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Hollow nanocapsules (named Hybridosomes®) possessing a polymer/nanoparticle shell were used to
covalently construct hybrid films in a one-pot fashion. The alkyne bearing organic/inorganic Hybridosomes™
were reticulated with azide bearing homobifunctional polyethyleneglycol (PEG) linkers, by using an
electro-click reaction on F-SnO, (FTO) electrodes. The coatings were obtained by promoting the
Cu(l)-catalyzed click reaction between alkyne and azide moieties in the vicinity of the electrode by the
electrochemical generation of Cu(l) ions. The physicochemical properties of the covalently reticulated
hybrid films obtained were studied by SEM, AFM, UV-vis and fluorescence spectroscopy. The one-pot
covalent click reaction between the nanocapsules and the PEG linkers in the film did not affect the
desirable features of the Hybridosomes® i.e. their hollow nanostructure their chemical versatility and their
pH-sensitivity. Consequently, both the composition and the cargo-loading of the Hybridosomes® films
could be tuned, demonstrating the versatility of these hybrid coatings. For example, the Hybridosome®
films were used to encapsulate and release a bodipy fluorescent probe in response to either a pH drop or
the application of an oxidative +1 V potential (vs. Ag/AgCl) at the substrate. By advancing the field of
electro-synthesized films a step further toward the design of complex physicochemical interfaces, these
results open perspectives for multifunctional coatings where chemical versatility, controllable stability and
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and energy storage.® In this regard, two main challenges have
emerged: achieving the one-pot deposition of coatings and con-
trolling their structure at the nanoscale.”** For instance, films
containing nanocapsules have attracted significant interest

1. Introduction

Over the past several decades, the continuous development of
smart and active interfaces has highlighted the requirement for

multifunctional coatings. This has triggered the development
of several deposition strategies including layer-by-layer films,"
self-assembled monolayers,>® and various electro-synthesis
techniques®™® with applications in fields including biomaterials’
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as they allow developing biomaterials,"® sensors,'* and energy
storage devices. For the latter application, the use of porous
capsules deposited over electrodes enables accommodating the
large volume change accompanying the electrochemical cycles.'
In the case of delivery devices, the surface trapping of intact
vesicles or nanocapsules remains a challenge for preserving their
cargo."® Indeed, membrane rupture may occur, and in this
regard the mechanical properties of the capsule are important.
For applications that rely on the amount of released substances,
such as drug delivery or sensors, improving the loading capacity
of the film is beneficial. To this aim, 3D constructs obtained by
direct immobilization of capsules are desirable."” Early attempts
included the layer-by-layer deposition of cerasome and liposome-
containing films."®° Here we report on the one-pot construc-
tion of hybrid hollow nanocapsule films that are able to release
their encapsulated cargo in response to either a pH or an
electrochemical stimulus. The recently reported 100 nm diameter
hybrid nanocapsules, named Hybridosomes®,?***> have been
used as hollow building blocks for assembling the film by
reticulation via a localized coupling reaction. Possessing an
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Fig.1 Concept of Hybridosomes® films covalently assembled by using
electro-click chemistry. (a) Schematic depiction, TEM and SEM of deflated
hybridosome nanocapsules composed of iron oxide nanoparticles (IONPs)
and polyacrylic acid. (b) Schematic representation of the electro-click
process, allowing the construction of films on PEI-C=CH pre-coated
electrodes, by using alkyne-functionalized hybridosomes and azide homo-
bifunctional PEG linkers as building blocks in the presence of an electro-
generated Cu()) catalyst. (c) SEM micrograph of a typical hybridosome film
in the dried state. The film was constructed by electro-click after 800 CV
cycles (0.2 V to 0.6 V vs. Ag/AgCL, 50 mV s7%) in the presence of 4.5 x
10° hybridosomes per mL, 0.1 mg mL™* N3-PEG-Nz and 0.6 mM CuSQy, at
pH 3.5. (d) Typical 3D view of the corresponding scratched film measured
by AFM in the dry state and contact mode.

