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Compartmentalization is fundamental in nature, where the spatial segregation of biochemical reactions
within and between cells ensures optimal conditions for the regulation of cascade reactions. While the
distance between compartments or their interaction are essential parameters supporting the efficiency
of bio-reactions, so far they have not been exploited to regulate cascade reactions between bioinspired
catalytic nanocompartments. Here, we generate individual catalytic nanocompartments (CNCs) by
encapsulating within polymersomes or attaching to their surface enzymes involved in a cascade reaction
and then, tether the polymersomes together into clusters. By conjugating complementary DNA strands
to the polymersomes' surface, DNA hybridization drove the clusterization process of enzyme-loaded
polymersomes and controlled the distance between the respective catalytic nanocompartments. Owing
to the close proximity of CNCs within clusters and the overall stability of the cluster architecture, the
cascade reaction between spatially segregated enzymes was significantly more efficient than when the
catalytic nanocompartments were not linked together by DNA duplexes. Additionally, residual DNA single
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Introduction

In nature, compartmentalization is a prerequisite for the
spatiotemporal control of signalling pathways and for intra- and
intercellular communication. The distance between compart-
ments is critical for intercompartmental interactions, with
distances ranging between 20-50 nm in intracellular and
synaptic communication®* to above 250 pm in paracrine sig-
nalling.® In addition, there are various reactions or conditions
that require bio-compartments such as organelles or cells to
directly interact in order to communicate or transfer molecules.
Significant efforts have been made to exploit nature's designs
and develop compartments in which specific enzymatic reac-
tions take place,*” or that can support cascade reactions.®® Of
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different enzymes of a cascade reaction allows for a distance control of the reaction spaces which
opens new avenues for highly efficient applications in domains such as catalysis or nanomedicine.

particular interest are nanometric polymer vesicles (polymer-
somes), with their hollow spherical architecture, as they allow
insertion of hydrophilic molecules inside their lumen (e.g
enzymes) and/or hydrophobic molecules such as membrane
proteins in their membrane.'>"* Polymersomes show improved
stability compared to lipid-based vesicles, and allow tuning
properties such as membrane thickness, polarity or toxicity
based on the chemical versatility of polymers.'*™* Moreover, it is
possible to modify their surface with biological molecules that
mediate cellular targeting or surface attachment or, more
recently, the self-organization of polymersomes into clus-
ters.’>**?* When loaded with enzymes and made permeable to
substrates and products, polymersomes serve as effective cata-
Iytic nanocompartments (CNCs) with a broad range of appli-
cations, such as organelle models,"»*** biosensors,"
detoxifying agents,> and production or release/activation of
prodrugs.'®** More complex setups rely on enzymatic cascades,
where the product of one enzyme becomes the substrate of
another, similar to many biochemical pathways in cells.>® As in
communicating cellular compartments, the distance between
the enzymes has been demonstrated to be a fundamental
parameter in cascade reaction efficiency.”*” However, co-
encapsulation of enzymes in the same polymersome was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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shown to have some limitations, in particular a lack of modu-
larity,”® issues that are avoided in CNCs harbouring only one
kind of enzyme at a time. As polymersomes are colloidal
systems, the main way to modulate the inter-vesicle distance is
to vary their concentration, which affects the cargo concentra-
tion as well. Another strategy to keep the distance between
polymersomes small and constant is to link them together, for
example by DNA,* resulting in polymersome clusters which,
unlike their liposome counterparts,®>* do not precipitate.
Polymersome clusters have been applied to the co-delivery of
enzymes and dyes for theranostic applications.'>** However,
their unique potential to increase the efficiency of cascade
reactions by mimicking the conditions in which natural
organelles or cells are in close contact has not yet been explored.

Here we present how different CNCs can be tethered together
at a controlled distance and carry out a cascade reaction
involving segregated compartments (Fig. 1). We advance from
compartments acting in tandem without fixed distance**** to
a new construct where the distance between compartments is
pre-determined. This architecture facilitates the diffusion of
molecules between compartments: the products of the first
reaction (located in one type of CNC) will reach the second type
of compartment where they will become substrates for the in
situ reaction, thus supporting the overall cascade reaction.
Catalytic nanocompartments are tethered together by DNA
hybridization of complementary single-stranded DNA (ssDNA)
exposed on the surface of different polymersomes, to promote
clusterization.”® As a model cascade, we used glucose oxidase
(GOX) and lactoperoxidase (LPO): GOX oxidizes glucose into
gluconic acid and H,0, which is used by LPO to oxidize a variety
of substrates. More generally, the oxidase-peroxidase system is
an antibacterial cascade found in many animal secretions.
Based on the hydrogen peroxide coming from organic
substrates, peroxidases can produce bacteriostatic compounds
such as hypothiocyanites from thiocyanates, and thus have
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Fig. 1 Concepts of a GOX-LPO cascade between two clustered
CNCs, tethered via complementary ssDNA, in order to facilitate the
diffusion of H,O, and thus improve the overall reaction efficiency.
Similarly, an AMG-GOX-LPO cascade achieves an improved diffusion
of the glucose derived from amylose, and the enzyme on the surface
allows the access to bulky substrates that would otherwise be out of
reach for encapsulated enzymes.
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been suggested for biomedical applications such as oral plaque
treatment or to counter to opportunistic infections developed in
cystic fibrosis.***” Moreover, indications of the GOX-LPO
cascade in anticancer and antiviral activities®®** make it an
interesting enzyme pair for possible applications.

To provide one step further in the cascade complexity, we
conjugated amyloglucosidase (AMG), an exoenzyme that
hydrolyses amylose into small glucose units,*® to the surface of
GOX-nanocompartments. Due to the external location of AMG,
thousands of g mol™" large amylose could be hydrolyzed to
glucose that could enter the compartment and serve as
substrate for the GOX encapsulated.

