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Compartmentalization, as a design principle, is prerequisite for the functioning of eukaryotic cells.
Although cell mimics in the form of single vesicular compartments such as liposomes or polymersomes
have been tremendously successful, investigations of the corresponding higher-order architectures, in
particular bilayer-based multicompartment vesicles, have only recently gained attention. We hereby
demonstrate a multicompartment cell-mimetic nanocontainer, built-up from fully synthetic membranes,
which features an inner compartment equipped with a channel protein and a semipermeable outer
compartment that allows passive diffusion of small molecules. The functionality of this multi-
compartment architecture is demonstrated by a cascade reaction between enzymes that are segregated in
separate compartments. The unique architecture of polymersomes, which combines stability with a cell-
membrane-mimetic environment, and their assembly into higher-order architectures could serve as a
design principle for new generation drug-delivery vehicles, biosensors, and protocell models.

Introduction

Compartmentalization is the key organizational feature of
eukaryotic cells, providing organelles that perform vital cellular
functions such as protein synthesis, selective degradation and
energy generation.>? It is quite remarkable that the construction
of soft matter multicompartment architectures with functional
properties has received comparatively limited attention. Only a
handful reports on functional multicompartment structures exist
to date,**® while the number of studies on single vesicles is
immense. A prototypical example of a multicompartment
vesicular structure based on amphiphile self-assembly was
reported by Bollinger et al., who prepared surface-immobilized
vesicle-in-vesicle architectures, and demonstrated temperature-
controlled mixing of the vesicle’s contents.* Such ‘vesosomes’
exhibit interesting controlled-release properties.’>*® The limited
number of reports on multicompartment liposomes appears to
stem primarily from the physicochemical and mechanical
properties of these architectures, in particular the fluidity and the
transient nature of the lipidic membranes, which leads to fusion
and destabilization of the multicompartment structure.’’” Because
of these shortcomings, researchers have developed synthetic,
polymer-based, vesicle-like structures, such as polymersomes or
layer-by-layer capsules, and used them to encapsulate enzymes or
proteins.’®?! Because of the structural stability of polymers, such
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capsules have been found to be well-suited for hosting enzymes,
allowing cascade reactions,?? and the embedding of membrane
proteins such as porins.2?’ They furthermore allow the
fabrication of multicompartment structures,*610-13.28-%0

The control over permeability in multicompartment
architectures has so far been based on the properties of the
membrane itself. In contrast, the permeability of natural
membranes is controlled by membrane proteins, which can exist
either as passive channels or as highly selective pores (e.g.,
ligand or ion gated) that facilitate transport of molecules across
the amphiphilic membrane. Indeed, the incorporation of
membrane proteins would allow researchers to tap into the
richness of membrane transport phenomena found in nature.
Their integration into a multicompartment architecture represents
a more complete mimic of cellular organization. In this respect,
polymersomes are unique in that they contain a truly biomimetic
amphiphilic bilayer membrane, which has been proven to allow
the stable and functional immobilization of membrane
proteins. 242527313 \We demonstrate herein a multicompartment
cell-mimetic architecture built from fully synthetic polymeric
membranes, featuring a channel-equipped inner compartment and
a semipermeable outer compartment (Scheme 1). The
functionality of the architecture is demonstrated by a cascade
reaction between enzymes accommodated in the separate
compartments.

This journal is © The Royal Society of Chemistry [year]
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Scheme 1 (a) Design of enzymatically active multicompartment
polymersomes (MCPs): The porin OmpF is embedded in the inner
compartment’s tri-block copolymer membrane, which itself is
encapsulated in a larger semi-permeable polymersome. The structure
facilitates a cascade reaction between the separately encapsulated
enzymes horseradish peroxidase (HRP) and glucose oxidase (GOX).
Hydrogen peroxide (H,0,) is generated by the oxidation of B-D-glucose
and subsequently used in the catalytic oxidation of amplex red into the
fluorescent end-product resorufin (shown in red). (b) Preparation
procedure of the MCPs: The steps involve preparation of the inner
‘channel-equipped’ ABA polymersomes, carrying HRP, followed by
encapsulation in PS-PIAT “outer” polymersomes, along with GOX.

