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Abstract: Reactive polymersomes represent a versatile artifi-
cial cargo carrier system that can facilitate an immediate
release in response to a specific stimulus. The herein presented
oxidation-sensitive polymersomes feature a time-delayed re-
lease mechanism in an oxidative environment, which can be
precisely adjusted by either tuning the membrane thickness or
partial pre-oxidation. These polymeric vesicles are conven-
iently prepared by PISA allowing the straightforward and
effective in situ encapsulation of cargo molecules, as shown for
dyes and enzymes. Kinetic studies revealed a critical degree of
oxidation causing the destabilization of the membrane, while
no release of the cargo is observed beforehand. The encapsu-
lation of glucose oxidase directly transforms these polymer-
somes into glucose-sensitive vesicles, as small molecules
including sugars can passively penetrate their membrane.
Considering the ease of preparation, these polymersomes
represent a versatile platform for the confinement and burst
release of cargo molecules after a precisely adjustable time
span in the presence of specific triggers, such as H,O, or
glucose.

Introduction

Polymeric vesicles, or polymersomes, are bilayer nano-
structures which are composed of an aqueous inner compart-
ment enclosed by a polymer membrane. In the last years,
several reports have pointed out their potential as drug
delivery systems or nanoreactors, as hydrophilic cargos, such
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as nucleic acids™ or enzymes,”! can be internalized in the
hydrophilic center or hydrophobic drugs are incorporated in
the bilayer.”! This compartmentalization can be used to
protect and confine reactants or catalysts for defined periods
of time with the aim to control the release kinetics.! By
mimicking the properties of natural vesicles to respond to
external stimuli, the accessibility of the cargo can be
manipulated to enhance the diffusion into the exterior by
changing the membrane permeability,”! triggering a pore
formation® or complete membrane disassembly.”! In contrast
to liposomes, polymer-based vesicles provide improved
chemical diversity and allow for a facilitated introduction of
stimuli-responsive groups in the vesicular structure.’! De-
pending on the type of functionality, the polymersomes may
respond to external stimuli, such as pH,”! temperature!'”! or
redox potential.'!l Especially polymersomes which are sensi-
tive to the presence of oxidants, such as reactive oxygen
species (ROS), are of high interest, however, the number of
reported systems remains limited."? ROS represents a class
of highly oxidizing substances, including singlet oxygen,
different peroxides, and superoxides. Their excessive produc-
tion is related to inflammations caused by diseases like cancer
or neurological disorders and represents a suitable trigger for
the selective release of therapeutics."” Besides common
motifs, such as boronic acid ester! and oxalates," poly-
(propylsulfide) (PPS)!® represents one of the most frequently
used materials for oxidation-responsive systems. Their oxida-
tive response is based on a rapid switch from a hydrophobic to
a strongly hydrophilic material due to the oxidation of the
sulfide moieties to sulfoxides or sulfones. We have previously
reported that N-acryloylthiomorpholine (NAT) responds in
a similar way to oxidative stimuli, such as H,O,, while it is
furthermore suitable to form nanostructures in situ via
polymerization-induced self-assembly (PISA).!'"! PISA rep-
resents a versatile technique for the simultaneous polymer-
ization and self-assembly of block copolymers into nano-
structures of different shapes."¥! In contrast to many other
techniques, polymersomes can be formed at high concentra-
tions, which facilitates high encapsulation efficiencies. An-
other benefit of PISA is the possibility to modify structural
parameters by adjusting the initial conditions of the polymer-
ization. For instance, changing the type and length of the
hydrophilic block allows the modification of the vesicle
diameter,'” whereas the membrane thickness can be tuned by
adjusting the molar mass of the hydrophobic block.”” There-
fore, aqueous PISA has been frequently used to build
functional polymersomes including drug delivery vehicles or
nanoreactors.**?!! However, stimuli-responsive polymersome

