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Here, we introduce an artificial bioluminescent nanocompartment
based on the encapsulation of light-producing enzymes, luci-
ferases, inside polymersomes. We exploit nhanocompartmentaliza-
tion to enhance luciferase stability in a cellular environment but
also to positively modulate enzyme kinetics to achieve a long-
lasting glow type signal. These features pave the way for expanding
bioluminescence to nanotechnology-based applications.

Bioluminescence, described as the production of light result-
ing from enzyme-catalyzed reactions, is distinguished from
other spectroscopy methods that rely on fluorescence or absor-
bance by superior sensitivity and a lower background.
Bioluminescent systems possess unique advantages such as
no light excitation requirement (as opposed to fluorophores),
particularly strong signal output, and low background due to
the lack of endogenous bioluminescent reactions in mamma-
lian cells. Bioluminescence has been extensively exploited to
develop in vitro and in vivo assays based on the real-time detec-
tion of light emitting enzymes (luciferases).”® However,
because the majority of luciferases have a short half-life or do
not produce long-lived light signals, bioluminescence appli-
cations are largely restricted to genetically engineered cells
with a constant expression of luciferase.*® Although high, but
short-lived burst signals, i.e. flash-type kinetics afford high
sensitivity, they are extremely complex to implement in an
assay format, as special logistics and equipment (e.g. injectors)
are required to not miss the signal.’

Here, we aim to build a cell-free bioluminescent system with
a sustained high luminescence output based on functional cata-
lytic nanocompartments. We encapsulated a specific light-pro-
ducing enzyme (Gaussia Luciferase, GLuc) inside the aqueous
cavity of nano-sized polymeric vesicles (polymersomes), where
the enzyme is protected and preserves its activity (Fig. 1). When
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an appropriate substrate from the environment penetrates the
polymersome, GLuc catalyzes the in situ production of bio-
luminescence, which represents the core functionality of the
catalytic nanocompartments (GLuc Ncomp). Polymersomes
have been reported to prolong the stability of encapsulated
enzymes and increase the probability of enzyme-substrate inter-
actions within the confined space.” The polymeric membrane is
equipped with channel proteins (outer membrane protein F,
OmpF) to render the membrane permeable for the passage of
substrates and products. However, for channel proteins with
low molecular weight cutoffs like OmpF, the diffusion of the
substrate towards the polymersome cavity can decrease the
in situ activity of the encapsulated enzymes.*° In our case,
exploiting this diffusion process could allow a modulation of
the enzyme kinetics to provide a stable bioluminescent system
producing a long-lasting, more convenient to work with light
signal, aimed to expand the use of bioluminescence.
Polymersomes, depending on the properties of the copoly-
mers forming the nanocompartment, offer advantages such as

Fig. 1 Scheme highlighting the concept of luminescence-producing
Gaussia Luciferase nanocompartments (GLuc Ncomp). Light is produced
upon addition of coelenterazine (substrate) that reaches the encapsu-
lated enzymes via diffusion through the OmpF channel.
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biocompatibility,'® low protein binding,"" high blood circula-
tion times,'* stealth and escape from the immune system,'"*?
and have thus proven their suitability for numerous appli-
cations (imaging, therapeutic, sensing). Compared to their
lipid counterparts (liposomes), polymersomes not only
possess greater mechanical stability while maintaining a soft
architecture, but especially benefit from countless tunability
possibilities based on associated chemistry.>'®'*'® Thus,
polymersomes are particularly suitable for the development of
cell-free bioluminescent systems aiming at expanding the
breadth of bioluminescence applications. We selected a poly
(dimethyl siloxane)-block-poly(2-methyl-2-oxazoline) (PDMS-b-
PMOXA) polymer for its non-toxicity,'® stealth properties,'**?
short block length permitting membrane protein
reconstitution,>'* self-assembly into polymersomes at high
polymer concentration (10 mg mL™") and protective effect on
enzymes from proteolytic degradation to enhance their half-
life."”