hybrid shell composed of 5 nm inorganic nanoparticles (NPs)
crosslinked by polyacrylic acid (Fig. 1a and Fig. S1, Video S1,
ESIT), hybridosomes represent a new class of hollow nano-
carriers with several levels of versatility arising from the individ-
ual characteristics of their organic and inorganic components
and from their hollow structure. For instance, these versatile
nanocapsules can be prepared from iron oxide nanoparticles
(IONPs), gold nanoparticles, quantum dots (QDs) and their
mixtures. The polymer crosslinkers in hybridosomes can be
chemically modified to append a chemical recognition or reactive
function. These capsules exhibit a narrow size distribution
(ca. 100 nm in diameter) and their core can be used to encapsulate
substances. In addition, they exhibit outstanding mechanical
properties, combining deformability and memory shape
recovery.”® To assemble the film in one pot, hybridosomes
bearing alkyne moieties (functional polyacrylic acid PAA-C=CH)
were reticulated by electro-click reaction with azide bearing
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homobifunctional polyethyleneglycol (N3;-PEG-N3) linkers on
F-SnO, (FTO) electrodes. A poly(ethyleneimine)-alkyne (PEI-C=CH)
pre-coating layer was used to promote the film buildup. This
film assembling process, illustrated on Fig. 1b, was performed
by electrochemically generating Cu(i) ions, allowing the occur-
rence of a Cu(i)-catalyzed alkyne-azide click reaction (CuAAC)
between the building blocks.>*"*® Such an “electro-click” reaction
allows the construction of polymeric,*® organic>” and inorganic®®
films on electrodes, including with supramolecular interactions®
and with pattern control.>***" In this context, the physicochemical
properties of electro-clicked hybridosome coatings are advancing
the field of electro-synthesized films a step further, by enabling
performing molecular encapsulation and subsequent stimuli-
responsive release.

2. Results and discussion
2.1 Proof of concept

Both Hybridosome™ nanocapsules and electro-click chemistry
are emergent concepts useful for providing functional yet
versatile materials.”"*® Hybridosomes are a new class of hybrid
nanocapsules that combine the features of both inorganic
nanoparticles and the polymer chains contained in their shells.
Here hybridosomes based on maghemite IONPs and PAA-
C=CH have been used as clickable building blocks.** In our
previous work, such hybridosomes inherited magnetic properties
from their IONP components, facilitating their purification.*?
Electro-click chemistry is now a recognized method for achieving
a spatially confined covalent reaction between both organic and
inorganic functional building blocks, resulting in the formation
of engineered interfaces.”®***® The concept introduced here is
based on the assembly of hybridosome nanocapsules into
covalent coatings by using the electro-click approach, while
preserving the remarkable features of the hybridosomes. A 6%
alkyne functionalized polyacrylic acid (PAA-C= CH) (synthesis
and characterization of the functional polymers is described in
Schemes S1, S2 and Fig. S2, ESIt) was used to decorate the
hybridosomes with click-suitable moieties. The resulting nano-
capsules were covalently coupled with azide homobifunctional
PEG linkers (N3;-PEG-N;) in the vicinity of a PEI-C=CH
pre-coated FTO electrode (Fig. 1b). The local catalysis of the
alkyne-azide Huisgen cycloaddition reaction was made possible
by locally generating Cu(1) ions from Cu(u) in solution, by using
cyclic voltammetry (CV). This process resulted in the construc-
tion of films composed of hybridosome nanocapsules covalently
reticulated with PEG linkers.

Scanning electronic microscopy (SEM) investigations of the
resulting electrodes reveal the stacking of several nanocapsules,
forming a film (Fig. 1c) whose thickness, measured by atomic
force microscopy (AFM) in the dried state, exceeded 850 nm
after 800 CV cycles (Fig. 1d). Such a thickness value corresponds
approximately to the stacking of 10 layers of hybridosomes
since the dried nanocapsules, as seen by AFM, are approxi-
mately 70 nm thick. To demonstrate that this film construction
can be attributed to the occurrence of the alkyne-azide Huisgen
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cycloaddition between the functional building blocks, control
experiments were performed (Fig. S3, ESIT). When one compo-
nent required for the click reaction was removed, i.e. either the
copper ions, the N3-PEG-N; linkers or the CV required to gene-
rate the Cu() catalyst, no film construction was observed. This
implies that the coating growth originates from the covalent
“click” reaction between the functional hybridosomes and
N;-PEG-N; linkers.?® To further confirm this trend, Attenuated
Total Reflectance Fourier-Transform InfraRed spectroscopy
(ATR-FTIR) was performed on the film and compared with
the spectrum of its organic components, i.e. the N;-PEG-N;
linkers, the PAA-C=CH from the clickable hybridosomes and
the PEI-C =CH from the pre-coating layer. The spectrum of the
electro-clicked hybridosome coatings exhibited typical absorp-
tion bands of all these components, confirming their inclusion
in the film (Fig. S4, ESIt). Interestingly, the intense absorption
peak of the azide groups, visible on the spectrum of N;-PEG-N;
at 2100 cm ™', was absent from the spectrum of the film, in
contrast to the absorption peaks of the ethylene oxide group of
PEG at 1060 cm ', further confirming the occurrence of the
click reaction.>*””

