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The combination of “hard”, structurally well-defined particles with “soft”, functional compartments bears
great potential to produce structurally intricate hybrid nanomaterials that promote a multitude of appli-
cations that require multimodal agents and that permit the production of molecular factories. However, the
co-assembly of “hard” and “soft” components in a programmable and directional manner is challenging due
to the strongly differing mechanical properties of such disparate entities. Here, a versatile strategy to
generate clusters by the directional and controlled self-organization of “hard” Janus nanoparticles (JNPs)
with “soft” polymersomes is described. The hybridization of complementary ssDNA strands bound to the
components drives cluster formation, while the asymmetry of the JNPs governs the directionality of the
self-organization. Various factors have been explored to simultaneously preserve the integrity of the
polymersomes and program the cluster formation. Differently loaded polymersomes on each lobe of the
JNPs preserved their architecture in the clusters which, were shown to be non-toxic when interacting with
cell lines. The architecture of the clusters, as a molecular factory where each component can be separately
controlled bears great promise for use in advanced medical applications, including theranostics and cor-
relative imaging.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
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Introduction

Hierarchical self-organization is a key paradigm in biological
systems, creating large, well-defined superstructures from self-as-
sembled subunits, which in turn consist of molecular components.
[1,2] This spanning of size scales and the resulting emergent func-
tionality have long inspired researchers from various disciplines.
[2-7] Self-organized nanomaterials are consequently investigated
for various applications, including optical materials, [8-11] flexible
electronics, [12,13] and biomedicine. [14-17] Many biomedical ap-
plications such as correlative imaging, [ 18,19] theranostics, [20,21] or
multimodal therapeutic approaches [22,23] require the targeted co-
delivery of several, at times incompatible components. The hier-
archical assembly of dissimilar components at the nanoscale (na-
noparticles, nanotubes, vesicles etc.) into integrated systems with
the organization as a molecular factory is therefore in high demand,
to provide the desired multifunctionality and to control the behavior
of the components.
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Mattenstrasse 24a, 4058 Basel, Switzerland.
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Nanoparticles offer well-defined dimensions and the potential to
act as scaffolds for highly precise, directional assembly, but on their
own they are often cytotoxic [24]| and lack the functionality and
responsiveness desired in the biomedical field. The latter properties
are key strengths of “soft” nanoassemblies such as micelles and lipid
or polymer vesicles, [25-30] which can protect even delicate, bio-
logically active substances. However, the self-organization of soft
nanoassemblies is difficult to control, e.g. because of aggregation of
vesicle clusters beyond the desired size [31] or the fusion of lipid
vesicles, which compromises the desired segregation between ve-
sicle contents. [32].

The co-organization of "hard" and "soft" components promises to
combine the above advantages while diminishing the respective
disadvantages. However, the incorporation of "hard" and "soft" en-
tities into novel nanomaterials presents its own challenges, espe-
cially due to the strongly differing mechanical properties of the
components. Many approaches have been explored to form hybrid
nanoassemblies, especially those resulting in hybrids between or-
ganic and inorganic components. [33-35] Many such studies focus
on assemblies incorporating inorganic nanoparticles, e.g. attached to
the surfaces of nanotubes, [36] peptide fibers, [37] and worm-like
micelles, [38] or incorporated into micelles [39] and vesicle mem-
branes. [40,41] However, these self-organized superstructures
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Fig. 1. Schematic representation of JNP-polymersome cluster preparation and cell adhesion. (A) Synthesis of heterobifunctional JNPs by i) seeded emulsion polymerization and ii)
chemoselective, directional functionalization with ssDNA; (B) Formation of clusters by iii) combination of ssDNA-functionalized JNPs with complementary ssDNA-functionalized
polymersomes; (C) Schematic representation of the interaction of JNP-polymersome clusters with cell membrane receptors.

typically rely on unspecific interactions, and only relatively few ex-
amples exist that demonstrate functional assemblies with precisely
controlled structures. [42-45| Importantly, a general approach to the
production of hybrid "hard/soft" colloidal superstructures, where the
components have very dissimilar properties (e.g. mechanical stabi-
lity), to allow for highly modular functionality has not yet been
developed.