Angew. Chem. Int. Ed. 2021, 60, 24716 —24723


http://orcid.org/0000-0002-6213-8051
http://orcid.org/0000-0002-6213-8051
http://orcid.org/0000-0002-6213-8051
http://orcid.org/0000-0001-5089-9665
http://orcid.org/0000-0001-5089-9665
http://orcid.org/0000-0002-5131-8452
http://orcid.org/0000-0002-5770-5197
http://orcid.org/0000-0002-5770-5197
http://orcid.org/0000-0002-1206-1375
http://orcid.org/0000-0002-1206-1375
https://doi.org/10.1002/anie.202108928
http://dx.doi.org/10.1002/anie.202108928
http://dx.doi.org/10.1002/ange.202108928

GDCh
) —

formations by PISA remain scarce and respective studies
mainly focus on pH-responsive systems,”'*?! while to the best
of our knowledge only a single oxidation-sensitive system has
been reported.”!

Recently, we were able to demonstrate that various
nanostructures including polymersomes are accessible within
the PISA of NAT,*! which prompted us to investigate their
potential for in situ encapsulation and selective release of
cargo molecules in an oxidative environment. Dynamic light
scattering (DLS) and NMR measurements were applied to
evaluate the time-dependent degradation and oxidation,
respectively, of polymersomes featuring different membrane
thicknesses. In addition, the integrity of the vesicular mem-
brane at different time points was analyzed by cryo-trans-
mission electron microscopy (cryo-TEM). The encapsulation
and time-dependent release were tested using the model
fluorophore calcein. In addition, we encapsulated the func-
tional enzyme glucose oxidase (GOx) for studying the
membrane permeability, as it forms H,O, in presence of
glucose.
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Results and Discussion

Based on our previous in-depth study on the morpho-
logical evolution of structures during the PISA process,*"
vesicular structures with different hydrophobic block lengths
can be prepared by aqueous RAFT dispersion polymerization
of NAT in the presence of PNAM,s as macro-chain transfer
agents (mCTA). The mCTA can conveniently be accessed by
aqueous RAFT polymerization without the need for any
further purification as full conversions of the monomer are
reached. Setting appropriate conditions, the PNAM,s is
directly chain extended with different NAT/mCTA feed
ratios (25, V1; 50, V2 and 70, V3) to obtain unilamellar
vesicles in aqueous dispersions. Interestingly, the obtained
vesicles are of comparable sizes (Table S1), while the
membrane thickness (D,,) successively increases with in-
creasing degree of polymerization (DP) of PNAT from
a mean Dy of ~ 13 nm for a DP of 25 to ~ 17 nm for DP 50
and =~ 19 nm for a DP of 70 (determined by statistical analysis
of cryo-TEM images, Figure 1 A-C, S2, S3).
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Figure 1. Influence of the DP of the hydrophobic block and the membrane thickness on the degradation behavior. The membrane diameter was
determined from cryo-TEM images of the different vesicle samples: A) V1 based on PNAM,5-b-PNAT,;. B) V2 based on PNAM,;-b-PNAT,. C) V3
based on PNAM,5-b-PNAT,. D) Vesicle degradation via oxidation of the core-forming block. E) Time-dependent decrease in count rate determined
by DLS of separate samples V1-3 (three individual replicates) and an equal mixture of V1+V2+V3 (100 mm H,0,, 1 mgmL™', 37°C, PBS pH 7).
F) Correlation of vesicular T, ,, determined by fitting of the DLS degradation curves with the membrane diameter determined by graphical analysis

of >100 cryo-TEM images.
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We subsequently investigated the oxidative-triggered
degradation of these vesicles in 100 mm H,O, and analyzed
the degradation process by time-dependent DLS measure-
ments (Figure 1E). In all cases, the count rate decreased only
after a specific retardation time, following a rapid decay until
the values became comparable to solutions containing free
polymer chains. The sigmoidal shape of the decay indicates
the predominance of a bulk mechanism rather than an
interfacial reaction, which was already reported for nano-
structures based on PPS.”! Interestingly, the hydrodynamic
diameter (Dy) of all structures remains constant until the
degradation process starts. Close to this point, it increases
slightly before a rapid decay is observed coinciding with the
decrease in count rate (Figure S5B). Apparently, the poly-
mersomes seem to remain intact for hours of incubation until
they suddenly fall apart at a certain critical time point. The
individual degradation points can even be observed in
mixtures of the three different vesicles V1-3 (Figure 1E, gray
squares), which displayed distinct steps at the characteristic
degradation times for the individual vesicles. The individual
degradation profiles could be approximated by a Boltzmann
function to determine the respective T;, of each vesicle in
H,0,. The comparison of the T, to the D, as determined by
cryo-TEM, revealed a linear correlation, which suggests that
the degradation time is mainly dependent on the thickness of
the vesicular membrane. Thus, the variation of the molar mass
of the PNAT block and hence the membrane thickness
provides the possibility to modulate the point of degradation
of these polymersomes.

