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such as reversible operation of molecular 
machines,[25–28] switching of vesicles and 
nanocapsules,[14,29–33] bioimaging of mole-
cules and compartments,[16,18,21,23,24,34] and 
dynamic self-assembly of nanoparticles 
and vesicles.[5,35] In the development of 
“complex adaptive systems,”[36] that is, life-
like, bioinspired, intelligent, adaptive, and 
interactive materials, the isomerization of 
photochromic systems such as azoben-
zenes and spiropyrans is actively used for 
the establishment of cell mimics (e.g., 
liposomes with artificial or semi-synthetic 
channel/pore proteins) with spatiotemporal 
and reversible control over membrane per-
meability.[1,3,4,7,10,22,29,37–40] These studies 
are inspired by cells as out-of-equilibrium 
systems that use temporal, parallel, and 
synchronized biological actions to move, 
communicate, and replicate. Moreover, pre-
vious efforts have paved the way to create 
self-adaptive[41] and light-responsive, wave-

length-selective[31,32] polymersomes with switchable membrane 
permeability for the release of cargo and control of enzymatic 
reactions “on demand”. This stimulated us to search for a further 
simplification of self-adaptive, pH-responsive polymersomes[41] 
as organelle mimics with desired out-of-equilibrium properties, 
leading to the concept of light-driven proton-transfer[11,12,20,22,27] 
through the reversible transformation of protonated-merocyanine/ 
spiropyran (MEH/SP) pair (Scheme 1).

Temporal activation of biological processes by visible light and subsequent 
return to an inactive state in the absence of light is an essential characteristic 
of photoreceptor cells. Inspired by these phenomena, light-responsive 
materials are very attractive due to the high spatiotemporal control of 
light irradiation, with light being able to precisely orchestrate processes 
repeatedly over many cycles. Herein, it is reported that light-driven proton 
transfer triggered by a merocyanine-based photoacid can be used to 
modulate the permeability of pH-responsive polymersomes through cyclic, 
temporally controlled protonation and deprotonation of the polymersome 
membrane. The membranes can undergo repeated light-driven swelling–
contraction cycles without losing functional effectiveness. When applied 
to enzyme loaded-nanoreactors, this membrane responsiveness is used 
for the reversible control of enzymatic reactions. This combination of the 
merocyanine-based photoacid and pH-switchable nanoreactors results in 
rapidly responding and versatile supramolecular systems successfully used 
to switch enzymatic reactions ON and OFF on demand.
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1. Introduction

Over the last two decades, a plethora of light-responsive mate-
rials for different applications have been developed.[1–24] Light is 
a highly attractive stimulus due to its high spatial and temporal 
resolution, controllability, and non-invasiveness. Owing to these 
characteristics, light can precisely orchestrate the isomerization, 
mobility, and degradation of chromophores for various processes, 
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Light-driven proton transfer is widely employed by living 
cells and bacteria to initiate signal transduction of biological 
pathways.[11,42–45] Recently, light-induced proton-pumps (LIPPs) 
have been unidirectionally incorporated within polymeric and 
liposomal vesicles to pump protons into the lumen[46,47] or out-
side of the vesicles[48] and to fabricate larger complex cellular 
compartments with LIPPs inducing artificial photosynthetic 
processes.[49,50] Inspired by these results, light-driven proton 
transfer triggered by the switching of MEH/SP[51,52] (Scheme 1) 
and its derivatives[51,53,54] has been successfully applied for the 
temporal control of pH switches,[51,52] proton-catalyzed reac-
tions,[51] proton/ion transfer through bilipid vesicles,[38] self-
assembly of nanoparticles,[55] and proton-driven molecular 
machines.[27,28,56] Moreover, this process is also involved in the 
cyclic spatiotemporal control over the dynamic assembly of 
SiO2–Pt Janus particles[57] and the disappearing of images with 
time.[55] Visible-light irradiation of MEH induces its transfor-
mation into a stronger acid (SPH, which readily dissociates 
into SP and H+; Scheme 1B).[51] This process typically entails a 
pH drop by ≈2 when starting from pH = 7, although the pH 
decrease is concentration-dependent and the starting pH value 
also plays an important role. The pH decrease is reversible 
and the pH goes back up due to the thermal relaxation of SP 
to MEH (Scheme 1B) and can be repeated for many cycles; the 
half-time of the proton-dissociated state is about 70 s.[51] The use 
of photoacid MEH can significantly improve the function of 
pH-switchable nanoreactors, traditionally triggered by manual 
or enzymatic change of pH, as in case of enzyme-loaded poly-
mersomes.[41] The reversible, light-controlled proton release 
from MEH replaces the need for alternating addition of i) an acid 

for swelling nanoreactor’s membrane and ii) urea for closing 
nanoreactor’s membrane (through urease-catalyzed hydrolysis 
of urea to basic ammonia).[41] This reduced waste generation can 
greatly improve the stability of enzymatic nanoreactors.[41]

It was previously reported that vesicles based on MEH-incor-
porating amphiphilic block copolymers (BCP) can swell upon vis-
ible light irradiation (ON state) and return back to their original 
vesicular size in the dark or under UV light (OFF state).[32] This 
“breathable” nature of MEH-based polymeric vesicles was used for 
the controlled release of low-molecular weight cargo molecules.[32] 
In other studies, molecular cargo release was also achieved via 
light-induced disassembly of polymersomes[58] or light-induced 
change in membrane permeability through crosslinking.[59,60]