Here, we aim to fill this gap by introducing a programmable
strategy for the directional self-organization of disparate compo-
nents into hybrid “hard/soft” clusters that promote a controlled and
segregated localization of different compounds. We selected
polymer-based Janus nanoparticles (JNPs) as a “hard”, asymmetric,
colloidal platform. [46-49] The chemically or physically distinct,
spatially separated lobes of JNPs [46,50] support directional self-
organization, as previously demonstrated for nanoparticle clusters.
[51] Polymersomes based on the diblock copolymer PDMS-b-PMOXA
are used as the “soft” component. They provide a confined space for
reactions, [52-54| have a flexible [55-57| but mechanically stable
membrane, [58,59] and are non-toxic, [60]| which are all key prop-
erties for the targeted bio-applications. Additionally, polymersomes
have been shown to preserve their integrity in self-organized clus-
ters, maintaining the encapsulation of cargo. [57,61,62] From among
the various supramolecular motifs employed to drive self-organi-
zation, [63-67] we selected ssDNA strands to link the components.
[51,61,62,68,69] ssDNA hybridization advantageously provides a
strong, highly specific interaction and an unparalleled extent of
programmability [70,71] properties previously leveraged e.g. in the
production of novel materials such as patterned surfaces [42,72] or
nanoparticle superlattices. [73-75] The orthogonally addressable
surface functionalities of the JNP lobes [47,49] were selectively
modified with ssDNA strands (each lobe with a specific sSDNA se-
quence, Fig. 1A), whilst polymersomes were functionalized by at-
taching ssDNA complementary to that on either JNP lobe (Fig. 1B).

Preserving the integrity of each component in the clusters re-
quires a detailed understanding of the self-organization process, as
the significant difference in properties (e.g., mechanical stability,
accessibility of ssDNA strands) between “hard” JNPs and “soft”
polymersomes results in complex interactions. By systematically
exploring various parameters of polymersome and cluster

preparation, we aimed to achieve rapid and directional self-organi-
zation into a molecular factory architecture where each each com-
ponent can be separately controlled at the nanoscale.

To determine whether the resulting clusters are suitable for bio-
applications, such as the encapsulation of functional cargo [76-79]
or enzymatic cascade reactions e.g. for signaling cascades, [80-82]
we loaded the constituent polymersomes with model molecules and
tested the clusters’ toxicity and interactions with two cell lines
(Fig. 1C). The lack of cytotoxicity and specific interactions with cell
receptors are complemented by the unique features of the clusters,
including high modularity of formation and the ability to co-en-
capsulate, yet spatially separate, different active cargos. These hybrid
colloidal systems self-organized are predestined in particular for
applications that require multimodality and exquisite control, such
as correlative imaging, reaction cascades, or theranostics.

Methods
Selective modification of carboxylic acid groups on JNP-II with ssDNA

For the modification of carboxylic acid groups by EDC/sulfo-NHS
coupling, JNP-II (15 mg) were first dispersed in a mixture containing
EDC solution (400uL, 0.2M in UPW), sulfo-NHS solution (800 pL,
0.2 M in UPW), and one crystal of DMAP. The resulting suspension
was stirred for 2 min, and then a 5’-amino-terminated ssDNA solu-
tion (100 pL, 0.2 mM in UPW, e.g. a) was added to the reaction. The
reaction was stirred at room temperature for 24 h, after which the
JNP-ssDNA conjugate (e.g. JNP-a) was isolated by centrifugation and
washed sequentially three times with ethanol and UPW, and two
times with PBS. The final suspension was stored in 2 mL PBS at 4 °C.
See Supporting Information, Table S3, S4, and S5 for characterization
by SEM, Zeta potential, and FCS.

Selective modification of azide groups on JNP-II with ssDNA

For modification of azide groups by SPAAC, JNP-II (15 mg) were
first dispersed in dimethylformamide (0.5 mL), then a solution of 5'-
DBCO-terminated ssDNA (100 pL, 0.2 mM in UPW, e.g. ¢) was added.
The reaction was stirred at room temperature for 24 h. The JNP-
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ssDNA conjugate (e.g. JNP-c) was then isolated by centrifugation, and
washed sequentially three times with ethanol and UPW, and two
times with PBS. The final suspension was stored at 4 °C in PBS (a final
volume of 2 mL). Then, the same procedure was applied for double
functionalization of JNPs with ssDNA but in this case JNP-a was used
as the starting material. See Supporting Information Table S3, S4, and
S5 for characterization by SEM, Zeta potential, and FCS.

