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Introduction

A key challenge in the life- and nanosciences is fusing bio-
logical entities, such as enzymes, with synthetic materials,
for example, block copolymers, to create new, complex syn-
thetic biological devices.[1,2] Combining the specificity and
efficiency of biological molecules with the robustness and
possibility of tailoring polymeric materials allows the design
of efficient mimics of living entities. These outperform con-
ventional chemical or biological approaches to generate rev-
olutionary, highly specific communicating or pro ACHTUNGTRENNUNGcessing sys-
tems, such as biosensors, signal amplifiers, electron-transfer
devices, or nanoreactors.[3–5] Enzymatic activity can be im-
proved and enzymatic pathways customized by combining
synthetic with biological materials, as shown by trypsin en-
capsulation in PS-b-PAA block copolymers[6] or by reconsti-
tution of ubiquinone oxidoreductase in copolymer mem-
branes.[7] However, a real challenge is related to the preser-
vation of enzyme activity and integrity when combined with
polymeric systems. This renders the situation far more com-
plex than in bulk conditions, and requires mild procedures

to generate hybrid systems and the ascertainment of poly-
mer–protein interactions and their effects on enzyme struc-
ture and activity.

Recently such biosynthetic materials were successfully ap-
plied to local bioconversion on surfaces[8] and inside living
cells.[9] Herein we plan to extend these concepts to the de-
toxification of reactive oxygen species (ROS), including the
superoxide radical anion (O2C

�), peroxynitrite, hydroxyl radi-
cal, and hydrogen peroxide, the natural production of which
is dramatically increased during oxidative stress.[10] The im-
balance in ROS, which characterizes oxidative stress, over-
whelms cellular antioxidant defense mechanisms, including
glutathione peroxidase, glutathione transferase, catalase, and
superoxide dismutase (SOD). Such an imbalance has been
reported to play an important role in both the toxicology of
inorganic nanoparticles[11] and the pathogenesis of many dis-
eases, such as arthritis, Parkinson�s disease, cancer, and
AIDS.[12–14] Attempts have been made to detoxify ROS by
direct antioxidant enzyme administration, but this provided
rather modest protection, if any, as reported for example for
SOD, which was quickly eliminated from the bloodstream
(6 min in rats and 30 min in humans).[15] Many efforts have
been made to improve SOD delivery by covalent modifica-
tion with polyethylene glycol (PEG)[16] or encapsulation into
liposomes[17,18] or polymeric microspheres.[19] However, nei-
ther modification with PEG nor the use of conventional
drug delivery approaches, in which the enzyme acts only
after its release from the carrier, improved delivery signifi-
cantly. This is due to inherent drawbacks, such as possible
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deactivation of the enzyme by extensive modification,[20] sig-
nificant leakage from liposomes due to structural defects,
mechanical instability or short circulation lifetime,[21] and
poor control of release from the polymer microspheres.[22] A
further step was taken through the design of an antioxidant
nanoreactor.[23] Nanoreactors are formed by encapsulation
of active compounds inside polymeric vesicles,[24] in which
they can simultaneously act in situ and are protected from
proteolytic attack.[25, 26] Various types of nanoreactors have
been developed recently, either by changing the chemical
nature of block copolymers or the enzyme/combination of
enzymes to address applications in areas such as catalysis or
therapeutics.[3,6,8,27] In this respect antioxidant nanoreactors
have been used to encapsulate SOD inside oxygen-perme-ACHTUNGTRENNUNGable polymeric vesicles in which the enzyme was able to cat-
alyze the reaction of superoxide radicals.[23] However, the re-
action generated hydrogen peroxide as a final product,
which is known to contribute to oxidative damage.[28]

If detoxification of superoxide radicals and related harm-
ful hydrogen peroxide is intended, as in cellular antioxidant
mechanisms, a more complex system has to be designed.
Herein we introduce the concept of enzymatic cascade reac-
tions inside polymeric nanocontainers that detect and com-
pletely detoxify superoxide radicals to give water and mo-
lecular oxygen. This is based on coencapsulating in polymer-
ic vesicles two enzymes known to act in tandem and to cata-
lyze the reactions of the superoxide radicals in nature. The
concept brings together the specificity, rapidity, and activity
of a combination of enzymes that mimics cells conditions
with the architecture and stability of self-assembled copoly-
mer containers and results in a processor-like system. When
superoxide radicals ambient to the polymer vesicles pene-
trate the synthetic membrane they encounter the combined
enzymes, which act in a cascade reaction that leads to the
harmless reaction products H2O and oxygen (Figure 1).

