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Thecircadian rhythm generates out-of-equilibrium metabolite oscillations
that are controlled by feedback loops under light/dark cycles. Here we
describe anon-equilibrium nanosystem comprising abinary population

of enzyme-containing polymersomes capable of light-gated chemical
communication, controllable feedback and coupling to macroscopic
oscillations. The populations consist of esterase-containing polymersomes
functionalized with photo-responsive donor-acceptor Stenhouse adducts
(DASA) and light-insensitive semipermeable urease-loaded polymersomes.
The DASA-polymersome membrane becomes permeable under green light,
switching on esterase activity and decreasing the pH, whichin turninitiates
the production of alkaliin the urease-containing population. A pH-sensitive
pigment that absorbs green light when protonated provides a negative
feedback loop for deactivating the DASA-polymersomes. Simultaneously,
increased alkali production deprotonates the pigment, reactivating esterase
activity by opening the membrane gate. We utilize light-mediated fluctuations
of pH to perform non-equilibrium communication between the nanoreactors
and use the feedbackloops to induce work as chemomechanical swelling/
deswelling oscillations in a crosslinked hydrogel. We envision possible
applicationsin artificial organelles, protocells and soft robotics.

Most life-distinguishing features rely on complex molecular assemblies
andbiochemical reactions thatare out of equilibrium’. This is possible
inliving systems owing to a higher level of continuous kinetic control
and energy dissipation that is mediated by complex feedback loops.
For example, a vast number of physiological functions in organisms
are controlled by time-regulated enzymatic reactions. One prominent
example is the circadian rhythm, which uses day and night cycles to

regulate the alternation of metabolic activity. In these processes, the
oscillation of metabolite concentrations is controlled by chemical
hierarchical networks ofindependent oscillators that communicate and
regulate each other to adapt to lightintensity. Given that metabolites
dissipate at a constant rate, the oscillation of physiological functions
requires the accumulation of chemical signals through positive feed-
back loops and the inhibition of their production through negative
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feedback loops. This leads to the out-of-equilibrium state commonly
referred to as homeostasis. The complex and dynamic interplay of
these feedback loops in regulating metabolite levels is one of the fun-
damental hallmarks of living systems and can serve as inspiration for
the synthesis of artificial out-of-equilibrium systems.
Polymersomes are self-assembled block copolymer vesicles
that can mimic the compartmentalization of enzymes by cells and
organelles, and can be tailored to be permanently semipermeable
to small-molecule substrates or to switch semipermeability states in
response to chemical and physical stimuli*”. Such properties can be
harnessed to generate enzyme-loaded polymersome nanoreactors
that only perform catalysis when they are in an out-of-equilibrium
state in response to stimuli®'°. One method that living systems have
evolved to maintain these out-of-equilibrium processes is to control
the transport of metabolites through chemically selective channels.
In mimicking the activity of such stimuli-responsive channels within
artificial systems, small-molecule photoswitches are especially attrac-
tive due to their ability to change geometry, polarity and absorption
profiles both in solution and in the solid state". This property allows
for external spatial and temporal control over molecular systems by
simply applying light in a non-invasive manner'>. Examples of these
systemsinclude polymersomes functionalized with photoresponsive
azobenzene or spiropyran moieties”'*. However, generally, these
systems only respond to the ultraviolet (UV) or the blue region of the
visible spectrum, and timescales for isomerization can vary greatly
from minutes to days®, unlike donor-acceptor Stenhouse adduct
(DASA) systems, which have all been reported to exhibit switching
timescales of minutes'®™'®, DASAs are negative photoswitches that shift
equilibrium between two isomers'>?. In the dark, the equilibrium is
shifted toacolourful triene-enol, and under visible-lightirradiation, a
colourless cyclopentenone isomer that is more polar is formed. These
features make DASAs highly attractive for robust implementations
into different materials for widespread applications* . Forexample,
coupling DASAs to the hydrophobic leaflet of polymersomes allows
for an out-of-equilibrium state under light irradiation that permits the
permeation of molecules across the now semipermeable membrane,
recovering to the initialnon-permeable state when light is withdrawn’.
Inspired by circadian rhythm processes, we designed feedback
loops that workintandem to facilitate modulation of out-of-equilibrium
pH states powered by a DASA-functionalized polymersome nanoreac-
tor containing an esterase enzyme (DASA-esterase; Fig. 1a). DASAs
mimic photoreceptor-coupled transmembrane channelsinliving cells
by controlling the permeation of substrates through a semiperme-
able membrane under light. Thus, DASA-polymersomes are ideally
suited to modulate feedback loops externally triggered by light. When
DASA-esterase was irradiated with green light, the polymersome
membrane became semipermeable to facilitate access of the sub-
strate (ethyl acetate) to the encapsulated enzyme for the generation
ofacetic acid. The first negative feedback loop within this system was
produced by coupling this formation of acid with the pH-sensitive pig-
ment methyl red (MR), which transitioned to a green-light-absorbing
species asthe pH was lowered. As acetic acid was catalytically formed
under green light, the formation of the protonated pigment com-
peted with the DASA-nanoreactor for the absorption of light until
the catalysis was interrupted by deactivation of the photoswitching
capacity of the DASA. The second level of regulation was introduced
by an intrinsically semipermeable polymersome synthesized by
polymerization-induced self-assembly (PISA)*°, which encapsulated
aurease enzyme (PISA-urease; Fig. 1b). Althoughinactive under basic
conditions, acidic conditions drastically increased urease activity to
transform its substrate—urea—into basic ammonia (Supplementary
Fig.1and Supplementary Section1)**, This formation of base drives
the deprotonation of MR (MR") back toits non-green-light-absorbing
state (Fig. 1c). Therefore, the concentration of the green-absorbing
protonated MR (MRH) could be modulated by irradiation or withdrawal

of green light. Importantly, the control of MRH concentration was
associated with light-controlled pH states. This further allowed the
modulation of the swelling ratio of a pH-responsive hydrogel, which
was immersed in the same medium as the nanoreactors, by transduc-
tion of greenlightinto an out-of-equilibrium chemomechanical signal.

Results and discussion

Synthesis of antagonistic polymersome nanoreactors

Current polymersome nanoreactor systems that mimic intercellular
communication incorporating out-of-equilibrium feedback loops
require medium manipulation through the addition of external chemi-
cal fuel®’°. To provide a mechanism for more precise feedback loop
regulation without requiring addition of external chemical fuel, we
designed a system that could be externally manipulated by light. This
comprises a nanoreactor that alternates small-molecule semiper-
meability states by a photoswitch and by a constantly semiperme-
able nanoreactor that contains a pH-sensitive enzyme. To realize the
green-light-triggered nanoreactor (DASA-esterase), a DASA-modified
amphiphilicblock copolymer was synthesized and self-assembled by
the solvent exchange method, while simultaneously encapsulating
esterase (polymer synthesis and characterization are described in
Extended Data Fig. 1, Supplementary Figs. 2-5 and Supplementary
Sections 2-5, and particle characterization in Fig. 2a, Supplementary
Figs. 6a-d, 7a-c and 8-10 and Supplementary Section 6). In turn,
inherently semipermeable nanoreactors were synthesized using
photoinitiated reversible addition-fragmentation chain-transfer
polymerization-induced self-assembly (photo-PISA) withinsitu encap-
sulation of urease to yield PISA-urease (Fig. 3a, Extended Data Fig. 1,
Supplementary Figs. 6e-h, 7d-fand 11and Supplementary Sections 2
and 7). Dynamic light scattering revealed nanoparticles with hydro-
dynamic diameters (D,) of 207 + 13 nm in the case of DASA-esterase
nanoreactors and D, =362 + 22 nm for PISA-urease nanoreactors.

