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Superstructures of water-dispersive hydrophobic
nanocrystals: specific properties

M. P. Pileni

Here, we describe water-soluble superstructures of hydrophobic nanocrystals that have been developed
in recent years. We will also report on some of their properties which are still in their infancy. One of
these structures, called “cluster structures”, consists of hydrophobic 3D superlattices of Co or Au
nanocrystals, covered with organic molecules acting like parachutes. The magnetic properties of Co
“cluster structures” a retained when the superstructures is dispersed in aqueous solution. With Au
“cluster structures”, the longer wavelength optical scattered spectra are very broad and red-shifted,
while at shorter wavelengths the localized surface plasmonic resonance of the scattered nanocrystals is
retained. Moreover, the maximum of the long-wavelength signal spectra is linearly dependent on the
increase in assembly size. The second superstructure was based on liquid—liquid instabilities favoring the
formation of FeszO4 nanocrystal shells (colloidosomes) filled or unfilled with Au 3D superlattices and
also spherical solid crystal structures are called supraballs. Colloidosomes and supraballs in contact with
cancer cells increase the density of nanocrystals in lysosomes and near the lysosomal membrane.
Importantly, the structure of their organization is maintained in lysosomes for up to 8 days after interna-
lization, while the initially dispersed hydrophilic nanocrystals are randomly aggregated. These two struc-
tures act as nanoheaters. Indeed, due to the dilution of the metallic phase, the penetration depth of
visible light is much greater than that of homogeneous metallic nanoparticles of similar size. This allows
for a high average heat load overall. Thus, the organic matrix acts as an internal reservoir for efficient
energy accumulation within a few hundred picoseconds. A similar behavior was observed with colloido-
somes, supraballs and “egg” structures, making these superstructures universal nanoheaters, and
the same behavior is not observed when they are not dispersed in water (dried and deposited on a
substrate). Note that colloidosomes and supraballs trigger local photothermal damage inaccessible to
isolated nanocrystals and not predicted by global temperature measurements.

Here, we show new 3D superstructures which are assemblies of water-dispersed hydrophobic nanocrystals. These superstructures function as universal
nanoheaters: individual nanocrystals absorb light, followed by rapid heating of the surrounding organic matrix. Therefore, the last step of the light-heat

conversion process ultimately results in the heating of the organic matrix of the ligand. This new photothermal property promotes certain technological

advances for the development and exploitation of energy release processes, a vital element for our modern society. Moreover, they possess the properties of both
nanocrystals and their (collective) assemblies without the disadvantages of dispersed nanoparticles (toxicity, stability, and uncontrolled aggregation). As is
known, the control of interactions between nanomaterials and cells remains a biomedical challenge. Here, we demonstrate that these superstructures self-

assemble in tumor cells with a marked increase in nanocrystal density near the lysosome membrane. These internalized superstructures form long chains

when subjected to a magnetic field. They target various compartments of the tumor microenvironment and trigger local photothermal damage inaccessible to
dispersed nanocrystals and not predicted by global temperature measurements. In conclusion, these superstructures have potential applications ranging from

biomedicine (hyperthermia, imaging, and drug targeting) to energy conversion (water splitting, H, dissociation, and production of new molecules and

new materials).

Introduction

More than two decades ago, controlling the size of colloidal
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because of their potential applications in various research
areas. To maintain their integrity and isolate themselves from
each other, these metals, semiconductors and other functional
nanomaterials are coated with molecules of organic surfac-
tants. Spontaneously, the nanocrystals self-assemble into 3D
superlattices. Due to the interdigitation of alkyl chains, the
average interparticle distance is close to the length of the
surfactant molecule. The size of the nanocrystals and the
solvent used to disperse them determine the final morphology
of the 3D superlattices with either a solution nucleation process
or layer-by-layer growth. Nucleation of 3D superlattices is
mainly driven by solvent-mediated interactions.> A conceptual
analogy has been observed between atomic crystals and 3D
superlattices of nanocrystals: atoms and atomic bonds are
replaced by incompressible nanocrystals and coating agents
acting as mechanical springs. The structures of the 3D super-
lattices are similar to those obtained with atomic crystals
(fee, hep or bee structures, negative crystals, quasi-crystalline
structures, and binary crystals)."*® These 3D superlattices
exhibit collective properties that are mainly due to dipole
interactions or intrinsic properties related to the order of the
nanocrystals.”>* Thus, for example, -the STM-induced photon
emission depends on the degree of integration of the nano-
crystals in the lattice site®® whereas, according to the nano-
crystal ordering, the electronic behavior evolves from Coulomb
blockade to ohmic resistance."®***° The intrinsic vibrational
properties of nanocrystals in the 3D superlattices have been
demonstrated.’®*' Nanocrystallinity, atomic packing in nano-
crystals with the formation of single domains or polycrystal-
line nanocrystals, plays a major role in the chemical and
physical properties of these 3D superlattices.*> Most of these
studies were obtained with dried superlattices deposited on a
substrate.
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To increase the potential applications, these 3D superlat-
tices with such magnificent properties must be dispersed in
aqueous solution. This would open applications towards the
release of energy which is a vital element for our modern
society. These new hybrids could be good candidates not only
for solar power generation and waste heat recovery, but also for
water heating, cooling or air conditioning, as well as for space
research and catalysis. Moreover, if we consider that cancer is
still one of the main causes of death in the world today, the
exploitation of heat release for medical treatments and more
precisely for cancer therapies represents another major human
challenge in our societies. Here, we give an overview of hydro-
philic superstructures of self-assembled hydrophobic nano-
crystals and describe some of their specific properties.