This concept was implemented with SOD and lactoperoxi-
dase (LPO) as a model of enzymes that act in tandem.
These were coencapsulated in the cavities of polymeric vesi-
cles formed by the self-assembly of amphiphilic poly(2-
methyloxazoline)-poly-(dimethylsiloxane)-poly(2-methylox-

azoline) (PMOXA-PDMS-PMOXA) triblock copolymers in
aqueous solution at physiological pH. Using amphiphilic co-
polymers that self-assemble in aqueous solutions into vesicu-
lar structures, in a fashion analogous to lipids,[29] is a
straightforward approach to simultaneously prepare poly-
meric vesicles and encapsulate enzymes inside.[25] We chose
these amphiphilic block copolymers because they show good
biocompatibility[30] and improved stability to lysis by classi-
cal surfactants as compared with liposomes.[17] The polymer
membrane is highly impermeable to small molecules, such
as water or sucrose,[31] whereas it is permeable to superoxide
radicals.[32] To function, polymeric vesicles that contain a
combination of enzymes capable of detoxifying O2C

� also re-
quire membranes that permit the passage of the substrate
and the product of the second enzyme. To achieve this,
outer membrane protein F (OmpF) is reconstituted in the
vesicle wall to permit passive diffusion of small molecules
(<600 Da)[33] and thus modulate the copolymer membrane
permeability without reducing stability or losing encapsulat-
ed enzymes. In this way the enzymes remain permanently
trapped inside the cavity, a condition comparable to a living
cell, whereas substrates and products can pass through the
vesicle membrane, facilitating in situ enzyme activity.[31, 34]

Part of this concept includes a simple fluorescent means to
detect superoxide radicals and to test antioxidant activity
inside cells. This is based on the formation of fluorescent
products in situ during the second step of the cascade reac-
tion as the substrate penetrates the cavity through the
OmpF channels. When tested in THP-1 cells, the system be-
haves as if artificial organelles were present and allows both
detection and in situ, instant, complete detoxification of su-
peroxide radicals. The system supports a theranostic ap-
proach to oxidative stress.

Results and Discussion

Design of enzymatic cascade reactions inside polymeric
nanocontainers for O2C

� radical detoxification : By combining
the desired enzymatic cascade reaction with the protection
effect of polymeric nanocontainers, a processor system was
designed to detect and detoxify superoxide radicals that
pass through the polymer membrane so that only harmless
products result (Figure 2A). The cascade reaction starts with
SOD activity as one part of the natural antioxidant defense
mechanism (Figure 2B, reaction 2); the enzyme quickly cat-
alyses the reaction of superoxide radicals at a high turnover
number and is not affected by pH changes from pH 6 to
pH 9.[35] H2O2, as the only harmful product of the SOD reac-
tion, is degraded in the second step of the cascade reaction
by LPO in the presence of one of its specific substrates, am-
plex red (Figure 2B, reaction 3). We chose LPO as the
second enzyme in the sequence of reactions because at
physiological pH it still preserves 80 % of its full activity at
pH 5.3,[36] which makes it compatible with SOD. As the
source of O2C

�, we used the known combination of xanthine/
xanthine oxidase, XA/XO (Figure 2B, reaction 1). The per-

Figure 1. Schematic representation of enzymatic cascade reactions inside
polymeric nanocontainers as a means to detect and combat oxidative
stress. A combination of enzymes (C and E) act inside polymeric nano-
containers in a cascade reaction with substrates (D) and products (F) to
detoxify reactive oxygen species (A). Substrates, products, and reactive
oxygen species penetrate the polymeric membrane due to the insertion
of protein channels (B).
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meability of the polymer membrane was modulated by in-
sertion of OmpF channel proteins, which allowed only the
passage of small molecules, such as amplex red and resoru-
fin, the substrate/product of LPO. The amplex red and re-
sorufin combination allows simple detection of O2C

� pres-
ence by a fluorescence signal generated in the last step of
the cascade reaction.