We synthesized the short-chained PDMS,5-b-PMOXA;,
diblock copolymer via sequential ionic polymerization'®
(Fig. S1 and2, ESIt) and built our functional catalytic compart-
ment via film rehydration. The morphology of the resulting
GLuc encapsulating polymersomes (GLuc Ncomp) was first
characterized by dynamic light scattering (DLS) (Fig. 2A), from
which we obtained an average apparent diameter (Dy;) of 189 +
57 nm, with a polydispersity index (PDI) of 0.167. Their col-
loidal stability was also demonstrated as no aggregation was
observed. Additional characterization was carried out by static
light scattering (SLS) to determine the radius of gyration (R, =
105 nm). The hydrodynamic radius (R, = 114 + 17 nm) was
obtained from the DLS profile (Fig. 2B), leading to Ry/Ry, =
0.92, consistent with a hollow spherical morphology of Gluc
Ncomp."® Finally, the variation in size of polymersomes as well
as their morphology was visualized via transmission electron
microscopy (TEM), where we observed the typical collapsed
architecture corresponding to soft polymersomes (Fig. 2C).
Neither the insertion of OmpF, nor the presence of enzymes
inside the cavity of polymersomes affected the morphology or
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the dispersity of polymersomes, as shown by TEM and light
scattering methods (Fig. S3 and4, ESIt). The nanometer size
range, high robustness, flexibility and strong colloidal stability
of the PDMS-b-PMOXA polymersomes constitute desirable
physico-chemical properties for building a versatile nano-
technology-based bioluminescent system.'%*>*°

GLuc, the encapsulated enzyme, is a widely used reporter
enzyme that we selected for its small size (19.9 kDa), great
thermostability, high intensity luminescence output, commer-
cial availability and because it does not require a
cofactor.®?*?! GLuc produces a recordable light via enzymatic
oxidation of its coelenterazine substrate, in the form of a flash-
type kinetics that implies a strong albeit very prompt and tran-
sitory light signal making the detection difficult.® By encapsu-
lating GLuc within polymersomes (12 + 5% encapsulation
efficiency, ESIT), we aimed at modulating the flash-kinetics to
extend the luminescent signal over long periods of time (1 h)
and also increase its stability in a cell environment. To investi-
gate the effects of encapsulation on the enzymatic production
of light, we compared the bioluminescence emitted by non-
encapsulated (free) enzyme to the one produced by encapsu-
lated enzyme (GLuc Ncomp), at equal final concentration
(0.2 pg mL™").%%?? The typical flash-type kinetics of free GLuc
was confirmed as after a fast transient burst, the signal quickly
faded and was no more detectable after 5 min (Fig. 3A). The
advantage of encapsulating GLuc inside polymersomes is
immediately observable as the enzyme’s kinetics is shifted
towards a long-lasting light signal: after 1 min the lumine-
scence signal of GLuc Ncomp overtakes that produced by free
enzyme (Fig. 3A). The encapsulation of GLuc enables the pro-
duction of a signal that slowly increases to plateau at
maximum intensity reached after 10 min and that is still
readily detectable even after 1 hour. The permeability of poly-
mersomes exclusively relies on incorporated transmembrane
pores (OmpF), as the compactness of the polymeric membrane
is not affected by the insertion of such pore-forming proteins.
This long-lasting signal arises from the slow diffusion of the
substrate coelenterazine through the OmpF pore to reach the
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Fig. 2 Characterization of GLuc Ncomp. (A) Size determination of GLuc Ncomp measured by DLS. (B) Size determination of GLuc Ncomp measured
by SLS: DLS profile showing the hydrodynamic radius (Ry) of GLuc polymersomes at different angles (cyan), the intensity at different angles (black)
and the suitable MIE fit (grey) used to determine the radius of gyration (Rg). (C) TEM micrographs of GLuc Ncomp showing the deflated, balloon-like,

