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Single-step assembly of gold nanoparticles into plasmonic
colloidosomes at the interface of oleic acid nanodroplets

Gold colloidosomes (Au CSs) are obtained in a single step
procedure by the decomposition of an organometallic Au(l)
precursor at the interface of oleic acid nanodroplets in
n-hexane. Oleic acid performs a multiple role as template,
reactant and stabilizing agent for the self-assembled
colloidosomes. A precise control over the size, the shape
and the surface of the obtained Au CSs is exerted and,
therefore, the tuning of their collective plasmonic properties
is achieved. The white-light induced photothermal heating of
these systems and their stimuli-responsive properties upon
solvent or glutathione addition are studied.
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Introduction

The self-assembly of nanoparticles constitutes a robust
approach for the construction and application of precisely
controlled complex nanostructures displaying superior collec-
tive properties.* In addition, and taking into account a possible
dynamic nature, a very important characteristic of some of
these nanosystems is their ability to disassemble/reassemble
via external stimuli like temperature, pH, metal ions, (bio)
molecules or solvent composition, leading to promising smart
nanomaterials.>?

Colloidosomes (CSs), which consist of 3D porous and hollow
nano- or microcapsules with closed-packed colloidal nano-
particles at their surface, are an interesting class of these self-
assembled nanostructures.*® These CSs display attractive
properties such as the encapsulation of drugs or proteins for
drug delivery or controlled release, with potential applications
in imaging, biomedicine and biosensing.®’

Plasmonic gold colloidosomes (Au CSs)*** have recently
emerged as a promising class of assembled nanostructures
since, in addition to the above mentioned properties, new ones
related to their collective plasmonic nature, such as improved
solar energy harvesting and photothermal heating, remarkable
SERS activity and catalytic or photocatalytic applications have
been recently reported.

Synthetic approaches for Au CSs of different sizes include,
for instance, the electrostatic self-assembly of Au NPs on silica
nanosphere templates;® emulsions at the oil-water interface;>"*
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1 Electronic supplementary information (ESI) available: Experimental details;
additional UV/Vis spectra; TEM and HAADF-STEM images; size histograms, IR,
DLS and NMR results. See DOI: 10.1039/d0na00494d
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gold nanoparticles (Au NPs) of ca. 4 nm size at the interface of oleic acid (OA) nanodroplets formed in
Au NPs are prepared through

[AU(CgFs)(tht)] (tht =
CSs display tunable surface, size and shape-dependent collective

the mild decomposition of

plasmonic absorptions, leading to interesting photothermal and stimuli-responsive properties.

growth of Au NPs onto dendritic fibrous silica,'® or a reverse
(water-in-1-butanol) emulsion system.'? Most of these synthetic
approaches require several steps to achieve Au CSs. The devel-
opment of new synthetic approaches for the synthesis of
nanoscale colloidosomes with high size monodispersity will
provide unique collective properties. At this regard, the prepa-
ration of nano-sized Au CSs is highly challenging due to the
reduced Helmholtz free energy for small-size (much less than 50
nm) nanoparticles at liquid-liquid interfaces.™

Very interestingly, a recent result by Sciortino et al. have dealt
with the possibility of formation of solvent nanodroplets of ca.
100 nm in macroscopically miscible mixtures of water and
tetrahydrofuran, which serve as templates for the formation of
polymer-nanoparticle hybrid so-called
hybridosomes.***

On the other hand, we have devoted a part of our research
efforts to the preparation of well-controlled plasmonic Au and/
or Ag nanostructures by the mild decomposition of
pentafluorophenyl-based gold(r) and/or silver(i) precursors.***
In one of these studies we focused on the key role played by oleic
acid (OA) when it was used as precursor, reactant, solvent and
capping agent at the same time, in the formation of plasmonic
ultrathin gold-silver nanorods and nanowires from the organ-
ometallic precursor [Au,Ag,(CeFs)4(OEt,),],."* The very nice
control exerted by OA to the plasmonic nanostructures
prompted us to continue our studies in this direction. At this
point we have wondered whether OA would react with the
pentafluorophenyl ligand in complex [Au(CeF5)(tht)] (tht = tet-
rahydrothiophene) leading to a mild decomposition of this
complex and, consequently, to the formation of new well-
controlled gold nanostructures with interesting plasmonic
properties. In this work we report a novel single-step approach
for the synthesis of nano-sized plasmonic Au CSs formed by the
self-assembly of small and monodisperse Au NPs (ca. 4 nm
diameter) (see Scheme 1). This self-assembly takes place at the

nanocapsules
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Scheme 1 Synthesis of Au CSs at the interface of oleic acid nanodroplet templates.

liquid-liquid interface of OA nanodroplets of ca. 50-100 nm in
n-hexane, which are macroscopically miscible liquids. To the
best of our knowledge this type of fatty acid nanodroplets
formed in an organic solvent has not been reported. As in our
previous studies, OA plays a key and multiple role, since it
provides a nanodroplet template with an active interface for the
Au CSs formation. In addition, OA acts as reactant towards
Ce¢Fs~ abstraction from the Au(1) precursor and as capping
ligand for the formed Au NPs at this interface. We also report on
the surface, size and shape-dependent collective plasmonic
properties of these Au CSs; their white-light induced photo-
thermal heating and on stimuli-responsive properties of these
nanosystems such as solvent change or glutathione (GSH)
addition. In addition, when using GSH, Au CSs can be isolated
from the OA, while remaining their morphology almost unal-
tered and allowing their solubility in water, boosting their
potential use in different fields.