Characterization of enzyme-containing polymeric vesicles :
The individual enzyme species and the combined enzymes
were encapsulated whereas the channel protein was recon-
stituted during polymeric vesicle self-assembly. The encapsu-
lation procedure involved dropwise addition of a solution of
enzymes/protein to the copolymer with continuous stirring
until the copolymer solution turned turbid, followed by the
extrusion of the mixture. Knowledge of the physical dimen-
sions and morphology (solid or hollow-sphere structure) is
necessary to determine whether the presence of enzymes af-
fects the self-assembly process of the vesicles. SOD-encapsu-
lated-, LPO-encapsulated-, and SOD–LPO-encapsulated as-
semblies and empty polymer assemblies were, therefore,
characterized with dynamic and static light-scattering and
transmission electron microscopy (TEM).

Dynamic and static light-scattering experiments provided
details on the types of objects formed by self-assembly in
the presence of enzyme(s) and the size distribution and
polydispersity (Supporting Information, Table S1). By divid-

ing the radius of gyration (RG) resulting from static light-
scattering experiments by the hydrodynamic radius (RH) re-
sulting from dynamic light-scattering, 1=RG/RH (Supporting
Information, Figures S1 and S2), values close to 1.0 were ob-
tained both for empty vesicles and for those containing en-
zyme(s), which indicates hollow-sphere morphology. A
mean polydispersity index of (0.26�0.09) was calculated.
The form factor analysis[37] confirmed the model of hollow
spheres as the most appropriate model for empty/enzyme-
containing vesicles (Supporting Information, Figure S3).
Variance of fit can most probably be explained by the poly-
dispersity of the system. Although empty- and SOD-con-
taining vesicles have similar hydrodynamic radii (�160 nm),
coencapsulation of LPO and SOD was found to induce a de-
crease in size (to �95 nm). We assume this is due to interac-
tion with the hydrophobic domain of the block copolymer.
This effect depends on the amount of LPO. However, the
values of 1 for LPO- and LPO–SOD-containing nanovesi-
cles indicate the vesicular form of these assemblies. The
values of the hydrodynamic radii of empty and SOD-con-
taining vesicles are consistent with similar PMOXA-PDMS-
based block copolymers with different hydrophobic-to-hy-
drophilic ratios.[31] Small values of the second virial coeffi-
cient A2 indicate an absence of long-range interactions be-
tween the vesicles in the investigated concentration range.

The TEM images reveal that the different vesicles have
relatively uniform sizes. However, compared with light scat-
tering, smaller, sphere-like objects were also imaged, which
were anticipated as a result of the known deformation and
shrinkage due to TEM sample preparation (Figure 3; Sup-
porting Information, Figure S4). Together, light scattering
and TEM prove that the presence of enzymes during the
mild self-assembly encapsulation procedure does not affect
vesicle formation.

Encapsulation of individual enzyme species in nanovesicles :
The encapsulation of individual enzyme species in vesicles is
necessary as a prerequisite for revealing the specific condi-

Figure 2. Design of the enzymatic cascade reaction inside polymeric
nanocontainers for detection and superoxide radical detoxification.
A) Schematic illustration of SOD–LPO cascade reaction inside a nano-
container. B) Chemical reactions allowing the detection and detoxifica-
tion of superoxide radicals: 1) generation of O2C

� ; 2) reactions involving
SOD; 3) reactions involving LPO.

Figure 3. TEM image of PMOXA12-PDMS55-PMOXA12 vesicles that con-
tain a combination of SOD and LPO.
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tions for coencapsulation of enzymes in a way that supports
the cascade reaction. The encapsulation of each enzyme spe-
cies was analyzed by using fluorescence correlation spectros-
copy (FCS). Laser-induced fluorescence of molecules pass-
ing through a small confocal probe volume autocorrelates
over time and provides information on the diffusion time of
the molecule, tD.[38] Differences in diffusion times are related
to changes in the hydrodynamic radius by using the Stokes–
Einstein relation, and permit a determination of interactions
with larger assemblies, as is the case in ligand–protein inter-
actions or encapsulation in polymeric systems.[23] Each
enzyme was fluorescently labeled and encapsulated similarly
to the unlabeled enzymes, to allow detection via FCS. The
normalized FCS autocorrelation curves of enzyme-contain-
ing vesicle solutions were compared with those of free dye
and free labeled enzyme (Figure 4A, B). Significant differ-
ences in the diffusion times were obtained. The tD for
Alexa488-SOD increased to 109 ms compared with 29 ms for
free Alexa488,[39] corresponding to a hydrodynamic radius of
2.9 nm and consistent with the theoretical radius of 3 nm for
an enzyme with a 33 kDa molecular mass. For encapsulated
Alexa488-SOD, the multiphasic curve (Figure 4A, curve c)