2.2 Hybridosome® films construction and growth
mechanism

The growth mechanism of the IONP-based hybridosome films
was investigated by SEM microscopy after 25, 100 and 800 CV
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cycles (Fig. 2). At each stage, a rough evaluation of the film
surface coverage was performed by thresholding the micro-
graphs. Several germination points emerged at the early growth
stages, achieving a surface coverage of around 11%, as calculated
from Fig. 2a. When the buildup was allowed to proceed further,
the film growth achieved percolation, reaching a surface coverage
of 75% after 100 CV cycles (calculated from Fig. 2b) and above
90% after 800 cycles (calculated from Fig. 2c¢). In addition to this
topological evolution, the thickness of the film increased to
850 nm after 800 CV cycles (Fig. 2d, e and Fig. S5, ESIt). The
roughness of the films was estimated by calculating the RMS
from the AFM data of the film thickness on covered areas
(Table S1, ESIt). High roughness values were obtained which
seem to correlate with the use of bifunctional PEG linkers, as
was observed in our previous study and by El Haitami et al.>”**
When the hybridosomes were adsorbed on the PEI-C=CH
coated electrode (0 CV cycles), the surface topography exhibited
nodes around 70 nm thick corresponding to the thickness
previously measured by AFM for single dried hybridosomes
(Fig. 2d, black line). Single hybridosomes seem thus able to
adsorb on the PEI-C = CH-coated electrode in the absence of
the electro-click reaction without leading either to any signifi-
cant surface coverage or to the stacking of several nanocapsules
(Fig. S3c, ESIT). In contrast, when the electro-click construction
was performed for 25 CV cycles, the emergence of 200-300 nm
thick structures was observed, suggesting that stacks of three to
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Fig. 2 Germination and growth of covalently reticulated Hybridosome® films. SEM micrographs of hybridosome films on FTO after 25 (a), 100 (b) and
800 (c) CV cycles (—0.2 V to 0.6 V vs. Ag/AgCL, 50 mV s in the presence of 4.5 x 10° hybridosomes per mL, 0.1 mg mL™* N3-PEG-Nz and 0.6 mM
CuSOy4 at pH 3.5. (d) Cross-sectional profiles of hybridosome films, measured by AFM in the dry state and contact mode, after O (black line), 25 (blue line),
100 (green line) and 800 (red line) CV cycles. (e) Evolution of the thickness of the corresponding films in the dry state.
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four layers of hybridosomes had already formed (Fig. 2d, blue
line). After a larger number of electro-click CV cycles, both the
surface coverage and the thickness of the coating increased,
reaching respectively 90% and 850 nm after 800 CV cycles in the
dried state (Fig. 2d, green and red lines). At the same time, the
intensity of the oxidation peak of copper on the electro-click
voltammogram decreased with the number of cycles, indicating
the insulating nature of the film, as expected for a polymer/
maghemite composite film (Fig. S5, ESIt). These results are in
accordance with previous studies where the electro-click con-
struction relied exclusively on polymers. This confirms that the
range of building blocks that can be used for assembling
electro-clicked films can be extended to hybridosomes, leading
to both the germination and growth of films based on multiple
layers of covalently reticulated nanocapsules with both a tunable
surface coverage and thickness.