Preparation and specific properties
of various hybrid superstructures
dispersed in aqueous solutions

To create ‘“‘cluster’” structures, two steps must be carried out:

(i) Generate Au-shaped 3D superlattices. This is achieved by
controlling the affinity between the solvent and the coating
agent. Au nanocrystals coated with octadecane-thiol (C,3H3,SH)
are dispersed in toluene at 60 °C. The colloidal solution is
stored in a beaker under an atmosphere saturated with iso-
propanol. The trace of isopropanol acts as a non-solvent®1%3%3¢
inducing a marked increase in attractive interactions between
nanocrystals. Consequently, this favors the precipitation of
shaped aggregates with a flat surface, well-defined facets in
hexagonal symmetry and a fairly wide particle size distribution
(Fig. 1b and c).

(ii) Interdigitation processes bridging vesicles to prevent
shaped assemblies for precipitation. These processes promote
the dispersion of hydrophobic 3D superlattices in aqueous
solutions. The best interdigitation process is obtained
with long-tailed surfactant molecules. Therefore, 3D-shaped

Fig. 1 TEM image of 5.5 nm Au nanocrystals coated with hexadecanthiol
and deposited on a substrate (a). SEM images of 3D-shaped superlattices
(b) and (c) and “cluster” structures (d) and (e). TEM images of “cluster”
structures (f) and (g). Note the attachment of the vesicles forming cap-like
structures (f) and the highly ordered Au nanocrystals (g) observed at the
edge of superlattices and multi-layers of lipids attached parallel to the
superlattice surface. Source: N. Yang et al.>* ACS.
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superlattices (Cyg) are mixed with a methanol solution of
dipalmitoylphosphatidylcholine ([DPPC] = 10 mg mL™")- and
PEG2000-DOPE ([DPPC]/[PEG2000-DOPE] = 95.5) both charac-
terized by long alkyl chains (C;¢ and Cyg, respectively). PEG2000-
DOPE is characterized not only by a C,4 alkyl chain but also by a
very long hydrophilic chain (Ce;) which bridges from one vesicle
to another and therefore prevents precipitation and acts as
“parachutes” to prevent gravity processes (Fig. 1d). The metha-
nol is removed using a rotary evaporator machine and a uniform
film is obtained covering the wall of the flask. Then it is kept
under vacuum overnight to remove the residual solvent.
By adding water, the 3D superlattice was dispersed in solution.
The TEM image (Fig. 1f) reveals the structure of individual
composites, with the presence of large vesicles attached to the
surface of the superlattice and drape-like structures attached to
them. Such a large-scale TEM image shows that nanocrystals are
highly ordered at the edge of superlattices and parallel multi-
layers of lipids attached to the Au superlattice surface (Fig. 1g).

The small-angle X-ray diffraction pattern (SAXRD) of the
shaped aggregates (Fig. 2a) indicates that these aggregates are
fce-3D Au superlattices while that of the “cluster” Au structure
(Fig. 2b) shows a new diffraction ring compared to the 3D-
shaped superlattices (Fig. 2a). The SAXRD pattern of the vesicle
bilayers shows a well-defined signal (Fig. 2¢). Fig. 2d shows the
1D profiles of these different models illustrating that the
diffraction peaks of the “cluster” structure (orange curve) are
the combination of the peaks of the 3D-shaped superlattices
(green curve) and the vesicles (blue curve). The edge-to-edge
interparticle distance is 2.8 nm and remains unchanged
after vesicular treatment. The calculated distance of the lipid
bilayer (5.7 nm) is in good agreement with the thickness of
the reported liposome shell.>” From these data, we claimed
that organic molecules (DPPC/PEG2000-DOPE) are strongly
attached to the surfaces of 3D-shaped superlattices.

Similar data are obtained with Co-shaped 3D superlattices. Due
to CoO nanocrystal undefined layers formed at the 3D superlattice
edges, their integrity are retained for several weeks under air.

09 12 15 18 21 24 27 30
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Fig. 2 SAXRD patterns of (a) well-defined aggregates, (b) “cluster struc-
tures”, and (c) vesicles. (d) Profiles of the various patterns. Source: N. Yang
et al.,** John Wiley & Sons. Inc.
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Fig. 3 (a) Extinction spectra of Au “cluster” structures characterized an
average size of 198 nm + 84 nm recorded experimentally (red curve) and
the simulated spectrum (black curve). (b) Variation of the peak wavelength
as a function of the assembly size: The black curve illustrates the absorp-
tion peak of dispersed Au nanocrystals used as building blocks. The
scattering peak represented in the red curve red shifts as the assembly
size increases. Source: N. Yang et al.,** ACS.