indicates the presence of slowly diffusing particles. The best
fit for the autocorrelation function of the time-dependent
fluorescence signal (Supporting Information, Equation (2))
shows that two populations of particles were present after
enzyme encapsulation. The major population (more than
80 %), with a mean diffusion time of 2.5 ms, was attributed
to SOD-Alexa488-containing vesicles, whereas the second
population represents free dye not completely removed by
dialysis.

To estimate the number of SOD molecules encapsulated
in the nanovesicles, we compared the molecular brightness,
reported as count rates per molecule (cpm, in kHz) of free
dye, non-encapsulated Alexa488-SOD, and encapsulated
Alexa488-SOD. We found that one Alexa488 is attached to
one SOD molecule by using a calibration curve of molecular
brightness as a function of the known concentrations of
Alexa488. We took into account the effect of dye quenching
due to conjugation of Alexa488 with SOD, which results in
a decrease in molecular brightness from cpm =32 to 22 kHz.
In the case of encapsulated Alexa488-SOD, the total molec-
ular brightness (cpmT) corresponds to the weighted sum of
the brightnesses of the individual components (cpmi). The

Figure 4. A) FCS autocorrelation curves and the simulation of free Alexa488 (a), Alexa488-SOD (b), and Alexa488-SOD-containing vesicles (c). B) FCS
autocorrelation curves and the simulation of free Alexa633 (a), Alexa633-LPO (b), and Alexa633-LPO-containing nanovesicles (c). C) Scenario for the
coexistence of vesicle populations that contain various encapsulated enzymes (*: Alexa488-SOD; *: Alexa633-LPO) for a total number of four enzyme
molecules. Only vesicles containing at least two different labeled enzymes are FCCS-active. D) FCCS/FCS curves of vesicles that contain Alexa488-SOD
(autocorrelation curve; a), LPO-Alexa633 (autocorrelation curve; b), and a combination of Alexa488-SOD and LPO-Alexa633 (c). Dotted lines are
fitted curves.
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number of (4�3) SOD molecules per vesicle was obtained
by dividing the molecular brightness of SOD-containing
vesicles by the molecular brightness of freely diffusing
Alexa488 for an initial labeled-enzyme concentration of
0.5 mgmL�1. An encapsulation efficiency of approximately
23 % was calculated by dividing the maximum possible
number of SOD molecules (for an initial concentration of
0.5 mgmL�1) by the effective number of SOD molecules in
a vesicle. Interestingly, similar values were obtained if SOD
was encapsulated by using a different preparation procedure
based on rehydration of the polymer film prior to the encap-
sulation.[32] This presents an opportunity to modulate the en-
capsulation procedure to cope with different copolymer
properties, such as solubility.

On labeling LPO, the diffusion time of free dye increased
from 51 to 322 ms, which corresponds to 4 nm, consistent
with the theoretical radius of Alexa633-LPO (78.7 kDa).
After LPO encapsulation, two populations of particles coex-
ist: one with a tD of 6 ms attributed to LPO-Alexa633-en-
capsulated vesicles (>85 %), and a second with a tD of
320 ms that corresponds to LPO-Alexa633, which is incom-
pletely removed by dialysis. On average, a value of (8�5)
LPO molecules per vesicle was calculated, which represents
an encapsulation efficiency of 57 % (for an initial concentra-
tion of Alexa633-LPO of 1 mgmL�1). The slight decrease in
the molecular brightness (from 39 to 34 kHz) has not been
included in the estimation of the number of LPO molecules
per vesicle.