We have previously demonstrated the selective
compartmentalization of different biomacromolecules in
multicompartment polymersomes (hereafter termed MCPs).?
These MCPs were generated in high yield (50% of the possible
architectures were MCPs) and displayed dimensions in the sub-
micron range, making them potentially suitable for in-vivo
applications.” The design of the current system is outlined in
Scheme 1 and shows an inner compartment formed from ABA
polymersomes (i.e., PMOXA;,—PDMSs;s—PMOXA,,:  poly(2-
10 methyloxazoline)—poly(dimethylsiloxane)—poly(2-

methyloxazoline)), which encapsulates the enzyme horseradish
peroxidase (HRP). Importantly, Outer-membrane protein F
(OmpF), a passive diffusion channel that allows the passage of
small molecules and ions, is inserted in the ABA membrane. The
15 ABA vesicles are encapsulated, along with the enzyme glucose
oxidase (GOx), into PS-PIAT (i.e.,, polystyrene-poly(l-
isocyanoalanine(2-thiophen-3-yl-ethyl)amide))  polymersomes.
PS-PIAT membranes are known to be semi-permeable and to
allow the diffusion of small organic molecules.®® The cascade
20 reaction described herein is therefore facilitated by diffusion
through the semi-permeable membrane of the outer compartment,
and subsequently, through the channels provided by the OmpF
inserted in the inner compartment’s membrane. To demonstrate
the proof of concept, we selected a common bienzymatic reaction
25 used for the colorimetric determination of glucose, where GOXx
catalyzes the oxidation of pB-D-glucose to produce d-
gluconolactone and H,0,. H,0, acts as a co-substrate for the
HRP catalyzed oxidation of amplex red (10-acetyl-3,7-
dihydroxyphenoxazine) into the fluorescent resorufin (Scheme
3 1a).

2

Results and Discussion

The ABA polymersomes, encapsulating HRP and with OmpF
embedded in the membrane, were prepared as reported
previously, leading to catalytically active nanocontainers (Fig. 1a,
s 2a and Supplementary Fig. S1).%%" According to dynamic light
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scattering (DLS; Fig. 1e), the ABA polymer formed vesicles of
ca. 90 nm in diameter. The diameter obtained from transmission
electron microscopy (TEM), appeared to be in the range of 30-70
nm (for additional images, see Fig. S2). Both TEM images and
DLS data are in good agreement with reported values for ABA
polymersomes. 638

Multicompartment polymersomes were then prepared by
dilution of the ABA polymersomes in a solution containing GOX,
and subsequent addition of PS-PIAT. It was verified by light
scattering and TEM that addition of tetrahydrofuran (THF) did
not lead to disintegration of the ABA nanoreactors (Fig. S2 and
S3). ABA polymersomes encapsulating HRP (without OmpF)
were prepared using the same procedure. The non-encapsulated
GOx enzyme was removed by centrifugal filtration, and the
enzymatic activity of the filtrates (or “flow-throughs”) was
measured to ensure no residual activity from the non-
encapsulated enzyme (Fig. S4).

+m

Fig. 1 Characterization of the MCPs. Representative TEM images of (a)
ABA polymersomes, (b) PS-PIAT polymersomes, and (c) MCPs. In
contrast to single PS-PIAT polymersomes, the MCP sample shows many
small spherical vesicles within PS-PIAT polymersomes (see image b and
¢). (d) Hydrodynamic diameters (Dy) of individual ABA (red trace) and
PS-PIAT polymersomes (blue trace) and (e) MCPs, showing the
increased dimensions of the multicompartment structure. For a and c,
scale bars are 100 nm, for b, scale bar is 200 nm.
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TEM imaging of the MCPs showed the existence of empty
PS-PIAT or ABA polymersomes (data not shown), as well as
vesicles containing ABA polymersomes (Fig. 1c). From TEM
imaging, it appeared that a number of ABA polymersomes were
‘sticking’ to the outside surface of the MCPs. We suggest this
could be due to a drying effect during sample preparation for
TEM imaging. In order to verify this hypothesis, we further
attempted imaging the internal structure of the MCPs by cryo-
TEM (Fig. S2). Despite the very low contrast of the internal ABA
polymersomes, no ABA polymersomes were found to be
absorbed on the MCP surface (Fig S2). DLS data showed an
increase in the hydrodynamic diameter (DH) from 50-100 nm, for
individual ABA polymersomes (Fig. 1d), to 295 nm for the
multicompartments (Fig. 1e). Since PS-PIAT polymersomes
alone showed a diameter of ca. 250 nm, the DLS results indicate
that a unique population of polymersomes was formed. Static
light scattering measurements of the MCPs provided a radius of
gyration of 163 nm (+ 28), resulting in a RG/RH (p-value) of
1.10, indicative of the vesicular structure (Fig. S5).*° Because
light scattering cannot readily distinguish between the multiple
species of polymersomes that could be expected to be present in
the MCP sample (i.e., single PS-PIAT and ABA polymersomes,
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apart from MCPs), we also analyzed the MCPs using
fluorescence microscopy and flow cytometry (see below).

