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ABSTRACT: Transient activation of biochemical reactions by
visible light and subsequent return to the inactive state in the
absence of light is an essential feature of the biochemical processes
in photoreceptor cells. To mimic such light-responsiveness with
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artificial nanosystems, polyme.rs.ome.nanoreactors were deve}oped Tre y
that can be switched on by visible light and self-revert fast in the ¢
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dark at room temperature to their inactive state. Donor—acceptor 5 .

Stenhouse adducts (DASAs), with their ability to isomerize upon
irradiation with visible light, were employed to change the
permeability of polymersome membranes by switching polarity from a nonpolar triene-enol form to a cyclopentenone with
increased polarity. To this end, amphiphilic block copolymers containing poly(pentafluorophenyl methacrylate) in their
hydrophobic block were synthesized by reversible addition—fragmentation chain-transfer (RAFT) radical polymerization and
functionalized either with a DASA that is based on Meldrum’s acid or with a novel fast-switching pyrazolone-based DASA. These
polymers were self-assembled into vesicles. Release of hydrophilic payload could be triggered by light and stopped as soon as the
light was turned off. The encapsulation of enzymes yielded photoresponsive nanoreactors that catalyzed reactions only if they
were irradiated with light. A mixture of polymersome nanoreactors, one that switches in green light, the other switching in red
light, permitted specific control of the individual reactions of a reaction cascade in one pot by irradiation with varied wavelengths,
thus enabling light-controlled wavelength-selective catalysis. The DASA-based nanoreactors demonstrate the potential of DASAs
to switch permeability of membranes and could find application to switch reactions on and off, on demand, e.g,, in microfluidics

or in drug delivery.

B INTRODUCTION

Photochemical transformations in which light drives a system
to an out-of-equilibrium state are important in nature.”> When
the light stimulus is removed, such systems return to their
original state. An example can be found in the mammalian eye
which contains a variety of photoresponsive cells that detect
different wavelengths and light intensities, ultlmately enabling
the visual perception of colors and objects.” These processes
are based on the organic photochrome retinal, and the light-
induced photoisomerization from the cis to the trans isomers.”
In the dark, the original cis isomer is recovered by enzymatic
activity. Without this return to the initial state, the cells would
not be able to repeatedly sense light.

between states of different polarity, absorptivity, charge, and
molecular shape.”~® This photoswitching ability has been
explored for the creatlon of systems that permit external control
with light irradiation.””"® To mimic the light-induced transient
activation of reaction cascades in photoresponsive cells without
having the complex enzymatic systems available, a bioinspired
nanosystem would need to have photochromes that are
activated by light, but return to their ground state in the dark
at room temperature at a reasonably fast rate. Moreover, these
photochromes would have to be implemented into a system
that produces a meaningful and detectable signal, e.g., by a
catalytic biotransformation. Such a system could be based on

Artificial organic photochromes have long fascinated
scientists with their ability to switch upon light stimulation
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nanoreactors that confine enzymatic activity into hollow
artificial nanostructures. A further important aspect would be
to employ a set of photoswitches, with the individual members
reacting to visible light of specific colors, so that different
wavelengths of light result in the specific activation of different
reactions.

Donor—acceptor Stenhouse adducts (DASAs) represent a
fascinating new class of visible light-responsive organic
photoswitches that change under visible light irradiation from
a colorful and hydrophobic triene-enol, into a colorless and
more polar cyclopentenone, but reverse into their initial state
when the light stimulus is withdrawn.'*~** Interestingly, even in
the dark, DASAs exist in equilibrium between their two states
that, upon light stimulation, is merely shifted completely to one
side. Thus, they are prime candidates to realize nanosystems
that are shifted out-of-equilibrium as long as the light
irradiation continues, and autonomously return to their initial
state when the light is absent. As a molecular switch for the
visible light-mediated control of materials, a first generation of
DASAs has already shown potential in a variety of applications
ran§isr1gg4 from sensors to drug delivery and photopattern-
ing.”7”" Recently, a second generation based on aromatic
amine donors greatly expanded both the accessible absorption
range (now 450—700 nm) and switchability in different
environments.”> For the incorporation into polymer systems,
we presented a modular synthesis of second generation DASAs
directly on polymers, allowing preparation of DASA—polymer
conjugates.”