Here, we demonstrate the concept of light-controlled 
switching of pH-sensitive polymersomes using free MEH as a 
proton donor (Scheme  1). For reversible switching of enzyme-
loaded nanoreactors triggered by light-driven proton transfer to 
be possible, structural integrity and functionality of the vesicles 
needs to be preserved during the cyclic switching between MEH 
and SP. Our previous studies on cyclic switching of (multi)
enzymatic reactions focused on pH- and/or temperature-respon-
sive enzyme-loaded nanoreactors based on photo-crosslinked 
polymersomes (Psomes), hollow capsules, and their multicom-
partments.[61–63] The main goal of this study was to develop 
adaptive enzymatic nanoreactors that carry out a catalytic reac-
tion through the cyclic temporal control over the permeability of 
the polymersome membrane. This strategy is based on the ini-
tial addition of MEH photoacid and the reversible, “on-demand” 
proton release from MEH triggered by visible light (Scheme 1). 
The released protons protonate the tertiary amine groups within 
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Scheme 1. A) Functional principle of adaptive and cyclic opening and closing of polymersome membrane with control of the enzymatic reaction in 
the nanoreactor. B) Light-induced switching between protonated merocyanine (MEH) and spiropyran (SP). C) Key parameters I–IV for light-triggered 
processes of enzymatic nanoreactors. D) Chemical structure and composition of block copolymer (BCP) used in our experiments.[61]
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the polymersome membrane, rendering the membrane perme-
able (ON state = swollen enzymatic nanoreactor is catalytically 
active). When the irradiation is ceased, SP acts as a base and 
deprotonates the tertiary ammonium groups (Scheme 1). Conse-
quently, the membrane returns to its impermeable state almost 
instantaneously (OFF state = collapsed and impermeable poly-
mersome membrane suppresses the enzymatic nanoreactor’s 
activity). The adaptive nature and temporally controlled function 
of these enzyme-loaded nanoreactors is highlighted by the fact 
that the back-switching occurs in the dark (thermal relaxation) 
and is not triggered by an additional stimulus, which constitutes 
a major advance compared to other pH-switchable nanoreactors 
reported to date. In this context, the function of the nanoreactors 
is validated based on two different enzymatic reactions.

2. Results and Discussion

To enable adaptive, temporal, and cyclic opening and closing 
of pH-switchable polymersomes’ membrane on demand, sev-
eral parameters of Psomes and MEH have to be studied and 
optimized. These parameters include concentrations of Psomes 
and MEH and irradiation–relaxation times of MEH/SP. In addi-
tion, it is necessary to evaluate possible interactions between 
vesicles’ membrane and MEH (MEH itself should not affect the 
original properties of enzyme-loaded nanoreactors during the 
cyclic light-driven proton transfer). The key parameters of this 
study are summarized in Scheme 1.

To address the above-mentioned aims, pH-responsive BCP 
and the respective photo-crosslinked Psomes with pH-respon-
sive membrane permeability for switching enzymatic reactions 
“ON” and “OFF” have been prepared using previously pub-
lished approaches (for synthetic details and characterization of 
BCP, see Supporting Information).[61,62,64,65] Molecular compo-
sition of the pH-responsive BCP is shown in Scheme 1D.

2.1. Key Parameter I: Crosslinking Time

In our previous nanoreactor studies, a crosslinking time of  
≤180 s was used to ensure the desired swelling-shrinking 
behavior of the polymersome membrane, which allowed for 

a reproducible control of the enzymatic reactions over many 
cycles.[61,66,67] Due to the cyclic photoexcitation of MEH to SP 
(Scheme  1B), an increase of the crosslinking density of the 
membrane may happen leading to a reduction in the adaptive 
properties of Psomes.[61,66,67] Therefore, the swelling–shrinking 
properties of Psomes after different crosslinking times (5, 10, 
and 15 min) were characterized by dynamic light scattering at 
pH 5.0 (swollen state) and pH 8.0 (shrunken state) (Figure  1, 
Figure S2, and Table S2, Supporting Information). Figure  1A 
clearly indicates that the swelling ratio is only slightly changed 
when the crosslinking time is increased from 5 to 15  min. 
Thus, 5 min of UV-crosslinking time was selected for all subse-
quent experiments.

2.2. Key Parameter II: Concentration of MEH and Polymersomes

The next experiments were aimed at providing the optimal con-
centration of MEH (Figures S4, S5, and S8, Supporting Infor-
mation) and Psomes for balancing the desired effects (Figure 2), 
namely, efficient and reproducible pH-switchability of Psomes, 
optimal pH*, and reversible light-driven pH drop induced by 
MEH. We define pH* as the pH value, at which the Psome size 
changes most rapidly due to transition between the swollen 
and shrunken state (Figure 1B).[67] After the validation step, the 
lowest BCP (0.1 mg mL−1) was used to fabricate pH-responsive 
Psomes with a defined pH* value of 5.93 (Figure 1B), which is 
slightly lower than the pH* of the standardized BCP concentra-
tion (1 mg mL−1) for Psomes fabrication (6.35).[66,67] This lower 
Psomes concentration reduces the amount of protons that need 
to be liberated by MEH in order to swell the enzymatic nano-
reactor under light irradiation.