DASA photoswitch-driven enzymatic feedback loop

To generate light-gated negative feedback behaviour by the DASA-
esterase nanoreactors, the formation of a product that could compete
for the absorption of light wasinvestigated (Fig. 2b). The DASA synthe-
sized in this study was a purple compound that presented an absorb-
ance maximum atA =550 nm, and absorbed greenlightatA =530 nm,
causing isomer photoswitching (Fig. 2c). The MR transitioned from a
yellow, deprotonated state (A,,,, =430 nm) to ared, protonated state
(Amax =530 nm) below pH 7. Because the absorbance of the red MRH
form overlaps with the DASA, as the concentration of MRH increases
(due to decreasing pH), it preferentially absorbs more of the incident
530-nm light, thereby acting as a photomask. Thus, DASA-esterase
nanoreactors were dispersed in solutions containing ethyl acetate
and MR". To study the light-mediated feedback behaviour of these
nanoreactors, the dispersions were continuously irradiated with light
(A1=530 nm) intensities 0f1.49 mW cmand 0.76 mW cm, alongside
adark control with periodic absorbance measurements atA =530 nm
as a measure of MRH photomask accumulation. Under green-light
irradiation, agradualincrease of absorbance was observed due to the
enzymatic synthesis of acetic acid from ethyl acetate and subsequent
formation of MRH (Fig. 2d and Supplementary Fig. 12). Importantly,
in the absence of light, this did not occur owing to the polymersome
membrane preventing access of substrate (ethylacetate) tothe enzyme,
thus confirming the light-gating nature of the DASA nanoreactors
between on and off states. Under continuous irradiation, this even-
tually led to plateaued absorbance, indicating that the biocatalysis
had reached equilibrium. Although reactions containing lower MR
concentrations reached equivalent MRH absorbance plateau values as
that of fully protonated MR at pH 1.8 (Supplementary Fig.13), reactions
containing higher MR concentrations showed increased absorbance
throughout the process, correlated to the intensity of lightirradiation
(Fig.2d and Supplementary Fig.12). To understand this phenomenon,
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Fig.1| DASA photoswitch-driven enzymatic feedback loops between
communicating polymersome nanoreactors. a, The catalytic activity of
DASA-esterase nanoreactors is switched on by irradiation of green light and
switched off by the withdrawal of light. The substrate permeates through the
membrane when the colourful and non-polar triene-enol DASA isomer (shown
in pink) is photoisomerized to the more polar and colourless cyclopentenone
form (shownin grey). b, PISA-urease nanoreactors are permanently permeable
to small molecules such as urea and ammonia. The enzyme is optimally active
under acidic conditions and inactive under basic conditions. ¢, Negative
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antagonistic enzymes. (i) DASA-esterase nanoreactors generate acetic acid by
enzymatic hydrolysis of ethyl acetate in the presence of green light. (ii) The acid
generates MRH from MR, which shifts its absorbance to the green region of the
visible spectrum and masks the penetration of further green light, inhibiting its
own synthesis. (iii) The acidification activates PISA-urease nanoreactors, which
enzymatically hydrolyse ureainto ammonia. (iv) The ammonia promotes the
formation of MR, allowing further penetration of green light and the production
ofacetic acid. (v) The accumulation of ammonia inhibits further hydrolysis from
PISA-urease. Blue arrows represent promotion reactions; red arrows represent
inhibition reactions.

we followed the changes in absorbance of the DASA polymer in both
organic solutionand concentrated aqueous polymersome dispersions
after alternation of green-lightirradiation and darkness cycles (Fig. 2e
and Supplementary Fig. 14). We observed that the rate of isomeriza-
tion of the purple-coloured DASA to the colourless and more polar
cyclopentenone isomer was faster with higher irradiation intensi-
ties. Higher light intensities led to greater changes in permeability,
which subsequently increased biocatalytic formation of acetic acid
over time. In addition, the plateau formation occurred at absorbance
values that were proportional to the light irradiation intensity. We
hypothesized that the accumulation of MRH masked the penetration
of green light, limiting further absorption of light by DASA-esterase,
decreasing the permeability of the membrane to the substrate (ethyl
acetate) by back-isomerization of the DASA moieties to the less polar
triene-enolisomer. Hence, subsequent/further formation of MRH was
inhibited. Indeed, higher light intensities penetrated more into the
reaction volume and required more MRH photomask formation to
quench the gated enzymatic activity of the nanoreactors. To further
confirmthis hypothesis, we spiked reactions with different concentra-
tions of DASA-esterase (Extended DataFig. 2). We observed that lower
concentrations of DASA-esterase reached plateaus at lower absorb-
ance values, and higher concentrations did not reach plateaus over
the same reaction periods. Thelatter resultsindicate that both species
were absorbinglight and that the concentration of accumulated MRH
was not sufficient to quench the catalytic activity of DASA-esterase.
Inaddition, we spiked areaction that had already reached astationary
plateau phase with free esterase, which resulted inadrasticincreasein
absorbance, demonstrating that this feedback behaviour was not due
to self-inhibited enzyme activity at a given pH (Fig. 2f, Supplementary

Fig.15and Supplementary Section 8). Moreover, control reactions in
the presence of a pH pigment that did not overlap in absorbance with
DASA-esterase nanoreactors did not display self-inhibitory behav-
iour (Extended Data Fig. 3 and Supplementary Section 9). Further-
more, control experimentsin which free enzyme was irradiated under
the same conditions showed no difference in catalytic activity with
non-irradiated samples (Supplementary Fig. 16 and Supplementary
Section10), confirmingits stability to theirradiation process. This vali-
dated the light-driven negative feedback nature of the DASA nanoreac-
tor system, whereby the product formation simultaneously limited its
ownsubsequent production. Importantly, the esterase remained active
and the photomasking effect exercised by MRH only interrupted the
light-mediated catalysis by DASA-esterase, demonstrating alight-gated
negative feedback loop.

Negative-feedback automodulation of pH-sensitive PISA-
urease nanoreactors

To demonstrate the modulation of out-of-equilibrium pH states, a
series of experiments were performed to probe the capacity of PISA-
urease to produce MR™ (Fig. 3a,b). The nanoreactors were immersed
in an aqueous solution of acetic acid, MR and urea (starting pH 6.7)
and the accumulation of MR™ was monitored by kinetic UV-vis spec-
troscopy (Fig. 3c and Supplementary Section 11). An abrupt decay in
absorbance was observed, indicating that urea passively permeated
across the membrane of PISA-urease to generate ammonia, leading
to MR formation over time. This process eventually led to a plateau
inabsorbance, which corresponded to the well-known inactivation of
urease enzymes under basic conditions®. Importantly, further addi-
tion of free urease did not result in absorbance reduction (Fig. 3¢). To
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Fig.2|Green-light-mediated modulation of DASA-esterase catalytic activity
and negative feedback loop generation. a, Cryo-TEM micrograph of DASA-
esterase nanoreactors. b, Schematic representation of the biocatalytic hydrolysis
of ethyl acetate to produce acetic acid by DASA-esterase nanoreactors. The
production of acid accumulated MRH, generating a transition from yellow
solutions in basic conditions to red in acidic conditions. ¢, UV-vis spectral scans
of MR (yellow), MRH (red) and an organic DASA polymer solution (violet).

d, UV-vis measurements of the DASA-esterase nanoreactor-mediated
biocatalytic hydrolysis of ethyl acetate in the presence of MR by continuous
irradiation of green light at 1.49 mW cm (blue), 0.76 mW cm™ (orange)
andindarkness (black). The protonation of MR was monitored at 530 nm
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(n=3technical replicates, mean + s.d.). e, UV-vis measurements of DASA
polymersome photoswitching by alternatingirradiation with green light and
recovery of absorbance in the dark in the absence of MR. In each cycle, the
dispersions were irradiated for 10 min and thermal recovery of the absorbance
was monitored at 530 nm for 30 min. The samples were irradiated at light
intensities of 0.76 mW cm™ (black), 1.49 mW cm™ (orange) and 2.12 mW cm™
(blue) (n =3 technical replicates, mean + s.d.). f, Addition of free esterase after
formation of plateau mediated by DASA-esterase nanoreactorsirradiated with
green light. The collection of data asin d at .49 mW cm2was repeated, with the
addition of 60 pmol of free esterase after 160 min of green light irradiation (n =3
technical replicates, mean +s.d.).