Conjugation of ssDNA to polymersomes

Polymersome dispersion (200 uL) was mixed with a solution of
5’-DBCO-terminated ssDNA (0.2 mM in UPW, 1.2 equivalents per
azide group). The reaction was allowed to proceed overnight at 40 °C
with shaking at 300 rpm. The solution was purified by SEC to remove
free DNA, then stored at 4°C in PBS (2mlL total volume). See
Supporting Information, Table S6, S7, and S8 for characterization by
SLS/DLS and FCS.

Preparation of JNP-polymersome clusters

The concentrations of polymersome and JNP precursors were
estimated by NTA (typically 1-5x10"" particles/mL). In a typical
experiment, a volume containing approx. 2 x 10° ssDNA-conjugated
Janus nanoparticles was mixed with a volume containing approx.
10x 10° ssDNA-conjugated polymersomes. The mixture was ad-
justed to a total volume of 300 uL with PBS, and the self-organization
was allowed to proceed overnight at 37 °C with shaking at 300 rpm.
Clusters were analysed by TEM imaging, and their composition de-
termined by analysis of 20-25 TEM micrographs of three in-
dependent JNP-polymersomes cluster batches.

All information regarding: materials; methods; oligonucleotide
sequences; detailed synthesis and characterization of PtBA seed
nanoparticles; detailed synthesis and characterization of Janus na-
noparticle precursors, Janus nanoparticles, and Janus nanoparticle
conjugates; synthesis and characterization of PDMS,g-b-PMOXA o-
N3; detailed characterization of polymersomes, polymersome con-
jugates and Janus nanoparticle-polymersome clusters; character-
ization of polymersome and Janus nanoparticle conjugates with long
ssDNA linkers and the clusters formed thereof; additional details
regarding in vitro toxicity and cell adhesion studies are reported in
the Supporting Information.

Results and discussion

Synthesis of JNPs and selective, asymmetric functionalization with
sSDNA

To obtain particles suitable for asymmetric self-organization,
JNPs were prepared by seeded emulsion polymerization and phase
separation under surfactant-free conditions. The JNPs were then
selectively functionalized with ssDNA strands, employing ortho-
gonal conjugation reactions to address the chemically distinct JNP
lobes (Fig. 2A, see Supporting Information, Table S1-S2 for all oli-
gonucleotide sequences).

Poly(tert-butyl acrylate) (PtBA)-based, cross-linked seed nano-
particles were prepared by mini-emulsion copolymerization of tert-
butyl acrylate with sodium styrene sulfonate and divinylbenzene.
[46] The resulting spherical particles (diameter of 270 + 1 nm) were
used for the seeded emulsion copolymerization of 3-(triethoxysilyl)
propyl methacrylate and 3-azidopropyltrimethoxysilane (Fig. S1,
Supporting Information). [47,83] The initial temperature-induced
phase separation during the polymerization process produced Janus
nanoparticles with two clearly separated lobes, their polymer net-
works interpenetrating only in the boundary region, bearing tert-
butyl ester and azido groups, respectively (JNP-I). The tert-butyl
ester groups were then hydrolyzed under acidic conditions, resulting
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in carboxylic acid groups as evidenced by FTIR spectroscopy and
zeta-potential measurements. The azide lobe remained unchanged
after PtBA hydrolysis (Fig. S2, Table S3, Supporting Information).
Hydrolysis afforded JNP-II (Fig. 2B), which uniquely bears spatially
separated, orthogonally addressable carboxylic acid and azide
groups, and represents an anisotropic platform that is suitable for
the attachment of a wide range of molecules, using ester or amide
bond formation and alkyne/azide cycloaddition reactions.

We leveraged this orthogonality by selectively attaching two
distinct ssDNA strands to the lobes. The carboxylic acid-bearing
lobe was functionalized with the 5’-amino-terminated ssDNA a
(Table S1, Supporting Information, for oligonucleotide se-
quences) via the N-(3-dimethylaminopropyl)-N'-ethylcarbodii-
mide/N-hydroxysulfosuccinimide sodium salt) (EDC/sulfo-NHS)
reaction, [84] and resulted in JNP-a (Fig. 2C). The azide-func-
tionalized lobe was decorated with the 5’-dibenzocyclooctyne
(DBCO)-terminated ssDNA ¢ via strain-promoted alkyne/azide
cycloaddition (SPAAC) [85] to form JNP-c (Fig. 2D). Dual func-
tionalization was achieved by functionalizing the second lobe of
JNP-a with ¢ to produce JNP-ac (Fig. 2E, Table S3, Supporting
Information). ssDNA functionalization neither affected the shape
of the particles nor led to aggregation, as evidenced by essen-
tially unchanged scanning electron microscopy (SEM) micro-
graphs (Fig. 2, B-E, Table S3, Supporting Information).