By controlling the nucleation and growth time processes, the
size of the Au “cluster structure” is controlled. Their absorption
spectra are red-shifted increasing their average size with a
shoulder around 530 nm. Using Mie theory, the calculated
absorption spectra of Au “cluster” structures are in good
agreement with the sum of two spectra: at a short wavelength,
one is at a fixed wavelength (530 nm) and the second is red-
shifted with an increase in the aggregate size (Fig. 3a). At a
shorter wavelength, the peak fulfills the resonance condition of
spherical Au nanocrystals in a ligand-based medium. The
scattered spectra at a longer wavelength are very broad and
red-shifted linearly with wavelength as the assembly size
increases (Fig. 3b). Such a long wavelength optical response is
attributable to a photonic (i.e. collective) mode of the assembly,
since its spectral position scales linearly with the size of the
superlattices when the fingerprint of the dispersed nano-
crystals used as building blocks is retained.

To investigate the energy flow upon light irradiation, pump-
probe experiments with ultrashort laser pulses were performed.
A 100 fs pump pulse at 400 nm wavelength is used to excite the
Au “cluster”.*® Differential transmission (AT/T) spectra are
recorded as a function of time, ¢, and the probe wavelength, A
(Fig. 4)

At an initial timescale of ten picoseconds, the transient
signal resembles the typical AT/T map recorded for plasmonic
nanoparticles. In particular, cross-sections of the map at early
delays show the characteristic transient spectra of isolated
nanocrystals that are dominated by shifting and broadening
of plasmon resonances as previously observed.** Moreover,
these spectra exhibit a decay constant of a few picoseconds
which is the timescale of electron-phonon scattering in noble
metals.*® Fig. 5a shows the dynamics at selected probe
wavelengths for delay times down to 10 ps. This demon-
strates that in the ultra-fast optical response, Au assemblies
retain the imprint of their building blocks. Both dynamic and
static data confirm that Au ‘“cluster” structures at room
temperature retain the fingerprint of isolated nanocrystals
used as building blocks. This was already observed by scan-
ning tunneling microscopy/scanning tunneling spectroscopy

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Measured (a) and (b) differential transmission maps AT/T (top) and
map cross-sections at selected time delays (bottom) for the Au "cluster”
structure.
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Fig. 5 Dynamics of AT/T at selected probe wavelengths, at the two
different time scales of energy flow in the 198 nm Au “cluster” structures.
Source: A. Mazzanti et al.,*® PNAS.

(STM/STS) experiments at low temperature, with dried and
thick Au 3D superlattices.>”

At longer time scales, the AT/T map (Fig. 4b and 5b) exhibits
very distinct features which, to the best of our knowledge, have
not been reported neither for the nanostructures nor for their
building blocks. Indeed, a monotonic decay over time has
always been observed reaching zero AT/T at and above 10 ps.
Here, instead of a monotonic decrease over time, we observe
the build-up of a positive signal that is red-shifted by about
100 nm from the early spectra. The broad transient signal is
observed between about 100 and 150 ps and then remains
constant at the nanosecond scale. This novel phenomenon
cannot be ascribed to mechanical oscillations that, in Au
nanocrystals, are well known to have a strong impact on the
ultrafast optical response at this time scale.** To explain the

This journal is © The Royal Society of Chemistry 2023
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origin of such an unexpected transient optical response at the
100 ps time scale which remains constant at the nanosecond
time scale, a model based on the largest penetration depth light
in the 3D superlattice (about 60 nm for Au nanocrystals) was
proposed.*® Thus, despite the thickness of the 3D superlattices,
the power absorbed per unit volume is more homogeneous
compared to that of a nanosphere of the same diameter. The
pump pulse is absorbed by the metallic phase of the 3D
superlattice and initiates a chain of energy transfer pro-
cesses. According to this model, the delayed accumulation
of the AT/T signal on the time scale of a few hundred
picoseconds is the signature of the final step of the light-
heat conversion process which ultimately results in the
heating of the ligand organic matrix. The very good agree-
ment between the experiments and the model confirms that:
(i) due to the dilution of the metal phase, the penetration
depth of visible light is much greater than in homogeneous
metal nanocrystals of a similar size, thus enabling a high
average thermal load in the whole assembly, (ii) the organic
matrix, even though not directly absorbing, acts as an inter-
nal reservoir for the efficient accumulation of energy within
few hundred picoseconds; (iii) a collective regime of photo-
temperature generation allowed by the 3D superlattice. From
this, we claim that the Au ‘‘cluster structures” behave like
nanoheaters. We must point out that such a specific property
is not observed when the same 3D superlattices are deposited
on a surface, i.e. under dried conditions.*>