In order to further investigate the degradation mecha-
nism, we performed a kinetic study on a larger batch of
vesicles V3 in 100 mm H,O, by taking samples at certain
reaction times (100 mL, 1 mgmL~', 37°C, PBS pH 7.4). The
samples were instantly diluted in an excess of aqueous
Na,S,0; solution (0.2 M) and cooled down to quench the
oxidation reaction. The characteristic self-accelerating decay
(count rate and Dy) after ~7 h for V3 (Figure 1E) observed
during the previous time-dependent DLS measurements
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could be reconstructed, which suggests the successful quench-
ing of the oxidation reaction (Figure 2). For selected samples
close to the onset of degradation, cryo-TEM images were
acquired (Figure 21-IV). The micrographs revealed that after
an incubation time of 350 min, the vesicular structure
remained still intact (Figure 21, S4A). Even after 420 min,
when the count rate starts to decay, the vesicles still seem to
be stable without obvious signs of degradation (Figure 211,
S4B). One hour later at 484 min, the count rate drops
significantly (~40 %) and the Dy increases. The correspond-
ing cryo-TEM revealed almost exclusively vesicles with
a ruptured or perforated membrane, respectively, and a few
ones already start to unfold (Figure 2111, S4C). Just 30 min
later at 514 min, the vesicular structures are completely fallen
apart and only membrane fragments are observed (Fig-
ure 21V, S4D). In order to correlate the structural informa-
tion to the PNAT oxidation kinetics, the degree of oxidation
of the quenched samples was determined by NMR. First, the
samples were purified from the residual Na,S,0; and PBS by
dialysis. After lyophilization NMR spectra were collected in
a 4:1 volume mixture of [Dg] THF:D,0, which was found to be
the best solvent for dissolution of both the unoxidized and
oxidized polymer while reducing the interferences by the
overlap of signals. Due to the strong broadening of the proton
signals, rapid "H,"*C-heteronuclear single quantum correla-
tion (ASAP-HSQC) experiments were performed to clearly
separate oxidized from non-oxidized species.” For calculat-
ing the degree of oxidation, the shifts of the CH, proton
signals in a-position to the sulfur atom (1.7/26.1 ppm to 2.7/
32.6 ppm, 3.1/36.3 ppm, 3.4/32.6 ppm) were compared (Fig-
ure S6-S8). The degree of oxidation revealed that the
oxidation of PNAT followed a continuous exponential
increase up to a degree of oxidation of ~65% during the
incubation time (Figure 2, S9). Only the final two time points,
at 554 and 600 min, reveal a slight decrease again (marked
with *), which is related to the limited solubility of the
sulfoxide polymer in the applied THF mixture that was
required to maintain comparability. The exponential increase
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Figure 2. Kinetic study of the oxidation-triggered disintegration of PNAM,s-b-PNAT,s-based vesicles V3 (100 mm H,0,, 1 mgmL™' PBS, 37°C,
pH 7). The correlation of vesicle rupture was analyzed by DLS and the degree of oxidation was determined by ASAP-HSQC NMR of quenched
samples (8 mL, 0.2 M Na,S,0;, 4/-20°C), while cryo-TEM images were recorded of quenched samples after 350 (1), 420 (I1), 484 (lll), and

514 min (IV). * Samples not completely dissolved.
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Figure 3. Adjustment of vesicular half-life time T, by membrane etching. A) Time-dependent decrease in count rate determined by DLS of
partially oxidized vesicles V3 (100 mm H,0,, 1 mgmL™' PBS, 37°C, pH 7). B) Correlation of T, , with the degree of oxidation of the PNAT block as

determined by NMR.