structure of polymersomes and their variation in size.
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Fig. 3 Activity of free and encapsulated Gaussia Luciferase (GLuc Ncomp). (A) Activity of GLuc Ncomp (cyan) and non-encapsulated GLuc enzymes
(grey) in PBS and (B) corresponding controls: GLuc Ncomp without OmpF with substrate coelenterazine (purple), PBS alone with coelenterazine
(green), GLuc Ncomp with OmpF without coelenterazine (dark blue, hidden by yellow), PBS alone without coelenterazine (yellow). (C) Remaining
percentages of activity of free (grey) and encapsulated GLuc (cyan) in PBS, upon storage at 37 °C. (D) Activity of GLuc Ncomp and non-encapsulated
GLuc enzymes in culture medium and (E) corresponding controls in culture medium. (F) Remaining percentages of activity of free (grey) and encap-
sulated GLuc (cyan) in culture medium, upon storage at 37 °C. The remaining percentage of activity were determined using the activity at t = 0 in

PBS or culture medium that has been set as 100% activity.

encapsulated GLuc. In fact, OmpF has a molecular cutoff of
600 Da allowing smaller molecules such as coelenterazine
(423.46 Da) to enter in the cavity of impermeable PDMS-b-
PMOXA polymersomes.>>** The resulting diffusion effect is
the limiting factor for encapsulated enzyme efficiency,
especially in our case as coelenterazine is uncharged and thus,
its diffusion does not benefit from the attractive interactions
that arise between zwitterionic molecules and charged resi-
dues of OmpF.>® The diffusion of bulky substrates through
OmpF pores decreases the activity of encapsulated enzymes, so
it is often perceived as a drawback for catalytic compartments,
e.g. in applications like the in situ production of drugs.® Here,
this drawback is turned into an advantage as the slow
diffusion of coelenterazine though OmpF enables a slow yet
steady supply of substrate for the encapsulated enzyme as
compared to free enzyme, resulting in the production of a per-
sisting detectable signal (for at least one hour). This can be of
particular advantage in applications like bioluminescence
imaging as optical imagers equipped with charge-coupled
device (CCD) cameras sum the photons detected during the
measurement which results in the amplification of signal over
the duration of recording.> Moreover, in contrast to flash-type
signals, such long-lasting luminescence offers greater accuracy
as the maximum intensity signal occurs within a plateau.
Long-lasting luminescence has already proven its attractive-
ness as it is akin to the glow-type luminescence of other kinds
of luciferases (NanoLuc, Firefly Luciferase), which are particu-
larly sought out for long-term recording in luminescence-
based assays.>*® While these enzymes have the appropriate
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glow-type luminescence, they often show poor stability and
their expression depends on transfected cells, which again
limits potential applications.*>°

The same flash-to-glow switch of kinetics of GLuc Ncomp is
maintained in cell medium (Fig. 3D) even if the signal inten-
sity is reduced compared to PBS for both free and encapsu-
lated GLuc. This could emerge from the higher viscosity of the
cell medium that slows down the diffusion of the substrate but
also from the slightly higher background luminescence
obtained due to greater auto-oxidation of coelenterazine in cell
medium (Fig. 3B-E and Fig. S5, 6, ESI{).>® A similar back-
ground is obtained for GLuc Ncomp without OmpF in the
presence of coelenterazine, corroborating the absence of free
or exposed enzymes (Fig. 3B-E). However, such backgrounds
are negligible compared to the high luminescence signal
obtained for free and encapsulated GLuc. Also, enzymatically-
triggered coelenterazine oxidation can be exploited to develop
redox sensors, as shown for our GLuc Ncomp in presence of
ascorbic acid (Fig. S7, ESIf). It should be noticed that our
system is scalable as this strong light signal results from a
diluted sample of only 50 pL (0.5 mg mL™" of GLuc Ncomp
resulting in 0.2 pg mL™" of GLuc). Therefore, both concen-
trations and volumes can be easily increased especially using
our polymer that self-assembles at high concentrations, to
reach even higher signals (2 times higher for twice more con-
centrated GLuc Ncomp) (Fig. S8, ESIT).