2.3 Preservation of Hybridosome® properties in the film

Hybridosomes are promising building blocks for designing
materials due to their chemical versatility,> their hybrid
polymer/NP composition and their hollow structure. Preserving
these features when the hybridosomes are integrated in electro-
clicked coatings is thus desirable. The stability of the nanocapsules
against the electrochemical conditions used for assembling the
films was investigated by applying a CV to an IONP-based hybrido-
somes dispersion. The absence of any faradic current measured in
the (—0.2 V to 0.6 V) CV window indicated the electrochemical
stability of the hybridosomes (Fig. S7a, ESIf). The structural
stability of these building blocks was investigated by measuring
the size-distribution of the nanocapsules by SEM and scanning
transmission electronic microscopy (STEM), both before and after
their incorporation into the films (Fig. S7b, ESIt). The size
distribution of the hybridosomes did not significantly change after
their incorporation in the electro-clicked coatings with the average
diameter increasing from 114 nm (+/—22 nm) to 122 nm
(+/—21 nm). The hybridosome building blocks thus exhibit good
structural tolerance to the electro-click synthesis conditions, lead-
ing to hybrid films with a hollow nanostructure. The chemical
composition of the IONP-based hybridosome films was deter-
mined by using Energy Dispersive X-ray (EDX) spectroscopy
(Fig. S8, ESIT). The detection of oxygen, carbon, nitrogen and iron
indicate the presence of the polymeric (PAA-C= CH, PEI-C=CH,
N3-PEG-N;) and inorganic (IONPs) components in the film. The
hybrid nature of the electro-clicked hybridosomes films was thus
confirmed. Since the hybridosomes can be synthesized by using a
large range of NPs,*" the transferability of this chemical versatility
to the electro-clicked films was investigated. The possibility of
assembling nanocapsule films based on a different choice of NPs
would indeed open perspectives in several fields of applications
including catalysis,”*™** energy storage,'>** optoelectronics,**
sensing®® and controlled release®*® For example, another type
of hybridosome has been synthesized by using CdSe@ZnS QD,
IONPs and PAA-C=CH as building blocks. The resulting hybri-
dosomes exhibit the same morphology as nanocapsules entirely
composed of IONPs. However, as expected, their EDX analysis
indicates the presence of Zn, Se, Cd and S elements contained in
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Fig. 3 Chemical composition of films based on QD-containing
Hybridosomes®. (a) Schematic depiction, TEM micrograph and corres-
ponding EDX analysis of hybridosome nanocapsules composed of
CdSe@ZnS quantum dots (green), IONPs (yellow) and PAA-C=CH (red).
(b) SEM micrographs and EDX analysis of the corresponding films obtained
after 800 CV cycles (—0.2 V to 0.6 V vs. Ag/AgCL, 50 mV s73) in the
presence of 4.5 x 10° hybridosomes per mL, 0.1 mg mL~! N3-PEG-N3 and
0.6 mM CuSOy at pH 3.5.

the QDs (Fig. 3a). When such hybridosomes were used as building-
blocks in the electro-click process, the coatings obtained presented
similar morphological properties as films assembled from IONP-
based hybridosomes (Fig. 3b). Chemical analysis of these films, by
using EDX, revealed the presence of Fe, O, Zn, Se, S confirming the
inclusion of both IONPs and CdSe@ZnS QDs in the coating. These
results demonstrated how the films can inherit the chemical
versatility of the hybridosomes and their nanostructural features.

2.4 Encapsulation abilities of Hybridosomes®

The preservation of the hybridosome nanostructure in the
interior of electro-clicked films suggests applications in several
fields including the encapsulation and release of hydrophobic
compounds.”" As a proof of concept, a fluorescent bodipy probe
was encapsulated into the hybridosomes during their synthesis.
The UV-visible absorbance spectrum of the resulting bodipy-
loaded hybridosome dispersion was compared with the spectrum
of both bodipy and empty hybridosome dispersions in water
(Fig. S9a, ESIf). Both bodipy-containing samples exhibited a
similar UV-vis absorption spectrum marked by the emergence of
two prominent absorbance bands localized at 502 nm and 532 nm.
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These peaks were absent from the spectrum of empty hybrido-
some dispersions, suggesting that the encapsulation process was
successful and did not significantly modify the chemical proper-
ties of the probe. The fluorescence properties of bodipy-loaded
hybridosome dispersions were compared with the spectra of
bodipy in a good solvent (tetrahydrofuran, THF) and in water
where bodipy is poorly soluble (Fig. S9b, ESIt). A single fluores-
cence peak localized at 540 nm was observed for the well-
dissolved bodipy in THF. In contrast, the spectrum of bodipy in
water was marked by the emergence of 2 broad emission peaks at
560 nm and 625 nm, indicating the formation of J-aggregates.*®
Interestingly the spectrum of bodipy-loaded hybridosome disper-
sions exhibited a main peak around 540 nm and a shoulder
around 565 nm, demonstrating that the encapsulation process
largely inhibits the aggregation of bodipy (Fig. S9b, ESIt). The
loading efficiency of bodipy in hybridosomes was estimated at
ca. 73% from absorbance measurements at 540 nm (Fig. S10,
ESIT). From this measurement, we calculate roughly that the
stoichiometry is of 3 encapsulated bodipy molecules for 1 Fe
atom. Importantly, when bodipy-loaded hybridosomes under-
went further washings, the supernatant was completely clear of
bodipy, indicating that the encapsulated dye does not leak
spontaneously.