during the polymer oxidation is typical for a self-accelerating
reaction and reflects the increased accessibility of the H,O, to
the thioethers in the hydrophobic domain due to the change
in polarity from polysulfide to polysulfoxide.’” On the other
hand, the lack of an initial retardation period indicates that
the oxidation process is not impeded by the hydrophobic
membrane and follows a similar bulk mechanism as observed
for the degradation profile, which implies a sufficient perme-
ability of the PNAT membrane towards H,O,. Correlating the
NMR data with the DLS and cryo-TEM data, a critical degree
of oxidation of ~23 % was determined at which the PNAT
membrane was partially oxidized, but still retained its
mechanical stability (Figure 21). Based on this finding, we
tested whether partial membrane oxidation could be used to
further tune the degradation time, similar to the influence of
the variation of the membrane diameter. Therefore, the
membrane of the PNAM,s-b-PNAT,;-based vesicles V3 was
partially oxidized or “etched” by oxidation in H,O, solution
and quenching at defined time points predetermined by the
previous kinetic study. Comparison of the scattering profiles
of the untreated and the partially oxidized vesicles V3 proved
the integrity of the vesicular structure even after long-term
storage up to 6 months (Figure S10). After purification by
dialysis, the complete degradation of the “etched” vesicles
was monitored via DLS (Figure 3 A, S5C). The count rates
followed a similar sigmoidal decay as observed for untreated
samples, however, the degradation time (represented by T7),)
shifted in correlation with the initial degree of oxidation of
the sample (Figure 3B). The results demonstrate that even
though the membrane integrity was preserved at low degrees
of oxidation, the sensitivity of the “etched” vesicles towards

oxidants is strongly increased and can be utilized to tailor the
vesicular lifetime via pre-oxidation and quenching treatment.

As a next step, we investigated if the vesicles were also
able to encapsulate and release a cargo at specific time points.
Therefore, calcein was chosen as a hydrophilic model dye,
which is known for its self-quenching of fluorescence when
encapsulated at high concentrations in the vesicular lumen.”"!
Upon release and dilution, a characteristic increase in the
fluorescence intensity is observed. Calcein was conveniently
encapsulated by adding a 1 mm solution to the above-
described RAFT dispersion polymerization of NAT. It is
noteworthy that higher calcein concentrations of 10 and
100 mm interfered with the RAFT process and impeded the
polymerization. The polymersomes were separated from free
calcein by preparative size-exclusion chromatography (SEC)
and subsequent dialysis. The preparation of all three calcein-
containing vesicles (V1-3-C) resulted in similar molar masses
and dispersities, while slightly different Dy values were
obtained, which are nevertheless in a similar range (Table S1,
Figure S11A,B). The encapsulation efficiencies (EE) were
determined by UV/Vis spectroscopy of lyophilized samples
after vesicle dissolution (Table S1, Figure S13D). The excel-
lent stability of these vesicles and capability to retain small
molecules is further exemplified by asymmetric flow-field
flow fractionation (AF4) measurements, where the calcein
remains within the vesicles V3-C even after storage for
>1year (Figure S12A,B). The localization of the calcein
inside the aqueous lumen was indicated by comparing the
fluorescence emission spectra of the calcein-loaded vesicles
V1-3-C with free calcein in aqueous buffer and organic
solvent (Figure S13E).
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Figure 4. A) Schematic representation of the loading and oxidation-triggered release of calcein. B) Time-dependent fluorescence intensity of
calcein-loaded vesicles V1-3-C incubated in 100 mm H,0, (1.75 mgmL™', 37°C, PBS pH 7). V3-C in H,0 and calcein in 100 mm H,0, acted as
controls. Release events are indicated by the maxima of the 1st derivative of fluorescence intensity with time.