It is known that LPO interacts with membranes through
hydrophobic interactions.[40,41] Therefore, to check whether
LPO is attached at the vesicles surface we incubated a solu-
tion of empty vesicles with Alexa633-LPO (30 nm) and com-
pared it with a solution of Alexa633-LPO-containing vesi-
cles. In the case of empty vesicles, large clusters with diffu-
sion times of up to 30 ms were formed, which revealed that
the interaction of Alexa633-LPO with the vesicle surface in-
duces aggregation. Because these aggregates were not de-
tected when Alexa633-LPO was encapsulated inside the
vesicles, the enzyme is thus believed to be mainly located
inside the polymeric cavity. Presumably, the affinity of LPO
to polymer vesicles is responsible for its high encapsulation
efficiency, as has already been reported for LPO-containing
liposomes.[42] Note that the low amount of free enzyme still
present after dialysis does not induce clustering. In contrast,
SOD was proven to not interact with this type of copolymer
and to be located only inside the aqueous cavity of the vesi-
cles.[23]

Coencapsulation of enzymes in nanovesicles : Because the
encapsulation of amphiphilic copolymers during self-assem-
bly is a statistical process, various populations of enzyme-
containing vesicles coexist in solution: 1) encapsulated indi-
vidual enzyme species (either SOD or LPO), 2) coencapsu-
lated enzymes (in various ratios), and 3) empty vesicles (Fig-
ure 4C). Testing the efficiency of the system should take
these populations into account to avoid a decrease in effi-
ciency resulting from empty vesicles or vesicles containing

individual enzyme species that are not involved in the cas-
cade reaction. The fraction of various populations of vesicles
was determined with a combination of FCS and fluorescence
cross-correlation spectroscopy, FCCS (Figure 4D). The prob-
ability that superoxide radicals escape from the cavity with-
out being detoxified is assumed to be negligible because the
disproportionation of superoxide by SOD is one of the fast-
est observed in biological system.[35]

In FCCS, two differently labeled particles provide a posi-
tive cross-correlation read-out when bound to each other or
located in the same carrier, thus diffusing through the confo-
cal volume in a synchronized way.[43] In contrast, the proba-
bility of simultaneous movement of freely diffusing fluoro-
phores is so small that it can be neglected. We measured the
cross-correlation read-out of the vesicles solution after coen-
capsulation of Alexa488-SOD and Alexa633-LPO and com-
bined it with FCS data on vesicle populations containing in-
dividual enzyme species (Figure 4D). The amplitude of the
cross-correlation curve is directly proportional to the
number of vesicles containing both enzymes. Under our ex-
perimental conditions approximately 10 % of the total
number of vesicles contained both enzymes and were thus
able to participate in the in situ cascade reaction (Support-
ing Information, Equation (3)). The fraction of 10 % of vesi-
cles containing both enzymes is in good agreement with the
theoretical fraction of 13 %, which represents the total prob-
ability of coencapsulation (Supporting Information, Equa-
tion (4)). Under the experimental conditions applied, the
number of coencapsulated SOD and LPO molecules is rela-
tively small because we intended to minimize interactions
and functional changes due to confinement in the nanovesi-
cles. With the selected low concentrations of enzymes
(around 8 nm for SOD, and 20 nm for LPO), this cascade en-
zymatic reaction inside polymeric vesicles allows detection
of superoxide radicals with high sensitivity, mimicking natu-
ral antioxidant mechanisms. This is very promising as a sup-
port to enzyme-based therapeutic applications.

Activity assay of individual enzyme species in solution and
in nanovesicles : LPO activity (free enzyme and encapsulat-
ed within nanovesicles (Supporting Information, Figure S5A
and B) was measured by using the formation of highly fluo-
rescent resorufin over time for different amplex red concen-
trations in the presence of H2O2. LPO-containing vesicles
without channel proteins inserted in the membrane show no
increase in resorufin signal intensity, whereas enzyme-con-
taining vesicles reconstituted with OmpF give a resorufin
signal intensity proportional to the initial amplex red con-
centration. This supports the necessity of channel proteins
that allow substrate transport across the polymer wall to
maintain the reaction.

Kinetic constants for the enzymatic reaction of LPO (KM

and Vmax) were determined using the Lineweaver–Burk
equation.[44] The slightly lower KM value of (2.9�0.1) mm

compared to free enzyme kinetics ((9.4�0.3) mm) indicates
a higher amplex red affinity to LPO in nanovesicles. A
higher substrate affinity in encapsulated conditions has been
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reported previously.[6] This has been explained by the fact
that both enzyme and substrate are located at an interface,
which provides higher collision frequencies. The maximal re-
action rate of the encapsulated enzyme is lower ((37.1�
7.1) mm s�1) than in free conditions ((132.3�75.9) mm s�1),
but still comparable to the reaction of the free enzyme.