To study the attachment of the ssDNA strands a and c to the acid
and azide lobes of JNP-II, respectively, we used fluorescence corre-
lation spectroscopy (FCS), determining the diffusion times and the
numbers of fluorescent molecules moving through a confocal vo-
lume. The presence of ssDNA strands (a and c) on the surface of JNPs
was confirmed by hybridization with fluorescently labeled com-
plementary ssDNA strands, namely b-Cy5, which is complementary
to a, and d-Atto488, which is complementary to c¢. Successful DNA
hybridization was indicated by a significant increase in the diffusion
times when comparing free b-Cy5 (tp = 111 + 9 ps) to its mixture
with JNP-a (tp = 28 + 4 ms). A similar increase in diffusion time was
observed when comparing free d-Atto488 (tp = 118 £ 11 ps) to its
mixture with JNP-c (tp = 25 * 6ms; Fig. 2F, G and Table S4,
Supporting Information). In addition, brightness measurements of
the tracked fluorophores (counts per molecule, CPM) enabled
quantification of the number of ssDNA strands per JNP lobe (see
Methods and Table S5, Supporting Information). Averages of 75 + 18
a ssDNA strands were attached to the acid-functional lobe of JNP-a
and 40 * 13 c ssDNA strands to the azide-functional lobe in JNP-c.

To demonstrate the asymmetry of the functionalization, we si-
multaneously added b-Cy5 and d-Atto488 to Janus nanoparticles
with both lobes functionalized (JNP-ac). The resulting dual-fluor-
escent JNPs were investigated by confocal laser scanning microscopy
(CLSM) on an amino-functionalized glass slide. CLSM Z-stack mi-
crographs show a clear separation between the Cy5- and Atto488-
labelled lobes of JNPs, and a preferential orientation of the Cy5-la-
belled lobes toward the slide surface (Fig. 2H). Evidently, the posi-
tively charged slide surface interacts electrostatically with the lobe
bearing ssDNA a (hybridized with b-Cy5), which bears negatively
charged carboxylate and sulfonate groups, whereas interactions with
the hydroxyl and azide groups on the opposite lobe are significantly
weaker. The relatively low average density of ssDNA on both JNP
lobes (<1 ssDNA strand per 1000nm? Table S5, Supporting
Information) does not completely shield these strong interactions,
and results in a specific orientation of labelled JNP-ac relative to the
slide surface (Fig. 2H).

Preparation of ssDNA-functionalized polymersomes
Polymersomes were prepared by the film rehydration method,

using the diblock copolymer poly(dimethylsiloxane)-block-poly(2-
methyl-2-oxazoline) (PDMS,5-b-PMOXA0-OH, M, = 2850 g mol ™}, b
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Fig. 2. Asymmetric functionalization of Janus nanoparticles with ssDNA. (A) Schematic representation of orthogonal ssDNA functionalization of [NPs; the lobe bearing carboxylic
acid groups (dark blue) is coupled with amino-terminated ssDNA a (blue), the azide-bearing lobe (dark red) is coupled with DBCO-terminated ssDNA c (red). Schematic re-
presentation and SEM micrographs of: (B) JNP-II, (C) JNP-a, (D) JNP-c, and (E) JNP-ac. Scale bars = 500 nm. Normalized FCS autocorrelation curves (dots) and fit curves (lines) of:
(F) Cy5-labelled ssDNA b (b-Cy5, 20 nM, red) and JNP-ac hybridized with b-Cy5 (green); (G) Atto488-labelled ssDNA d (d-Atto488, 20 nM, yellow) and JNP-ac hybridized with d-
Atto488 (violet). (H) Confocal laser scanning microscopy (CLSM) Z-stack of JNP-ac hybridized with both b-Cy5 and d-Atto488 as observed on an amino-functionalized glass slide;
(I) Schematic representation of the orientation of JNP-ac after hybridization with ssDNAs b-Cy5/d-Atto488 when deposited on a positively charged surface.