The release kinetics were investigated by incubating the
calcein-loaded vesicles (V1-3-C) in 100 mm H,O, in a cuvette
and monitoring the calcein fluorescence intensity (Ex.:
495 nm, Em.: 510-540 nm; Figure 4B) over time. As H,0,
causes an oxidation-induced fluorescence quenching, free
calcein was investigated under similar conditions as a refer-
ence.” In the case of the calcein-loaded vesicles (V1-3-C) in
H,O, a comparable continuous decrease in fluorescence
intensity was observed at early stages. This continuous
quenching of the encapsulated calcein, similar to free calcein,
corroborates the above-mentioned free diffusion of H,O,
across the vesicular membrane. After a specific time for each
tested sample, the release of calcein could be detected by
a distinct increase in fluorescence intensity (Figure 4B).
Similar to the T, values described above, the release shifts
to later time points for larger PNAT blocks and correlates
well with the onsets of membrane degradation of the
unloaded vesicles V1-2. We assume that the delay in V3 is
related to a decrease of the H,O, concentration in presence of
the dye, but it nevertheless shows a similar release pattern. In
the case of the vesicles with the longer PNAT-blocks V2-3-C,
the quenching of the calcein fluorescence was slowed down
after the release, which might be a result of a decreased H,0O,
concentration, due to the oxidation of the polymeric thioether
groups. Overall, these results prove that the membrane of the
vesicles remains intact and impermeable for larger molecules
such as calcein even at an increased degree of oxidation, as no

leakage of the dye is observed prior to the disintegration
point. This retarded release is highly desirable in drug
delivery applications to prevent premature drug leakage
while prolonging the circulation time to achieve high local
concentrations.”” Encouraged by these results and inspired
by previous works on polymersomes utilized as nanoreac-
tors,?!! we tested the encapsulation of functional and active
enzymes. Glucose oxidase (GOx) appeared particularly
attractive for encapsulation in this proof-of-concept study,
as it catalyzes the formation of gluconic acid and H,O, from
glucose. A successful encapsulation would therefore render
the polymersomes responsive to glucose, but only if the latter
is able to cross the polymer membrane. In contrast to the
calcein encapsulation, the PISA process had to be slightly
adapted to prevent denaturation of the enzyme. As a conse-
quence, the temperature for the RAFT polymerization was
reduced to 40°C, which required an increase of initiator
concentration and an extension of the polymerization time to
20 hours. Furthermore, the 1,4-dioxane content was increased
to 33 vol% to ensure sufficient chain mobility and vesicle
formation. After the reaction, the excess of the free enzyme
was removed via preparative SEC in buffer solution. Poly-
mersomes of comparable sizes to the unloaded sample V3
were obtained as confirmed by DLS, cryo-TEM, and AF4
measurements (Figure S11C,D, S12C-F, Table S1). SEC meas-
urements of the GOx-loaded vesicles V3-G in aqueous buffer
proved the successful purification and removal of any
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Figure 5. Loading and glucose-triggered membrane degradation of GOx-loaded vesicles. A) Schematic representation of the loading, cascade
reaction, and degradation. B) Membrane destabilization of GOx-loaded vesicles V3-G monitored via time-dependent DLS measurements. V3-G
and V3 were incubated in 100 mm glucose solution (0.5 mgmL™" in citrate-phosphate buffer, 37°C, pH 7). C) Enzymatic activity of GOx-loaded
vesicles V3-G determined by conversion of amplex red to pink-colored resorufin in comparison to free GOx (50 pgmL™").

remaining free GOx (Figure SIC,D). Since the membrane
thickness was determined to be comparable to the unloaded
vesicles (Table S1, Figure S3D), the GOx was expected to be
internalized into the vesicular lumen similarly to previously
reported systems.’?! However, adsorption of the GOx to the
inner vesicular membrane cannot be fully excluded. In a first
approach, the activity of the encapsulated GOx was assessed
by performing a cascade reaction with horseradish peroxidase
(HRP) and amplex red (AR) as a fluorescent probe (Fig-
ure 5A, S13A). The assay enables the detection of even small
amounts of H,O, released in the reaction of GOx and glucose,
as the HRP catalyzes the conversion of the non-colored AR
to the pink-colored resorufin. In our case, however, the
glucose must first diffuse through the vesicular membrane to
reach the encapsulated GOx and start the reaction cascade.