A promising candidate for nanoreactor systems that mimic
the compartmentalization found in cells and organelles are
polymer vesicles that self-assemble from amphiphilic block
copolymers.***” They are excellent nanocarrier systems for
sensitive cargo, including enzymes for biotransformations, and
therapeutics.””*” The membranes of polymersomes usually
constitute an impermeable barrier for many compounds, so that
they have to be permeabilized if the polymersomes are to be
used as nanoreactors or delivery systems. Because polymers can
be modified with a variety of functional groups,™ polymer-
somes that self-regulate in the presence of small molecules®' or
become permeable in response to various stimuli, such as
temperature, pH, magnetism, redox potentials, or light, have
been realized.”**** Light is one of the most interesting
triggers, as it allows for precise temporal control over the
properties of polymersomes. Furthermore, excellent spatial
control for the localized activation of a population of
polymersomes, for example at a defined point in a microfluidic
channel or in a blood vessel near the skin surface, can be
achieved. Different types of responses to light have been shown
depending on the photosensitive entities; light irradiation might
induce degradation of the polymersomes,™* disassembly,*’
or rupture of the polymer membrane.**™° All these approaches
result in irreversible loss of function and total release of
encapsulated cargo. A different approach is rendering the
polymer membranes permeable by light. For example, this can
be achieved by photoreaction with a hydroxyalkylphenone" or
by photoinduced cross-linking.”*>* However, these ap-
proaches are limited by the inability to switch back to the
initial, impermeable state and, therefore, the polymersome
membranes remain continuously active. To achieve reversi-
bility, the covalent linking of organic photochromes, such as
azobenzene™ ™’ and spiropyran,”® into polymersomes has
been shown. They change their polarity and molecular shape
upon irradiation with UV-light and, thereby, also change the

permeability of the polymer membrane while conserving the
structural integrity of the vesicles.”” >’ Even without an
additional stimulus, some systems slowly reverse from the
metastable permeable to the original impermeable state.
However, at room temperature this is usually a slow process
on the order of days.””®" To quickly switch azobenzene- and
spiropyran-based polymersomes to their impermeable state,
they were irradiated with light of another wavelength. Thus,
two light sources of different wavelengths were needed to
achieve sufficiently fast activation and deactivation kinetics.
Another serious disadvantage of the established systems is the
common need for UV light. It represents a skin hazard and is
limited in its penetration depth into tissue, which limit potential
biomedical applications.G2 Furthermore, the harsh UV light may
cause adverse effects on many molecular entities.”> However,
even though intense research activity has been directed in the
last years toward the development of visible light-responsive
photochromes,64_66 to our knowledge, no visible light-
responsive polymersomes or polymersomes with a wave-
length-specific response have been obtained. The transient,
light-induced rearrangement of DASAs as well as their tunable
absorption profile makes them prime candidates for the
development of polymersomes with temporarily, wavelength-
specific permeabilization of their block copolymer membranes.
However, DASAs have so far never been used to switch the
permeability of polymersome membranes, nor any other type
of polymer membrane.

Herein we report the development of visible light-responsive
polymersomes based on DASA photochromes. To this end, we
synthesized amphiphilic block copolymers that bear DASAs
with tunable absorptivity in their hydrophobic block. To
achieve a wider absorption range, we introduce a new DASA
that combines absorption at higher wavelengths with excellent
switching kinetics. The DASAs were employed as molecular
switches to reversely change the permeability of the polymer-
some membrane with the application of visible light (Figure 1).
In addition to the light-responsive release or uptake of cargo
into the polymersomes, the polymersomes were loaded with
enzymes during self-assembly of the block copolymers to yield
visible light-responsive nanoreactors. Their activity could be
switched on by light. In the absence of light, the nanoreactors
quickly returned to their off state at room temperature. The
nanoreactors therefore mimic the working principle of light-
responsive cells, which are only active as long as they are
exposed to light. As light of different wavelengths could be used
to selectively switch polymersomes that feature different
DASAs, such nanoreactors were used to control the individual
reactions of a biochemical reaction cascade, which enabled
wavelength-specific biocatalysis in one pot.