In the next step, we investigated the cyclic opening (ON state) 
and closing (OFF state) of the polymersome membrane in the 
presence of MEH using visible light irradiation (Figure  2A). 
To this end, we first validated the applicability of light-driven 
proton transfer (Scheme 1) triggered by a time-dependent irra-
diation of MEH solution in the absence and presence of Psomes 
(Figures 2B,C; Figures S5 and S8, Supporting Information).[28] 
This also means that the release and capture of protons by the 
isomerization of protonated-MEH/SP should be compatible with 
the protonation and deprotonation process of pH-responsive 
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Psomes (Figure  2A). We found that the reversible switching 
between MEH and SP was not affected by the presence of 
Psomes (Figure S8, Supporting Information). Furthermore, 
cryo-TEM imaging of Psomes (CPsome  = 0.5  mg BCP per mL, 
crosslinking time = 5 min) in the presence of 1 mm MEH (see, 
e.g., Figure S2, Supporting Information) showed that the overall 
size and morphology of Psomes were comparable to those 
reported previously.[59–61]

To deepen our understanding of the interactions between 
Psomes and both states of the MEH/SP pair, Psomes were 
imaged by cryo-TEM in the presence and absence of MEH/
SP i) before irradiation, ii) after 3  min of visible light irradia-
tion, and iii) after 3 min of visible light irradiation followed by 
5  min relaxation. Larger Psomes diameters can be expected 
(Figure 2A) and are detected (Figure 2C) immediately following 
irradiation (∅ ≈ 92 nm → ∅ ≈ 106 nm), with a rapid reversion 
to the OFF-state size (∅ ≈ 90 nm) in the dark. At the same time, 
we found that the membrane thickness increased from 16 nm 
(empty polymersome in NaCl solution at pH 8) to 26–28  nm 
in the presence of MEH/SP for both the shrunken (MEH) and 

swollen (SP) Psomes state. This finding suggests that MEH/
SP is incorporated within the membrane of Psomes and/or is 
attached to the outer membrane of Psomes, which is confirmed 
by additional experiments (see Section S6, Supporting Informa-
tion). Concluding this, the results also imply that the Psomes 
are fully stable in the presence of the MEH/SP system, and that 
the close association of MEH/SP with the Psomes membrane is 
preferentially beneficial for a substantial increase in the rate of 
the reversible proton transfer.

2.3. Key Parameter III: Switching of MEH/SP for Inducing  
Cyclic pH Changes to Control Environmental pH for the Action 
of Enzymatic Nanoreactors

Upon visible light irradiation of free MEH (1  mm) in the 
absence of Psomes, a fast pH decrease from neutral to acidic pH 
within 30 s takes place (Figure S8A, Supporting Information, 
first cycle, orange triangles). This guarantees a prompt swelling 
of Psomes as a result of protonation of the polymersome 

Figure 2. A) Schematic illustration of the interplay between cyclic light-triggered proton release from MEH and opening/closing of the pH-switchable 
polymersome membrane. B) Reversible pH changes induced by light-triggered transformation between MEH and SP after several initial irradiation–
relaxation cycles in the presence of Psomes (CPsomes = 0.1 mg BCP per mL, CMEH = 1.66 mm in MilliQ water with 5% DMSO). Three independent 
experiments were performed. C) Diameter and membrane thickness of Psomes in the presence of MEH i) before irradiation, ii) immediate after vis-
ible light irradiation for 3 min, and iii) after 3 min of irradiation followed by thermal relaxation for 5 min (CPsomes = 0.1 mg BCP per mL, crosslinking 
time = 5 min, 1.66 mm MEH). Right: the corresponding cryo-TEM images of Psomes.
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membrane. Upon thermal relaxation of the system in the 
dark (Scheme 1), a fast (≤1 min) pH increase occurs, reaching 
stable pH values (pH >  6) within a few minutes in the dark 
(Figure S8A, Supporting Information, black circles). These 
results are in agreement with UV–vis absorption spectroscopy 
studies (Figure S5, Supporting Information), which show a fast 
response of the system and a high degree of switching revers-
ibility (>90% over ten switching cycles) between MEH and SP 
both in the absence and presence (Figure S5B, Supporting 
Information) of Psomes.

Figure  2B shows the effect of visible light irradiation/
thermal relaxation on solution pH under optimized conditions 
in the presence of Psomes after several initial light/dark cycles. 
The pH changes (neutral to acidic and back) are reversible and 
highly reproducible, but also in agreement with the literature 
results.[17] Importantly, these results show that i) the pres-
ence of Psomes does not affect the cyclic reversible switching 
of the MEH/SP pair and ii) the pH change accompanying the 
switching process is well-suited for protonation and deprotona-
tion of the polymersome membrane (Figure 2B).