2.5 Features of bodipy-encapsulated Hybridosome® films

Using bodipy-loaded hybridosomes instead of “empty” nano-
capsules for assembling the films did not change the morphology
of the obtained coatings (Fig. 4a). To probe further the integrity of
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the hybridosomes integrated in electro-clicked films, the spectral
features of bodipy-loaded hybridosome coatings were investigated
in the dry state and compared with bodipy and bodipy-loaded
nanocapsules drop-casted on FTO (Fig. 4b and c). On the one
hand, the UV-vis absorbance spectra of all films exhibited similar
characteristics with two prominent peaks at 502 nm and 532 nm,
confirming the inclusion of bodipy in the films. Probe aggregation
during drying was signalled by the appearance of a new absorp-
tion band at 680 nm (Fig. 4b). On the other hand, the fluorescence
spectra of these films exhibited significant differences (Fig. 4c).
The spectrum of the drop-casted bodipy films was comparable to
the emission spectrum of bodipy in water, confirming that
aggregation already was occurring in solution. However, bodipy-
loaded hybridosomes films, either drop-casted or electro-clicked,
exhibited a broad emission band around 565 nm, corresponding
to the aggregate component already observed in the spectrum of
bodipy-loaded hybridosome dispersions (Fig. 4c and Fig. S9b,
ESIt). Free bodipy was thus absent from the hybridosome films,
suggesting the absence of bodipy leaking from the nanocapsules
during the electro-click process. These results confirm that the
electro-click process with bodipy-loaded hybridosomes not only
preserves the nanocapsule integrity but also its cargo content. The
relationship between the composition of the building mixture and
the resulting electro-clicked films was investigated by mixing both
empty (E) and bodipy-loaded (L) hybridosome batches at different
ratios. When the L/E ratio increased from 0% (pure empty
hybridosomes) to 10%, 50% and 90%, a fluorescence emission
peak emerged and increased in intensity between 660 and 670 nm,
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Fig. 4 Bodipy-encapsulated Hybridosome® films. (a) Typical SEM micrographs of bodipy-loaded hybridosome films after 800 CV cycles. (b) UV-visible
absorbance spectra and (c) fluorescence spectra in the dry state (Lexc at 480 nm) of bodipy (black line), drop-casted bodipy-loaded hybridosome
(blue line) and an electro-clicked film based on bodipy-loaded hybridosomes (red line). (d) Fluorescence spectra in the dry state (Lexc at 480 nm) of
electro-clicked hybridosome films obtained from building mixtures containing 0% (green line), 10% (black line), 50% (blue line) and 90% (red line) bodipy-

loaded hybridosomes.

This journal is © the Owner Societies 2018

Phys. Chem. Chem. Phys., 2018, 20, 2761-2770 | 2765


http://dx.doi.org/10.1039/c7cp07506e

Published on 18 December 2017. Downloaded by Trinity College Dublin on 9/14/2018 3:31:17 PM.

Paper

demonstrating the presence of increasing quantities of bodipy
in the films (Fig. 4d).

The area of the corresponding peaks increased accordingly,
suggesting the absence of quenching when the L/E ratio was
increased (Fig. S11, ESIf). The interaction of the fluorophore
with itself seems thus to remain constant, supporting the
hypothesis that the probe is encapsulated inside separated
compartments within the film.*” The simultaneous incorpora-
tion of several types of nanocapsules in the films, with a
tunable ratio, seems thus possible. The hybridosome electro-
clicked films constitute therefore a promising candidate
for designing multiple-loaded coatings and multifunctional
interfaces.