B RESULTS AND DISCUSSION

Preparation of DASA Polymersomes. To obtain DASA-
modified block copolymers, we employed an approach based
on the installment of aromatic amine precursors on activated
ester polymers, which allow the synthesis of different DASAs
directly on the block copolymer backbone. RAFT radical
polymerization was employed to obtain amphiphilic block
copolymers with tailored molecular weights which could self-
assemble into polymersomes.””*® To this end, a poly(ethylene
glycol) (PEG) macrochain transfer agent was synthesized
(Scheme S1 and Figure S1) and chain-extended by the random
copolymerization of the hydrophobic monomers pentafluor-
ophenyl methacrylate (PFPMA) and hexyl methacrylate
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Figure 1. DASA-functionalized visible light-responsive nanoreactors.
Two sets of enzyme-loaded polymersomes with different DASAs
respond to irradiation with lower wavelength (green) or higher
wavelength (red) light. The light stimulus switches the DASAs in the
hydrophobic leaflet of the polymersome membrane, resulting in an
increased permeability of the polymersome membrane and the
activation of the enzyme nanoreactor. The polymersomes self-revert
to their impermeable state in the dark at room temperature.

(HMA), producing a diblock copolymer with activated ester
moieties randomly distributed over the hydrophobic block
(Scheme $1).***”7% Gel permeation chromatography showed
narrow molecular weight distributions (dispersity D = 1.15)
and a polystyrene-apparent number-average molecular weight
(M,) of 13800 g mol™" (Figure S2). The RAFT end-group was
substituted with a 2-cyanoisopropyl group by reaction with
AIBN to avoid the formation of reactive primary amine end
gr(3u7ps in the subsequent amidation (Figure 2A and Scheme
S1

For the modification of the block copolymers with DASAs,
the aromatic amine precursor N-(4-methoxyphenyl)-1,3-
diaminepropane (MPDP) was conjugated to the activated
ester block copolymer by reaction of its primary amine group
with the activated esters of the polymer (Figure 2A and Scheme
S1), resulting in an aromatic amine-modified block copolymer.
The successful conjugation and the completion of the reaction
were confirmed by 'H NMR, diffusion edited 'H NMR, "F-
NMR, and infrared (IR) spectroscopy (Figures S3—SS). The
degree of functionalization was calculated to be 10.6 mol % in
the hydrophobic block from the 'H NMR data using the
characteristic signals of the aromatic amines on the polymer
backbone. Subsequent reaction of the aromatic secondary
amine with activated furan adducts yielded DASAs on the
polymer backbone (Figure 2A and Scheme S1).** For this last
step, the aromatic amine-bearing block copolymer was divided
into two aliquots to enable the synthesis of polymers with equal
concentrations of two different DASAs on their hydrophobic
blocks. We employed the previously reported Meldrum’s acid-
based furan adduct’> and a novel five-membered ring
pyrazolone-based furan adduct (Scheme S1 and Figure S6).
The respective amphiphilic DASA-block copolymers MELD
and PYRA were obtained, as shown by 'H NMR and IR
spectroscopy (Figure S4 and Figure S7). The DASA-block
copoylmers were ready for the subsequent self-assembly into
polymersomes (Figure 2B). To obtain nonresponsive control
samples of the block copolymers, an aliquot of (PEG-b-
(PHMA-co-PPFMA)) was modified with hexylamine to yield
block copolymer HEX (Scheme S1).

To assess the photochromic properties of the two DASA
block copolymers, they were dissolved in THEF. The solutions
had a deep purple (MELD) or deep blue (PYRA) color (Figure
S8). UV—vis spectra of both solutions are shown in Figure 3A.
MELD had a maximum absorbance at 555 nm, and the
absorption band of PYRA peaked at 608 nm. The difference
between the absorption bands is large enough to provide
regions of the spectrum where mostly one DASA absorbs light.
When the THF solutions were irradiated with white light, they
became colorless within seconds, as the DASAs photoswitched
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Figure 2. Preparation of DASA-functionalized visible light-responsive polymersomes. (A) DASA-functionalized block copolymers MELD and PYRA
were synthesized in two steps from an active ester block copolymer. Reaction conditions: (i) TEA, THF/DMF 14:3, 45 °C, 6 days; (ii) THF, rt, 7
days; (iii) THF, rt, 20 days. (B) Polymersomes were self-assembled by the solvent exchange method.
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Figure 3. Light switching experiments of DASA block copolymers in solution and of DASA polymersome dispersions. (A) UV—vis spectra of DASA
block copolymer solutions in THF (24 ug mL™") before and during white light irradiation (2 s of light per spectrum). (B) UV—vis spectra of DASA
polymersome dispersions before and during white light irradiation (10 s of light per spectrum). Before recording the last spectra (gray lines), the
dispersions were irradiated for an additional 3 min. (C) Photographic images of polymersome dispersions before and after white light irradiation
(Top: MELD; bottom, PYRA). (D, E) Repeated photoswitching of DASA polymersomes by alternating irradiation with white light and recovery of
the absorbance in the dark. In each cycle of these experiments the polymersome dispersions were irradiated for 1 min, and the thermal recovery of
the absorbance was recorded either at 550 nm for 120 min (D, MELD, pink) or at 595 nm for 30 min (E, PYRA, blue).