2.4. Key Parameter IV: Influence of MEH on pH-Dependent 
Properties of Enzymatic Nanoreactors

As the next step toward the establishment of adaptive enzy-
matic nanoreactors, we studied the stability and enzymatic 
activity of enzyme-containing Psomes in the presence of MEH 
(Scheme  1, key parameter IV) under repeated irradiation–
relaxation cycles. We hypothesized that exposing the nanore-
actors to visible light in the presence of MEH would trigger 
a fast opening of the polymersome membrane and, conse-
quently, feeding of the enzyme with small molecule reagents 
(OFF state to ON state) (Figures 4 and 6). To this end, glucose 
oxidase (GOx) and myoglobin (Myo) were in situ encapsu-
lated during polymersome formation using a previously pub-
lished protocol,[62,63] followed by 5 min of UV irradiation and 
purification by hollow fiber filtration (HFF) (Figure 3A). The 
loading efficiency was determined as 3–5% for GOx and 1–2% 
for Myo (see Supporting Information for further details). From 
the different assays to study the enzymatic activities of GOx 
and Myo previously reported,[62,63] we selected the oxidation 

550 600 650 700

1x105

2x105

3x105

4x105

5x105

 Psome-Myo 
         pH 5.5 + 7.5

 Psome-Myo 
         pH 7.5 + 7.5

)
S

P
C(

ytisnetnI

Wavelength (nm)

pH 5.5 or 7.5

Glucose
Psome-GOx

O2 Gluconic Acid

RESORUFIN
HRP

Amplex red O2

pH 7.5

550 600 650 700
0,0

4,0x105

8,0x105

1,2x106

 Psome-GOx 
         pH 7.5 + pH 7.5

 Psome-GOx 
         pH 5.5 + pH 7.5

)
S

P
C(

ytisnetnI

Wavelength (nm)

In presence of MEH

MEH

550 600 650 700
0,0

2,0x105

4,0x105

6,0x105

 Psome-GOx 
         pH 7.5 + 7.5

 Psome-GOx 
         pH 5.5 + 7.5

)
S

P
C(

ytisnetnI

Wavelength (nm)
550 600 650 700

0

1x105

2x105

3x105

 Psome-Myo 
         pH 7.5 + 7.5

)
S

P
C(

ytisnetnI

Wavelength (nm)

 Psome-Myo 
         pH 5.5 + 7.5

In absence of MEH

pH 7.5

30 min

pH 5.5 or 7.5

Psome-Myo RESORUFIN

Amplex red O2

MEH

In absence of MEH In presence of MEH

Detection of

fluorescent

RESORUFIN

C Influence of pH and MEH on the stability of substrate and fluorescent product in mono- and bienzymatic assay of Psome-enzyme

A Fabrication of enzyme-containing polymersome

Psome-Enzyme

BCP-2

0.2 mg/mL

GOx or Myo+

as 1 mg/mL

stock solution

1 mg/mL

(i) 3 days self-assembly at ≥ pH 8

(ii) 5 min crosslinking

(iii) HFF purification at 10 mM NaCl

B Optimal conditions for enzyme assay

H2O2

H2O2

Pso

BCP-2

0.2 m

GOx o+

a

sto

1 mg/mL

(i) 3 days self-ass

(ii) 5 min crosslink

(iii) HFF purificatio
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of the non-fluorescent Amplex Red to the easily detectable, 
fluorescent product, resorufin.[69,70] Under the conditions 
employed, the photooxidation of Amplex Red[71,72] is consid-
ered negligible.

Before studying the activity of enzyme-loaded Psomes 
(Psome-GOx and Psome-Myo in Figure  3) in the presence of 
MEH (Figures 4 and 6), the influence of MEH on the pH* and 
membrane collapse properties should be compared for these 
enzyme-loaded and enzyme-free Psomes under the selected 
conditions (Cloaded Psomes = 0.15 mg BCP per mL, CMEH = 1 mm, 
5% DMSO). The following samples were studied: 10% Empty-
Psome (0.1  mg BCP per mL) in the presence and absence of 
1.0 mm of MEH and enzyme-loaded Psomes, 15% Psome-GOx, 
and 15% Psome-Myo, (0.15 mg BCP per mL) in the presence of 
1.0  mm of MEH (Figure S12, Supporting Information). There 
is only a marginal shift to lower values for pH* of enzyme-
loaded Psomes as found for empty Psomes in the presence 
of 1  mm of MEH. Thus, in all cases the pH* is in the range 
5.90–5.99. Finally, there is no influence of MEH on swelling 
and collapsing properties of polymersomes in highly diluted 
solution. These results are essential taking into account that 
final enzyme activity is limited to pH 7.5 at which polymer-
somes’ membrane is collapsed (OFF state, Figure 6) and to pH 
5.5 at which the polymersomes’ membrane is open (ON state, 
Figure 6).

2.5. Activity of Enzymatic Nanoreactors in the Absence of MEH 
and in the Presence of MEH without Cyclic Irradiation–Relaxa-
tion for Probing Key Parameter IV

The enzymatic activity of the enzyme-loaded Psomes could be 
influenced by the following factors: i) irradiation during the 
crosslinking process;[62,68] ii) irradiation of MEH solution to 
produce light-driven proton transfer; iii) interactions with MEH 
or other side reactions; iv) pH-dependence of fluorescence.  
Considering the irradiation results shown in Figures S14 
and S15, Supporting Information, only the activity of Myo in the 
absence of MEH is slightly affected by irradiation. In addition, 
these control experiments show that the SP form generated in 
situ by light irradiation has no influence on enzymatic activity. 
The pH-dependent fluorescence of resorufin (the highest fluo-
rescence intensity at pH 7.5) and MEH (weak signal at pH 7.5)  
were studied (Figure S10 and S11, Supporting Information), 
taking into consideration the undesired interfering properties 
or overlapping of signals. With this in mind, the pH-depend-
ence of the enzymatic assays in the absence and presence of 
MEH has been tested and the results are shown in Figure 3C 
(for details on enzymatic assays with free enzymes, see 
Figures S16 and S17, Supporting Information). In both cases, 
the enzymatic assay consists of two steps (Figure  3B); the 
second step was carried out at the optimal pH of 7.5. This 
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method allows us to study the enzymatic activity under dif-
ferent conditions (including irradiation conditions).