exclude that this phenomenonwas due to the total consumption of sub-
strate fuel (urea), the dispersions were acidified with additional acetic
acid (pH 6.8) to generate MRH again (Fig. 3c). Upon acidification, the
absorbance decayed over timein asimilar fashion to thefirst cycle, until
aplateauwasagainreached atasimilar absorbance. Inaddition, the pH
was calculated using a pH calibration curve for MR (Fig. 3d and Supple-
mentary Sections 11and 12) confirming the inhibition of PISA-urease
nanoreactors at pH = 8.6. This system therefore represented asecond
pH-mediated negative feedback loop in which the basicity increased
(asevidenced by the production of MR") to deactivate further catalysis
by PISA-urease nanoreactors. Given that the activity of PISA-urease
decreased the concentration of the accumulated MRH photomask,
these results highlight the potential to reinitiate the catalytic activity
of DASA-esterase when mixing both nanoreactor populations.

Light-mediated feedback-loop communication between
polymersome nanoreactors

In many organismes, circadian rhythm-regulated cell types perform
antagonistic enzymatic reactions that control the production rate of
metabolites. We sought to mimic aspects of this feature of biological
systems with our antagonistic self-regulating nanoreactors to generate
controlled fluctuations of pH by light irradiation intensity or alterna-
tion of light irradiation and darkness cycles (Fig. 4a).

To generate out-of-equilibrium pH modulation by light, both
DASA-esterase and PISA-urease nanoreactors were immersed in an
unbuffered aqueous solution containing urea, ethyl acetate and MR
(pH 7.8). The dispersions were continuously irradiated with green light

atintensities of 1.49 mW cm2and 0.76 mW cm2alongside a dark con-
trol, and the pH change over time was measured (Fig. 4b, Extended Data
Fig.4 and Supplementary Sections12 and13). Inthe absence of light, the
pHincreased and remained stable at pH 8.4 over 4 h. This was expected,
as DASA-esterase nanoreactors were not semipermeable to the sub-
strate (ethyl acetate) to produce acid, and PISA-urease nanoreactors
that wereinitially active eventually inactivated at higher pH values, in
agreement with Fig. 3c,d. In contrast, when the system was irradiated
with greenlight, agradual decreasein pH was observed, indicating the
formation of MRH dueto aceticacid production from DASA-esterase.
Importantly, higher concentrations of DASA-esterase were required
to observe pH changes compared to experiments in the absence of
PISA-urease (Figs. 4c and 2d and Extended Data Fig. 4). In addition,
lower PISA-urease:DASA-esterase (PU:DE) number ratios generated
lower stationary plateau pH values, presumably because the ongoing
activation of PISA-urease occurred at pH values closer to the optimum
required to compensate for the increased level of esterase activity. In
accordance with the previous experiments involving DASA-esterase
only, the plateaued pH values were proportional to the irradiation
intensities (Fig. 4b). When the light irradiation was withdrawn, the
out-of-equilibrium pH values gradually reverted to basic conditions,
with higher alkalinization kinetics at lower pH values due to the higher
enzymatic activity of PISA-urease (Fig. 4b,c and Extended Data Figs. 4
and>5). Interestingly, in the presence of phosphate buffered saline (PBS;
10 mM phosphate), the reaction kinetics were delayed (Extended Data
Fig. 6 and Supplementary Section 13). The system required genera-
tion of a higher concentration of products to overcome the buffering
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Fig.3|pH-mediated automodulation of PISA-urease catalytic activity.

a, Cryo-TEM micrograph of PISA-urease nanoreactors. b, Schematic
representation of the biocatalytic hydrolysis of urea to produce ammonia by
PISA-urease nanoreactors. The production of base produces MR™, generating
atransition from red solutions under acidic conditions to yellow under basic
conditions. ¢, UV-vis measurements of PISA-urease-mediated biocatalytic
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of MR™ at 530 nm. Orange: after 40 min, 0.17 nmol of free urease was added (n=3
technical replicates, mean + s.d.). Black: the formation of MR™ was monitored for
17 min, followed by addition of 24 nmol of acetic acid, then the production of MR~
was monitored again (n = 3 technical replicates, mean + s.d.). d, pH monitoring of
ammonia formation by PISA-urease nanoreactors calculated from UV-vis traces
(black)inc.

capacity of the buffer. In addition, the displayed stationary pH values
were similar to unbuffered conditions due to the photomasking effect
of MRH and proximity to the optimal pH of the enzymes. Importantly,
theindividual structures (Extended DataFig. 7 and Supplementary Sec-
tion14) and behaviours of both DASA-esterase and PISA-urease were
preserved, highlighting the ability of our system to precisely control
pHin out-of-equilibrium systems using visible light.

In contrast to experiments where the production of acetic acid
was not downregulated by the presence of PISA-urease (Fig. 2d), the
dispersions containing both DASA-esterase and PISA-urease had the
ability todrive back to alkaline pH autonomously in the absence of light
irradiation. We thus sought to showcase the modulation of chemical
speciesformation by cycles alternating between green light and dark,
allowing the catalytic activity of DASA-esterase to be switched on
and off (Extended Data Fig. 8 and Supplementary Section 15). DASA-
esterase and PISA-urease were dispersed in solutions of MR, ethyl
acetateandurea (pH 8.4) followed by alternating green-lightirradiation
at4.31 mW cm™ for periods of 10 min and periods of 15 min in dark-
ness while monitoring the pH fluctuations by UV-vis spectroscopy
(Fig. 4d, Supplementary Fig.17 and Supplementary Section 16). After
the first irradiation cycle, DASA-esterase transformed the substrate
(ethyl acetate) into acetic acid, producing a decrease in pH to pH 6.6.

Throughout the first darkness cycle, the pH gradually increased to
pH 7.2 through the acid-mediated activation of PISA-urease, trans-
forming urea into ammonia. Over the following seven cycles, the
system displayed alternating shifts of light-induced acid formation
and basicity in dark conditions. This can be attributed to reversible
switching of the photoresponsive DASA membrane gate. Interestingly,
the pH range became gradually more basic over the course of each
irradiation and darkness cycle. The presence of residual trypsin from
the synthesis of the DASA-esterase polymersomes was excluded as a
possible reason for the observed decay in oscillatory capacity, as no
notable changes were observed in the presence of a trypsin inhibitor
(Supplementary Fig.18 and Supplementary Section16). Moreover, the
enzymeswere shownto bestableto the highirradiation intensity of the
experiment (Supplementary Fig. 19 and Supplementary Section 10).
Beyond fuel consumption, the loss in light-induced esterase activity
may be explained by the loss of enzymatic activity due to a number of
factors, including the build-up of ammonium acetate buffer saltsin the
confinedreaction volume. We thus performed reactions containing dif-
ferent concentrations of urea (Extended DataFig.9 and Supplementary
Section 16). Over the cycles of alternating light irradiation and dark-
ness, we observed that reactions containing lower concentrations of
ureadisplayed higher changesin pH oscillation. Over time, these values
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representation of out-of-equilibrium MR protonation by modulation of pH by
DASA-esterase and PISA-urease in the presence or absence of light (1 =530 nm).
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forillustration purposes. d, Monitoring of the evolution of pH by alternating
cycles of green light (at 4.31 mW cm) and darkness. In each cycle, the samples
wereirradiated for 10 min and the pH was probed for 15 minin darkness (n =3
technical replicates, mean +s.d.).

decayed tosimilar values as experiments with higher concentrations of
urea. We attribute this to alower accumulation of ammonium acetate
salts that buffered the system over time. To confirm this hypothesis,
reactions containing predissolved ammonium acetate were performed
(Extended DataFig.10 and Supplementary Section16). Over theirradia-
tion cycles, the variations in pH were less pronounced thaninreactions
thatwereinitially unbuffered, and tended to stabilize close to the more
acidicinitial buffer pH values.