into their colorless closed-ring state (video SI and video S2).
Accordingly, white light irradiation resulted in the reduction
and, finally, complete disappearance of the absorption peaks,
which corresponds to full photoswitching. Notably, PYRA
solutions showed a faster decrease of absorbance in comparison
to MELD solutions when irradiated under the same conditions,
indicating faster photoswitching ability of this compound.
MELD and PYRA solutions recovered their full absorbance
within 70 and 40 min, respectively, when the light was switched
off. The thermal recovery of the open state of the DASAs was
monitored by UV—vis spectroscopy until a plateau of the
measured absorbance value was reached (Figure S8). For
MELD, a recovery halftime of fz;/, = 10.6 min was found.
PYRA recovered faster with a halftime of tz;/, = 3.8 min. Thus,
DASAs are light-triggered molecular switches that relax back to
their colorful isomer within minutes in the dark at room
temperature. Moreover, these results show that the switching
and recovery kinetics are an intrinsic property of each DASA
type in accordance with previous reports.'” To assess the
repeatability of the photoswitching process, both MELD and
PYRA solutions were cycled 10 times between light and dark
(Figure S9). The DASA polymers reversibly switched between
the colorless and colored state. No reduction in absorption in
the colored state could be observed, indicating full reversibility.
The stability of the DASAs in THF solutions was further tested
for two cycles against continuous white light irradiation over
periods of 20 min (Figure S10). No photodegradation of
MELD was observed; however, for PYRA the adsorption of the
colorful state was reduced by 16% after the second cycle,

indicating that photodegradation occurs with longer continuous
irradiation for this DASA type.

Each type of DASA block copolymer was self-assembled in
water, resulting in hollow polymer vesicles, i.e., polymersomes
as observed by cryo-TEM and TEM (Figure 4 and Figure S11).
MELD formed smaller unilamellar polymersomes (diameter
mostly 30 to 100 nm) as well as micelles with a diameter of 30
nm. PYRA formed unilamellar polymersomes with a diameter
between 80 and 200 nm. Also, multicompartment polymer-
somes were observed (Figure S12). The thickness of the
polymersome membranes was around 15 nm in both samples.
The samples were further characterized by dynamic light
scattering (DLS) and static light scattering (SLS). The
determination of R, and of MELD assemblies was not
possible, as polymersomes and micelles coexisted (Figure 4A).
The PYRA assemblies had a radius of gyration (R,) of 60 nm
and hydrodynamic radius (R,) of 61 nm (Figure S13). The
ratio of these values (p = R,/R, = 0.96) was close to 1.0,
accounting for hollow spheres and therefore confirming the
formation of vesicles.”* Importantly, for both types of DASA
polymers, the same structures were observed before and after
stimulation with white light in cryo-TEM (Figure 4) as well as
light scattering (Figure S13) experiments. It should be noted
that neither micelles nor multicompartment polymersomes
interfere with the release and nanoreactor experiments
described below because micelles cannot encapsulate hydro-
philic dyes or enzymes and are therefore not active in these
experiments.
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Figure 4. Cryogenic transmission electron microscopy images of
DASA-functionalized polymersomes before and after stimulation with
visible light for 1 h. (A) MELD polymersomes and micelles. (B) PYRA
polymersomes.