The previously reported assay protocol[69,73,74] was slightly 
adapted to our Psome-enzyme system. In the case of Psome-
GOx (Figure  3B, top), the assay was based on i) formation of 
H2O2 due to GOx activity and ii) formation of resorufin from 
Amplex Red in the presence of H2O2 due to horseradish per-
oxidase (HRP) activity. For Psome-Myo (Figure  3B, bottom), 
we followed the formation of resorufin from Amplex Red and 
H2O2 due to Myo activity. At the detection stage, the pH was 
adjusted to 7.5 to avoid undesired diffusion from the external 
environment into the polymersomes’ lumen. In this context, the 
selection of pH values was motivated by the working principle 
of our previously described pH-switchable enzymatic nano-
reactors.[61,62] For both enzymes, the first step is carried out at pH 
5.5 or 7.5, while the second step proceeds at pH 7.5, which is the 
optimal pH to study the fluorescence of the product resorufin 
(Figure 3C). The expected higher enzymatic activity is observed 
at pH 5.5 for the enzyme-loaded Psomes. Due to the acidic pH,  
the Psome-enzyme membrane is swollen and the substrates 
easily cross the membrane, reacting inside the Psomes. The 
final assay within this experiment series was carried out in the 
presence of MEH but without irradiation (in the dark). This 
experiment should also verify that there is no significant inter-
ference between resorufin and MEH. As expected (Figure 3C), 
a significant increase in enzyme activity was detected when 
the first step was carried out at pH 5.5. Our results show that 
this assay is highly efficient despite the presence of MEH and 
the results are similar to those in the absence of MEH. Thus, 
we can conclude that MEH has no negative influence on the 
function of enzymatic nanoreactors (Scheme 1; key parameter 

IV) and the tested pH regime works well for our enzyme assay. 
The two configurations of enzymatic reactors (Psome-GOx and 
Psome-Myo) and the corresponding concepts of following enzy-
matic activity are shown in Figure 4.

2.6. Structural Parameters of Enzymatic Nanoreactors  
and Enzyme Locations

The observed enzymatic activity at pH 7.5 (Figure  3) could be 
attributed to a small percentage of enzyme being anchored 
to the polymersome membrane and/or adsorbed at the outer 
surface of the polymersomes. To verify this assumption, asym-
metrical flow field flow fractionation (AF4) coupled to light 
scattering was applied[75] to evaluate the conformation and 
shape of the particles and to localize the enzyme within the 
hybrid structure. Possible locations of the enzyme can be poly-
mersomes’ lumen, inner and outer membrane surface, and the 
interior of the membrane.[75] To better understand the struc-
ture of these species, we plotted the dependence of the radius 
of gyration, Rg, on the molar mass, M (Figure  5): Rg  ∝ Mν, 
(where v is the scaling exponent) for the polymersome–enzyme 
hybrid structures (Psome-GOx and Psome-Myo) and the empty 
Psomes as a reference. For Psome-GOx, a slightly larger Rg can 
be observed when the enzymes are incorporated within poly-
mersomes’ membrane (Figure 5), which could be a result of the 
differences in the polymersome preparation procedure.

The slope of the plots corresponds to the exponent ν in the 
scaling law and enables the interpretation of the shape and 
conformation of the particles. Scaling parameter ν increases 
slightly from 0.48 (Empty-Psome) to 0.55 (Psome-GOx). Taking 

Figure 5. Conformation plot of polymersome derived from AF4 analysis at pH 8. Conditions: 0.5 mg BCP per mL + 0.1 mg mL−1 enzyme. Dependence 
of the radius of gyration (Rg) on the molar mass (right) and apparent density (left) calculated for polymersomes: empty Psomes and Psomes loaded 
in situ with an enzyme (unpurified and purified by HFF). Bottom: Schematic representation of enzyme location within the membrane as found by AF4 
conformation and density analysis.
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into account the theoretical values of ν, values higher than 
0.33 toward 0.5 correspond to an object with density lower than 
a solid sphere. Interactions between proteins and polymer-
some membrane lead to transformation of the compact, well-
defined BCP assembly into a less homogeneous membrane 
structure, leading to further increase of v. At the same time, 
the corresponding apparent density decreases, clearly con-
firming the integration of GOx within the membrane. Based 
on this AF4 study, we conclude that the small activity at pH 7.5 
(Figure 3C) can be due to membrane-integrated GOx.

The differences in the scaling parameters of both polymer-
some–enzyme systems can be directly attributed to the size of 
the enzyme used. GOx (160 kDa, Ø 10 nm) is much larger than 
Myo (17 kDa, Ø 5 nm). It follows that the incorporation of Myo 
within the membrane or its attachment onto polymersome 
surface does not significantly affect the surface of the polymer-
some. Thus, the scaling parameters found for Psome-Myo and 
empty Psomes are similar. The same behavior is also observed 
after HFF purification of both systems. At a lower density, how-
ever, Myo is also integrated within the membrane.