Overall, the communication between DASA-esterase and PISA-
urease nanoreactors was governed by the two independent negative
feedback loops, as described above, and by two positive feedback
loops. Light activated the production of acetic acid and MRH, which
activated PISA-urease. The production of ammonia by PISA-urease
generated MR", allowing light to stimulate the catalysis of more acetic
acidand MRH. This process constituted afirst positive feedback loop.
In turn, the production of ammonia, by PISA-urease, produced MR",
which allowed light to stimulate DASA-esterase and produce more

aceticacid and MRH. The shiftin pH further activated the production
of ammonia by PISA-urease, thereby constituting a second positive
feedback loop (Fig.1c). Conceptually, this light-powered process mim-
icsaspects of the complex circadian rhythm feedback loops observed
inliving organisms.

Out-of-equilibrium chemomechanical coupling of

polymersome nanoreactors in swellable hydrogels

In multicellular organisms, the modulation of metabolite concentra-
tions can reversibly control the physical state of tissues and organs.
Inspired by such processes, we investigated how the light-mediated
modulation of pH states by DASA-esterase and PISA-urease nanoreac-
tors could be coupled to the swelling of ahydrogel as arudimentary rep-
resentation of how chemomechanical work could be generated by an
out-of-equilibrium nanoreactor network. For this purpose, we synthe-
sized hydrogels of chemically crosslinked poly(N-isopropylacrylamid
e)-co-poly(2-(dimethylamino)ethyl methacrylate)-co-poly(Nile blue
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continuous irradiation of green light at 1.49 mW cm by DASA-esterase in the
absence of MR (blue), in the presence of MR (orange), by DASA-esterase and
PISA-urease in the absence of MR (purple), in the presence of MR (green), and
DASA-esterase and PISA-urease with MR in darkness (black) (n =3 technical
replicates, mean *s.d.). d, Photographs of the reversible hydrogel swelling
states, in a 96-well microplate. The images were normalized to the distance
corresponding to the bottom of the wells (9 mm). e, Reversible swelling and
deswelling of hydrogels by alternating green-light irradiation (A = 530 nm) at

1.49 mW cmwith darkness cycles. The second cycle required further addition of
chemical fuel (ethyl acetate and urea) (n = 3 technical replicates, mean +s.d.).

acrylamide) (PNIPAAm-co-PDMAEMA-co-PNBA) containing tertiary
amines. These become protonated at acidic pH (pK, = 7.5)* and swell
(Fig. 5a). Nile blue was incorporated to facilitate image contrast.
Thecircular gels (d =2 mm) wereimmersed in dispersions contain-
ing the two nanoreactor populations at different number ratios as well
as MR, ethyl acetate and urea. After equilibration for 1 h, the samples
were irradiated with green light (1.49 mW c¢cm™), and the hydrogel
swelling ratio was monitored over 4 h using a dermatoscope (Fig. 5b,
Supplementary Fig. 20a and Supplementary Section 17). Upon light
irradiation, DASA-esterase nanoreactors became semipermeable
to the substrate (ethyl acetate), allowing the catalytic formation of
acetic acid, which simultaneously protonated the MR™ reporter and
pH-responsive hydrogel, resulting in MRH formation and hydrogel
swelling, respectively. Eventually, the swelling process reached a pla-
teau, indicating equilibrium of the hydrogels with the bulk solution pH.
Importantly, the out-of-equilibrium swelling states were proportional
tothe PU:DE number ratio. Inaccordance with spectroscopic measure-
ments of pH (Fig. 4c), lower PU:DE ratios generated lower stationary

pH values, which translated into higher protonation and swelling states
of the hydrogels.

To test the role of MRH formation as a modulator of hydrogel
swelling, weimmersed the hydrogels in dispersions containing fixed
concentrations of the two nanoreactor populations and irradiated
themwithgreenlight at1.49 mW cm™in the presence and absence of
MR alongside a control in darkness (Fig. 5c and Supplementary Fig.
20b). Although hydrogel swelling was not observed in darkness, higher
swelling rates were observed in samples that did not contain MR. The
resultsindicate that the formation of acid and subsequent protonation
of the hydrogel were limited by the negative feedback generated by
accumulation of the photomask MRH. In addition, similar behaviour
was observed in experiments where DASA-esterase was present and
PISA-urease was absent, which additionally generated higher swelling
states (Fig. 5cand Supplementary Fig. 20b). To demonstrate that the
hydrogel swelling was an out-of-equilibrium state, the samples were
investigated after withdrawal of green light. After removing the light
source, the enzymatic production of aceticacid was interrupted, and
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PISA-urease nanoreactors dominated the modulation of pH by accu-
mulation of basic ammonia. This caused progressive deprotonation
of the hydrogel tertiary amines, leading to gradual deswelling. The
swelling could be reinitiated by the addition of substrate fuel (ethyl
acetate and urea) and furtherirradiation with greenlight for another
4 h,demonstrating the reversible nature of this ternary system. Over-
all, the changes in swelling state of the hydrogels were consistent
with the changes in pH observed in spectroscopic measurements
(Fig. 4). These results confirm that the chemical species generated
during the out-of-equilibrium communication of the antagonistic
nanoreactors can be employed for chemomechanical work, thereby
modulating the physical properties of an auxiliary hydrogel, akin to
solid tissue matrices.

Conclusions and future perspectives

Bioinspired out-of-equilibrium materials that require constant energy
to maintainactivated states of organization or chemical composition
provide astep to the next generation of molecular materials with adap-
tive, autonomous and intelligent behaviour®*™*. Cells require a constant
energy supply to remain in an out-of-equilibrium state and perform
functions that dictate their survival. Inthis Article we showcase how a
ternary system of polymersome nanoreactors and ahydrogel could be
employed to mimic complex biological communication processes and
self-regulate their behaviour through positive and negative feedback
loops. These nanoreactors, which are in adormant equilibrium state
in dark alkaline conditions, shift to an out-of-equilibrium state when
irradiated with light. Importantly, the system is composed of three
delayed chemical modulators. First, the permeability of DASA-ester-
asetoitssubstrate fuel ismodulated by the presence of light. Second,
the pH of the bulk solution evolves in a delayed manner through the
accumulation of acid and alkali by DASA-esterase and PISA-urease,
respectively. Third, a delayed swelling and deswelling of the hydrogel
occursinresponse to the modulation of pHin the bulk solution. With
further optimization, such systems could be adapted for novel and
diverse applications, including artificial organelles, protocells or soft
robotic prototissues.