The color of aqueous polymersome dispersions closely
resembled the one found for the respective THF solutions
polymers (Figure 3C). Furthermore, upon white light
irradiation, the polymersome dispersions became almost
colorless and recovered their color when the light stimulus
was withdrawn (video S3, video S4, Figure 3B,C). The
corresponding UV—vis spectra before and after stepwise light
irradiation are presented in Figure 3B. The peaks are slightly
broader than in the spectra of the THF solutions, and the band
positions are shifted about 5 nm to shorter wavelengths.
Notably, both dispersions show a reduction in their absorbance
when irradiated with white light but at a much slower rate than
the THF solutions and without complete disappearance of the
DASA peaks, even after longer additional irradiation for 3 min
(gray curves). Such a difference is not unexpected, because the
DASAs in the polymersome membrane are located in a
polymer matrix in which the chains are less flexible than in
solution.”””7*~7® To assess the matrix stiffness, we performed
DSC measurements of the DASA block copolymers and found
glass transition temperatures (Tg) of 30 °C for MELD and 30
°C for PYRA (Figure S14). Both values are higher than the T,
of a poly(HMA) homopolymer (=5 °C),”® most probably due
to the DASA-modified monomer units that raise the T, as
reported previously.”””>

MELD and PYRA display distinctive and different absorption
bands in the visible range and therefore react differently to
irradiation with light of different wavelengths (Figure S15).
MELD polymersomes hardly responded to red light (4¢30 nm),

while PYRA polymersomes displayed fast switching kinetics
when irradiated with the same wavelength. In turn, MELD
polymersomes showed fast switching kinetics when irradiated
with green light (4535 nm) in comparison to PYRA polymer-
somes. When MELD and PYRA polymersomes were mixed in
one pot and irradiated either with red or green light, shoulders
of the absorption band decreased at similar wavelengths to the
absorption bands in the experiments with only one DASA
polymersome species (Figure S15). To test the repeatability of
the photoswitching process of the DASA polymersomes, several
cycles of 1 min white light irradiation and subsequent thermal
recovery were monitored (Figure 3E). The recovered
absorbance decreased with each cycle. After five cycles,
MELD polymersomes returned to 81% of their initial
absorbance, while PYRA polymersomes recovered 66% of
their initial absorbance. The recovery half time was tz,/, = 10.2
min for MELD polymersomes and fz;,, = 2.1 min for PYRA
polymersomes (Figure S16). Notably, the recovery half times
were the same for each irradiation cycle within a SD of 0.63
min (MELD) and 0.05 min (PYRA). The results indicate that
switching of the DASAs in polymersomes was not fully
reversible, which is in contrast to the full reversibility of the
DASA polymers in solution. Even though some DASAs lost
their function, the photoswitching and self-reverting properties
of the remaining active DASAs remained the same throughout
all the irradiation cycles, indicated by the constant recovery
kinetics. A reason for the difference in reversibility between the
DASA polymersomes and the dissolved DASA polymers could
be that the open, light absorbing state of DASAs is exposed
longer to irradiation in the polymersome membrane due to
slower switching dynamics within a polymer matrix, resulting in
more photodegradation. Irreversibility may also arise from
complexation of the DASAs with water molecules because the
switching of DASAs is known to be inhibited by polar
solvents.”” To assess the stability against long-time light
irradiation, polymersome dispersions were illuminated twice
for 20 min with white light, allowing the absorbance to return
to a constant value in between and after the irradiation (Figure
S17). MELD polymersomes recovered 79% of their initial
absorbance whereas the absorbance of PYRA polymersomes
returned to 56% of its initial value. The loss of DASA
absorbance is only slightly higher than in the repeated but short
time irradiation cycles. Nevertheless, even after long continuous
irradiation, most DASAs in the polymersome membrane retain
their photoswitchability and can, therefore, contribute to
controlled changes of the properties of the polymersome shell.