The above results show that enzymes could not be com-
pletely eliminated from the outer membrane surface during 
HFF purification (Figure 5). It is important to note that a longer 
crosslinking period (5  min) should fix enzymes integrated 
within membrane better compared to shorter crosslinking 
periods (≤3  min).[61,62,66,67,73] Consequently, the substrate can 
partially access the membrane-integrated enzyme even in 
the collapsed state of the polymersome membrane (at pH 7.5; 
Figure 3C). This working hypothesis, as well as the key assump-
tion that the polymersomes’ lumen is the main activity site of 
both enzymes (Figure 4), is verified in the next section.

2.7. Photocontrol of pH-Responsive Enzymatic Nanoreactors 
Using Light-Triggered Proton Release from MEH

In the last series of experiments designed for establishing 
the concept of adaptive enzymatic nanoreactors (Scheme  1), 
reversible switching between ON and OFF states of the enzy-
matic nanoreactors was realized in the presence of MEH 
through cyclic application of 3 min irradiation (ON state) and 
5  min relaxation in the dark (OFF state). Figure  6 describes 
the protocol for light-driven proton transfer in both enzy-
matic nanoreactors. A batch solution for this series of experi-
ments was prepared by dissolving Psome-enzyme and MEH 
(1.66  mm) in water with 5% DMSO (for further details, see 
Experimental Section). The pH of the batch solutions was 
adjusted to 7.2 (corresponding to the collapsed state of the 
Psome-enzyme membrane) and excess of glucose (for Psome-
GOx; Figure  6A) or a defined concentration of Amplex Red 
and H2O2 (for Psome-Myo; Figure 6B) were added. With these 
Psome-enzyme solutions, the following samples were pre-
pared (Figure 6): i) sample “non-irradiated”, which acted as a  
reference; ii) sample “pH changed manually”, where the pH 
was manually decreased to 5.5 for 9  min and then brought 
back to 7.5 (through buffer addition); iii) samples “1, 2, or 
3 cycle(s) of irradiation”, where each cycle consists of 3  min 
visible light irradiation followed by 5  min in the dark. At the 
end of each assay, the OFF state was re-established for each 

sample (e.g., after 2 or 3 cycles of MEH/SP switching). Thus, 
for experiments involving Psome-GOx, the pH was changed 
to 7.5 and the quantity of H2O2 generated in each sample was 
quantified by fluorescence spectroscopy after the addition of a 
given amount of HRP and Amplex Red (Figure  6A, bottom). 
In case of Psome-Myo, the enzymatic activity was studied by 
following the formation of resorufin (Figure 6B, bottom). The 
pH values measured for the light-driven proton transfer and 
dark relaxation for Psome-GOx are summarized in Table S7, 
Supporting Information.

The last step in the OFF state for all samples (Figure  6) 
was studied at different times (10, 20, 30, and 60  min for 
Psome-GOx and 30, 60, 90, and 120 min for Psome-Myo) with 
two goals in mind: i) to provide Psome-GOx and Psome-Myo 
with enough time for completing the final enzymatic conver-
sion (in order to enhance the difference between the different 
numbers of switching cycles) and ii) to demonstrate the imper-
meability of the membrane in the collapsed state. We found 
that the optimal times are 10 min for Psome-GOx and 60 min 
for Psome-Myo (Figure  6). This discrepancy can be explained 
by the differences in the concentration of the enzymes cata-
lyzing the final step.

Due to the cumulative effect, the fluorescence intensity of 
resorufin for Psome-GOx (Figure  6A, bottom) is the highest 
for sample “3 cycles of irradiation” followed by “2 cycles of 
irradiation” and “1 cycle of irradiation.” Importantly, samples 
“3 cycles of irradiation” and “pH changed manually” exhibit 
similar fluorescence intensities. This implies that the revers-
ible opening and closing of the enzymatic nanoreactors by 
light-triggered pH changes is highly efficient (Figure 2C). For 
the non-irradiated sample, a certain enzymatic activity for 
Psome-GOx is found (Figure 6A, bottom, and Figures S20, S21,  
and S23, Supporting Information) due to the presence of a 
small amount of membrane/surface-integrated GOx, as dis-
cussed above (Figure 5).

The next experiments were aimed at verifying i) the effi-
ciency of light-driven proton transfer and ii) impermeability 
of the collapsed polymersome membrane after the relaxation 
process (SP → MEH), leading to the OFF state of Psome-
GOx. The results (Figure  6A; Figures S20, S21, and S23, 
Supporting Information) imply the following: First, “non-
irradiated” Psome-GOx sample exhibits the desired lack of 
permeability of the collapsed membrane with low enzyme 
activity due to very low membrane incorporation of GOx. 
In this context samples “pH changed manually,” “1 cycle of 
irradiation,” and “2 cycles of irradiation” show the same level 
of enzymatic conversion at 10 and 60  min after reaching 
the final OFF state of the Psome-GOx system, once again 
emphasizing an impermeable nature of the collapsed mem-
brane, preventing inward diffusion of glucose and outward 
diffusion of H2O2 over a longer time (Figure S23, Supporting 
Information). On the other hand, the sample “3 cycles of 
irradiation” shows a slightly increased enzymatic conversion 
due to a longer feeding time of the first enzymatic reaction 
and a longer period of release of H2O2 from the Psome-GOx 
(the 9 min-long ON state; enzymatic concept in Figure 4).