The co-localization of enzymes via DNA had been used for
several enzymes in bulk,**** but never for catalytic compart-
ments. Our approach has the advantage of allowing the
enzymes to move freely inside the polymersomes where they are
protected from harmful environmental conditions, while
inspired by organelles and cells, the compartments are kept at
a close but constant distance.?® In addition, the distance
between the CNCs within a cluster can be easily controlled by
modifying the length of DNA strands which affects the overall
performance of the cascade reaction.

More importantly, CNC clusters were not limited to colloidal
suspensions: DNA single strands that are not engaged in linking
CNCs act as ligands for cell surface receptors and thereby attach
the clusters to the surface where they are too big for uptake.*>*
Such decoration endows the cell with a novel compartment,
a satellite organelle bound to their plasma membrane with
which cells can perform cascade reactions at the surface. With
our clusters, cells could break down an otherwise inadequate
substrate (amylose) to feed into a totally bio-orthogonal cascade
reaction. Both features of our clusters, distance control between
consecutive steps of cascade reactions and cell association are
essential for developing applications in catalysis or medicine.

Results and discussion

Generation and characterization of catalytic
nanocompartments

As building block for the CNCs, we synthesized an amphiphilic
diblock  copolymer, poly(2-methyl-2-oxazoline)-block-poly(-
dimethylsiloxane) PMOXA,;,-PDMS,, according to an estab-
lished procedure (Fig. S17).>* Copolymers with PDMS as
hydrophobic block and PMOXA as hydrophilic block have been
used previously for producing catalytic compartments because
generally the membrane of polymersomes is impermeable to
small molecules but sufficiently flexible to enable the insertion
of membrane proteins.’®* The same polymer was also func-
tionalized with poly(ethylene glycol)-N; (PEG,-N;) (Fig. S21) on
its PMOXA block to both provide a clickable moiety on the
surface of the self-assembled structures and to ensure
maximum miscibility. PEG,-N; allowed the conjugation of
dibenzocyclooctyne (DBCO)-DNA strands, via strain-promoted
alkyne-azide cycloaddition (SPAAC).>® Subsequently, 50%
(mol%) PMOXA,,-PDMS,, were mixed with 50% N;-PEG,-
PMOXA,,-PDMS,, to have available a high density of accessible
azides upon the self-assembly of polymersomes.*>*°

Chem. Sci., 2021, 12, 12274-12285 | 12275
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(A) TEM micrograph of GOX-CNC. (B) TEM micrograph of LPO-CNC. (C) FCS autocorrelation curves of free Atto-488 (black), Atto-488—

GOX (red) and Atto-488—-GOX-loaded CNCs (blue). Dots: raw data. Line: fitted model. (D) FCS autocorrelation curves of free DyLight-633 (black),

DyLight-633—LPO (red) and DyLight-633-LPO-loaded CNCs (blue).

Self-assembly of polymersomes encapsulating either GOX or
LPO was achieved via film rehydration and resulting nano-
assemblies were extruded to decrease the size polydispersity.
Melittin, a pore-forming peptide derived from bee venom, was
added to the polymersomes in order to render membranes
permeable to molecular flow to and from the confined enzymes.
Melittin has been shown to induce pore formation in membranes
formed by triblock PMOXA-PDMS-PMOXA and diblock PMOXA-
PDMS without destabilizing the vesicles.”>* In addition, melittin-
induced pores are less prone to hindering to the diffusion of
substrates compared to outer membrane porin (OmpF)
pores,”***** making it well-suited for the permeabilization of
polymersomes. The characterization of the assemblies by static
and dynamic light scattering (SLS/DLS) showed that GOX-CNCs
had a hydrodynamic radius (R,) of 119 + 8 nm and a radius of
gyration (Rg) of 110 + 2 nm, whereas LPO-CNCs were slightly
bigger at 170 £+ 24 nm and 150 £+ 11 nm, respectively. The ratio
between Ry, and Ry, 0.9 in both cases, confirmed the production of
vesicular assemblies. The difference in size between CNCs could
be explained by the fact that LPO interacts with the PMOXA block
and thus preferentially localizes to the membrane surface.
Similarly, such interaction was seen with the related horseradish
peroxidase,* and recently reported for LPO in giant unilamellar
vesicles as well.** The vesicular architecture of LPO- and GOX
CNCs was confirmed by TEM micrographs revealing the
deformed spherical morphology typical of this kind of polymer-
some (Fig. 2A, B and S17).

The polymersome concentration, determined by nano-
particle tracking analysis (NTA), showed a 30% higher concen-
tration for GOX-CNCs than for the smaller LPO-CNCs. At
approximately 200 ug mL™", the concentration of encapsulated
enzyme was determined to be similar for both types of CNCs
(Table S1t). To further characterize CNCs, we encapsulated
fluorescently labelled GOX (with Atto-488) or LPO (with DyLight
633), and analyzed the diffusion times of CNCs compared to
free labelled enzyme and free dye by fluorescence correlation
spectroscopy (FCS)." The corresponding shift of the FCS auto-
correlation curves to higher diffusion times indicated that both
enzymes were labelled (reduced diffusion time of labelled
enzyme compared to free dye) and that polymersomes were
associated with labelled enzyme (significant reduction of the
diffusion time of CNCs compared to free enzyme) (Fig. 2C, D
and Table S27). Moreover, the brightness intensity of the single
species (free enzyme, CNC) allowed us to quantify the average

12276 | Chem. Sci,, 2021, 12, 12274-12285

number of dye molecules per enzyme and the enzyme mole-
cules per polymersome.” The resulting 11 £+ 4 GOX/
polymersome and 52 £ 32 LPO/polymersome indicated that
there was no overcrowding within the CNCs (Table S27).
Calculations of the average space in the cavity of polymersomes
occupied by the enzymes revealed the total volume of GOX
molecules to be around 1900 times smaller than that of the
compartment, and the volume of LPO 330 times smaller.***
Furthermore, only 2% of the total enzyme in the samples
remained free after purification (Table S27).