The in situ stability of encapsulated LPO was compared
with free LPO over an interval of 60 d (Figure 5A). Be-
tween measurements, both free LPO and LPO-containing
vesicles were kept in the dark at 4 8C. Although the activity
decreases significantly down to a maximum of 40 % in the
case of free enzyme, the enzyme activity inside the nanove-

Figure 5. A) LPO activity when encapsulated in polymeric vesicles (a), and in free conditions (b). B) Cascade reaction in free conditions (XA: 25 mm ;
XO: 0.17 U mL�1; LPO: 16 nm) in the absence of SOD (a) and in the presence of 205 nm SOD (b). Both curves were smoothed by using adjacent-averag-
ing. C) Cascade reaction in free conditions (XA: 2 mm ; XO: 0.002 UmL�1; LPO: 1 mm) in the absence of SOD (a) and in the presence of 33 mm (b) and
66 mm SOD (c). D) Cascade reaction of SOD–LPO-loaded nanocontainers with OmpF in the polymer membrane (a), SOD–LPO-loaded nanocontainers
without OmpF in the polymer membrane (b), LPO-containing vesicles with OmpF in the polymer membrane (c), empty polymer vesicles in the presence
of amplex red (d). E) Cascade reaction of SOD–LPO-loaded nanocontainers with OmpF in the polymer membrane and an added amplex red gradient
(XA: 25 mm ; XO: 0.17 UmL�1) of 16.7 (a), 8.3 (b), 4.16 (c), and 1.7 mm (d).
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sicle is still approximately 70 % after 60 d. This represents
clear evidence that nanovesicles based on PMOXA-PDMS-
PMOXA copolymers provide an advantageous artificial en-
vironment for LPO, as already reported for SOD,[23] making
them suitable for further technological and therapeutic ap-
plications.

Multienzyme kinetics in a solution that simulates nanovesi-
cle conditions : It is important to maintain specific enzyme
functionality in multienzyme systems to carry out complex
reactions as efficiently and as close to nature as possible.
Guided by the FCS/FCCS quantitative analysis, we per-
formed activity tests for the SOD–LPO combination in solu-
tion by simulating the range of enzyme concentrations ex-
pected inside vesicles, and compared them with measure-
ments in the absence of SOD (Figure 5B, curve a). The
slope of the curve increases in the presence of SOD (Fig-
ure 5B, curve b). Under these conditions, a disproportiona-
tion reaction by SOD splits superoxide into hydrogen perox-
ide that is then consumed by LPO in a further reaction,
which allows SOD to work in tandem with LPO. Resorufin
formation in the absence of SOD and amplex red autoxida-
tion (Figure 5B, curve a) have been considered as back-
ground requiring subtraction at this low enzyme concentra-
tion (Figure 5B, curve b). However, these effects are negligi-
ble for similar activity tests with high enzyme concentrations
(Figure 5C, curve a). Therefore, we compare the kinetics of
encapsulated enzymes only to that of free enzymes in a solu-
tion that simulates conditions in nanovesicles.

Multienzyme kinetics in situ inside nanocontainers : If we
consider the case of coencapsulation of SOD and LPO in
more detail, we should take into account the requirement
that the substrate S, specific for the LPO reaction, should be
present in proximity to the enzyme to take part in the cata-
lytic reaction for H2O2. This represents a significant limiting
factor because the simultaneous encapsulation of three dif-
ferent molecules increases the statistical complexity of the
system and decreases the number of vesicles that contain all
components, which introduces difficulties in the detection of
the final product of the reaction, resorufin. However, by se-
lecting optimal enzyme concentrations and ratios, when
SOD and LPO are coencapsulated in nanovesicles the cas-
cade reaction takes place in situ in the polymer cavity and
superoxide anion radicals are successfully reduced to molec-
ular oxygen and water (Figure 5D, curve a). Once formed
inside vesicles, the product (resorufin) was detected by fluo-
rescent measurements by using the FCS set-up due to its
known high sensitivity and extremely low required concen-
tration in solution; the intensity of the fluorescent signal of
resorufin over time was used to calculate enzyme kinetics.
Low resorufin formation was exhibited by SOD–LPO-
loaded nanovesicles without OmpF (Figure 5D, curve b), at-
tributed to a small amount of non-encapsulated LPO that is
capable of oxidizing amplex red in the presence of H2O2