At very long-time scales (several hundred ps), an oscillation
is observed with a period of 300 ps (Fig. 6). Taking into account
the average diameter of Au “cluster structures” (D = 198 nm =+
84 nm) and the speed of sound inside the superlattices,
estimated to v, = 1235 + 12 m s~ ' at ambient temperature
for the fcc crystalline structure of 7.1 nm Co nanocrystals used
as building blocks,*" the oscillation period (T = 2D/v,) is found
to be 236 + 77 ps. Good agreement is obtained between the
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Fig. 6 Dynamics of AT/T at selected probe wavelengths, on nanometer
time scales of energy flow in the 198 nm Au “cluster structures”. Source: A.
Mazzanti et al.*® PNAS.
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calculated (236 ps) period and that measured (300 ps). This
oscillation is attributed to collective breathing modes of the Au
nanocrystals used as building blocks in the crystalline struc-
ture. Indeed, these data have been related to those obtained
fifteen years ago from which we discovered that Ag nanocrystals
breathing coherently in the 3D superlattice, when subjected to
light.*®

From the data presented above, we identify that the collec-
tive respiration process of self-assembled nanocrystals into 3D
superlattices is observed in both dry and aqueous environ-
ments. This greatly supports such behavior, which has been
contested in the past. However, conversely, we found that the
unexpected property related to energy release is observed when
the assemblies are dispersed in aqueous solutions and not in
dried systems. To ensure that this last property can be con-
sidered as unique and due to self-assemblies of nanocrystals,
we need to develop new hybrid structures dispersed in aqueous
solutions.*®

Based on previous researc we know that microscopic
particles are found at the interface between two immiscible
fluids. The force, pushing the micrometric particles to adsorb
at the interfaces between immiscible liquids, decreases mark-
edly with the size of the particles to reach at the nanometric
scale a thermal fluctuation energy compared to the liquid-
liquid interfacial energy. At the nanometric scale, the nano-
crystals diffuse freely at the interface. To block them at the
interface, a cross-linking agent could be used. Instead, we
proposed to produce “‘Janus” nanocrystals (Fig. 7) at the chloro-
form-water interface:*° oleic acid molecules covalently bound
to the surface nanocrystals interact selectively with octadecene
(ODE, C;gH36) and water-soluble dodecyltrimethylammo-
nium bromide (DTAB) in the chloroform and aqueous phases,
respectively. The specific interactions between aliphatic octa-
decene, ODE, (C;5) and oleic acid (Cyg) induce the formation of
a monolayer-nanocrystal membrane promoting the adsorption
of nanocrystals at the chloroform/water interface and conse-
quently their blocking at the liquid/liquid interface,>*>>
on the hydrophilic side. This approach avoids complicated proce-
dures, such as those found in nanocrystalline polymers.>*>*

Thus, 3 mg of Fe;O4 nanocrystals are dispersed in a mixture
of 200 pL of chloroform and 8 puL of ODE. An aqueous solution
(1 mL) containing 18 mg mL ™" dodecyltrimethylammonium
bromide (DTAB) was added. The resulting emulsion is produced

43-49
h,

water

=

chloroform

Fig. 7 Schematic illustration of the formation of Janus nanocrystals.
Source: Z. Yang et al.>° ACS.
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Fig. 8 TEM images of FesO, colloidosomes (a), Au "egg” structures
(b) and (c), Au/FesO4 “egg” structure (d) and supraballs (e) and FezOy4
nanocrystals (2 mg mL™Y. With Au “egg” structures, the amount of
5 nm nanocrystals differs by their amounts such as 0.6 mg mL™* (b) and
6 mg mL™! (c). With Au/Fez0,4 “egg” structures, the amount of 3.5 nm Au
nanocrystals is 0.6 mg mL™%. Source: Z. Yang,>® ACS.

by strong vortex stirring for 30 s. To stabilize the emulsion, 5 mL
of an ethylene glycol solution containing 0.4 g of polyvinylpyrro-
lidone (PVP K30, M,, = 40 000) was added rapidly and vortexed for
30 s. The emulsion was then heated to 70 °C under an N,
atmosphere and maintained at this temperature for 15 min to
evaporate the internal phase of chloroform. The suspension was
left under air to gradually reach room temperature.

The resulting nanocrystal assemblies were washed twice
with ethanol and dispersed in deionized water to form stable
colloids. Spherical colloidosomes, envelope(s) of Fe;0, nano-
crystals, are produced: Fig. 8a shows the shell(s) of hexagonal
packed Fe;0, nanocrystals (inset Fig. 8a).