Light-Induced Release from DASA Polymersomes.
One possible application of DASA-functionalized polymer-
somes is the release of a cargo on demand. To test the light-
controlled release of small molecules, the DASA polymers were
self-assembled in sodium fluorescein solutions at a self-
quenching concentration of the fluorophore, yielding dye-
loaded polymersomes. The dispersions were dialyzed against
water to remove the nonencapsulated sodium fluorescein.
When released from the polymersomes, the dye diluted and
started to fluoresce, which was monitored by fluorescence
spectroscopy (Figure 5).”” The DASA polymersomes were only
slightly leaky to the fluorescent dye in the dark. In contrast,
stimulation of polymersomes with white light resulted in a
faster increase of fluorescence, indicating that the vesicle
membrane became more permeable for fluorescein. MELD
polymersomes released 13% (Figure SA) of their cargo within 2
h. PYRA polymersomes released 35% (Figure SB) of the dye in
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Figure S. Light-induced release of a model compound from DASA
polymersomes. (A) Sodium fluorescein release from MELD polymer-
somes with continuous white light stimulation (pink), alternating light
and darkness cycles (orange), and in darkness (black). (B) Sodium
fluorescein release from PYRA polymersomes with continuous white
light stimulation (blue), alternating light and darkness cycles (orange),
and in darkness (black). As a negative control, release of sodium
fluorescein during continuous white light irradiation from polymer-
somes made from the non DASA-containing HEX is shown in panels
A and B (red).

the same period. The increase in membrane permeability is
most likely caused by the increase in dipole moment and a
change into a bulkier molecular shape of the DASAs when they
switch from their triene-enol form into the cyclopentenone
isomer. This process makes the hydrophobic leaflet of the
membrane slightly more hydrophilic and, as a result, more
permeable for water-soluble molecules. The difference in dye
release between the two kinds of polymersomes could be
caused by the different switching speed of the MELD and
PYRA polymersomes and by the different bulkiness of the two
DASA types, as the pyrazolone-based DASA presents two

phenyl substituents. As a control, polymer vesicles made from
HEX were also loaded with fluorescein. Fluorescence emission
did not increase when applying white light for a period of 2 h.
Thus, polymersomes that lacked DASAs in their membrane
were not photoresponsive. Fluorescein-loaded DASA polymer-
somes were also subjected to alternating cycles of white light
and darkness. Fluorescence increased fast with the application
of light but became substantially slower in the absence of light.
Thus, the polymersome membranes could be reversibly
switched between a high and a low permeability state for
fluorescein. However, within four light—dark cycles, the
efficiency of permeabilization decreased, indicating that the
systems are only intermittently permeable for sodium
fluorescein for a limited number of photoswitching cycles.
We hypothesize that this phenomenon is due to the loss of
switching ability of DASA polymersomes upon repeated light
exposure, as discussed above.

A series of experiments was performed to prove that the
release of cargo from DASA polymersomes was due to a change
in permeability of the polymersome membrane or simply due
to the disassembly of the vesicles with the application of light.
First, it was shown that the polymersomes could also take up
dye when irradiated with white light. To this end, empty DASA
polymersomes were introduced into a concentrated solution of
sodium fluorescein (i.e., above self-quenching concentration).
Then the dispersion of polymersomes was irradiated with white
light for a period of 2 h. The dispersions were dialyzed against
water until no fluorescence was observed outside of the dialysis
membrane. The dispersion of the DASA-functionalized
polymer vesicles fluoresced (Figure S18), which confirms that
the vesicles were able to take up the fluorescent dye when
irradiated with light and precludes the disassembly of the
polymersomes. Subsequently, these dye-loaded polymersomes
were irradiated with light for a period of 1 h. The fluorescence
of the sample increased over time, indicating that the
polymersomes could release their cargo again with the
application of light. Finallyy, TEM micrographs taken after
release of the dye showed polymersomes, indicating that, in
agreement with the cryo-TEM and light scattering data
discussed above, the polymersomes remained intact during
the release experiments.

DASA-Based Light-Responsive Biocatalytic Nanoreac-
tors. To show that the DASA polymersomes can be used as
light-responsive nanoreactors whose biocatalytic activity can be
switched on by light and which autonomously switched off in
the dark, we encapsulated horseradish peroxidase (HRP) into
MELD polymersomes during the self-assembly of the block
copolymers. HRP catalyzes oxidation reactions with hydrogen
peroxide. A variety of chromogenic and ﬂuoro§emc substrates
are available to assess the activity of HRP.”® For example,
pyrogallol reacts with hydrogen peroxide at a constant rate to
produce the yellow-to-brown purpurogallin (Figure S19). The
rate of this reaction drastically increases in the presence of
HRP. Therefore, the HRP-loaded nanoreactors were intro-
duced into solutions of hydrogen peroxide and pyrogallol and
were irradiated continuously with white light. The formation of
purpurogallin was followed by UV—vis measurements at 420
nm. The absorbance increased continuously for at least 30 min
(Figure 6A) at a rate higher than that of the blank reaction that
lacked nanoreactors. The catalytic activity was quantified to be
0.013% that of the free enzyme, indicating a limited diffusion of
the reactants through the polymersome membrane. The
reaction could also be interrupted by storing the sample in
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Figure 6. Light-switchable DASA-based biocatalytic nanoreactors. (A)
Catalysis of the reaction of pyrogallol with hydrogen peroxide by HRP
in MELD-polymersomes: continuous irradiation with white light
(pink), alternating light and darkness cycles (orange), and in darkness
(black). For comparison, the noncatalyzed blank reaction is also
presented (red). (B) Catalysis of the oxidation of glucose by GOx in
PYRA polymersomes as determined by the pyrogallol assay, using free
HRP as a developer: continuous irradiation with white light (blue),
alternating light and darkness cycles (orange), and in darkness (black).
For comparison, the noncatalyzed blank reaction is also presented