Having characterized the lumen of the CNCs, we moved on
to their surface (Fig. S3 and Table S3+). By conjugating a small
fluorescent dye (Atto-488 DBCO) via SPAAC to azide groups of
vesicles and measuring the fluorescence intensity per poly-
mersome via FCS, we estimated the number of easily accessible
azides on the CNC surface to be 104 £ 24 which is in line with
published data.*

For linking together the CNCs, we designed two DBCO-
coupled, 22 nucleotides long, complementary ssDNA, each
comprising a short, 5 non-complementary thymidine sequence
as spacer to improve the DNA hybridization (Table S4%).>°
DBCO-ssDNA was then conjugated to the azide-functionalized
polymersome membrane via SPAAC. We quantified the
number of ssDNA conjugated to each type of CNC by the means
of hybridizing complementary ssDNA labelled with a fluores-
cent dye (Atto-488 for GOX- and Cy5 for LPO-CNCs) and FCS
(Fig. S31). While the surface density of the ssSDNA on the poly-
mersomes was quite disperse (ranging from few to above 100
ssDNA per polymersome), the numbers were in the range shown
to promote the clustering of CNCs (Table S3t).**

Finally, amyloglucosidase (AMG) was conjugated via an NHS-
PEG;-DBCO linker to free azide moieties on preformed, sSDNA-
GOX-CNCs. The resulting AMG(GOX)-CNCs hold one type of
enzyme (GOX) in their cavity and expose another (AMG) on the
outer surface where it is available to substrates too big to enter
CNCs through melittin pores. By further clicking Atto-488-
DBCO to the remaining azides not occupied by either ssDNA
or AMG, we estimated that about 35 + 4 AMG were present on
each GOX-CNC (Table S37).

The molecular weight*® and dimensions of AMG from
Aspergillus niger (75 A x 45 A x 40 A, PDB code 6YQ7, manually
measured using Pymol) indicate that the size of AMG is orders
of magnitude smaller than that of polymersomes. Accordingly,
FCS measurements did not reveal any significant shift in the

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc04267j

Open Access Article. Published on 31 August 2021. Downloaded on 3/19/2026 12:55:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

A

View Article Online

Chemical Science

C

Ws; ‘ %
,‘ﬁﬁ%‘z‘s ; o By
x':"b &Rﬁ g Qh‘hl"gﬁkm zxig}‘x{“ 5 Amylose "
B S s b,
& fay .\‘h el xfr
H;0, PN G Glucose & &5:,&
+ B LPO SO% o Amplex Red SR &
3 &
Amplex Red ﬁf;ﬁ% Glucose _&% ( at\‘n\ oK Amplex Red
N £ " 0.5
‘1‘;’?"4 ‘\ H“ v'h"jf;‘«,! “3:“»:‘ Resorufln a‘g’&
57 Sf"?ﬂg‘ ggg‘ﬁ" u,";‘ Resorufin 3 &%&?}s’ﬁé ﬁ%\‘; 'r{:f:%, i{‘:‘\"“».‘ Resorufin
i e AL Hzo i %m&% \ .
s
Hp Hios H,0
E E 3
£ 120000 £ 30000 £ 35000+
n 0 wn
2 100000 2 25000 2 30000
® ® ® 25000
o 80000 20000 s
T T i 20000
& 60000 & 15000 x
o @ o 15000
Q o Q
40000 10000 -
s 5 S 10000
Q (¥ Q
@ 20000 @ 5000 & 50004
S S W 5
3 0 s 04 3 0
[y \ . . . : ; o — ; [ | — : .
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Time (s) Time (s) Time (s)

Fig. 3

(A) Activity of LPO-CNC with melittin (blue), CNCs without melittin (red) and substrates alone (black, hidden behind red). (B) Activity of

GOX-CNC with melittin (blue), CNCs without melittin (red) and substrates alone (black), using LPO as reporter enzyme. (C) Activity of AMG(GOX)-
CNC with melittin (blue), without melittin (red) and substrates alone (black). Error bands represent +SD, n = 3 replicates.

diffusion times if AMG was conjugated to GOX-CNCs (6000 s
for AMG-conjugated CNCs versus 5486 + 2510 ps for CNCs
without AMG).

Single CNC activity

We tested the enzyme functionality of the single CNCs (without
DNA conjugates) based on the oxidative conversion of Amplex
Red (AR) to resorufin. LPO-CNCs were directly incubated with
AR and H,O0, (Fig. 3A), whereas GOX-CNCs were incubated with
glucose, AR and free LPO, ensuring that the H,O, produced by
glucose oxidation can directly diffuse to the peroxidase cata-
lyzing the conversion of AR to resorufin (Fig. 3B). Both types of
CNC showed activity only when rendered permeable by melittin
(blue curve), confirming that substrates need to have access to
the confined enzymes. The small amount of residual non-
encapsulated LPO detected in FCS measurements was prob-
ably inactivated when testing enzyme activity of LPO-CNCs. The
absence of LPO activity outside of LPO-CNCs corroborates the
protection of enzymes inside polymersomes, which is in line
with previously reported CNCs.>***** AMG(GOX)-CNCs behaved
similarly: when supplied externally with amylose, the glucose
released by AMG-catalyzed hydrolysis could enter the CNC only
if the membrane was permeabilized by melittin (Fig. 3C). We
could detect only minimal non-specific oxidation of AR by free
LPO (Fig. 3B and C). Notably, the influence of permeabilization
via melittin, reflected by the difference between blue (per-
meabilized) and red (non-permeabilized) curves, was less
evident as the system gained complexity: from a large difference
when only LPO was involved, to a relatively small difference with
a 3-enzyme system.