By doing the same experiments using a mixture of 9.6 m
Fe;0, and 5 nm Au nanocrystals coated with oleic acid and
dodecanthiol respectively, Au ‘“‘egg” structures are produced
(Fig. 8b and c):*® The Fe;0, nanocrystals retain the structure of
the colloidosome as already observed in the absence of Au
nanocrystals (Fig. 8a) and, in the center, a more contrasting
structure is attributed to the Au nanocrystal assemblies.
By increasing the relative amount of Au nanocrystals, the
internal structure allows to obtain well-defined fcc superlattices
(Fig. 8c). By decreasing the size of the nanocrystals from 9.6 nm
to 6.5 nm and from 5 nm to 3.5 nm of the Fe;O, and Au
nanocrystals, the internal structures of the ‘“eggs” change
markedly. Instead of having in the center of the superstructure
a 3D fecc Au superlattice as shown in Fig. 8c, self-assembled
Au and Fe;O0, nanocrystals have a NaZn,s-like structure,
i.e. (Fe304)Au,; (Fig. 8d). As described above to produce the
colloidosomes, the presence of ODE allows specific interactions
with oleic acid favoring the locking of Fe;O, nanocrystals at the
liquid-liquid interface. By keeping the same experimental
conditions to produce colloidosomes in the absence of ODE,
the high mobility of the Fe;O, nanocrystals at the interface
induces the formation of large spherical solid dense-packed
assemblies in the fcc structure of Fe;O, nanocrystals called
supraballs (Fig. 8e).

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (a) Absorption spectra of FesO4 nanocrystals (01 mg mL™) dis-
persed in aqueous solutions (black) of the corresponding colloidosomes
(red) and supraballs (green). (b) Absorption spectra of “egg” structures of
FesO4 (0.1 mg mL™Y) with various amounts of Au aggregates with a rather
Au/FesO4 of 0.1 (red), 0.3 (green), 1 (blue) and 2 (turquoise). Source: A.
Mazzanti,*® PNAS.

The absorption spectrum of Fe;O, nanocrystals self-
assembled in colloidosomes and supraballs drops markedly
compared to the same nanocrystals dispersed in solution
(Fig. 9a). This change of the absorption spectra of Fe;O,
nanocrystals is clearly due to the assemblies. Indeed, the
addition of ethanol to the superstructures dispersed in aqueous
solutions induces the destruction of these assemblies and the
absorption spectrum of the dispersed nanocrystals is recovered.
With “egg” structures, the absorption spectra of Au assemblies
remain in the visible range (Fig. 9b) and as expected is red
shifted with respect to the localized surface plasmon resonance
of dispersed Au nanocrystals in solution.

The same pump-probe experiments are performed with the
different superstructures as shown in Fig. 5. The differential
transmission (AT/T) spectra recorded as a function of time and
probe wavelength, A at short time(1-10 ps), confirm behavior
similar to that observed with the Au “cluster” structure corres-
ponding to electron-phonon scattering (Fig. 10). This confirms
the fingerprint of isolated nanocrystals used as building blocks.

Similarly, on a longer time scale, a positive signal appears
with colloidosomes, supraballs, and Au ‘“egg” and Au/Fe;O,
“egg” structures as shown in Fig. 11. This clearly confirms that
superstructures dispersed in aqueous solutions behave as
nanoheaters. Note that such “nanoheaters” cannot be detected
with dried superstructures.
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Fig. 10 Dynamics of AT/T at selected probe wavelengths, at short time
scales of energy flow in the supraballs, (a) Au “egg” structure (b) and
Au/FesO, “egg” structures (c). Source: A. Mazanti et al,*® PNAS and
Schirato et al.,*® ACS.
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Fig. 11 Dynamics of AT/T at selected probe wavelengths, at long-time
scales of energy flow in the Au “egg” structure (a), Au/FesO4 "egg”
structures (b), supraballs (c) and colloidosomes (d). (a)—(c) The pump laser
excitation is 800 nm and (d) 400 nm. Source: A. Mazanti et al.,*® PNAS and
Schirato et al,*® ACS.

The above characteristics are due to the collective regime of
photo-temperature generation allowed by the assembly, since
even though the nanoheater is valid for the Au “cluster”
structure and also with a rather wide variety of superstructures
made of self-assembled hydrophobic nanocrystals dispersed in
aqueous solution. These similar behaviors have been experi-
mentally observed with Fe;O, nanocrystals self-assembled in
fcc spherical superlattices (called supraballs) and binary
[(Fe304)Au;;] or Au 3D colloidal crystals trapped in colloido-
somes and in colloidosomes themselves less extended. These
results clearly indicate that these superstructures act as uni-
versal nanoheaters.®® Such a specific property requires the
presence of an aqueous medium. Another specific property of
such hybrid structures is related to the evolution of the absorp-
tion spectra of the Au superlattices with respect to their build-
ing blocks. Thus, with 3D Au superlattices, their photonic
collective modes are size-dependent and red-shifted relative
to the localized surface plasmon resonance. However, the
major change is the disappearance of the visible absorption
of colloidosomes and supraballs.

Potential biological applications>’->8

At this stage, one can ask the following question: Could these
hybrid structures be used in biomedical research? To answer
this vast question, let us first compare the intimate interactions
of, with A431 squamous cell carcinoma cells, Fe;O, nanocrys-
tals dispersed in the aqueous solution (coated with dopamine)
and self-assembled into colloidosomes or supraballs.