2.6 Stimulus-induced destabilization of Hybridosomes®

films

The stability of the electro-clicked nanocapsules was probed by
using pH drops as an external stimulus. The effect of decreas-
ing the pH from pH 4 to pH 1 was first studied on hybridosome
dispersions and resulted in a two-step destabilization. At pH 3,
many nanocapsules were destabilized and were reorganized
into larger structures up to several microns in size (Fig. S12,
ESIT). pH 3 coincides with the full protonation point of the
carboxylic groups of PAA chains, causing decreased polymer
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solubility in water, and reducing its ability to act as a colloidal
stabilizer. This effect was recently reported as being responsible
for the aggregation of PAA-coated silver and TiO, nanoparticles
at acidic pH."®*° This destabilization of the hybridosome
dispersions at pH 3 illustrates how these nanocapsules inherit
the properties of their polymer component.>! When the pH of
hybridosome dispersions was decreased further to pH 1, the
nanocapsules could no longer be observed and the morphology
of the dispersed material dramatically changed (Fig. S12, ESIf).
Although the IONPs composing the hybridosomes are thermo-
dynamically unstable at both pH 1 and pH 3, their dissolution
kinetic is faster at pH 1. This illustrates how the hybridosomes
also inherit properties of their inorganic components.”®*" The
pH-sensitivity of the electro-clicked hybridosome films was also
investigated at pH 3, 2.5 and 1, confirming the trend observed
in dispersion (Fig. S13, ESIY). Interestingly, the coatings were
destabilized after soaking for 15 min in a pH 2.5 solution
instead of pH 3 for the nanocapsule dispersions. This suggests
that the nanocapsules are better stabilized in the film environ-
ment. However, the aggregated hybridosomes were still clearly
visible in the film at this pH value. In contrast, at pH 1, the
morphology of the hybridosome films observed by SEM was
marked by the absence of nanocapsules, in agreement with
results obtained with the hybridosome dispersions.
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Fig. 5 Electro-triggered release abilities of electro-clicked Hybridosomes® films. SEM micrographs (a and b) and fluorescence spectra (leyc at 480 nm)
in the dry state (c and d) of bodipy-loaded hybridosome films assembled on FTO (black line) and of the corresponding supernatant (red line) before
(a and c) and after (b and d) application of +1 V potential (vs. Ag/AgCl) for 15 minutes in a 0.1 M NaCl solution.
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2.7 Destabilization of bodipy-loaded Hybridosome® films

When bodipy-loaded nanocapsule films were brought into con-
tact with a pH 1 HCI solution, the partial dissolution of the
coating was also observed (Fig. S14a and b, ESIt). As a result,
bodipy encapsulated in the film was released into the super-
natant, which exhibited a fluorescence emission peak around
560 nm while the fluorescence of the film dramatically decreased
(Fig. S14c and d, ESIf). By comparing the emission peak areas of
the films before and after acidic treatment, the release rate of
bodipy was estimated to exceed 95%. This result demonstrates
the ability of the hybridosome films to encapsulate and release
molecules upon a direct pH change of the environment. Since
these films are electro-clicked on conducting substrates, the
possibility of destabilizing the coating by an electrochemically-
induced reduction of local pH was also investigated (Fig. 5). This
approach, which consists of generating a proton gradient near
the electrode by water electrolysis, has been reportedly used
for the assembly and dissolution of the pH-sensitive polymer
films.”>™* Such a localized and easily controllable dissolution
process is expected to trigger applications in the field of the
localized release of medical drugs, for instance by using implant-
able microelectrodes.>®® A potential of +1 V (vs. Ag/AgCl, 0.1 M
NacCl) was applied for 15 min to an electro-clicked hybridosome
film constructed on FTO in order to generate a proton gradient
at the electrode.®® This treatment resulted in the destabilization
of the coating as testified by the disappearance of the nano-
capsules from the surface at a low SEM magnification (Fig. 5a
and b). When higher magnifications were used, severely dis-
organized and fused hybridosomes were visible on SEM micro-
graphs, leading to the loss of their nanostructure (Fig. S15, ESIT).
This result was similar to the one obtained with hybridosomes
dispersions at pH 3 and films soaked at pH 2.5 (Fig. S12 and $13,
ESIt). Both the coated electrodes and their supernatant were
studied by fluorescence spectroscopy (dex at 480 nm) prior to
and following the electrochemical stimulus. Before water elec-
trolysis, no fluorescence was measured in the supernatant while
the coated electrode exhibited an emission peak centered at
568 nm, indicating the presence of encapsulated bodipy (Fig. 5c,
black line). After 15 min of water electrolysis, the fluorescence
intensity of the electrode dramatically decreased while the super-
natant exhibited two broad emission peaks centered at 550 and
570 nm indicating the release of aggregated bodipy in the
aqueous supernatant (Fig. 5d). The release rate, estimated from
the emission peak area of the film, exceeded 99%. These two
methods for destabilizing electro-click hybridosome films sug-
gest their application in the directed release of encapsulated
molecules in response to either a global pH change or localized
water electrolysis.