CNC clustering

Having confirmed the enzymatic activity of individual CNCs, we
next aimed to establish clusters of CNCs by taking advantage of
DNA hybridization. For this purpose, complementary ssDNAs

© 2021 The Author(s). Published by the Royal Society of Chemistry

were conjugated to the azide groups on the membranes of the
respective polymersomes. After mixing the functionalized CNCs
at an equal ratio, we followed the clustering process over time
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Fig. 4 (A) Time course of cluster growth starting form unclustered
CNCs by DLS. Blue: LPO-GOX-CNC clusters; red: AMG(GOX)—-LPO-
CNC clusters. (B) FCS autocorrelation curves of unclustered GOX-
ATTO488 — loaded CNCs (red) and unclustered LPO-DylLight 633 —
loaded CNCs (green), and FCCS curves of clustered (blue) and
unclustered (black) CNCs. Dots: raw data. Line: fitted model. (C) TEM
micrographs of CNC clusters at different magnifications: left pannel,
scale bar = 200 nm, right pannel, scale bar = 100 nm.
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via dynamic light scattering (DLS) (Fig. 4A). The number of
ssDNA per polymersome was sufficient to induce clustering.
After 14 h, a plateau was reached where LPO-GOX clusters had
an average diameter, Dy of about 700 nm. AMG(GOX)-LPO-
CNCs formed smaller clusters of around 500 nm in diameter,
possibly due to AMG-associated repulsion. We then used fluo-
rescence cross-correlation spectroscopy (FCCS) to characterise
GOX-LPO cluster formation (Fig. 4B), as both confined enzymes
could be fluorescently labelled with different fluorophores.

D= dLPO Wd g (W
LPO "V ¢

+ doox (1 — Wy) |€ ( i

FCCS can be used to detect the association of fluorescent
species in Brownian motion when their separate signals are
correlated (higher G(7)).* We observed an increase in the cross-
correlation between the fluorescently-labelled CNCs upon
clustering (Fig. 4B, blue curve). The signal was absent if fluo-
rescent CNCs without ssDNA were mixed (Fig. 4B, black curve),
confirming that DNA hybridization is key to cluster formation.
In addition, the association of fluorescently labelled CNCs into
small clusters (3-4 vesicles) was visualized by TEM (Fig. 4C).

Once the clusters were formed, we determined the mean
distance between GOX- and LPO-polymersomes, both when
clustered and un-clustered, as the distance between surface-
conjugated AMG and encapsulated GOX is given. For clus-
tered polymersomes, the distance for productive molecule
transfer (i.e. H,O, from GOX to LPO) depends on the length of
ssDNA. Having both paired and unpaired bases, the average
DNA length, L in nm, (corresponding to the vesicle-to-vesicle
direct surface distance) is based on eqn (1):**

L= ngp X 0.34 + ng X 0.676 (1)

where ngp and ng are the number of paired and unpaired bases,
respectively. L was estimated to be 14.9 nm, which is in the
range of the width of a synaptic cleft’ and of some inter-
organelle distances found in cells.>”*

For non-clustered vesicles, we adapted a previously devel-
oped equation for lattices of heterogeneous, rigid particles (eqn

(2)):

<D> =d E <%>§e(l.51n2 a) _e(O,Sln2 a) (2)

where the mean inter-vesicle distance (D) depends on the mean
size of polymersomes d, the spatial distribution parameter £ (a
measure of the degree of dispersion of the system, fixed to 1.1 (ref.
53)), the total volume fraction occupied by polymersomes ¢ and
the geometric standard deviation ¢ of the polymersome'’s sizes.

12278 | Chem. Sci., 2021, 12, 12274-12285
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However, in our system, not all polymersomes were equal, as the
“bridging molecule”, H,0,, could only productively go from
a GOX- to an LPO-CNC, but we had to consider both their relative
concentrations and sizes with the weights W,, and W, to sum the
two contributions of GOX- and LPO-CNC, obtaining eqn (3).

A more in-depth explanation of the geometric meaning of
the equations and the rationale behind the further derivation of
eqn (3) are presented in Fig. S4 and the related section in ESL{

T )56(1.5 m? opo ) _ e(0‘5 n? a1po )

_ e(O.S In? UGOX) (3)

1
)36(1.5 In? UGox)

Applying the enzyme concentrations used to test the un-
tethered CNC cascade (see Materials and methods), we calcu-
lated (D) = 2.3 £+ 0.2 pm, in agreement with the distance
calculated for other CNCs working in similar conditions.?® This
means that the same type of polymersome could carry the same
concentration of enzymes, but then communicate at distances
ranging from 10 (when untethered) to less than 0.1 times (when
tethered) their average diameter. Interestingly, the longest
distance is in the order of magnitude of autocrine signalling,
the shortest in that of synaptic signalling.**> Thus, these CNCs
could be an interesting way to mimic distance effects in cellular
communication.