The cells are exposed to the nanomaterials in the serum-
complemented culture medium for one day. In order to eluci-
date the intracellular distribution and fate of nanocrystals in
tumor cells, the nanocrystal’s uptake is monitored by TEM at
different points of time for up to one week.

Dispersed Fe;O, nanocrystals are rapidly internalized in a
dispersed state in closed-membrane endosomes. They are con-
centrated in lysosomes and appear as aggregates surrounded by
an electron-dense lysosomal matrix (Fig. 12a).

Unlike dispersed nanocrystals, colloidosomes show a very
distinct intracellular distribution. The most striking difference
is that the nanocrystalline shells of colloidosomes are close to
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Fig. 12 2D TEM slice images at various magnifications of A431 cells
incubated for one day with FesO4 nanocrystals coated with dopamine
(a), self-assembled in colloidosomes (b) and self-assembled in supraballs
(c) (IFe] = 28 ug L™Y). Source: A. Nicolas-Boluda et al.,>” John Wiley &
Sons. Inc.

cell membranes, fitting the shape of intracellular vesicles
(Fig. 12b).

The size of the nanocrystal self-assemblies increases markedly
in cells, suggesting cell-induced deformation, rearrangement and/
or fusion of assemblies. This significant reorganization of the
nanocrystal assemblies in contact with the cell membrane sug-
gested competing interactions between the oleic acid surfactant
molecules used to coat the nanocrystals and the hydrophobic
parts of the cell membrane.

The supraballs collectively interact with the plasma membrane
and retain mostly their spherical structure after entering intracel-
lular compartments (Fig. 12c). Similar to colloidosomes, but to a
lesser extent, the apparent size of supraballs is found to be larger
in cells compared to that in the aqueous suspension, suggesting,
again, fusion and reorganization.

The structural organization are studied by small-angle X-ray
scattering (SAXS) experiments. Fig. 13 shows the structure
factor, S(q). It is characterized by a power law decay with
exponents of —1.7, —2.3 and —2.9 for dispersed nanocrystals,
colloidosomes and supraballs, respectively. These changes in
the exponent indicate that the dispersed nanocrystals are
internalized as loose fractal aggregates while, with colloido-
somes and supraballs, the nanocrystals are densely packed.
These data confirm those shown by TEM (see above).

The surface density of nanocrystals in lysosomes, i.e. the
ratio of the surface occupied by the nanocrystals to the surface
of the lysosome, is evaluated according to the electron density
on the TEM images. On day 1 of incubation, the local density
of the nanocrystals represents for the colloidosomes and supra-
balls respectively 34% and 52% of the lysosome whereas that
of the dispersed nanocrystals is very low (4%). In addition,
the surface density of the nanocrystals in the vicinity of
the membrane (the percentage of the surface occupied by the
nanocrystals within 100 nm of the lysosome membrane)
reaches average values of 35% and 41%, respectively, and
is more than 10 times higher to that of dispersed nanocrystals
(3.3%).
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Fig. 13 Structure factor, S(q), of the nanocrystals in cells incubated at
different time points: to isolate the contribution of the nanocrystals to the
overall scattering intensities, the unlabeled cells (/.e) is subtracted from
the total scattering intensity of the incubated cells (/iota). At @ high value of
g, the form factor P(q) is consistent with a diameter of nanocrystals around
8 nm slightly lower than that deduced by TEM of individual nanocrystals.
Therefore, the structure factor, S(q), of the nanocrystals in the incubated
cells is: 5(q) = liotat — lced/P(Q@)spnere- The incubation periods are 30 min
(green), 4 hours (yellow), 1 day (orange) and 2 days (red). Source: A.
Nicolas-Boluda et al.,*” John Wiley & Sons. Inc.

As stated above, supraballs act as a nanoheater as well as in
low efficiency colloidosomes. Here, we assess thermal damage
on cells. Whatever the experimental conditions, the cells having
internalized the different nanostructures without laser irradia-
tion did not show any significant improvement in the level of
apoptosis or necrosis compared to the control cells, irradiated
or not. This shows that the nanostructures or the exposure laser
did not affect cell viability. Furthermore, it confirms no sig-
nificant toxicity in A431 cells down to the concentration.

As shown in Fig. 9a, the absorption spectra of colloidosomes
and supraballs drop markedly compared to those of dispersed
nanocrystals. Consequently, the number of photons absorbed
by the superstructures, when they are subjected to a laser power
of 808 nm (1 W em™?), drops markedly. This effect could be
partially compensated by the fact that these hybrid structures
behave like nanoheaters.