= 1.49) mixed with a similar, terminally azide-functionalized diblock
copolymer (PDMS;g-b-PMOXA10-N3, M, =3400 g mol™!, P = 1.60; see
Section 3 in the Supporting Information and Fig. S3-S6 for details).
[61,86] The closely matching PDMS block lengths guarantee a uni-
form distribution of the azide moieties across the polymersome
surface. [87] To examine the influence of functionalization density
on polymersome formation, we mixed PDMS;s-b-PMOXAo-OH with
increasing amounts of PDMS,g-b-PMOXAo-N3 (30 mol%, 50 mol%
and 70 mol%). The solutions containing the nano-assemblies were
extruded through track-etched polycarbonate membranes with dif-
ferent pore sizes and then analyzed by a combination of dynamic
and static light scattering, and by transmission electron microscopy
(TEM). The assemblies extruded through 200nm pore diameter
membranes and obtained with 30mol% or 50 mol% PDMS,s-b-
PMOXA1o-N3, are referred to as Pol1 and Pol2, respectively, whilst
Pol3 was extruded through a 400 nm pore diameter membrane and
comprised 30mol% PDMS,g-b-PMOXA9-N3. When 70mol% of
PDMS,5-b-PMOXAo-N3 was used in the mixture of copolymers, as-
semblies with mixed morphology were obtained (Fig. S7, Supporting
Information), which were not used.

The hydrodynamic radii (Ry) obtained by dynamic light scat-
tering were: 98 + 7 nm (Pol1), 95 £ 6 nm (Pol2), and 194 + 30 nm
(Pol3) (Fig. S8, Table S6, Supporting Information). For all nano-as-
semblies, the ratios between Ry, and the radius of gyration (Rg ob-
tained from static light scattering) were close to the theoretical value
of 1.0, thus indicating the formation of polymersomes (Table S6,

Supporting Information). [88] Zeta-potential values changed slightly
as a result of ssDNA attachment (Table S6, Supporting Information).
TEM micrographs for Pol1-3 revealed the typical morphology of
collapsed polymersomes (Fig. 3, A-G, and Fig. S9, Supporting
Information), whilst Cryo-TEM of Pol2 indicated the presence of
vesicular structures with a membrane thickness of 11.1 + 0.8 nm
(Fig. 3H), in agreement with values reported for PDMS-b-PMOXA
polymersomes with closely matching block lengths. [61,86].

The azide groups exposed on the polymersomes were functio-
nalized using SPAAC to attach 5’-DBCO-terminated ssDNA b (see
Table S1, Supporting Information for oligonucleotide sequences). b
was selected to be complementary to a, and ssDNA-conjugated
polymersomes Pol1-b, Pol2-b, and Pol3-b, were obtained. Similarly,
attachment of 5’-DBCO-terminated ssDNA d, which was selected to
be complementary to c, resulted in Pol1-d, Pol2-d, and Pol3-d. The
size and shape of the polymersomes were unaffected by ssDNA
conjugation and light scattering indicated that no aggregation oc-
curred (Table S6, Supporting Information). Similar to the character-
ization of JNPs, we used FCS to confirm and quantify the ssDNA
functionalization of polymersomes after hybridizing them with
complementary, fluorescently labelled ssDNA strands (c labelled
with Atto488 or a labelled with Cy5, i.e., c-Atto488 and a-Cy5). The
diffusion times of the fluorophore increased for all polymersomes
(e.g., from tp = 118 £ 17 ps for free c-Atto488 to 6.4 = 2.5 ms for its
mixture with Po indicating successful hybridization with accessible
ssDNA at the surface of the polymersomes (Fig. 31 and Table S7, Fig.
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ssDNA. Middle panel: TEM micrographs and schematic representations of: (A) Pol1 polymersomes, (B) conjugates of Pol1 with ssDNA a (Pol1-a), and (C) conjugates of Pol1 with
ssDNA c (Pol1-c); (D) Pol3 polymersomes, (E) conjugates of Pol3 with ssDNA a (Pol3-a), and (F) conjugates of Pol3 with ssDNA ¢ (Pol3-c). Bottom panel: (G) Cryo-TEM
micrograph of Pol2, (H) Schematic representation of a polymersome when its sSDNA is hybridized with the complementary ssDNA detection strand, and (I) normalized FCS
autocorrelation curves (dots) together with the corresponding fit curves (lines) of: free Atto488 dye (20 nM, blue), c-Atto488 (20 nM, red), Pol1-d mixed with c-Atto488 (yellow),

Pol2-d mixed with c-Atto488 (green), and Pol3-d mixed with c-Atto488 (purple).