(red).

darkness and subsequently, reinitiated by irradiation with white
light. Even though the DASAs in the polymersomes need more
than tz;/, = 10.2 min for MELD and tg;, = 2.1 min for PYRA
to return to their original state in the dark (vide supra), the
switch off of activity happens within the time needed to transfer
the cuvettes from the light source to the dark compartment of
the spectrometer, i.e., within less than 1 min. Most likely, the
polymersome membrane already becomes impermeable when a
small portion of the DASAs has thermally reverted to the open
form. When the reactions were performed in darkness, the
reaction rate did not differ from the blank reactions, suggesting

that the nanoreactors were impermeable to the assay
compounds in the dark.

Glucose oxidase (GOx) catalyzes the reaction of -p-glucose
with oxygen to form bD-glucono-1,5-lactone and hydrogen
peroxide. This reaction is therefore often employed in cascade
biochemical transformations followed by an HRP-catalyzed
oxidation (Figure $19).”” We encapsulated GOx into PYRA
polymersomes to yield a photoresponsive nanoreactor which
could produce hydrogen peroxide in the presence of glucose.
To follow the reaction spectrophotometrically, we added
pyrogallol and HRP into the nanoreactor dispersion, i.e., into
the media that surrounds the nanoreactors. A blank reaction at
a constant rate could be observed in the absence of the
nanoreactors. When white light was applied, purpurogallin
formed at an increased rate over the blank reaction, meaning
that the GOx-loaded PYRA nanoreactor produced hydrogen
peroxide (Figure 6B). The catalytic activity was quantified to be
1.1% that of the free enzyme. As in MELD nanoreactors, the
reduced enzymatic activity is an indication of a reduced
diffusion of the reactants across the polymersome membrane.
Catalytic purpurogallin formation was not observed when the
sample was kept in the dark, ie., the nanoreactors only
generated hydrogen peroxide when irradiated with light. The
reaction could also be repeatedly stopped by switching the light
off and restarted by switching it on. Again, the interruption of
enzymatic activity in the dark happened within the time needed
to record the first data points, even though the full thermal
recovery of PYRA polymersomes is much slower.

Light makes the membrane of DASA polymersomes
permeable for enzyme substrates, and the membranes self-
revert fast to their nonpermeable state at room temperature as
soon as light is removed. Therefore, enzyme-loaded DASA
polymersomes are ideally suited to catalyze reactions on
demand. Moreover, the reinitiation experiments confirm the
integrity of the polymersome membranes upon irradiation with
light. If the polymers would disassemble, the enzymes would be
liberated and the reactions would continue in the dark.

To show that also other combinations of the two types of
DASA polymersomes and the two enzymes result in light-
responsive nanoreactors with similar properties, HRP was
encapsulated into PYRA polymersomes and GOx into MELD
polymersomes. Also these nanoreactors could be continuously
activated by the irradiation with white light, the catalysis could
be initiated and stopped multiple times, and catalytic formation
of purpurogallin was not observed when the samples were kept
in darkness (Figure S20). Thus, the type of enzyme does not
affect the functionality of the DASA polymersomes. This
strongly suggests that the polymersomes can be employed as
light-gated nanoreactors for a large variety of other enzymes.