So far, most reports employing enzymes in out-of-equilibrium
conditions require a constant supply of chemical fuel to maintain their
output chemical signals, thus hindering their application in closed
materials’. In contrast, the work described here showcases a system
that can be shifted on and off by an external macroscopic stimulus,
until the chemical fuel is consumed. Anotherimportant achievement
of this work is successfully deciphering amethod to modulate the pH
of amedium with light-controlled enzymes. Such approaches can be
employed as a powerful tool to control a wide spectrum of catalysts
as, in many cases, their turnover can be modulated by approxima-
tion to their optimal pH. Towards the goal of replicating living bio-
logical materials, understanding the underlying concepts behind the
molecular mechanisms that drive biological functions can provide
key insights into the fabrication of novel out-of-equilibrium systems
and materials. In this regard, polymersome nanoreactors mimic the
compartmentalizing nature of biological membranes, and represent a
robust platform for the creation of complex functional materials with
life-like properties. Inaddition, the system was capable of performing
in biologically relevant buffered conditions, opening an avenue to
light-controlled inter-nanoreactor signaling and nanoreactor/living
cell chemical communication. The future outlook for this work will
expand on employing light-responsive nanoreactors with a broader
range of enzymes to animate materials capable of autonomous motion,
as well as self-organization, self-actuation and adaptive behaviour.
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Methods

Materials and equipment

Poly(ethylene glycol) 4-cyano-4-(phenylcarbonothioylthio)pen-
tanoate (M, = 2,000 g mol™, determined by supplier), 2,6-lutidine
(98%), pentafluorophenol (=99%), acryloyl chloride (=97%, contains
~400 ppm phenothiazine as stabilizer), butyl acrylate (=99%, contains
10-60 ppm monomethyl ether hydroquinone asinhibitor), 1,4-dioxane
(99.8%), methanol (99.8%), ethyl acetate (>99.5%) (Sudan Blue 11 (98%),
2,2-dimethyl-1,3-dioxane-4,6-dione (98%), furfural (99%), p-iodoanisol
(98%), 1,3-diaminopropane (=99%), copper (I) bromide (299.5%), tri-
ethylamine (=99.5%), ammonium sulfate (=99%), sodium bicarbonate
(>99.5%), esterase from porcine liver (lyophilized, powder, slightly
beige, 250 U mg™), urease from Canavalia ensiformis (Jack bean),
Type IX (powder, 50,000-100,000 U g solid), trypsin from bovine
pancreas (Type, ~10,000 BAEE U mg™ protein), 2-(dimethylamino)
ethyl methacrylate (98%), methyl red (crystalline), Nile blue acryla-
mide, Rhodamine B isothiocyanate (mixed isomers, BioReagent, suit-
able for protein labelling), ammonium acetate (>97%), bromocresol
purple sodium salt (indicator grade dye), aprotinin from bovine lung
(Iyophilized powder, 3-8 TIU mg* solid), DMSO and chloroform-D1
(deuteration degree min. 99.8% for NMR spectroscopy) were purchased
from Sigma Aldrich and were used as received. N-isopropyl acryla-
mide (97%) was purchased from Sigma Aldrich and recrystallized from
hexane. 2-Hydroxypropyl methacrylate was purchased from Sigma
Aldrichand was purified by silica column chromatography, employing
n-hexane:ethylacetate 90:10. Urea (powder, BioReagent for molecular
biology, suitable for cell culture) was purchased from Sigma Aldrich
andrecrystallized from ethanol. Dichloromethane (DCM; 99.9%), etha-
nol (99.9%), tetrahydrofuran (THF; 99.9%), dimethylformamide (DMF;
>99.8%), magnesium sulfate (99.6%), sodium sulfate (99.8%), sodium
hydroxide (=99%) and sodium chloride (=99%) were purchased from
VWR Chemicals. Lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate
(>98%) was purchased from TCI Chemicals UK. Dulbecco’s PBS was
purchased from Gibco. Azobisisobutyronitrile (AIBN) was purchased
from Molekula and recrystallized from methanol. Biobeads S-X3 (600~
14,000 g mol™ range) were purchased from Bio-Rad Laboratories. Alexa
Fluor 647 C2 maleimide was purchased from Thermo Fisher Scientific.
Ultrapure water was obtained from a Triple Red Avidity Science Duo
at18.2mQcm™.

UV-visspectroscopy was carried out on aMolecular Devices Spec-
tramax M5 plate reader.

Polymer molecular weight (M, pc) and dispersity (D) were meas-
ured usinga1260 Infinity Il GPC MDS system (refractive index detection
only) equipped with aPSS GRAM guard column (8 x 50 mm, 10 pm) and
two PSS GRAM inear columns (8 x 300 mm, 10 pm, 500-1,000,000 Da)
and utilizing HPLC-grade DMF (containing 0.075 wt% LiBr) at 40 °C
as eluent (flow rate of 1 ml min™). Molecular-weight calibration was
performed using near-monodisperse poly(methyl methacrylate) stand-
ards (EasiVial, Agilent).

Dynamic light scattering was used to determine the hydrodynamic
diameter (D;) and polydispersity of the nanoreactors in ultrapure
water, and was measured using a Zetasizer Nano ZS device. The scat-
tering angle was fixed at 173°. Data processing was carried out using
cumulant analysis of the experimental correlation function, and the
Stokes-Einstein equation was used to calculate the hydrodynamic radii.
Allsolutions were analysed using disposable poly(styrene) ZEN0O040
microcuvettes.

Light stimulation of the DASA was performed by a Teleopto LAD-1
light-emitting diode (LED) array driver powering a LEDA-G (1= 530 nm)
LED array. Photopolymerization toyield the PISA-urease nanoreactors
was performed by a Teleopto LAD-1LED array driver poweringa LEDA-V
(A=405nm) LED array.

Attenuated total reflection Fourier-transform infrared spectra
were recorded on a Perkin ElImer Spectrum 100 FT-IR spectrometer
equipped with adiamond crystalinsert.

'HNMR spectrawere recorded onaBruker Avance lll HD 600 MHz
device at 298 K, employing the standard Bruker pulse programs
and parameter sets. For diffusion-edited '"H NMR spectra, 40% gra-
dient strengths were applied to selectively suppress the signals of
low-molecular-weight species. The proton signals were referenced
internally with residual resonances of the solvent.”F NMR was recorded
on aJeol 400-MHz spectrometer. All measurements were carried out
in CDCl,.

pH measurements were performed with an InLab micro
pH-electrode connected to a Mettler Toledo FiveEasy plus pH meter.

Photographicimaging of the hydrogelsin 96-well microplates was
performed with a fully polarized Firefly DE300 Polarizing Handheld
USB digital dermatoscope. Images were recorded every 5 min. Meas-
urement of object distances was performed with ImageJ (1.52n, Wayne
Rasband, National Institutes of Health, USA, Java1.9.0_172 (64-bit)).

For cryogenic transmission electron microscopy (cryo-TEM) for
Supplementary Fig. 6 and Extended Data Fig. 7a,b,e,f, 3.0-pl samples
were applied to either glow-discharged Quantifoil R2/2 holey carbon
grids (Quantifoil Micro Tools) or 400-mesh Cu-grids (TAAB Laborato-
ries Equipment) covered with an additional thin continuous carbon
film. Frozen-hydrated specimens were prepared with an automatic
plunge freezer FEI Vitrobot (Thermo Fisher Scientific), operated at
16 °C and 100% relative humidity. The samples were incubated for
10 s on the grids, blotted for 3-4 s and plunged into liquid ethane.
The cryo-specimens were transferred to aJEOL JEM-2100f transmis-
sion electron microscope (JEOL) operated at 200 kV. Images were
recorded using a TVIPS TemCam-XF416 CMOS camera (Tietz Video
andImage Processing Systems). Brightness and contrast correction of
theimages were performed using ImageJ, as well as the measurement
of object distances. For Extended Data Fig. 7c,d,g,h, a 4-pl aliquot of
the samples was adsorbed onto a holey carbon-coated grid (Lacey),
blotted with Whatman 1 filter paper and vitrified into liquid ethane at
-180 °Cusinga Leica GP2 plunger (Leica Microsystems). Frozen grids
were transferred onto a Talos L120C electron microscope (FEI) using a
Gatan 626 cryo-holder (GATAN). Electron micrographs were recorded
atanaccelerating voltage of 120 kV using alow-dose system (40 e /A?)
while keeping the sample at —175 °C. Defocus values were -2 to 3 pm.
Micrographs were recorded on a4k x 4k Ceta CMOS camera.