Let us compare the overall heating efficiency induced by
illumination of dispersed Fe;O, nanocrystals and superstruc-
tures either dispersed in solution or internalized tumor cells
incubated for one day. In solution, the temperature increases
by 10.9 °C, 2 °C and 8.8 °C while, in the cells, it is 38.4 °C, 28 °C
and 33.5 °C of dispersed nanocrystals, colloidosomes and
supraballs, respectively (Fig. 14). The larger value obtained
with dispersed nanocrystals compared to superstructures is
attributed to the difference in the number of photons absorbed.
Moreover, in solution, the difference in temperature increment
between the supraballs and the colloidosomes is attributed
to a lower energy transfer efficiency from the nanocrystals to
the alkyl chain (mechanism of the nanoheaters). In cells, due
to the large assemblies of nanocrystals, the efficiency of
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Fig. 14 Temperature in solution induced by subjecting the superstruc-
tures and dispersed FezO,4 nanocrystals (blue) and in a pellet of 1 million
cells having internalized FezO4 nanocrystals, colloidosomes and supraballs
(red). Dispersion in 100 pL of phosphate-buffered saline upon irradiation
with an 808 nm laser (1L W cm~2) for 5 min.
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Fig. 15 Evaluation of the local cellular damages induced by dispersed
FesO4 nanocrystals, colloidosomes and supraball-mediated photothermal
therapy in cell monolayers 4 h post-irradiation. The percentage of cell
necrosis and apoptosis caused by dispersed FezO4 nanocrystals, colloido-
somes and supraballs. Damages induced in the vicinity of the heat
nanosources (a) and mediated photothermal therapy in cell monolayers
(b). Cell apoptosis and necrosis are assessed through the evaluation of the
membrane permeability to fluorescent dyes. Hoechst 33342 stains the
condensed chromatin of live cells, and this allows the quantification of all
cells. The YO-PRO™ dye can enter cells under apoptosis whilst, propidium
iodide cannot, it only stains dead necrotic cells. The staining pattern
resulting from the simultaneous use of these three dyes allows to distin-
guish alive, apoptotic and necrotic cell populations by fluorescence
microscopy. Source: A. Nicolas-Boluda et al.,>® John Wiley & Sons. Inc.

colloidosomes markedly increases. Fig. 14 clearly shows that
the global heating of the tissue by superstructures is not
efficient compared to that by dispersed nanocrystals.

For therapy, cellular damage can come from global heating
of the tissue, of the cell pellet or from local thermal damage
induced in the vicinity of nanosources of heat. Indeed, it has
been shown that the temperature increase near to the heat
nanosources is much higher than the macroscopic temperature
in the surrounding medium.>*®" Here, we assess thermal
damage to cells in the nanocrystal-loaded cell pellet that
combines local intracellular heating with the overall tempera-
ture increase in the pellet as measured by thermal imaging. Cell
apoptosis and necrosis are assessed through the evaluation of
the membrane permeability to fluorescent dyes. Fig. 15a shows
that cells having internalized dispersed Fe;O, nanocrystals
show slightly enhanced level of apoptosis and necrosis
after irradiation but the difference with non-irradiated cells is
not statistically significant. In contrast, colloidosome- and
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supraball-loaded cells feature a significant enhancement of
the apoptosis (more than 15% of the total cell number) and
necrosis level (~15%) after irradiation. This suggests that
supraballs and to a larger extent colloidosomes could induce
local thermal damages independently of the global temperature
increment in the cell pellet. This is related to the nanoheater
efficiency. As observed above, in vitro, due higher nanocrystal
packing, the light absorption induces a larger chain energy
transfer with supraballs than colloidosomes. However, in cells,
the colloidosome shape is not retained and the nanocrystals
self-assembled in large domains. Consequently, in the first
approximation, we could assume, but not quantify, that the
energy penetration is almost an even larger for colloidosomes
than supraballs.

To isolate thermal damage resulting from local intracellular
heating, monolayers of thermalized cells are exposed to laser.
Colloidosome-mediated intracellular local absorption induces
the highest levels of cell damage compared to dispersed Fe;O,
nanocrystals and supraballs (Fig. 15b). Overall, the two self-
assemblies of Fe;O, nanocrystals clearly induce massive cell
death: 74% and 57% of cell damage (both necrosis and apop-
tosis) in comparison to less than 35% for dispersed Fe;O,
nanocrystals. These data clearly demonstrate that self-
assembled Fe;O, nanocrystals, once internalized by cells can
cause massive local damage. This causes cell apoptosis and
necrosis without the global warming of the environment. Thus,
the local intracellular heating is combined with the global
temperature.