The reaction was followed by monitoring the absorbance
at 571 nm directly after glucose addition (Figure 5C). The
solution of V3-G rapidly turned pink and showed a steady
increase in absorbance, indicating a high GOx activity and
steady penetration of glucose through the membrane. As
a control, empty vesicles V3 showed no activity under the
same conditions. Comparing the reaction rate of V3-G with
samples of defined GOx concentrations, the amount of
encapsulated, active GOx could be determined resulting in
an EE of 34% (see SI for calculation, Figure 5C, S13B,C).
The high EE reflects once more the potential of PISA for the
effective encapsulation of enzymes.”™ ! It should be noted

that the real EE might be even higher, since the reaction
might be retarded compared to the free enzyme, due to the
diffusive barrier formed by the membrane. Apart from that,
the high activity observed for the encapsulated GOx indicates
an inherent size-selective permeability of the PNAT mem-
brane towards small hydrophilic molecules, such as glucose or
H,O0,, while slightly larger molecules, such as calcein, and the
macromolecule GOx, were retained in the vesicular lumen.
As PNAT features a high glass transition temperature, this
intrinsic permeability of the membrane likely originates from
increased hydration of the PNAT domain,*® similar to
previous observations for PHPMA-based systems.?>34
Subsequent to these permeability studies, we assessed wheth-
er the H,O, generation of the encapsulated GOx is sufficient
to induce the oxidation of the thioether groups and finally
destabilize the vesicular membrane. Therefore, the GOx-
loaded vesicles V3-G and empty vesicles V3 were incubated
in a glucose solution, and the membrane stability was
monitored in time-dependent DLS measurements (Fig-
ure 5B, S5D). A similar self-accelerating decay in count rate,
as found for the degradation in H,O,, was observed for V3-G
after ~ 48 hours of incubation. The control sample V3 showed
no degradation within the measurement time. The results
prove that the GOx-loaded vesicles not only maintain a high
enzyme activity but are additionally capable of inducing
a self-degradation mechanism in the presence of glucose as
a trigger.
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In summary, we have developed oxidation-sensitive
polymersomes featuring a distinct disintegration with a sharp
onset after a specific exposure time to an oxidative environ-
ment. The thioether-based PNAT can be conveniently
prepared by PISA in an aqueous RAFT dispersion polymer-
ization. A detailed kinetic study of the degradation mecha-
nism revealed that the polymersomes disintegrate rapidly at
a critical degree of oxidation. A bulk degradation mechanism
was observed which implies a high diffusion rate of H,O, into
the PNAT membrane. Varying the DP of the hydrophobic
PNAT block, the membrane thickness can be adjusted, which
directly correlates with different disintegration times. An
additional strategy to modulate the lifetime of the polymer-
somes relies on the observed high stability of the membrane
before reaching a critical degree of oxidation. In this
approach, the PNAT membrane can be partially oxidized or
“etched” and subsequently quenched. In a first proof of
concept, calcein was successfully encapsulated as a model dye
inside these vesicles. A release was only observed after
reaching the critical degree of oxidation causing the full
disintegration of the membrane. The presented polymer-
somes, therefore, represent ideal delivery vehicles for time-
controlled release, which can be conveniently adjusted by the
strategies described above. In addition, we demonstrate the
encapsulation of GOx as an active enzyme. The retained
activity of the enzyme not only demonstrates the high
permeability of the PNAT membrane towards small hydro-
philic molecules but also transforms the polymersomes into
glucose-responsive, self-degrading nanoreactors by the con-
version of glucose to H,0O,. Overall, the convenient prepara-
tion pathway and the high EE render these polymersomes
a versatile platform for controlled delivery which can be
adapted to a range of different cargo molecules and con-
ditions. In further perspective, the presented system can be
adapted to modulate the accessibility of reactants during
multicomponent reactions or release encapsulated therapeu-
tics in areas of high glucose concentrations and oxidative
stress, such as diabetic or tumor tissue,® in a time- and
concentration-controlled manner.
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