive behaviors of the
non-equilibrated droplets were observed under a microscope.

The prepared homogeneous PNIPAM (5 wt%)/DEX (5 wt%) system
was centrifuged at 7168 x g for 30 mins and standing for 48 h to obtain
the equilibrated PNIPAM-rich and DEX-rich phases. The PNIPAM-rich
phase at the top and the dextran-rich phase at the bottom were then
collected separately. Finally, the collected PNIPAM-rich and dextran-
rich phases were injected into microfluidic chips as external and
internal phases, respectively, for generating the all-aqueous double
emulsions. The flow rate of the inner phase, external phase, and oil
phase were 500, 500, and 5000 pL/h. The continuous flow was broken
by an oil phase consisting of FC-40 with 1% fluorosurfactant (3 M),
which stabilized the resulting emulsions. The resulting all-aqueous
emulsions were injected into the above-mentioned chamber to avoid
the evaporation of solvents. The thermo-induced phase separations
were observed under a microscope.

Biomolecules storage in TR-ATPS

1L Cy-5 labeled BSA (2 mg/mL, Bioss), 1L FITC labeled PLL (2 mg/
mL, Sigma-Aldrich), and 1 pL Fam-labeled single-stranded RNA homo-
polymer poly(rA) of 40 nt (2 mg/mL, IDT) were separately mixed with
9 pL aqueous solution containing 5 wt% PNIAPM and 5 wt% DEX under
oscillation for 5 min. 8 pL of the obtained mixture solution was injected
into a chamber for the following observation under a microscope at
25°C and 35 °C.

Spatiotemporal regulation of biochemical reaction via inter-
ception of enzymes

1L rhodamine-labeled GOX (2 mg/mL, Ruixi Biotech Co. Ltd) and 1 uL
FITC-labeled HRP (2 mg/mL, Ruixi Biotech Co. Ltd) were mixed with
48 pL aqueous solution containing 5 wt% PNIAPM and 5 wt% DEX under
oscillation for 5 min. 8 pL of the obtained mixture solution was injected
into a chamber for the following observation under a microscope.

Enzymatic activities of glucose oxidase were detected using the
Amplex® Red Glucose/Glucose Oxidase Assay Kit (Thermo Fisher) at
different temperatures. Reactions containing 50 uM Amplex® Red
reagent, 0.1 U/mL HRP, 10 mM glucose, and the indicated amount of
glucose oxidase in 50 mM sodium phosphate buffer, pH 7.4, were
incubated for 30 minutes. Enzymatic activities of HRP were evaluated
by the Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit (Thermo
Fisher). Reactions containing 50 uM Amplex® Red reagent, 1 mM H,0,,
and the indicated amount of HRP in 50 mM sodium phosphate buffer,
pH 7.4, were incubated for 30 minutes.

The kinetic behaviors of GOX@HRP in different working solu-
tions were investigated by monitoring the fluorescence of the oxi-
dation product of Amplex Red in 1-min intervals while changing the
concentration of substrate, glucose. The reaction rate is measured
using the early linear region of the product concentration within the
first 5min. At the early stage of the reaction, the substrate con-
centration is high, and the binding of the enzyme to the substrate has
not reached equilibrium. In this case, the initial reaction rate can be
approximated as a linear change, to facilitate measurement and
calculation’"”®, The maximal reaction velocity (Vma) and the
Michaelis-Menten constant (K,,) were obtained via Lineweaver-
Burk plots of the double reciprocal of the Michaelis-Menten
equation, 1/v=Kuy/Vimax(1/S+1/Ky). v and S correspond to the
initial velocity and substrate concentration, respectively. Reac-
tions containing 0.5uM Amplex® Red reagent, 1 mU/mL HRP,
10 mU/mL glucose oxidase, and the indicated amount of glucose
in a 50 mM sodium phosphate buffer (pH 7.4), a 50 mM sodium
phosphate buffer containing PEG (1wt%)/DEX (9wt%), and a
50 mM sodium phosphate buffer containing PNIPAM (5 wt%)/DEX
(5wt%), respectively, were incubated for 30 minutes.

Characterization

A fluorescence microscope (Nikon Ti2-E) recorded all microscopic
images and movies. A confocal laser scanning microscope (Zeiss LSM
880) with Airyscan platform was applied to take confocal images and
movies. The fluorescence intensity of resorufin and the transmittance
of the PDEA solution were monitored by a molecular device (Spec-
traMax iD3). FRAP was performed on a Carl Zeiss LSM 880 microscope.
A 561-nm laser bleached the PNIPAM droplet labeled with rhodamine
at 100% power for 5s. Post-bleaching images and fluorescence inten-
sity in the bleached region were taken at 2% power of the 561-nm
laser every 1s. Rearrangement of hydrogen bond in the PNIPAM
(5wt%)/DEX (5 wt%) aqueous solution below and above the LCST of
PNIPAM are recorded by ATR-FTIR spectroscopy (PerkinElmer UATR
Two) in the range 400-4000 cm™. 'H NMR spectra were recorded with
Bruker Avance Il 500 spectrometer using D,O as the solvent. The
partitioning fraction for both GOX and HRP, defined as the fluores-
cence intensity of each enzyme in the PNIPAM/DEX phase divided by
its overall fluorescence intensity, was calculated from the fluorescence
images by Image J.

Data availability

Data generated in this study are provided in the paper and/or the
Supplementary Information. All data are also available from the cor-
responding author upon request. Source data are provided with
this paper.
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