generated by the xanthine/xanthine oxidase system. This is
in agreement with the FCS results and indicates that SOD

and LPO are mainly located inside the cavity of the vesicles.
A similar effect was seen in the absence of SOD for LPO-
containing vesicles reconstituted with OmpF (Figure 5D,
curve c). Thus, the side reaction of LPO with the H2O2 gen-
erated by the xanthine/xanthine oxidase only represents a
background that the high sensitivity resulting from the FCS
setup allowed us to detect (Figure 5D, curve c); this differ-
entiates the background from the cascade reaction inside
nanovesicles (Figure 5D, curve a). As expected, the copoly-
mer had no effect on amplex red oxidation (Figure 5D,
curve d). In SOD–LPO-containing nanovesicles with insert-
ed OmpF (Figure 5D, curve a), a considerable amount of re-
sorufin was formed as compared with vesicles without re-
constituted OmpF (Figure 5D, curve b). This clearly indi-
cates that SOD acts in tandem with LPO inside the cavity,
in good agreement with the FCCS measurements. Note that
statistically, vesicles containing coencapsulated enzymes
without OmpF can coexist with those with reconstituted
OmpF. However, we calculated that approximately 14
OmpF molecules per vesicles are present in the conditions
that we used, which allows us to assume that the amount of
vesicles without channel proteins is very low.

Michaelis–Menten kinetics have been already reported to
be a suitable model for cascade reactions, such as HRP in
the glucose oxidase/horseradish peroxidase tandem.[45] It has
also been shown that Michaelis–Menten kinetics can be ap-
plied at the single-molecule level, even if the signal-to-noise
ratio is at the detection limit.[46] Therefore, we used aACHTUNGTRENNUNGMichaelis–Menten kinetic approach to obtain the kinetic pa-
rameters for the cascade reaction under single-molecule
conditions in free solution and inside nanovesicles (in bulk:
Figure S6, Supporting Information; in nanovesicles: Fig-
ure 5E).[45] Due to the low enzyme concentrations inside the
nanocontainers, which results in a low signal-to-noise ratio,
data analysis has been treated thoughtfully, similar to other
reported systems of enzymes encapsulated inside vesi ACHTUNGTRENNUNGcles.[6,8]

In free solution, the Michaelis–Menten constant KM was cal-
culated as (1.1�0.1) mm, lower than that for nanocontainers
((7.3�0.4) mm). These values can be rationalized by consid-
ering the fact that the population of SOD–LPO-containing
nanocontainers is low compared with the other populations
of vesicles that contain only one species of enzyme. The
latter might induce lower substrate accessibility because
H2O2 generated by the SOD-containing vesicles has to be
detoxified by the LPO-containing vesicles, which might
affect the KM value. However, due to the presence of OmpF,
the requirement of having an excess of H2O2 at LPO is ful-
filled, and in a first approximation it is still possible to
model by using Michaelis–Menten kinetics. The values of
Vmax (Vmax(bulk): 11.1 mm s�1; Vmax(nanoprocessor): 0.02 mm s�1) also
show the same tendency as presented in LPO single-enzyme
kinetics, in which the reaction rate is higher for free-enzyme
conditions.

The high stability of polymeric vesicles and their limited
miscibility with phospholipids[47] allows them to remain
structurally intact inside cells over extended periods of
time.[9] Preliminary results point to both an uptake by cells

Chem. Eur. J. 2011, 00, 0 – 0 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org

These are not the final page numbers! ��
&7&

FULL PAPEREnzymatic Cascade Reactions

www.chemeurj.org


of nanocontainers that contain the enzyme combination, as
artificial organelles, and to their in vitro functioning by re-
sorufin formation (Figure 6) that is the final step of the se-
quential SOD–LPO reactions. THP-1 cells incubated with
amplex red only exhibit low auto-fluorescence. This was
taken to be the background, taken into account, and correct-
ed by using LSM experimental parameters to allow a
straightforward detection of resorufin formation that can
only be attributed to the presence of nanocontainers that
contain the enzyme combination (Supporting Information,
Figure S7). THP-1 cells incubated with these artificial organ-
elles show their internalization, and the fluorescence related
to resorufin formation reveals that they are active and
highly efficient in ROS detection and catalysis inside biolog-
ical cells (Figure 6B). Incubation of the cells with these arti-
ficial organelles and treatment with paraquat, known to pro-
duce intracellular superoxide radicals,[48] enhanced the inten-
sity of the resorufin fluorescent signal significantly (Fig-
ure 6C). THP-1 cells containing enzyme-loaded nanocon-
tainers without OmpF channels did not show any resorufin
signal under these conditions because amplex red could not
enter the vesicles (Figure 6A).