Fluorescence correlationspectroscopy (FCS) was performed using
a commercial LSM 880 system (Carl Zeiss). The incubation chamber
was held at 37 °C. A 561-nm- or 633-nm-wavelength excitation source
(HeNe laser) was used in combination with an appropriate filter set
and a x40 C-Apochromat water immersion objective (numeric aper-
ture of 1.2). Five-microlitre droplets of sample were pipetted onto
glass-bottom ibidi eight-well plates (80827, ibidi). The laser focus was
then moved 200 pum above the glass plate to conduct the FCS meas-
urements. Sulforhodamine B (SRB) in PBS was used to calibrate the
beam waist at 561-nm excitation (D =4.14 x 10" cm?s™ (SRB) at 25°C
was used to calculate D =5.54 x 10~ cm?*s ™ at 37 °C)*°. Alexa Fluor 647
(AF647) in PBS was used to calibrate the beam waist at 633-nm excita-
tion (D=3.3x10"°cm?sat25°C, whichisD=4.42x10"°cm?s™ at
37°C).Atotal of 30 x 5-sintensity traces were measured per sample; the
average correlation curves across the whole measurements (150 s) are
giveninthe figures. ZEN software (Carl Zeiss) automatically autocorre-
lated the dataand, after exporting, the data were fitted using PyCorrfit
program 1.1.6 (ref.”"), employing one-component fits:

T
SP?r,

T - 1
GlCOITID(T) = <1 + ﬁer”"’ ) X
N x (1 + Ti) x 1+
D

The height-to-waist ratio (structural parameter, SP) was fixed to
5. T is the triplet time with corresponding triplet fraction T, 7, is the
diffusiontime, and Nis the number of diffusing species in the confocal
volume. A solution of SRB in PBS was measured to calibrate the x-y
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dimension of the confocal volume (w3,). Using the obtained diffusion
times (7,) from above, the diffusion coefficients (D) were subsequently
obtained for each unknown sample:

2
Wiy

=m

The Einstein-Stokes equation was subsequently used to calculate
the hydrodynamic radii (R,) using the obtained diffusion coefficients
(D) from above. Cargo numbers per polymersome were calculated by
dividing the counts per particle (CPP) obtained for loaded polymer-
somes by the value obtained for free labelled cargo.

To calculate the encapsulation efficiency, DASA-esterase was
formulated by loading 525 nM esterase-AF647 (85 pug ml™), and subse-
quent trypsinization. This lower concentration compared to the other
experiments was required due to the inability to purify the sample
from non-encapsulated, trypsinized fragments. After performing
FCS measurements, the data were analysed using two-component fits:

T =\ _1
GZcomp(T) = (1 + Ee"’”’ ) X v

A 1-F
X +
(1+l)x\/1++ (1+l>><\/1+ 5
7 P2y o sp?r,

where 1, and 7, are the diffusion times of the two fractions F; (free
esterase-AF647) and F, (particle fraction) and Nis the total number
of diffusing species in the confocal volume. A triplet fraction Twith
corresponding triplet time 7,,;, was included and fixed between 1and
10 ps, and the structural parameter SP, which is the ratio of height to
width of the confocal volume, was set to 5. In this experimental set-up
without purification, F,x 100 corresponds to the encapsulation effi-
ciency. A control mixture of free esterase-AF647 with unloaded DASA
polymersomes gave minimal F,, which was subtracted from the value
for DASA-esterase-AF647 toyield an encapsulation efficiency of 7.5%.

Synthesis of pentafluorophenyl acrylate
This compound was synthesized following a procedure published by
Théato and colleagues (Extended Data Fig.1a)*™.

Synthesis of poly(ethylene glycol)-b-(poly(butyl acrylate)-
co-poly(pentafluorophenyl acrylate))

Chain extension by reversible addition-fragmentation
chain-transfer radical polymerization was performed on the macro
chain-transfer agent (macroCTA) poly(ethylene glycol) 4-cyano-4-
(phenylcarbonothioylthio) pentanoate (PEG-CPADB) (1), yielding an
amphiphilic diblock copolymer with arandomly distributed activated
ester (Extended DataFig.1a). AIBN (1.0 mg, 6.09 umol) and PEG-CPADB
(97.4 mg, 48.7 pmol) were dissolved togetherin 0.77 ml of 1,4-dioxane.
In parallel, butyl acrylate (BA) was purified from monomethyl ether
hydroquinone by perfusion through a basic aluminium oxide plug.
Then, pentafluorophenyl acrylate (PFPA; 52.0 pl, 72.5 mg, 0.3 mmol)
and the purified BA (0.39 ml, 0.35 g, 2.74 mmol) were added to the
initiator and macroCTA solution. Oxygen was removed from the result-
ing solution by bubbling with argon flow for 1 h. The stoichiometry
I:CTA:M was 1:8:500 and the monomer ratio BA:PFPA was 9:1. The
reaction was initiated by exposing the solution to 90 °C in an argon
atmosphere. The reaction was ended after 3 h by exposure to atmos-
pheric oxygen. The polymer was purified by precipitation in 60:40
vol/vol methanol:water. The resulting suspension was centrifuged at
7,000gfor15 minatroomtemperature (Eppendorf5430/5430R, F-35-
6-30rotor). To remove the remaining non-polymerized monomer, the
pellet was dissolved in2 ml of THF and an end of spatula of Sudan Blue
Il was added as a small-molecule indicator for preparative size exclu-
sion chromatography (SEC). SEC was performed using Biobeads S-X3

(600-14,000 g mol™ range) as the stationary phase and distilled THF
asthemobile phase. The elution volume before the appearance of the
blue small-molecule indicator fraction was collected and concentrated
in vacuo. After further drying the polymer in a vacuum oven at 40 °C
overnight, 360 mg (69% yield) was collected (Supplementary Fig. 5a).

Removal of the chain-transfer agent end group from PEG-b-
(PBA-co-PPFPA)

The chain-transfer agent was removed from PEG-b-(PBA-co-PPFPA) (2)
followinga procedure reported by Perrier etal. (Extended DataFig.1b)*.
The polymer (360 mg) was dissolved with200 mg (1.2 mmol) of AIBNin
DMF (3 ml) inaround-bottom flask. The solution was bubbled for1 hwith
N, flow and posteriorly sealed under aN,atmosphere. The reaction was
initiated by transferring the solutiontoan 80 °C oil bath and carried for
4 h. Then, the polymer was purified by SEC. For this purpose, an end of
spatulaof SudanBluellwas added as anindicator for the small-molecule
fraction, and Biobeads S-X3 (600-14,000 g mol ™ range) was employed as
thestationary phase, using distilled THF as eluent. The organic solution
was collected prior to the appearance of the Sudan Blue Il fraction and
was concentrated in vacuo. The polymer, was further dried inavacuum
ovenovernight at40 °C (Supplementary Figs. 2a,3aand 4).

Synthesis of the second generation DASA donor precursor N-
(4-methoxyphenyl)-1,3-diaminopropane

The compound was synthesized following a procedure published by
Han et al. (Extended Data Fig.1c)*.

Synthesis of aromatic amine DASA precursor diblock
copolymer (3)

The AIBN-capped PEG-b-(PBA-co-PPFPA) was dissolved in anhydrous
DMEF (3 ml) together with N-(4-methoxyphenyl)-1,3-diaminopropane
(100 mg, 5.5 x 10 mmol) and triethylamine (0.10 ml, 0.73 mg, 1 mmol)
(Extended Data Scheme 1c). The solution was degassed by bubbling
with N, flow for 30 min. The reaction was carried out at 60 °C for 12 h.
Subsequently, the polymer was purified by SEC, employing an end of
spatula of Sudan Blue Il as an indicator for the small-molecule frac-
tion. The reaction mixture was poured onto Biobeads S-X3 (600-
14,000 g mol™ range) and the polymer was eluted with distilled THF.
The volume before the appearance of the blue small-molecule fraction
was collected, concentrated in vacuo, and dried in a vacuum oven at
40 °C overnight (Supplementary Figs. 3b, 4 and 5b,c).