S9D,E, Supporting Information). Brightness measurements allowed
the number of ssDNA strands per polymersome to be quantified as
69 * 9 for Pol1-d, 119 + 24 for Pol2-d, and 88 + 15 for Pol3-d. Si-
milar values were obtained for polymersomes bearing b (Table S8,
Supporting Information). As expected, a higher density of azide
groups available for coupling increases the number of ssDNA strands
per polymersome (Pol1-d compared with Pol2-d), but for compar-
able azide surface densities (Pol1 and Pol3), there was no significant
difference in the number of ssDNA strands per polymersome. This is
likely the result of the lower surface curvature of Pol3, as electro-
static repulsion reduces DNA coverage density for less curved sur-
faces. [89].

Assembly and characterization of [NP-polymersome hybrid clusters
The inherent asymmetry of JNP-II and the asymmetric functio-

nalization with ssDNA allow for highly specific self-organization
between the Janus nanoparticles and polymersomes, using DNA

hybridization as the driving force. Although the strength and spe-
cificity of DNA hybridization are well known, a critical aspect of the
formation of JNP-polymersome clusters is the preservation of the
integrity of the polymersomes. The relatively low ssDNA density on
the polymersomes was selected to support attachment of polymer-
somes without affecting membrane integrity.

First, we evaluated mixtures of incompletely ssDNA-functiona-
lized JNPs (JNP-a, or JNP-c) with complementary ssDNA-functiona-
lized polymersomes. For both pairings, ssDNA-functionalized
polymersomes attached to both lobes, and not just to the lobe ex-
posing the complementary ssDNA strand, (Fig. S10A,B, Supporting
Information). Similarly, unfunctionalized polymersomes adsorbed
on both lobes of JNPs prior to ssDNA attachment (JNP-II) (Fig. S10C,
Supporting Information). This non-specific adsorption indicates the
presence of interactions between the polymersome membrane and
the surface of either unfunctionalized JNP lobe. However, these in-
teractions are shielded by ssDNA functionalization of the JNPs, and
unfunctionalized polymersomes do not adhere to the completely
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(Atto488-Pol2-b + Cy5-Pol2-d), together with the corresponding (I) TEM micrograph and (J) CLSM micrograph.

ssDNA-functionalized JNP-ac (Fig. S10D, Supporting Information).
Therefore, full ssDNA functionalization of the JNP lobes is essential
to preventing unspecific, non-DNA mediated interactions and to
achieving the desired directionality of self-organization in JNPs-
polymersome clusters.

Next, we combined doubly ssDNA-functionalized JNPs (JNP-ac)
with one type of complementary, ssDNA-functionalized polymer-
some. Only the corresponding ssDNA functionalized-lobe was
zipped with polymersomes, as evidenced by TEM (JNP-ac + Pol1-b,
Fig. 4A; JNP-ac + Pol3-b, Fig. 4B; JNP-ac + Pol1-d, Fig. 4C; JNP-ac +
Pol3-d, Fig. 4D), and the directionality was not affected by the size or
ssDNA surface density of the polymersomes.

Finally, when JNP-ac was combined with mixtures of b- and d-
bearing polymersomes, both JNP lobes were successfully zipped
with polymersomes, as shown by TEM (JNP-ac + Pol1-b + Pol1-d,
Fig. 4E and Fig. S11 A, B, Supporting Information, for additional
overview TEM micrographs; JNP-ac + Pol2-b + Pol2-d, Fig. 4F; JNP-
ac + Pol3-b + Pol3-d, Fig. 4G) and cryo-TEM (JNP-ac + Pol1-b + Pol1-
d, Fig. 4H and Fig. S12, Supporting Information, for additional
overview cryo-TEM images). By systematically changing the ratio of
JNPs to polymersomes, as estimated by nanoparticle tracking ana-
lysis (NTA), we found 1:5:5 (JNP-ac:Poli-b:Poli-d, i = 1-3) to be the
optimum ratio for the formation of JNP-polymersome clusters, and
only few un-clustered components remained (Fig. S13, Supporting
Information).

The average number of polymersomes attached to the NP lobes
was determined by analyzing the TEM micrographs of the clusters.