These results can be explained by the fact that both en-
zymes are simultaneously located in a polymeric compart-
ment that is made permeable by protein channels, which in-
duces high efficacy into the system. In addition, an excess of
superoxide radicals specific to the particular biochemistry of
pathological conditions defines the function of these artifi-
cial organelles. Thus, they are able to detect ROS and local-
ly degrade them under conditions of oxidative stress.

Conclusion

We have introduced the con-
cept of enzymatic cascade reac-
tions inside polymeric nanocon-
tainers to combat ROS-induced
oxidative stress by simultane-
ously coencapsulating SOD and
LPO, which act in tandem in
polymeric vesicles generated by
self-assembly of amphiphilic co-
polymers. Similarly to nature,
superoxide anion radicals pres-
ent in the environment are re-
duced in situ into molecular
oxygen and water via hydrogen
peroxide inside the vesicle cavi-
ties. In contrast to previous at-
tempts, which involved drastic
limitations, such as an uncon-
trolled release of enzymes, our
system allows in situ and instant
detection and detoxification of
O2C

� radicals. In addition, activi-
ty tests over time have proven

that both enzymes preserve their activity longer than in so-
lution, which makes this system suitable for further techno-
logical and therapeutic applications. Given that our superox-
ide radical processors are fully active even when a small
number of enzyme molecules are coencapsulated, and based
on a smart fluorescent reply, they are ideal as sensitive bio-
sensors in living cells. To generate homogenous, high-capaci-
ty detoxification devices, they were optimized in terms of
encapsulation efficiency, concentration, and polydispersity.
Despite the many advantages, there is still room and need
for further improvements within the concept of artificial or-
ganelles production or extension of application to other
ROS species. Because this can be achieved by a simple ex-
change of the enzyme combination, the biosynthetic system
is easy to modify for applications in which high adaptability
and low costs are important. In addition, further develop-
ments will aim at investigating these artificial organelles in
various cell lines in detail to specifically address pathological
conditions, one of the major objectives in oxidative stress.

Experimental Section

Experimental details (materials and methods), details of enzyme labeling
and purification, channel protein production, preparation and characteri-
zation of empty vesicles, individual enzyme-containing vesicles and nano-
reactors, light-scattering data, form-factor analysis, TEM micrographs of
empty polymer vesicles, an activity assay of LPO in solution, multi-ACHTUNGTRENNUNGenzyme kinetics in solution, and transmission and confocal fluorescence
images of THP-1 cells treated with amplex red and amplex red/paraquat
can be found in the Supporting Information.

Figure 6. In vitro uptake and activity of SOD–LPO-containing nanocontainers as artificial organelles.
A) Transmission and confocal fluorescence image of THP-1 cells preincubated with SOD–LPO-loaded nano-
containers without OmpF, then treated with amplex red and paraquat; B) THP-1 cells preincubated with
SOD–LPO-loaded nanocontainers with reconstituted OmpF, then treated with amplex red; C) THP-1 cells
preincubated with SOD-LPO-loaded nanocontainers with reconstituted OmpF, then treated with amplex red
and paraquat. Confocal fluorescence image of THP-1 cells was corrected with the auto-oxidation background.
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Enzymatic Cascade Reactions inside
Polymeric Nanocontainers: A Means
to Combat Oxidative Stress

Keeping it together : Enzymatic cas-
cade reactions inside polymeric nano-
containers (see scheme) are introduced
as a new theranostic concept. Two
enzymes that act in tandem in the cavi-
ties of polymeric vesicles allow the
simultaneous detection and detoxifica-
tion of O2C

� radicals and related, harm-
ful H2O2. The system behaves as artifi-
cial organelles in THP-1 cells.
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