Synthesis of Meldrum’s acid-based furan adduct
This compound was synthesized according to a procedure described
by Read de Alaniz and co-workers (Extended Data Fig.1d)>.

Modification of aromatic amine DASA precursor polymer to
yield the DASA polymer

The secondary aromatic amine on the diblock copolymer (3)
was reacted with Meldrum’s acid-based furan adduct to yield the
DASA diblock copolymer (Extended Data Fig. 1d). In short, 100 mg
(1.2 x10' umol) of the polymer was dissolved inasolution of Meldrum’s
acid-based furanadduct (9 x 10" M) inaround-bottom flask. The solu-
tion was capped with a rubber septum and allowed to stir at room
temperature for seven days. The polymer was then purified from the
excess of furan adduct by SEC. Biobeads S-X3 (600-14,000 g mol™
range) was employed as the stationary phase and distilled THF as the
mobile phase. In this case, the addition of small-molecule indicator
was notrequired, asboth the furan adduct and the polymer presented
distinctive colours. Finally, the polymer was dried inavacuumovenat
40 °Covernight (Supplementary Figs. 2a, 4 and 5d).

Preparation of DASA-esterase nanoreactors
Unless otherwise stated, 1 mg (1.1 x 10~ pmol) of the DASA diblock
copolymer was weighted in an HPLC vial and dissolved in 0.1 ml of
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1,4-dioxane. The self-assembly was conducted in a dimly lit room to
favour the triene-enol form of the DASA—its more hydrophobic and col-
ourful state.Inadifferent HPLC vial,1 mg of esterase from porcine liver
(5.95 nmol) was dissolved in 1 ml of ultrapure water and equipped with
amagnetic stir bar. The solution was stirred at level 2 of a Stuart UC151
hot plate, and the polymer solution was added gradually in 10-p steps.
Theresulting dispersion was allowed to stir for another 5 min. To digest
the non-encapsulated esterase, the dispersion was transferred toathird
HPLC vial containing 0.5 mgof trypsin (21 nmol) and incubated at 37 °C
overnight (SupplementaryFig. 8). Finally, the sample was stored at 4 °C.

To facilitate cryo-TEM imaging, 2 mg (2.2 x 10 pmol) of the of
the DASA block copolymer was used instead of 1 mg (Supplementary
Fig. 6a-d).

Synthesis of urease-loaded polymersomes by PISA

Synthesis of PEG,;;-CDTPA. CDTPA (0.97 g, 2.4 mmol), PEG,;;
(M,=5,000 g mol™; 6 g, 1.2 mmol) and DCM (20 ml) were charged
to a round-bottom flask equipped with a stir bar. A solution of
N,N’-dicyclohexylcarbodiimide (DCC) (0.5g, 2.4 mmol) and
4-dimethylaminopyridine (DMAP) (0.029 g, 0.24 mmol) in DCM (10 ml)
was added dropwise to the reaction flask, which was maintained at 0 °C
using anice-water bath. The flask was subsequently sealed with arub-
ber septum and purged with N, for 30 min at 0 °C. The esterification
reaction was allowed to proceed with stirring at room temperature
for 48 hinthe dark. A yellow polymer was collected by three repeated
precipitation/centrifugation (7,000g for 5 min) cycles of the reaction
mixture in cold diethyl ether (Supplementary Fig. 2b).

Synthesis of urease-loaded PEG,;;-b-PHPMA polymersomes.
PEG,;5-CDTPA (5.67 mg, 1.05 umol), 2-hydroxypropyl methacrylate
(HPMA) (60.3 mg, 56.6 1l, 4.18 x 10~ mmol) and 441.2 pl of Jack Bean
urease (10 mg ml™) in PBS was added to a 2.5-ml crimp vial equipped
with a magnetic stir bar (Extended Data Fig. 1e). The vial was sealed
and degassed by bubbling with N, flow for 30 min. The vial was then
irradiated usingan LED array (A,,,, = 405 nm, /- 10 mW cm™) for 3 hwith
magneticstirring. To purify the polymersome samples, the turbid solu-
tion was removed from the light source, diluted 10 times with ddH,0
andspunat16,000gfor 10 min. The supernatant was carefully removed
and the polymersome pellet resuspended in 5 ml of fresh ultrapure
water. The centrifugation process was repeated an additional two times
to obtain the purified urease-loaded PEG-b-PHPMA polymersomes
(PISA-urease; Supplementary Figs. 2b and 6e-h).

Fluorescent dye functionalization of enzymes and
preparation of samples for FCS measurements
Functionalization of esterase and urease with Rhodamine B iso-
thiocyanate. Rhodamine Bisothiocyanate (0.33 mg, 6.1 x 10 umol) was
weightedinal.5-mlscrew HPLC vial and dissolved in 33 plof DMSO. Ina
separate HPLC vial, either 2 mg (11.9 nmol) of esterase or 2 mg (3.7 nmol)
of urease was dissolved in400 pl of ultrapure water and equipped with a
magneticstirrer bar. The organicsolution was transferred to the aqueous
proteinsolution. The vial was covered inaluminium foil and the reaction
was allowed to proceed for 2 hwhilestirring. The labelled esterase (RhB-
esterase) was purified by SEC, using two sequential PD Minitrap G-25
and PD Miditrap G-25 (GE Healthcare) devices. Inthe case of urease, the
solution was dialysed against11of ultrapure water using aFloat-A-lyzer
G2dialysis device (molecular weight cutoff (MWCO) =100,000 g mol™).
Theelution volume was exchanged once per day throughout four days.
In both cases, the labelled protein powders were concentrated by lyo-
philization (RhB-esterase, 1.3 mg, 65% yield; RhB-urease, 1.8 mg, 90%
yield; Supplementary Figs. 8b,c, 11b and 18a).

Functionalization of esterase with Alexa Fluor 647-maleimide.
Alexa Fluor 647-maleimide (0.1 mg, 8 x 10~ pmol) was dissolved in
10 pl of DMSO and added to a solution of 1 mg (5.95 nmol) of esterase

inultrapure water while stirring with amagnetic stir barina HPLC vial.
The vial was covered in aluminium foil and the reaction was allowed to
proceed for 2 h. The labelled esterase (AF647-esterase) was purified
by dialysis using a Float-A-lyzer G2 system (MWCO =100,000 g mol™)
against 11 of ultrapure water. The eluent was changed once per day
over three days. The protein was further purified by SEC, using a PD-10
column (Cytiva) containing Sephadex G-25M. A 2.5-ml volume of the
dialysed protein was added to the column and 3.5 ml were collected.
Theresulting concentration was 85 pg ml™ (525 nM; 31%yield) for FCS.
The solution was kept refrigerated at 4 °C (Supplementary Fig. 9).

Preparation of trypsinized RhB-esterase. Aqueous solutions of
RhB-esterase (1 mg ml™) were incubated with trypsin (0.3 mg ml™) at
35°Cfor12 htoinduce protein digestion (Supplementary Fig. 8b,c).

PISA polymersomes loaded with rhodamine B-modified urease.
To generate PISA-RhB-urease, a solution of 9 mg ml™ of commercial
urease and1 mg ml™ of RhB-urease was prepared and all other reaction
conditions for the synthesis of PISA-urease were employed (Supple-
mentary Fig.11).

Photoswitching and thermal recovery measurements of the
DASA polymer

Photoswitching of the DASA polymer in THF. Asolution of 24 pg ml™
of the DASA polymer in THF was introduced in a 1-ml quartz cuvette.
UV-vis measurements were performed at 530 nm on the cuvette holder
of aSpectramax M5 device (Molecular Devices). After aninitial meas-
urement, the samples wereirradiated for 30 s at 530 nm at intensities
of either 0.23 mW cm™, 0.76 mW cm™ or 1.49 mW cm 2 The thermal
recovery was monitored over 15 min every 10 s. This process was
repeated three times. The experiments were carried out in triplicate,
and the values of the three cycles were normalized to the maximum
absorbance of the first cycle. Finally, the data were laid in sequence
(Supplementary Fig.14).