These results showed that 3-4 “small” polymersomes (Pol1 or Pol2,
R, = 100 nm) were bound to each lobe of JNP-ac, independent of the
chemical nature of the lobe or the polymersome composition
(Fig. 4A, C, E and Fig. S14A, Supporting Information). However, only
~2 polymersomes per lobe were bound to JNPs with the larger Pol3
(Rn = 200 nm, Fig. 4B, D, F and Fig. S13B, Supporting Information).
Since neither the ssDNA surface density on the JNP lobes nor on the
polymersomes resulted in any difference, the overall composition of
the clusters is essentially controlled by the size of the polymersomes
within the parameter space explored here.

A unique advantage of combining “hard” and “soft” nano-objects
is that JNPs provide a clear separation between orthogonal binding
sites, while the polymersome membrane can both adapt to max-
imize the contact area and allows ssDNA strands to migrate to the
site of adhesion. [61,90] This process enables a stronger and tighter
contact between the components of the clusters than is possible
between “hard” spheres. In addition, it permits the formation of
clusters with a controlled upper size limit, which is not the case for
DNA-mediated liposome cluster formation, for which aggregation
has been observed. [32] However, the mobility of ssDNA strands
within the membrane [61,91] results in a complex interplay of in-
teractions compared to interactions among hard nanoparticles. [51]
In polymersome-only clusters, the membranes are slightly de-
formed, flattening out in the contact region, [61,91] and this de-
formation is even higher with JNP-polymersome clusters (Fig. 4G).
The physical stress that occurs when polymersomes attach to the
JNPs is most pronounced near the edge of the adhesion zone, where
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Fig. 5. Interaction of JNP-polymersome clusters with HeLa and HEK293T cells. (A) CLSM micrographs of HeLa and HEK293T cells after 24 h incubation with JNP-polymersome
clusters. Atto488 channel: Atto488-Pol2-b (turquoise); Cy5 channel: Cy5-Pol2-d (magenta). The merged channel shows colocalization of both encapsulated dyes appearing in
white, and additionally stained cell nuclei (Hoechst 33342, blue) and cell membranes (wheat germ agglutinin-Alexa Fluor 555, orange). Scale bars =20 pm. (B) 3D projection of
combined CLSM micrographs, showing accumulation of JNP-polymersome clusters on the surface of HeLa cells. Left: raw fluorescence of: cell nuclei (blue), cell membrane
(orange), polymersomes Atto488-Pol2-b (turquoise) and Cy5-Pol2-d (magenta), colocalization of both visible in white. Right: fluorescence of polymersomes and cell nuclei

reconstructed using IMARIS and raw fluorescence of cell membrane.

the membrane must make the transition from its natural curvature
to relatively sharp angles in order to conform to the hard JNPs sur-
face. However, the flexibility of the polymersome membrane based
on PDMS-b-PMOXA enables cluster formation without membrane
rupture.

To investigate the influence of the DNA zipping on the de-
formation of polymersomes upon cluster formation, we used sSDNA
strands with different lengths. The length was increased by re-
peating the initial 22-nucleotide binding sequence from a/b, c/d,
doubling (a2/b2, ¢2/d2) or quadrupling (a4/b4, c4/d4) the initial
dsDNA linker length of ~7 nm [61] (Table ST and S2). When ssDNA-
functionalized JNPs (JNP-a2c2 and JNP-a4c4) were combined with
complementary ssDNA-bearing polymersomes (Pol1-b2/Pol1-d2
and Pol1-b4/Pol1-d4, respectively), the clusters preserved the
polymersome integrity and the average number of polymersomes
per JNP lobe matched those observed for shorter strands (Table S4-
S8, Fig. S15-518, Supporting Information). As expected, an increase in
DNA length induced a decrease in the adhesion area between
polymersomes and JNPs, and reduced the membrane deformation
(Table S9, Supporting Information). To establish a lower boundary
for the number of ssDNA strands participating in the zipping

process, we measured the polymersome-JNP adhesion areas from
TEM micrographs (Table S9, Supporting Information). Calculating the
JNP ssDNA surface density and assuming a uniform distribution of
ssDNA on the JNP lobes, we estimated the number of ssDNA strands
present in the adhesion area. Just <20% of polymersome ssDNA
strands were involved in cluster formation (Table S10, Supporting
Information), with more ssDNA strands per polymersome partici-
pating in binding to the acid lobe than to the azide lobe of JNPs
(Table S9, Supporting Information). Thus, there is a significant frac-
tion of ssDNA strands that are not involved in cluster formation and
remain free for participation in further interactions, e.g. with cell
receptors.