Cascade within clusters

Since polymersome suspensions can be easily nebulized and
inhaled,>* airways and lungs could be possible targets for in situ
prodrug metabolism or anti-microbial protection. To mimic the
conditions of the lungs, we monitored the oxidation of AR
catalyzed by clustered and unclustered LPO at 37 °C using
glucose concentrations close to those found in the airway
surface liquid.>® As the concentration of enzymes was constant,
both with and without clusters, only the distance between CNCs
of a different kind varied.

The inter-cluster distance was calculated with eqn (2),
without weights, as all clusters had both types of CNC and thus,
no effect would come from the different relative populations of
GOX and LPO-CNC. The inter-cluster distance was calculated
2.3 + 0.1 um at the same enzyme concentrations used for
untethered CNCs. Therefore, CNCs clusters were effectively
acting like a “2-enzyme system”, as inter-cluster distances were
comparable to un-clustered inter-polymersome distances. The
comparison between CNCs inside clusters and when freely
moving un-clustered, clearly shows an increase in enzymatic
activity. On the contrary, un-clustered CNCs were threefold
slower than CNC clusters (Fig. 5A), an effect of controlled co-
compartmentalization already observed in giant

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Concept of a clustered GOX-LPO-CNC cascade and the
enzymatic activity of CNC clusters (blue), unclustered CNCs (red) and
Amplex Red autoxidation (black). (B) Concept of a clustered AMX(-
GOX)-LPO-CNC cascade and the enzymatic activity of CNC clusters
(blue), unclustered CNCs (red), GOX-LPO-CNC with AMG in solution
(magenta) and Amplex Red autoxidation (black). Error bands given as
+SD, n = 3.
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polymersomes and other cell-mimics, but never in colloidal
vesicle networks.***® In a previous study we had showed that in
the case of un-clustered CNCs, inter-polymersome distances
above 1.5 um significantly hinder the cascade reaction due to
the slow diffusion of the “bridging” molecule (the product of the
first reaction that is released from the first type of CNC and
serves as substrate for the second reaction inside the second
type of CNC).>® On the contrary, CNC clustering averted this
limitation, resulting in a considerably increased reaction rate at
a constant amount of encapsulated enzymes."

We observed the same effect with AMG(GOX)-LPO clusters
(Fig. 5B). The effect was less pronounced due to the inherently
low catalytic efficiency of AMG which therefore presents an
additional bottleneck in the cascade. Interestingly, we found
that GOX-LPO clusters in the presence of non-conjugated AMG
showed a lower activity than in clusters with conjugated AMG
(magenta curve): evidently, they appeared to accelerate the
kinetics of the first, slowest reaction. Despite AMG being rate-
limiting, cascade efficiency depended on this step and could
not be bypassed by additional glucose, as shown by clusters
supplied with glucose and amylose at the same time (Fig. S57).

Cluster localization and functionality on cells

Envisioning possible biological applications, we first tested the
effect of unclustered, empty polymersomes up to a concentra-
tion of 1 mg mL ™" (Fig. S6AT), unclustered LPO- and GOX-CNCs
at 0.2 mg mL " (Fig. S6BT), and clustered (AMG)GOX-LPO and
GOX-LPO at 0.5 mg mL " (Fig. S6CT) on the viability of A549
cells, a lung carcinoma cell line used as a model for lung
protection from bacterial infections and ROS therapy.®” Notably,
GOX-LPO slightly decreased cell viability compared to (AMG)
GOX-LPO which had no effect (Fig. S6CT). This difference may
be attributed to the slower H,0, production associated with

Fig. 6

(A) Localization of clustered GOX-CNCs (green) on A549 cells. (B) Same area with localization of LPO-CNCs (red). (C) Merged channels

revealing colocalization of clustered GOX- and LPO CNCs (white). (D) Transmission channel. (E) Overlay including the transmission channel.
Insets show higher magnifications of the areas boxed in white. The blurred appearance of the brightfield image indicates that the clusters are on

the cell surface. Scalebars, 10 pm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(A) Activity of GOX-LPO clusters on the surface of cells (blue) and AR non-specific oxidation by cells (black). (B) Activity of AMG(GOX)—

LPO clusters on the surface of cells (blue), and AR non-specific oxidation by cells (black). Error bands given as +SD, n = 3.

AMG (see Fig. 5). Polymersome clusters were previously shown
to accumulate at the surface of epithelial cells by the interaction
of DNA strands that remain unpaired on the polymersomes
after clustering.">** We probed the interactions of GOX-LPO
clusters where GOX- and LPO-CNCs were labelled with different
fluorophores, with A549 cells. Atto488-GOX/DyLight633-LPO-
clusters were incubated at 0.2 mg mL " with A549 cells for 24
hours and examined by confocal laser scanning microscopy
(CLSM) (Fig. 6A-D, S7 and S8t). Confocal Z-stacks revealed
a colocalization of fluorescence signals at the surface of the
cells. The colocalization analysis of the dyes (Fig. 6C, S7, S8 and
Table S57) yielded a Pearson's coefficient of 0.27 (P = 1) for
clusters, and —0.73 for non-clustered vesicles. These results
show that clustered CNCs are present on the cell surface where
they appear to remain linked,"*** whereas unlinked CNCs,
known to be taken up by cells,"*** are independently distributed
throughout the confocal planes. The relatively low Pearson's
and Manders' coefficients (Table S5t) -the closer to 1, the higher
the colocalization- are not surprising: if the clusters are well-
spaced and big enough, the resolution might be sufficient to
resolve the separate polymersomes, at least partially (Fig. 6), as
observed in previous studies.'>**** The association of clusters
with the cell surface allowed us to test whether the cascade
reaction could take place ectopically, in the immediate vicinity
of the cell surface. Our group has previously described the use
of clustered CNCs to localize confined enzyme activity to the cell
surface."™* However, in these studies, clusters comprised only
one type of CNC, i.e. the enzymatic activity was limited and the
full potential of clustering was not exploited. In contrast, by
positioning clustered GOX-LPO CNCs and AMG(GOX)-LPO at
the cell surface, the cells were endowed with an extracellular,
two- and three-step cascade reaction. The latter in particular,