3. Conclusion

Nanocapsule films composed of hollow PAA/IONPs nanocap-
sules and PEG linkers were assembled on FTO electrodes by
electro-click cross-linking of organic/inorganic Hybridosomes®.
The growth of the film followed a germination/percolation
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mechanism, allowing tuning both the surface coverage (calcu-
lated from 520 pm” area micrographs) and the thickness of the
films. After 800 CV cycles, a surface coverage exceeding 90% and
a film thickness over 850 nm were achieved. This work clearly
demonstrates that the mild physicochemical conditions required
by the electro-click approach do not alter the chemical and
structural properties of the hybridosome nanocapsules.
Consequently, both the composition and the loading of the
nanocapsules could be changed, demonstrating the versatility and
encapsulation abilities of the hybridosome films. For example, a
bodipy probe was successfully encapsulated in the hybridosomes
and preserved upon the film construction. When a mixture of
both bodipy-loaded and empty nanocapsules were used to assem-
ble the film, the coating composition reflected the stoichiometry
found in solution. The corresponding coatings could be destabi-
lized by using either a pH or an electrochemical stimulus;
releasing more than 95% of their fluorescent content within
15 min. By advancing the field of electro-synthesized films a
step further toward the design of complex physicochemical
interfaces, these results open perspectives for multifunctional
coatings where a chemical versatility, a controllable stability
and a hollow nanostructure are required.

4. Experimental

Materials

Copper sulfate pentahydrate (CuSO, x 5H,0, M =249.7 g mol %,
CAS 7758-99-8), branched polyethyleneimine (M = 25 kDa, CAS
9002-98-6), polyacrylic acid (M = 450 kDa, CAS 9003-01-4),
amino-EG,-alkyne (M = 231.3 g mol ', CAS 1013921-36-2),
10-undecynoic acid (M = 182.3 g mol !, CAS 2777-65-3), poly-
oxyethylene bis(azide) (M = 2050 g mol™', CAS 82055-94-5),
benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluoro-
phosphate (BOP, M = 442.28 g mol ', CAS 56602-33-6),
N,N-diisopropylethylamine (DIEA, M = 129.24 g mol ', CAS
7087-68-5), N,N-dimethylformamide (DMF, M = 73.09 g mol ",
CAS 68-12-2), and octadecylamine-coated CdSe@ZnS (product
number 790 192) were purchased from Sigma-Aldrich and used
as received. Tetrahydrofuran (THF, M = 72.10 g mol ', CAS
109-99-9) was purchased from VWR. Hydrochloric acid (HCI,
M = 36.46 g mol™', CAS 7647-01-0), and sodium hydroxide
(NaOH, M = 39.99 g mol ', CAS 122000-64-5) were purchased
from Wako. 4,4-Difluoro-8-(4'-trimethylsilylethynylphenyl)-1,3,5,7-
tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene (bodipy,
M = 476.2 g mol ") was kindly provided by O. Mongin (ISCR)
and synthesized following a reported procedure.”” FTO electro-
des were purchased from ALS, Japan. All aqueous solutions
were prepared with MilliQ water (18.2 MQ cm ™) purified using
a Purelab Prima system.

Synthesis of functional polymers

The synthesis of PAA-C=CH was adapted from our previous
work and entails grafting amino-EG,-alkyne on the polyacrylic
acid backbone.’® PAA (2 mmol) was dissolved in DMF (7 mL)
with BOP (142 pmol) under stirring for 10 m. Amino-EG,-alkyne
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(108 pmol) was dissolved in DMF (5 mL) and DIEA (2 mmol)
was added. After 90 minutes, the DMF was evaporated under
reduced pressure. The residue was dissolved in milliQ water,
and dialyzed (Spectra/Por, MWCO 12 kDa) against milliQ water
for 48 h and recovered by evaporation under reduced pressure
and freeze drying. The synthesis of PAA-C = CH was performed
by using an EDC/NHS approach. 10-Undecynoic acid (0.2 mmol)
was dissolved in dichloromethane (7 mL) with 3-fold molar
excess of (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride and hydroxysuccinimide. After 10 minutes stirring, PEI
(2 mmol) dissolved in dichloromethane (7 mL) was added and
the reaction was allowed to proceed for 90 minutes. The
dichloromethane was evaporated under reduced pressure.
The residue was dissolved in milliQ water, dialyzed (Spectra/
Por, MWCO 12 kDa) against milliQ water for 48 h and recovered
by evaporation under reduced pressure and freeze drying. The
functionalization degree of the obtained polymers was evalu-
ated by using NMR spectroscopy (ESIT).