For Psome-Myo (Figure  6B, top, and Figures S20, S22, 
and S24, Supporting Information), the enzymatic conver-
sion is slower than for Psome-GOx (Figure S20, Supporting 
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Information), as explained above by the different configurations 
(Figure  4). Sample “non-irradiated” shows a nearly constant, 
low enzymatic activity for collapsed polymersome membrane, 
most likely due to a small amount of Myo integrated within the 
membrane (Figure 5). It is important to point out that the differ-
ences in the enzymatic conversion for different irradiation cycles 
might be due to potential photooxidation of Amplex Red.[71,72] 
However, this possibility was ruled out above (Figure S15B,  
Supporting Information). Overall, these results confirm the 
presence of non-permeable, collapsed polymersome membrane 
over time and the critical role of light-driven proton transfer. 
Moreover, the results strengthen the working hypothesis 
regarding the major and minor location of both enzymes in 
Psome-GOx and Psome-Myo (Section 2.6).

3. Conclusions

We demonstrated the design and fabrication of adaptive enzy-
matic nanoreactors that drive a catalytic reaction by temporal 
control of the membrane permeability through a reversibly 
switchable light-driven proton transfer. Protonated MEH was 
used as the photoactive proton donor undergoing light-driven 
transformation to spiropyran (SP) with the release of protons, 
which rapidly protonate the nanoreactor membrane, rendering 
it permeable for substrates of enzymatic reactions. These 
permeable membranes return to their initial, impermeable 
state rapidly when the light stimulus is withdrawn due to the 
thermal relaxation of SP back to MEH. Several key parameters, 
including crosslinking density of the polymersome membrane 
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Figure 6. Top panel: Schematic illustration of the final experimental sequences for light-triggered adaptive enzymatic nanoreactors, A) Psome-GOx and 
B) Psome-Myo. Bottom panel: Normalized enzymatic activity of both nanoreactors after one (blue), two (orange), and three (green) cycles of MEH/SP 
irradiation–relaxation, with each cycle consisting of 3 min irradiation (ON state) followed by 5 min relaxation in the dark (OFF state). Control experi-
ments: no irradiation (black) and pH changed manually (to pH 5.5 for 9 min, then to pH 7.5) (red). Conditions: CPsome-enzyme = 0.1 mg BCP per mL + 
≪0.02 mg enzyme per mL, CMEH = 1.66 mm in MilliQ water with 5% DMSO. Each experiment was carried out at least in triplicate; enzymatic activity 
determined at different time points after reaching the final OFF state of the enzymatic nanoreactor (λexc = 534 nm, λobs = 585 nm). All stock solutions 
used were freshly prepared. Initial pH = 7.2; pH after three irradiation–relaxation cycles = 7 (see Table S7, Supporting Information).
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and concentrations of polymersome and MEH, have been 
investigated to determine the optimal conditions for cyclic, 
temporal switching of the enzymatic nanoreactors in mono- 
and bienzymatic reactions through light-driven proton transfer. 
Using this functional principle, several ON–OFF cycles could 
be accomplished in a reproducible way. Under exposure to vis-
ible light, higher amounts of the product could be obtained. In 
the OFF state of the enzymatic nanoreactors, the membrane 
was collapsed, preventing inward diffusion of the substrates 
and outward diffusion of the products. This strategy provides a 
straightforward solution for the development of catalytic nano-
compartments efficiently producing desired molecules in a spa-
tiotemporally controlled and stimuli-responsive manner with 
high potential in areas such as catalysis, analytical chemistry, 
and systems biology.

4. Experimental Section
Materials: Poly(ethylene glycol) methyl ether (MeO-PEG-OH; 

Mn  = 2000 g·mol−1; Mw/Mn  = 1.05), 2,2′-bipyridine, 4-aminobutanol, 
2-(diethylamino)ethyl methacrylate (DEAEM), methacryloyl chloride, 
2-bromoisobutyryl bromide, 2-aminoethanol, copper(I) bromide, 
aluminum oxide (neutral, activated), GOx from Aspergillus niger 
(essentially salt-free, lyophilized powder), Myo from equine skeletal 
muscle (essentially salt-free, lyophilized powder), hydrogen peroxide 
solution (30%), resorufin, phosphate buffered saline (tablet), sodium 
hydroxide, magnesium sulfate, d-(+)-glucose, and HRP were purchased 
from Sigma-Aldrich. 3,4-Dimethylmaleic acid anhydride, toluene, THF, 
ethyl acetate, and chloroform-d were purchased from Acros Organics. 
Hydrochloric acid (37%), n-hexane, and silica gel were purchased from 
Merck (Germany). Amplex Red was purchased from Thermo Fischer. 
Anhydrous 2-butanone (Fluka), triethylamine (Fluka), and anhydrous 
tetrahydrofuran (THF) (Sigma-Aldrich) were stored over molecular 
sieves. Protonated MEH was synthesized and characterized according 
to a previously published procedure.[17,76,77] All analytical methods, 
assays, and instruments used for characterization are described in the 
Supporting Information.