12280 | Chem. Sci., 2021, 12, 12274-12285

provided A549 cells with the ability to metabolize amylose
(Fig. 7).°

Our findings support the potential of clusters as co-delivery
systems to epithelial cells, where they modulate the microen-
vironment at the cell surface, or if internalized, function as
artificial organelles. Moreover, this very cascade might be suit-
able for future on-site bio-catalysis based on starch, as peroxi-
dase  bio-transformations have been developed for
environmental and industrial applications.>**

Conclusions

The distance between enzymes is an important factor in the
optimization of natural and man-made cascade reactions.
Adequate spacing aids in offsetting limiting factors, such as
diffusion across membranes, and increases the overall effi-
ciency of the system. Inspired by organelles and intra- and
intercellular interactions, we developed clusters of catalytic
nanocompartments that sustain efficient cascade reactions.
Separate nanocompartments were first independently loaded
with enzymes that are able to act in tandem, and then tethered
together by complementary DNA strands such as to self-
organise into clusters. In addition, a three-step cascade reac-
tion has been successfully established by coupling an upstream
enzyme to the surface of GOX-CNCs. Linking compartments by
DNA hybridization lends itself to precise tuning of the inter-
compartment distance, ranging from distances typical of para-
crine signalling for non-adjacent compartments, to those found
in some inter-organelle interactions or synaptic signalling for
neighbouring compartments. The ability to control the distance
between the CNCs supports their use as non-living models for
bio-communication. In addition, clusters can modulate the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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extracellular microenvironment by harnessing cells and
improving the efficiency of cascade reactions by segregating
reaction steps in physically defined spaces. Besides, such
compartment clusters are generated in a modular fashion, such
that they can readily be expanded by changing the encapsulated
enzymes, by combining more than two types of compartments
or by modifying the DNA links. Owing to the combinatorial und
functional diversity, clusters of catalytic nanocompartments
open new avenues in various domains including bio-catalysis,
therapeutics and other biomedical applications.

Materials and methods

Materials

DyLight 633 NHS ester and Atto 488-NHS ester were purchased
from ThermoFisher Scientific (USA). All other reported
compounds were purchased from Sigma-Aldrich (USA) unless
stated otherwise.

Synthesis of diblock copolymers

The OH-terminated diblock PMOXA,,-b-PDMS,, was synthe-
sized according to the already reported procedure.*® Briefly, OH-
terminated PMOXA,,-b-PDMS,, was dissolved into 5 mL anhy-
drous chloroform, then succinic anhydride (6.5 mg, 0.066
mmol), 4-dimethylaminopyridine (1.32 mg, 0.011 mmol) and
TEA (8.7 mg, 0.088 mmol) were added. After deoxygenating by
three vacuum-argon cycles, the mixture was stirred for another
72 h at RT under Ar atmosphere. Finally, 180 mg of a colorless
solid product was obtained after the ultrafiltration, yield 90%.
1H NMR (500 MHz, CDCI3) 6 3.65-3.23 (m, 39H), 2.28-2.00 (m,
28H), 1.30 (tt, ] = 7.7, 4.5 Hz, 5H), 0.87 (t, ] = 6.8 Hz, 4H), 0.56—
0.44 (m, 4H), 0.06 (s, 171H) (Fig. S17). To produce PMOXA, (-b-
PDMS,o-PEG,-Nj3, the polymer (100 mg) was then first dissolved
into anhydrous chloroform, then 11-azido-3,6,9-trioxaundecan-
l-amine (11.80 mg, 0.055 mmol), N,N'-dicyclohex-
ylcarbodiimide (15.6 mg, 0.078 mmol) and 4-dimethylamino-
pyridine (1.2 mg, 0.01 mmol) were added into the above
solution. After deoxygenating three times, the mixture was
further stirred for another 48 h, at RT. Finally, a colorless solid
product was obtained after ultrafiltration. The polymer was
characterized again via NMR and GPC. 1H NMR (500 MHz,
CDCI3) 6 3.65-3.28 (m, 43H), 2.23-2.03 (m, 29H), 1.59-1.52 (m,
2H), 1.30 (tt, J = 7.5, 3.8 Hz, 5H), 0.87 (t, ] = 6.8 Hz, 3H), 0.50
(ddd, J = 15.9, 8.9, 4.5 Hz, 4H), 0.06 (s, 172H) (Fig. S2).

Preparation of GOX- and LPO-CNCs

CNCs were prepared at RT, with 50% (molar ratio) of the azide-
functionalized polymer. Films were rehydrated to a final poly-
mer concentration of 10 mg mL ™" with 1 mg of GOX or LPO in
PBS (pH 7) and 25 pul of melittin 1 mM (from bee venom).
Samples were extruded through an Avanti mini-extruder (Avanti
Polar Lipids, USA) with a 200 nm pore diameter polycarbonate
membrane for GOX; LPO-CNCs were first extruded through
400 nm and then 200 nm, 11 times each. Non-encapsulated
enzyme was removed through size exclusion chromatography

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(SEC) (Sepharose 4B column; 30 cm length) and recovered for
quantification.