Wavelength-Selective Biocatalysis. As the two types of
DASAs absorb light and switch at different wavelengths, it
should be possible to control the two reactions of the GOx-
HRP cascade separately by light of different colors. The cascade
reaction was carried out with each biocatalyst being
encapsulated in one type of the DASA polymersomes. A
mixture of PYRA-GOx and MELD-HRP nanoreactors (enzyme
molar ratio 1:10) was introduced into solutions of pyrogallol
and glucose. When the reaction mixtures were kept in the dark,
the formation of purpurogallin was similar to the blank reaction
(Pigure S21), indicating that the polymersomes were
impermeable for the substrates and intermediate products.
Irradiation with red light (4 = 630 nm) did not increase the
reaction rate of the cascade reaction, as red light only activates
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the PYRA-GOx polymersomes, while the MELD-HRP nano-
reactors remain inactive. In contrast, the reaction rate increased
when the system was irradiated with green light (1 = 525 nm),
as both nanoreactors systems absorb light at 525 nm. Though
MELD polymersomes photoswitched faster than PYRA
polymersomes when irradiated at 525 nm (Figure S15), the
photoswitching of PYRA was sufficient to enable the
permeation of substrates in and out and their catalytic reaction
inside of the PYRA-GOx nanoreactors.

In a further experiment, a reaction mixture was repeatedly
irradiated with alternating cycles of red and green light (Figure
7). When red light was applied, purpurogallin formation did not
increase. Each cycle of green light irradiation triggered the
formation of purpurogallin; in addition to the slight activation
of PYRA-GOx, the hydrogen peroxide that was produced but
not consumed during the red light irradiation triggered the
oxidation of pyrogallol during the green light irradiation. After
three cycles of red and green light irradiation, light of the two
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Figure 7. Wavelength-specific DASA-based biocatalytic nanoreactors.
GOx-HRP cascade reaction catalyzed by a mixed dispersion of MELD-
HRP and PYRA-GOx nanoreactors, and pyrogallol assay to probe the
light-response of this cascade reaction (purple). The dispersion was
exposed to three cycles of darkness/red light/darkness/green light,
followed by three cycles of darkness and joint green and red light
irradiation. As a comparison, the blank reaction without nanoreactors

is presented (black).

wavelengths was applied at the same time. A drastic increase in
absorbance over time was observed, indicating that the diffusion
limitations of the substrates decreased by a higher photo-
switching of the systems, leading to higher nanoreactor
reactivity. The increase of reactivity of the system could be
due to higher photoswitching efficiency, as irradiation was
produced with a broader range of the visible spectrum. These
experiments indicate that wavelength-specific biocatalysis can
be achieved in a predictable manner by employing different
DASA polymersomes with distinct absorption profiles that
permit their selective activation.

B CONCLUSIONS

Functionalization of block copolymers with DASAs resulted in
polymersome membranes that become permeable in the
presence of visible light and almost instantaneously return to
their impermeable state when the stimulus is withdrawn. As
different DASAs possess different colors, the wavelength at
which the polymersomes become permeable can be tuned by
the synthesis of the DASAs on the block copolymers. The
DASA polymersomes were shown to repeatedly start and stop
the release of a model compound and, by encapsulating
enzymes into them, were turned into nanoreactors whose
activity was switched on during visible light irradiation. The
transient, wavelength-selective activation of the DASA polymer-
somes mimics the properties of photoreceptors in cells, which
would not allow for vision if they would remain in their
activated state for longer periods after a light stimulation. The
DASA polymersomes could find applications in microfluidics to
trigger reactions at defined sites within the microchannels by
light, allowing both temporal and spatial control over a reaction
without the need for additional channels or heterocatalysts.
Moreover, these systems could be interesting candidates for
pharmacological applications. For instance, a drug delivery
system that becomes activated in the presence of light would
release at the irradiation site but stop release as soon as it would
move with the blood flow away from the site of irradiation. The
presented work introduces a strategy toward DASA polymer-
somes that can be readily expanded with new furan adduct
precursors that will allow the synthesis of new DASAs on the
same block copolymer. We hypothesize that systems containing
DASAs with absorbance bands even further apart in the visible
spectrum would allow an even finer control of wavelength-
selective reactions and cascades. Furthermore, it can be easily
envisioned that the presence of a larger number of different
DASA-functionalized nanoreactors could generate much more
complex reaction systems in which each individual reaction step
could be controlled by light of a specific color, or in reaction
logics in which a reaction only proceeds if two stimuli are
present at the same time.
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