Preparation of iron oxide based Hybridosomes® and
encapsulation step

The hybridosomes were elaborated as previously reported> by
using PAA-C=CH and the superparamagnetic iron oxide nano-
particles previously synthesized.®® In a typical process, THF
(100 pL) was added to a dispersion of iron oxide nanoparticles
(mge = 52.6 pg) followed by water (800 pL) then stirred. After
24 h, PAA-C=CH (2.1 mM) was added to the mixture before
solvent evaporation for 15 h at 40 °C. The resulting precipitate
was magnetically attracted and dispersed in milliQ water
(930 pL). The same procedure was used to synthesize mixed
iron oxide (IONP)/quantum dot (QD) hybridosomes by initially
mixing 50 pL (mge = 26.3 pg) of the iron oxide (IONP) dispersion
with 50 pL (mqp = 25 pg) of the quantum dot (QD) dispersion in
100 pL of THF. The encapsulation of bodipy in hybridosomes
was performed by adding 100 uL of a 1 mM bodipy in THF into
50 pL (mgpe = 26.3 pg) of the initial iron oxide (IONP) suspension.

Film construction

ITO and FTO electrodes were cleaned by dipping in 0.1 M
NaOH and 0.1 M HCI baths for 15 minutes followed by rinsing.
A PEI-C=CH pre-coating layer was deposited by dipping
(10 mg mL™") for 15 minutes and subsequent rinsing. The film
was constructed by applying a cyclic voltammetric current
(=200 mV to +600 mV vs. Ag/AgCl at 50 mV s~ " under stirring)
to the electrode in contact with a pH 3.5 solution containing
typically 4.5 x 10 hybridosomes per mL, 0.6 mM CuSO, and
0.1 mg mL~* N3-PEG-N;.

Film destabilization

Bodipy-loaded hybridosome films were first constructed by
using 800 CV cycles. The resulting coated electrodes were either
dipped in an HCI solution at the desired pH or subjected
to a +1 V potential (vs. Ag/AgCl, in a 0.1 M NaCl buffer) for
15 minutes. The supernatant was analyzed directly after the
process. The electrodes were rinsed with Milli-Q water and
dried before analysis.
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Cyclic voltammetry

A CHI model 613B potentiostat was used with a three-electrode
apparatus based on an ITO and FTO coated quartz as the
working electrode, a platinum wire as the counter electrode,
and an RE1S Ag/AgCl-based reference electrode. The electrodes
were purchased from ALS.

Fluorescence spectroscopy was performed using a JASCO
FP8500 spectrofluorometer.

NMR analysis of the functionalized polymers PEI-C=CH
and PAA-C=CH were performed in D,0 on a Bruker Avance III
HD 500 MHz spectrometer fitted with a Dual "H/**C probehead.

Atomic force microscopy (AFM) was performed by using an
AFM SPA400-SPI4000 (Seiko Instruments Inc., Chiba, Japan)
in contact mode and in the dried state with silicon nitride
cantilevers, spring constant of 0.08 N m~* (model SN-AF01S-
NTK-W10200326 from Seiko Instruments). Height images were
scanned at a fixed scan rate of 1 Hz. The thickness of the PEM
films was measured by imaging the coatings after scratching.
When possible, the AFM scanning direction was perpendi-
cular to the scratch. Data evaluation was performed by using
Gwyddion software. A plane-fit treatment was applied to the
scratched area of each image, and its minimum height was set
toz=0.

Scanning electron microscopy (SEM), scanning transmis-
sion electron microscopy (STEM) and energy-dispersive X-ray
spectroscopy (EDX) were performed using a Hitachi S-4800 at
accelerating voltages of 30 kV. The samples were observed
directly after 15 min drying under vacuum. The calculation of
the hybridosome size distribution analysis and film surface
coverage was performed from SEM and STEM data by using the
Image] software.

Transmission electron microscopy (TEM), energy-dispersive
X-ray spectroscopy (EDS) and tomography were performed using a
JEM-2100 (JEOL) transmission electron microscope (accelerating
voltage 200 kV) equipped with a CCD camera.

UV-visible spectroscopy was performed using a Shimadzu
(Japan) UV visible NIR spectrophotometer (model UV-3600).

Attenuated total reflection infrared spectroscopy (ATR-FTIR)
on the hybridosomes films and functionalized polymers was
performed by using a Thermo Scientific Nicolet 4700 apparatus
(UsA).

Nanoparticle tracker analysis (NTA) tracks individual trajec-
tories, allowing the calculation of the diffusion coefficient and
thus of the hydrodynamic diameter of each particle. NTA was
carried out with a Nanosight LM10 device system equipped with
a 40 mW laser working at 4 = 638 nm. Video sequences were
recorded via a CCD camera operating at 30 frames per second
and evaluated via the NANOSIGHT NTA 2.0 Analytical Software
Suite. The hybridosome suspensions at [Fe] ~ 50 pg mL™" are
washed two times after magnetic separation and diluted 100 times
before NTA analysis.
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