To investigate the enzymatic activity of the MCPs, B-D-
glucose and amplex red were added to the multicompartment
polymersomes, which led to the rapid synthesis of the fluorescent
product (Fig. 2b). This activity was compared to control
experiments where no OmpF was present in the membrane, and
single ABA nanoreactors in the presence of bulk GOx, as well as
to a series of measurements for enzymes in the bulk solution. For
the bulk measurements, we fixed the concentration of GOx at 0.3
mg mL, which was based on GOx encapsulation efficiency (ee)
(ca. 38%, as estimated by measurement of dye-labeled GOX,
before and after encapsulation, see Fig. S6 and Table S1 for
details), while the concentration of HRP was varied between 10
pg mL? (the theoretical HRP concentration at 100% ee) and 40
ng mL? (ee: 0.4%). It was observed that the rate of amplex red
formation increased with increasing HRP concentration (Fig
S8a), which is especially clear when the initial rate of the reaction
(vo; approximating zero-order reaction kinetics) is plotted versus
HRP concentration (Fig. S8b). This revealed that, at
concentrations below 5 pg mL?, HRP catalysis was the rate
limiting factor (i.e., above this concentration the initial rate did
not increase linearly).

Comparison of the cascade activity of the MCPs revealed that
the initial rate (vo) of amplex red formation was significantly
higher for the MCPs (v, = 19.3 au s%) than for the controls that
contained no OmpF (Vo = 1.8 au s%) or no HRP (v, = 1.8 au s%).
Considering that HRP is the rate limiting factor in the cascade
reaction, the close proximity of HRP and GOx allows for an
enhanced conversion of amplex red, provided OmpF is present to
facilitate diffusion of reactants.* Here it should be noted that
diffusion of substrates into PS-PIAT is not limited to a great
extent by the presence of the membrane if k. values are below
1000 s 2 The rate observed for the MCPs without OmpF was
comparable to the MCPs without HRP (v, = 1.8 au s) suggesting
this activity to stem mainly from auto-oxidation of amplex red by
the generated hydrogen peroxide. Auto-oxidation also contributed
to a significant extent to the system containing 0.3 mg mL™ free
GOx and the single ABA nanoreactors, roughly containing the
same enzyme concentrations as the multicompartment system.
The eventual product yield (at t = 2000 s), as judged from the
fluorescence intensity, was, however, at least a factor of 2 higher
than for the MCP control reaction, suggesting a contribution from
the encapsulated HRP.

Considering that encapsulation is a statistic process, multiple
species should be present, including such species as empty PS-
PIAT and empty ABA nanoreactors. To probe the existence of
these species and their contribution to the cascade process, we
stained the inner compartment by a reaction commonly used in
histochemistry, so-called catalyzed reporter deposition.*® This
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Fig. 2 Enzyme activity inside MCPs. (a) Conversion of amplex red by
purified single ABA nanoreactors, with and without OmpF embedded in
the membrane. (b) Cascade activity of the MCPs, showing an increased
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reaction makes use of the HRP-catalyzed oxidation of tyramides
into radicals, which rapidly react with electron-rich amino acid
moieties, mostly tyrosines (for reaction see Supplementary Fig.
S7). The use of tyramides carrying a fluorescent label leads to
fluorescent staining. In our case, successful staining would show
that HRP is active in the OmpF-equipped MCPs, while
concomitant fluorescent labeling of GOx would show
colocalization of the fluorescent signals.