Considering the importance of system stability for storage
and applicability reasons, we showed activity retention of free
and encapsulated GLuc up to 2 weeks of incubation in PBS

This journal is © The Royal Society of Chemistry 2021
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and cell medium, at 4 °C and 37 °C (Fig. 3C-F and Fig. S9-11,
ESIt). Furthermore, we demonstrated the protein repellence of
our system as GLuc Ncomp did not substantially lose activity
after 2 weeks of incubation in culture medium. This indicates
that encapsulated enzymes are protected but also well supplied
with substrate, which implies that OmpF is not obstructed as
the passage of substrate is maintained. This preservation of
activity of GLuc Ncomp reflects that protein adsorption (from
the cell medium containing 10% fetal bovine serum) on the
surface of polymersomes is predominantly absent and thus
confirms the protein repellence of PMOXA based on its non-
ionic nature."'? Our system, by means of its stability and
protein repellence possesses a certain potency that is essential
for developing translational applications.

To further probe the applicability of our system in a biologi-
cal environment, we incubated GLuc Ncomp in the presence of
cells (MCF-7) for 3 days and subsequently recorded their
activity in the cell supernatant. GLuc Ncomp showed a signal
similar to the one obtained in culture medium alone (Fig. 4
and Fig. S12, ESI}), indicating that the activity is not affected
by the presence of cells. In contrast, free GLuc showed
decreased signal intensity in presence of cells compared to
culture medium alone (Fig. 4 and Fig. S13, ESI}), corroborating
its premature degradation under biological conditions.® The
encapsulation within polymersomes improves the stability of
GLuc by protection from harmful external milieu, e.g. proteo-
Iytic degradation (Fig. S14, ESIf).” Such results highlight the
advantage of GLuc Ncomp compared to free enzymes that are
more likely to be degraded under biological conditions. Thus,
by encapsulating the enzyme our polymersome-based system
makes do without the cell’s continuous supply of luciferase
and thereby warrants exploiting bioluminescence entirely cell-
free. In addition, inside polymersomes, the shift to an
extended, glow-type kinetics of Gaussia Luciferase is main-
tained under different conditions (with and without cells)
which corroborates the integrity of the polymeric membrane,
so the robustness of polymersomes even in the environment of
cells.® %1416 Additionally, GLuc Ncomps are not cytotoxic as
the same cell viability is obtained in presence of GLuc Ncomp,

Luminescence (RLU)

10 20 30 40 50 60

Time (min)

Fig. 4 Behavior of free and encapsulated Gaussia Luciferase (GLuc
Ncomp) in presence of MCF-7 cells. Activity of GLuc Ncomp in culture
medium (orange) or cell supernatant (cyan) compared to kinetics of free
GLuc in culture medium (black) and cell supernatant (grey), after 3 days
of incubation with cells.
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free GLuc or PBS (Fig. S12, ESIf{). Thus, our GLuc Ncomp
system is of particular interest for biological applications as it
is compatible with cells under physiological conditions and
provides enhanced enzyme stability compared to free enzymes.

Conclusions

Here, we present the first artificial bioluminescent nanocom-
partment with high potential as cell-compatible yet cell-inde-
pendent bioluminescent system that overcomes the need for
using cells transfected with luciferase gene constructs. We also
pinpoint that the diffusion of coelenterazine into the nano-
compartment, afforded by the membrane insertion of bio-
pores, can be exploited to achieve more suitable kinetics. By
means of polymersomes confining Gaussia Luciferase, our
system enables a favorable switch in kinetics towards a glow-
type luminescence to reach long-lasting but still powerful light
signal. Compartmentalization not only allows for tuning signal
output but also stabilizes the encapsulated enzyme in a cell
environment. Thus, our system overcomes the restrictions
arising from enzyme degradation and those related to quick
fading of the signal, which positions these bio-hybrid catalytic
nanocompartments as potent, cell-free alternative. Plus, the
intrinsic properties (e.g. robustness, non-toxicity) and tunabil-
ity of polymersomes could be an attractive extension that
could be exploited for developing in vitro assays (redox sensing
applications)”” or in vivo preclinical imaging methods (e.g.
detection and targeting of tumours). This new bioluminescent
nanosystem, based on an artificial bio-hybrid nanocompart-
ment, is expected to overcome cell-related restrictions and
thereby greatly expand the usage of bioluminescence in bio-
medical domains.
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