Fabrication of Materials: Details on the syntheses and characterization 
of the BCP and the preparation of empty and enzyme-loaded Psomes 
can be found in the Supporting Information (Figures S1 and S, Tables S1 
and S2, Supporting Information). Stock solutions: 1  mg BCP per mL 
of Psome-GOx (encapsulation efficiency of GOx around 3–5%), 1  mg 
BCP per mL of Psome-Myo (encapsulation efficiency of Myo around 
1–2%), 0.2  mg mL−1 of HRP, 0.02  mg mL−1 glucose, 0.02  mg mL−1 
Amplex Red, and 0.02 m H2O2. The solution of MEH was ultrasonicated 
and then irradiated with a Hg lamp for 3  min to facilitation the 
dissolution of MEH (final concentration, 2.07  mm). GOx activity assay 
for Psome-GOx (in the presence of MEH) using light as the stimulus 
for several short-term cycles: Using the MEH stock solution (2.07 mm; 
prepared as described above) and the stock solution of Psome-GOx 
(prepared from 1  mg BCP per mL with 0.2  mg GOx per mL), 10  mL 
of solution of Psome-GOx and MEH was prepared with 10  mm NaCl; 
final concentration = 0.1  mg mL−1 of Psome-GOx and 1.66  mm of 
MEH (in water with 5% DMSO). This batch solution with pH 7.2 (the 
starting point for light-driven proton transfer experiments as shown in 
Figure 6A) was divided into five portions: a) Sample 1—“non-irradiated”: 
To 2  mL of the solution, 2.25  µL of glucose solution (0.02  mg mL−1) 
was added. After 9 min, 3.2 µL of Amplex Red solution (0.02 mg mL−1) 
and 55 µL of HRP solution (0.2 mg mL−1) were added and fluorescence 
spectra were recorded after 10, 20, 30, and 60 min. b) Sample 2—“pH 
changed manually”: To 2 mL of the solution (pH manually adjusted to 
5.5), 2.25 µL of glucose solution (0.02 mg mL−1) was added. After 9 min, 
the pH of the solution was re-adjusted to 7.5 and 3.2  µL of Amplex 
Red solution (0.02 mg mL−1) and 55 µL of HRP solution (0.2 mg mL−1) 

were added and fluorescence spectra were recorded after 10, 20, 30, 
and 60  min. c) Samples 3–5—“1 cycle”, “2 cycles”, and “3 cycles of 
irradiation”: 2.25 µL of glucose solution (0.02 mg mL−1) was added to 
2 mL of each sample. The samples were irradiated and allowed to relax  
in the dark for 1, 2, or 3 cycle(s) (each cycle: 3 min of irradiation followed 
by 5 min of relaxation). After 1, 2, or 3 cycle(s) of irradiation, the final pH 
was adjusted to 7.5 and 3.2 µL of Amplex Red solution (0.02 mg mL−1) 
and 55 µL of HRP solution (0.2 mg mL−1) were added and fluorescence 
spectra were recorded after 10, 20, 30, and 60 min.

Myoglobin Activity Assay for Psome-Myo (in the Presence of MEH) 
Using Light as Stimuli for Several Short-Term Cycles: Using the MEH stock 
solution (2.07 mm; prepared as described above) and stock solution of 
Psome-Myo (prepared from 1 mg BCP per mL with 0.2 mg Myo per mL),  
10 mL of solution of Psome-Myo and MEH were prepared with 10 mm 
NaCl; final concentration = 0.1  mg mL−1 of Psome-Myo and 1.66  mm 
of MEH (in water with 5% DMSO). This batch solution with pH 7.2 
(starting point for the light-driven proton transfer experiments as 
shown in Figure 6B) was divided into five portions: a) Sample 1—“non-
irradiated”: To 2 mL of the solution, 60 µL of H2O2 solution (0.02 m) and 
60 µL of Amplex Red solution (0.02 mg mL−1) were added. After 10 min, 
2 mL of a 10 mm PBS solution at pH 7.5 were added. The fluorescence 
spectra were recorded after 30, 60, 90, and 120 min. b) Sample 2—“pH 
changed manually”: To 2 mL of the solution (pH manually adjusted to 
5.5), 60 µL of H2O2 solution (0.02 m) and 60 µL of Amplex Red solution 
(0.02 mg mL−1) were added. After 10 min, 2 mL of a 10 mm PBS solution 
at pH 7.5 were added. The fluorescence spectra were recorded after 30, 
60, 90, and 120 min. c) Samples 3–5—“1 cycle,” “2 cycles,” and “3 cycles 
of irradiation”: 60  µL of H2O2 solution (0.02 m) and 60  µL of Amplex 
Red solution (0.02 mg mL−1) were added to 2 mL of each sample and 
the resulting solutions were subjected to 1, 2, or 3 irradiation–relaxation 
cycle(s) (each cycle: 3 min of irradiation followed by 5 min of relaxation). 
After 1, 2, or 3 cycle(s) of irradiation, the final pH was adjusted to 7.5 
by adding 2  mL of a 10  mm PBS solution at pH 7.5 and fluorescence 
spectra were recorded after 30, 60, 90, and 120 min.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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