Following this strategy, we prepared MCPs containing alexa-
488 labeled GOx. We then incubated these MCPs with tyramide
alexa-647, and subsequently removed the dye by overnight
dialysis. Inspecting the MCPs by confocal microscopy showed a
fluorescence signal at 488 nm for MCPs with and without OmpF,
showing the successful encapsulation of labeled GOx (Fig. 3a and
b, and Fig. S9a and b). Importantly, when visualizing the
structures in the red channel, an intense signal was observed for
the MCP with OmpF embedded in the inner compartment’s
membrane, while this signal was absent in the control containing
the “closed’ compartments (compare Fig. 3c and Fig. S9c). This
confirmed that only when OmpF is present, the dye diffuses into
the inner compartment where it is subsequently transformed by
HRP. Comparison of the signals at both wavelengths shows that
the fluorescent signals at different wavelengths are co-localized,
strengthening the conclusion that a considerable fraction of
enzymes is encapsulated within a single multicompartment
structure (Fig. 3d).

a)

Fig. 3 Confocal microscope imaging of MCPs with OmpF embedded in
the inner compartment. MCPs were prepared as described above. GOx
was labeled with alexa-488 and imaged in the blue channel (a, b; where b
is the magnification of a, as indicated by the white square). After
preparation of the MCPs, HRP was stained by its reaction with alexa-647
tyramide and imaged in the red channel. (c) Fluorescence in the red
channel was only observed when the OmpF channel was present in the
inner compartment’s membrane (compare ¢ and Figure S9c). (d)
Composite image of the blue and red channel, showing the co-localization
of the labels, which implies that the reaction takes place in the same
structure. Scale bars are 20 pm. For the respective images of the blank
sample (i.e., with closed compartments), see Figure S9.

To probe the distribution of the enzymes in the MCPs further, we
also subjected the labeled MCPs to flow cytometry (Fig. 4a, b
and Fig. $10).* These measurements indicated that out of the full
population of polymersomes, 28% contained both alexa-647
labeled HRP and alexa-488 labeled GOx (i.e., MCPs), while
5.7% and 16.2% contained alexa-647 labeled HRP (i.e., ABA
polymersomes) and alexa-488 labeled GOx (i.e., PS-PIAT
polymersomes), respectively. In other words, assuming most
GOx to be labeled, this suggests that, upon addition of PS-PIAT,
44.2% of the resulting polymersome population carried GOx, of
which the majority (63%) also contained (active) HRP (Table
S2). Considering the ABA nanoreactors, an even higher fraction
of the total ABA population appeared to coexist with PS-PIAT
(83%), which is attributed to the filtration process, leading to
disintegration of the single ABA nanoreactors. Considering that
only active enzymes were detected, this thus suggests that most
of the cascade activity results from the MCPs.

conversion of amplex red as compared to the controls. The identity of the
samples is indicated schematically alongside the graph.
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Fig. 4 Flow cytometry analysis of MCPs. (a) MCPs before labeling of
GOx and HRP. No fluorescence is observed in the sample. (b) MCPs
after labeling GOx and HRP with alexa-488 and alexa-674, respectively.
Note that HRP has been labeled by tyramide staining so that only active
HRP is visible. Gates P4 and P5 indicate labeled ABA polymersomes
(red, as judged from the fluorescence of the HRP) and labeled PS-PIAT
polymersomes (green), respectively, while gate P6 indicates double-
labeled polymersomes, i.e., MCPs.

Conclusions

In conclusion, we have shown the construction of a
multicompartment polymersome structure where we employed
the passive protein channel OmpF, embedded into the inner
membrane, to allow for the exchange of molecules. Selective
encapsulation of GOXx in the outer compartment and HRP in the
inner compartment resulted in an efficient enzymatic cascade
system only when OmpF was embedded in the inner
compartment’s  membrane. The demonstration of a
multicompartment structure functionalized with membrane
proteins forms a new step in the mimicry of the
compartmentalization of cells, and allows us to tap into the
selectivity displayed by such membranes, opening the possibility
of  engineering  truly  specialized multicompartment
polymersomes.
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