Photoswitching of aqueous DASA polymer dispersions. The organic
solution was substituted by a dispersion of 0.05 mg ml™ of the DASA
polymer in ultrapure water. A 150-pl volume of this dispersion was
transferred to a Corning 96-well half-area microplate (poly(styrene),
non-binding). Data acquisition and treatment were performed in the
same manner as for the polymers in organic solution. In this case, the
sampleswereirradiatedat 0.76 mW cm>,1.49 mW cmor2.12 mW cm™
for10 min, and the thermal recovery was monitored over 30 min every
10 s (Fig. 2e).

Determination of esterase activity of DASA-esterase
nanoreactors

Unless otherwise stated, 5 pl of 100 times diluted DASA-esterase
dispersion was introduced into 295 pl of an aqueous solution of MR
(7.4 x10™" mM) and saturated ethyl acetate (pH 7.8) contained in a
Corning 96-well microplate (poly(styrene), non-binding). The plate
was placed in the measuring tray of a plate reader (Spectramax M5,
Molecular Devices), and aninitial UV-vis measurement at 530 nmwas
performed (Fig. 2d and Extended Data Fig. 2). The 96-well plate was
irradiated with light at 530 nm. The sample was irradiated atintensities
of either 0.76 W cm™2or1.49 W cm . UV-vis measurements were taken
at 530 nm every 10 min over 160 min. In the case of non-stimulated
nanoreactors, absorbance measurements were performed as kinetics
at 530 nmevery 10 min for 160 min.

Evaluation of urea hydrolysis by PISA-urease nanoreactors

Al-plvolume of aPISA-urease dispersion was introduced into 295 pl of
anaqueoussolution of MR (7.4 x 10" mM), urea (8.3 x 10" M) and satu-
rated ethylacetate (pH 7.8) contained ina Corning 96-well microplate
(poly(styrene), non-binding). The plate was placed in the measuring
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tray of a plate reader (Spectramax M5, Molecular Devices) and kinetics
measurements were taken at 530 nm every 10 s over 40 min (Fig. 3c).

Synthesis of PNIPAAm-co-PDMAEMA-co-PNBA gels
N-isopropyl acrylamide (NIPAAm) (200 mg, 1.76 mmol),
2-dimethylaminoethyl methacrylate (DMAEMA) (0.57 ml, 538 mg,
3.4 mmol), N,N"-methylenebisacrylamide (9.75 mg, 6.32 x 102 mmol),
Nile blue acrylamide (1 mg, 2.45 umol), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP; 2 mg, 6.80 umol) and PEG
M,=2,000 g mol™*were dissolved in250 plof ultrapure water. A 60-pl
volume of this solution was deposited between two polydimethylsilox-
ane discs (diameter, 2 cm) and placed under a UV lamp at 365 nm for
10 min. The discs were then separated and immersed in a water bath
overnight to promote the separation of the gel from the disc and the
elution of impurities. Smaller gels were cut out with a2-mm biopsy
punch to be employed for light-mediated swelling and deswelling
experiments (Fig. 5 and Supplementary Fig. 20).

Data availability

Data supporting the findings of this study are contained within the
manuscriptandits Supplementary Information files, and raw research
data are available online at https://doi.org/10.5281/zenod0.6795274.
Source data are provided with this Paper.
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Extended Data Fig. 3| DASA-esterase nanoreactor mediated biocatalytic
hydrolysis of ethyl acetate in the presence of bromocresol purple by
continuousirradiation ofgreenlight (A = 530 nm). a. UV-Vis spectrum of
bromocresol purplein acidic (dotted line) and basic (solid line) conditions.
The green bar represents green light at A = 530 nm. b. Kinetic absorbance
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measurements of bromocresol purple protonation at A = 430 nm catalysed by

10 pL (circle) or 2 pL (triangle) of 100 times diluted DASA-esterase nanoreactors
irradiated with green light (A = 530 nm) (n = 3 technical replicates, mean + SD).
The plateau absorbance values coincided with the absorbance of BPH at pH=1.8.
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Extended DataFig. 5| Light-fuelled modulation of pH by chemical
communication between DASA-esterase and PISA-urease nanoreactors at
different ratios. Monitoring of absorbance evolution by continuous irradiation
of green light at 1.49 mW-cm™ with volume ratios of PISA-urease: DASA-esterase
of L:5 (irradiation for 180 min by irradiation at 0 mW-cm™) (triangle), 1:10

(irradiation for 130 min followed by 0 mW-cm™) (square), and 1:15 (irradiation for
110 min followed by irradiation at 0 mW-cm™) (circle) (n =3 technical replicates,
mean £ SD). The latter was repeated from Extended Data Figure 4 for illustration
purposes. The corresponding calculated pH values are shown in Fig. 4c.
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PU:DE of 1:5 (triangle), 1:10 (square), and 1:15 (circle) (n = 3 technical replicates,
mean + SD). In all cases the samples were irradiated by green light (A =530 nm) at
1.49 mW-cm2for 220 min and in darkness for 105 min. b. pH calculation derived
from absorbance datain panel a.

Extended DataFig. 6 | Light-mediated modulation of MR protonation in PBS
(10 mM phosphate) by chemical communication between DASA-esterase
and PISA-urease nanoreactors. a. Monitoring of absorbance evolution by
continuous irradiation of green light at 1.49 mW-cm™with volume ratios of
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Extended Data Fig. 7| Evaluation of nanoreactor stability to variationsin micrographs of PISA-urease nanoreactors after acidification from pH=38.2to pH
pH. a, b. Cryo-TEM micrographs of DASA-esterase nanoreactors at pH=8.2.c, d. =6, followed by basification back to pH = 8.2 after 10 min. i. DLS measurements
Cryo-TEM micrographs of PISA-urease nanoreactors at pH=_8.2. e, f. Cryo-TEM before (solid line) and after (dotted line) the oscillation of pH values from panels
micrographs of DASA-esterase nanoreactors after acidification from pH=38.2 A-BtoE-F.j.DLS measurements before (solid line) and after (dotted line) the
to pH=6, followed by basification back to pH=8.2 after 10 min. g, h. Cryo-TEM oscillation of pH values from panels c-d to g-h (n =3 technical replicates; mean).
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Extended Data Fig. 8 | DASA-esterase nanoreactor mediated biocatalytic
hydrolysis of ethyl acetate in the presence of MR in alternating light and
darkness cycles. a. UV-Vis measurements b. Calculation of pH from absorbance
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Extended DataFig. 9 | Light-mediated modulation of pH by chemical
communication between DASA-esterase and PISA-urease nanoreactors

in the presence of different urea concentrations. UV-Vis measurements
monitoring the formation of MRH by alternation of green light at 4.31 mW-cm™
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absorbance at A = 530 nm was probed for 15 min in darkness (n = 3, technical
replicates, mean * SD). Reactions were performed in the presence of urea
ata.0.41,b.0.83 or c.1.66 mM. Absorbance values were converted to their
corresponding pH values and plottedind, e, and f, respectively.
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Extended Data Fig. 10 | Influence of ammonium acetate concentration on
the modulation of medium species by alternating light between DASA-
esterase and PISA-urease nanoreactors. UV-Vis measurements monitoring the
formation of MRH by alternation of green light at 4.31 mW-cm2and darkness.
Ineachcycle, the samples were irradiated for 10 min and the absorbance
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mean + SD). Reactions were conducted in the presence of ammonium acetate at
initial concentrations ofa. 0, b. 10, c. 'mM. Absorbance values were converted
to their corresponding pH values and were plotted ind., e., and f., respectively.
The datarepresented in panels A and D was repeated from panels B and F from
Extended Data Figure 9 forillustration purposes.
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