The apparent contradiction between the overall heating
efficiency and the biological outcome on cells could be due to
the fact that self-assemblies of nanocrystals in tumor cells act
as an energy reservoir involving heat transfer with preferential
propagation within the assembly. Moreover, the large percen-
tage of nanocrystals close to lysosomal membranes induces
local damage. Hence, a direct biological consequence of the
energy accumulation in the lysosome membrane due to the
close proximity of the lysosome membrane to the absorbing
Fe;0,4 nanocrystals in colloidosomes and supraballs can induce
lysosome swelling and membrane permeabilization much
more efficiently than for isolated Fe;O, nanocrystals, without
significant global heating. Thus, it is concluded that the
optimization of Fe;O, nanocrystal density in lysosomes and
the proximity to the lysosome membrane, together with the
high energy accumulation within the hydrophobic shell/core of
colloidosomes/supraballs, enhance the local hot spot inducing
cell death. These data agree with a previous study showing that
cancer cells can be particularly sensitive to agents which induce
lysosomal cell death through lysosome membrane permeabili-
zation or disruption.®™*> Hence, lysosome membrane permea-
bilization can be triggered by a wide variety of agents, one of
them being local heating.®***

Another thermal damage in the biological system is demon-
strated by the deposition of colloidosomes or supraballs on the
fresh and highly organized type I collagen sheep tendon.
Fig. 16a shows flattened structures of colloidosomes whereas,
as expected, more compact and rigid supraballs are observed in
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Fig. 16 SEM image of the fresh sheep tendon incubated with colloido-
somes (a) and (c) and supraballs (b) and (d) before (a) and (b) and after
(c) and (d) irradiated with a NIR laser (10 min at 2 W cm™2). Source: A.
Nicolas-Boluda et al.,*® John Wiley & Sons. Inc.

Fig. 16b. By subjecting these samples to the NRI laser (10 min at
2 W cm?), “holes” appear on the dense collagen networks
(Fig. 16¢ and d).

Similar holes are observed in samples that underwent
supraball-mediated PTT. This means that colloidosome-/
supraball-mediated PTT induces collagen denaturation, but to
a lesser extent with supraballs compared to colloidosomes.
These experiments clearly reveal that colloidosomes are the
most effective light-activated nano-heaters to induce local
denaturation of collagen fibers under our experimental condi-
tions. Similar data are obtained on the collagen matrix on
the tumor.

Conclusions

Here, we give an overview of a fairly large series of novel water-
soluble hybrid organic/inorganic supercrystalline structures.
The “cluster structures” are 3D-shaped superlattices of
hydrophobic nanocrystals (Co or Au) coated with phospholipids
and a hydrophilic chain (Cy;) bridging from one vesicle to
another and thus playing the role of ‘“parachutes”. This was
possible by controlling the growth process of the 3D super-
lattices and the packing parameters involving both the tail and
the surface of the head group of the surfactant molecules.
Dense hydrophobic nanocrystals of Fe;O, form either shells
or fec solid spherical particles called colloidosomes or supra-
balls, respectively. “Egg’” structures are based on a shell of
colloidosomes filled with 3D superlattices differing in size.
These superstructures and their physical properties are
at an early stage. With “cluster structures”, the appearance
of a photonic mode is observed. It is attributed to the
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formation of metamaterial retaining the imprint of the isolated
nanocrystals. In addition, these water-dispersive hybrid struc-
tures subjected to light function as highly efficient universal
nanoheaters.

Using colloidosomes and supraballs as nanocarriers in a cell
model of human squamous cell carcinoma (A431), the cellular
uptake is markedly increased compared to dispersed water-
soluble nanocrystals. Referring to nanocrystals dispersed in the
aqueous phase, these hybrids are mainly localized near the
lysosome membrane with an increase of up to a factor of 10.

Over the past two decades, a number of specific intrinsic
and collective properties of dried 3D superlattices deposited on
a substrate have been discovered. The data presented here are
essential for the search for new properties and their use for
potential applications.

Nanocrystal self-assemblies retain the fingerprint of their
building blocks. From there, all the specific properties observed
with the dispersed nanocrystals could be used with self-
assemblies. This makes it possible to combine the properties
of both the dispersed nanocrystals and their assemblies. Addi-
tionally, toxicity issues can be reduced due to the micrometric
scale of the self-assemblies.

To our knowledge, none of the researchers working in this
field have discovered that such self-assembled nanocrystals in
aqueous solution behave like a universal nanoheater. This
result is important in the scientific fields related to the release
of energy. Thus, these superstructures could be useful not only
in biomedicine but also in the field of solar energy, photo-
acoustics, catalysis, chemical reactions, etc.. The size and great
stability of these superstructures are again an advantage for the
environmental protection.

Moreover, we demonstrated that these superstructures are
internalized in the cancer cells. Their size is either retained or
increased in cancer cells. This maintains or increases the
efficiency of the nanoheater. Thus, the properties discovered
in the dispersed superstructures could be used and even
improved in the cancer cells. The average location close to
the lysosomal membrane makes them more fragile if they are
subjected either to a magnetic field or to light and therefore
weakens them.

These superstructures have several advantages related to the
thermal effects induced either by a magnetic field or by light.
Thus, they could help in the treatment of inoperable tumors,
soft tissue cancer therapies without satisfactory therapies or
with reduced success (breasts/small cell lungs/brain sarcomas/
pancreas, and recurrences), strong tissue hyperthermia by
ultrasound (medical treatment in oncology) and finally in
rheumatism.

Magnetic resonance imaging (MRI) cannot be excluded for
applications other than imaging practices for/or during surgical
procedures.
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