Loading of JNP-polymersome clusters and in vitro studies

With the aim of exploring possible applications of JNP-poly-
mersome clusters, we loaded polymersomes with dyes as model
molecules for low molecular weight cargo (e.g. drugs or contrast
agents). Loading of different molecules in each polymersome type
(Poli-b and Poli-d, i = 1-3) instead of co-encapsulation in one
polymersome will both increase the encapsulation efficiency and



V. Mihali, M. Skowicki, D. Messmer et al.

avoid inactivation/denaturation of sensitive molecules when located
in the same compartment.

Doubly ssDNA-functionalized JNPs (JNP-ac) formed clusters
when combined with two differently dye-loaded polymersomes
(Atto488-Pol2-b and Cy5-Pol2-d) as indicated by TEM (Fig. 41). The
simultaneous and directed zipping of both dye-loaded polymer-
somes to the corresponding lobes of the JNPs was indicated by the
colocalization of the fluorescent signals associated with the dyes in
CLSM  micrographs (Fig. 4] and Fig. S19-S20, Supporting
Information). The dye-loaded polymersomes preserved their in-
tegrity upon cluster formation, as there was no fluorescent back-
ground associated with dye release (Fig. S20, Supporting
Information). Then, we investigated the cell toxicity of the clusters
using an MTS cell viability assay and observed no significant toxicity
of the clusters or their components on HeLa cells up to concentra-
tions of 40 pgmL™! (see Methods and Fig. 521 in the Supporting
Information).

To understand how the clusters interact with the cells, we se-
lected HeLa and HEK293T cell lines, as their expression of scavenger
receptors and receptor-mediated interaction with DNA-functiona-
lized carriers have been studied previously. [57,92] First, we in-
vestigated dye-loaded polymersomes without and with ssDNA
functionalization (Atto488-Pol2 and Atto488-Pol2-d, respectively).
For both cell lines, only polymersomes with exposed ssDNA adhered
to the cell membrane (Fig. S22, Supporting Information), consistent
with previous reports. [57,92] JNP-polymersome clusters (JNP-ac +
Atto488-Pol2-b + Cy5-Pol2-d) accumulated on the cell membranes
of both cell lines, and colocalization of the fluorescence from the two
polymersome-encapsulated dyes shows that the clusters preserved
their architecture even in the complex extracellular environment
(Fig. 5). Then, based on the hypothesis that scavenger receptors (SR)
mediate the cluster-cell interaction, we used polyinosinic acid
(Polyl) as a competitive SR inhibitor. A significant decrease in the
accumulation of the JNP-polymersome clusters on HeLa cells was
observed with increasing inhibitor concentration (0-50 pg mL™?, Fig.
$23, Supporting Information). At [Polyl] = 50 pg mL™!, the clusters did
not bind at all, indicating that SR plays a key role in the cluster-cell
interaction. The difference in accumulation of clusters between
HEK293T and HelLa cells might consequently result from differing
levels of SR expression.

Conclusions

In summary, we have introduced a general strategy for the pro-
grammable production of hybrid “hard/soft” clusters comprised of
dissimilar nanoassemblies and self-organized by DNA hybridization.
These clusters with the directional organization of a molecular fac-
tory enable the simultaneous co-encapsulation of different mole-
cules without affecting the properties or functionality of the cargo,
due to controlled spatial segregation. “Hard” Janus nanoparticles
with orthogonally addressable lobes enable directional interaction
with “soft” polymersomes. By exploring different factors influencing
the self-organization process, we have demonstrated that the final
composition of the clusters is mainly controlled by the size of the
polymersomes. Moreover, although the polymersome membrane is
significantly deformed upon cluster formation, it remains intact due
to its inherent flexibility and mechanical robustness. The clusters
combine a number of properties key for applications in biomedicine:
first, they preserve the constituent polymersomes’ integrity even in
complex media, maintaining the encapsulation of enclosed cargo.
Second, the clusters or their components are not cytotoxic and in-
teract specifically with cells. Third, the JNP-polymersome hier-
archical self-organization enables great compositional modularity as
a key element for future biomedical applications. In combination,
these favorable features predestines the JNP-polymersome clusters
for sophisticated applications e.g. in correlative imaging, [18] as

Nano Today 48 (2023) 101741

agents in nanotheranostics, [86] the co-delivery of pharmaceutically
active species without the need of specifically developing combi-
nation formulations, [76,77,93] for enzymatic signaling cascades,
[94] or for probing the extracellular matrix. [95].
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