AMG(GOX)-CNCs

1 mL of amyloglucosidase from Aspergillus niger (AMG) =260 U
mL~" aqueous solution, was mixed with 200 pL of dibenzocy-
clooctyne-PEG,-N-hydroxysuccinimidyl ester (DBCO-PEG,-
NHS ester) in DMF and 800 pL of 0.2 M sodium bicarbonate at
pH 8-9 was added. The solution was let it stir at room
temperature for 16 h. The functionalized protein was purified
with Amicon Ultra-0.5 mL-30 kDa cutoff by washing 3 times in
PBS for 5 min at 10 000 rpm. 200 pM stock solutions of the
DBCO-modified DNA strands (Microsynth, Switzerland) were
prepared in nuclease-free water. 50 uL of each solution was
added to 150 pL of corresponding CNCs, and made to react at
37 °C overnight. The vesicles were thus purified with a 10 cm-
Sepharose 2B column, mixed 1:1 (volumetrically) and let to
rest at 37 or 4 °C overnight to allow clustering for further
experiments and then used with no further purification.

Catalytic nanocompartment characterization - static and
dynamic light scattering

SLS and DLS experiments were performed on a setup from LS
instruments (Switzerland), equipped with a He-Ne 21 mW laser
(A =632.8 nm) at scattering angles from 30° to 55° at 25 °C. The
radius of gyration (R;) was obtained from the SLS data with
a Guinier plot. The intensity versus angle curve of a diluted
sample (to suppress multiple scattering) was fit with a linear
regression and the slope of the curve m was used to calculate R,
according to the equation

R, = 10° x \3m (4)

The error was calculated on the standard error of the slope.

In the case of SLS, second order cumulant analysis of the
data between 30° and 155° was performed to obtain the Ry,.

Clustering was followed on a Zetasizer Nano ZSP (Malvern
Instruments, UK) at 20 °C, where 50 pL of each DNA-
functionalized CNC were added to 200 pL of PBS, measuring
the Ry, for 14 hours.

Catalytic nanocompartment characterization — transmission
electron microscopy (TEM)

CNC suspensions in PBS at 0.25 mg mL ™" were deposited on
glow-discharged carbon grids (Quantifoil, Germany) stained
with 1.5% uranyl acetate solution and deposited on carbon-
coated copper grids. A transmission electron microscope (Phi-
lips Morgagni 268D) at 293 K was used.

Nanoparticle tracking analysis (NTA)

NTA was used as further analysis of particle size and concen-
tration, on a NanoSight NS300 (Malvern Panalytical Ltd., UK),
using a flow cell (100 pL min~"), 1:1000 concentration in
freshly filtered PBS, yielding particle R, and concentration
(particle per mL).

Chem. Sci., 2021, 12, 12274-12285 | 12281
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Enzyme quantification

Unencapsulated enzyme was recovered from melittin-less
samples, and quantified at 280 nm, using a Nanodrop 2000
UV-vis spectrophotometer (ThermoFisher, USA).

DNA functionalization and clustering

200 uM stock solutions of the DBCO-modified DNA strands
(Microsynth, Switzerland) were prepared in nuclease-free water.
50 pL of each solution was added to 150 pL of corresponding
CNCs, and made to react at 37 °C overnight. The vesicles were
thus purified with a 10 cm-Sepharose 2B column, mixed 1: 1
(volumetrically) and let to rest at 37 or 4 °C overnight to allow
clustering for further experiments and then used with no
further purification.

Fluorescence (cross) correlation spectroscopy

Stock solutions of GOX (2 mg mL ") and LPO (2 mg mL ") were
prepared in 0.1 M Na,COj; buffer. 5 pL of a 1.5 mM Atto-488 NHS
ester in DMSO solution was added to 1 mL of the GOX stock
solution and 5 pL of 1.5 mM DyLight 633-NHS ester in DMSO
was added to 1 mL of LPO solution. Both labelling reactions
were mixed overnight at 4 °C. Free dye was removed by spin
filtration with Amicon Spin Filters 30 MWCO (Merck, Germany).
Upon purification, labelled enzymes were used directly and
polymersomes were formed as previously described, with no
melittin added. A 488 nm argon laser was used to excite ATTO
488 and a 633 nm HeNe laser was used for DyLight633. The two
lasers were passed through MBS488 and MBS488/561/633 filters
and the signals were detected in the range of 500-532 nm and
657-690 nm, respectively. The pinholes were adjusted to maxi-
mize the count rate using the respective free dye in PBS and the
sample volumes were 15 pL. Fluorescent fluctuations over time
were recorded for 20 x 5 s. The raw data was processed and
analyzed using ZEN software. Autocorrelation curves were fitted
by a two-component model, except for dye-only samples.

Ttrip
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CPMlabc]lcd enzyme

DOL =
O CPMfrcc dye

(6)

Similarly, the enzymes per vesicle were obtained by

N _ CPMvesicle (7)
enemes CP Mlabelled enzyme

To quantify DNA, 11T-less strands (thus, 22a and 22b) were
used, labeled with Cy5 and Atto-488, respectively. An excess
amount (10 pL of a 200 pM stock) was added to vesicles with
complementary strands, clustered and then purified via SEC.

CPMvesicle (8)

Nitrands =
CPMisbelied DNA

Similar to FCS, dual-colour fluorescence cross-correlation
spectroscopy (FCCS) was performed, with the same system, on
CNCs containing the labelled enzymes and either non-
functionalized, or conjugated to their respective DNA strands,
then mixed, incubated at 37 and measured with both lasers
simultaneously, in FCCS mode.

Enzymatic assays

GOX-CNC. 20 pL of GOX-CNCs (with or without melittin),
glucose (final concentration 60 uM), free LPO (final concentra-
tion 2 pg mL™ ") and 2 pL of Amplex Red (AR, 100 uM) were
added to each well of a 96-well plate. The enzymatic kinetic
reaction was determined by monitoring the formation of
resorufin at 560 nm for 20 minutes using a Spectramax id3 plate
reader.

AMG(GOX)-CNC. 20 pL of GOX-CNCs (with or without
melittin), amylose from potato (5 mg mL ™" in DMSO stock; final
concentration 50 ug mL™"), free LPO (final concentration 2 ug
mL ") and 2 L of AR (100 M) were added to each well. The

J’_
>
J’_
I~
Pﬂ
@\
N———
==

1

J’_

where f; and f; are, respectively, the fraction of the particles of
the corresponding component 1 (dye) or 2 (vesicles), 7p;
represents the diffusion time of the dye and tp, the diffusion
time of the vesicles, T the fraction of fluorophores in triplet state
with triplet time tjp, N is the number of particles and R the
structural parameter, fixed at 5, according to the manufacturer's
guidelines. The 144, and 1, of free dye were determined inde-
pendently, and subsequently fixed in the fitting procedure for
dye-stained vesicles.

The degree of labelling (DOL) was obtained from the ratio of
the counts per molecule (CPM)

12282 | Chem. Sci., 2021, 12, 12274-12285

T f/‘1 T + T f/z T
— /1 +RP— 14+ —,/1+R*—
D1 D1 D2 D2

enzymatic kinetic reaction was determined by monitoring the
formation of resorufin for 20 minutes.

LPO-CNC. For LPO-CNCs, 20 pL of LPO-CNCs (with or
without melittin), H,O, (final concentration 10 uM) and 2 pL of
AR (100 uM) were added to each well. The enzymatic kinetic
reaction was determined by monitoring the formation of
resorufin for 20 minutes.

GOX-LPO cascade. Knowing the sample concentration after
workup, GOX-CNC (free or clustered) were added at a final
concentration of 8 ug mL ™" and LPO-CNC (likewise) to 7 pg
mL ™", with 60 uM glucose and 2 L of AR 100 pM. To mimic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a biological setting, the reaction was followed at 37 °C for 4
hours.

AMG-GOX-LPO cascade. Knowing the sample concentration
after workup, (AMG)GOX-CNC (free or clustered) were added at
a final concentration of 8 ug mL " and LPO-CNC (likewise) to 7
pg mL ™', with 50 pg mL~" amylose and 2 pL of AR 100 puM. To
mimic a biological setting, the reaction was followed at 37 °C for
4 hours.

Cell viability (proliferation) assay

For cell viability assessment, a CellTiter 96 Aqueous One Solu-
tion Cell Proliferation Assay (MTS, Promega) was used accord-
ing to manufacturer instructions. A549 cells were seeded (5000
cells per well in 100 pL of cell culture medium) in a 96-well plate
and incubated for 24 h (n = 4 per sample). After 24 h, empty
polymersomes, CNCs, CNCs with ssDNA, and CNC clusters were
added to the cells at the concentrations indicated to reach
a final volume of 200 puL per well. After 24 h incubation, 20 pL of
MTS reagent was added to each well. After 3 h, absorbance was
measured at 490 nm using a Spectramax id3 plate reader.
Background absorbance from control wells containing all assay
components without cells was subtracted from each well, and
data were normalized to control cells containing all compo-
nents and PBS instead of CNCs. One-way ANOVA followed by
Tukey's post hoc test was performed to determine whether cell
viability was significantly affected by the treatment.

Live cell imaging of A549 cells

Freshly trypsinized A549 human carcinoma cells were seeded at
a density of 6 x 10" cells per well in an 8-well glass bottom ibidi
plate. After 24 h, the cell supernatant was removed and replaced
with fluorescently-labelled CNCs, CNC clusters at a final
concentration of 0.2 mg mL™ ", or PBS as control.

After carefully removing unbound CNCs/clusters, cells were
imaged by confocal laser scanning microscopy (CLSM) on a LSM
880 confocal laser microscope with a 40x, 1.2 water immersion
C-Apochromat objective lens, using Atto-488 laser and DyLight-
633 light path parameters.

Colocalization analysis

CLSM micrographs were analysed with Image] Coloc2 plugin,
using both Pearson's (PCC) and Manders' threshold coefficient
for the red to the green channel (tM1).

For PCC,

Z(Chl, - m) x (Chz,- - @)

— — ©)
z(cm,- - Chl) x z(Chz,- - Chz)

where Ch1 and Ch2 are the ratios between colocalized pixels
and total pixels for their respective channels. Similarly, for tM1,

S(Chl; x Ch2,)
" (10)

\/Z(Chl,)z x ¥(Ch2,)?
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PCC quantifies the degree to which two channels follow
a simple linear relationship of intensity. Values can range from
—1 (an inverse or “anti-colocalization” relationship), to 0 (a
random cloud of no relationship), or +1 (a perfect linear slope);
tM1 is similar to PCC but ranges from 0 to +1. It does not
incorporate a relationship to mean intensity (as with Pearson's),
so it is mostly sensitive to only the overlap alone above the
threshold.®* Costes' p-value was calculated by the plugin to
determine whether the result was statistically significant.

Extracellular cluster functionality

A549 cells were seeded in a 96-well plate at a density of 5000
cells per well in 100 pL cell culture medium, and incubated for
24 h at 37 °C. Then, cells were dosed for 24 h with 50 puL of GOX-
LPO and AMG(GOX)-LPO clusters. AR (1 pM, final concentra-
tion in 200 pL final volume) and AR/amylose (1 uM/50 pg mL )
was added to each well containing GOX-LPO and AMG(GOX)-
LPO clusters, respectively. The enzyme kinetics of clusters on
the cell surface was determined by monitoring the formation of
resorufin at 37 °C for 4 hours.
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