Results and discussion
Synthesis, morphology and plasmonic properties of Au CSs

Decomposition of complex [Au(C¢Fs)(tht)] (8.8 mM) was carried
out in n-hexane (2.5 mL) as solvent, in the presence of OA (0.128
M) and the reducing agent triisopropylsilane TIPS (0.292 M) (see
ESI for detailst). After 2 h of reaction a deep blue solution of Au
CSs (1) of 179 + 29 nm size (observed in the Transmission
Electron Microscopy (TEM) micrographs (Fig. 1A and B)) were
spontaneously obtained in a single step. In Fig. 1C and D, we
present the TEM micrographs of Au CSs (2) and (3) with
a diameter of 139 & 23 nm (2) and 185 & 23 nm (3). Au CSs 2 and
3 were obtained through the decomposition of lower, 4.4 mM
(2), or higher, 13.2 mM (3), amounts of [Au(C¢Fs)(tht)], respec-
tively, and in the presence of a fixed OA concentration of
0.128 M. The results show the formation of more compact col-
loidosomes, in the case of Au CSs (2), and spherical colloido-
somes with large hollow cavities, in the case of Au CSs (3), as for
Au CSs (1). In the case of 2 it seems that the small size of the
individual Au NPs formed at the liquid-liquid interface and the
larger OA ratio lead to the formation of thicker shells of packed
Au NPs. In all cases, the Au CSs were formed through the self-
assembly of spherical Au NPs of ca. 3-4 nm size (see size
histograms in ESI). Also, using different OA concentrations with
a fixed Au(i) precursor concentration of 8.8 mM, Au CSs (4) and
(5) were also obtained (Fig. 2A and B). In this case, the addition
of a lower OA concentration (0.064 M) allowed the synthesis of

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

urchin-like Au CSs (4) of 192 + 32 nm size (nanoparticles of 3.3
+ 1.1 nm size) with short nanorods at their surface. On the
other hand, when a larger amount of OA was used (0.38 M),
highly dense Au CSs (5) of 173 + 27 nm size (nanoparticles of 2.9
+ 0.7 nm size) with thick shells of packed Au NPs of small size,
similar to Au CSs (2), were obtained.

We also checked the influence of adding a higher amount of
TIPS (0.88 M) to the reaction mixture used for the synthesis of
Au CSs (1), leading to very similar Au CSs (6) of 189 + 31 nm size

(ESTH).
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Fig. 1 (Top) TEM images of Au CSs obtained with different Aul()
precursor concentrations: 8.8 mM for Au CSs (1) (A and B); 4.4 mM for

Au CSs (2) (C) or 13.2 mM for Au CSs (3) (D). (Bottom) Normalized UV/
Vis spectra of Au CSs 1-3 in n-hexane (E).
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Fig.2 (Top) TEM images of Au CSs obtained with different amounts of
OA keeping 8.8 mM for the Au(l) precursor: 0.064 M for Au CSs (4) (A)
or 0.38 M for Au CSs (5) (B). (Bottom) Normalized UV/Vis spectra of Au
CSs 1, 4 and 5 in n-hexane (C).

The plasmonic properties of the Au CSs are different to those
of the individual Au NPs used as building blocks. This differ-
ence arises from the coupling of the individual NP plasmons
due to the decrease of the interparticle distances. In addition, as
it has been reported*** for Au nanoshells, the hollow nature of
these nanostructures is another key parameter for red-shift of
the plasmonic absorption compared to the isolated Au NPs. The
effect of this plasmonic coupling consists of more or less
pronounced wavelength absorption red-shift and band broad-
ening that depends on the size, the shape, the interparticle
distance and the hollow cavity size of the obtained nano-
structures.”*>* We observe the tuning of these collective plas-
monic properties for Au CSs 1-3 with a red-shift of the
plasmonic absorption when increasing the diameter from 592
(2) to 622 (1) and to 650 nm (3) (Fig. 1E). Similarly, the surface
shape control of the Au CSs leads to a blue-shifted absorption
for the urchin-like Au CSs (4) at 595 nm and a red-shift
absorption for the densely aggregated Au CSs (5) at 657 nm
(Fig. 2C) with respect to Au CSs (1), respectively. Also, although
the interparticle distance is not easy to measure in the obtained
Au CSs we observe that the CSs showing a compact shape with
smaller hollow cavities and with obviously shorter interparticle
distance, show a more pronounced red-shift and broadening of
the plasmonic absorption. Thus, Au CSs (3) display a thicker
surface than that of Au CSs (1) and a concomitant red-shift of
the plasmon absorption. Similarly, Au CSs (5) show a densely
packed Au NPs and a slightly larger size to that of Au CSs (1),
leading to an even more pronounced red-shift.

In addition, the plasmonic absorption of Au CSs (1) in
different solvents such as n-hexane (614 nm), toluene (628 nm)
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and ethanol (624 nm) appear slightly shifted due to the different
refractive index of the solvents (see ESIf). The similar low-
energy absorption wavelength (614-628 nm) displayed for the
three solvents confirms the stability of the Au CSs in them.

In order to prove the hollow nature of the Au CSs and the
different types of hollow cavities that could be obtained by
changing the reaction parameters, we recorded energy-
dispersive X-ray (EDX) spectra and line-scan intensity and
elemental (gold) profiles, together with high angle annular dark
field-scanning transmission electron microscopy (HAADF-
STEM) images for Au CSs (1) and (5). Fig. 3A shows the
HAADF-STEM image of a single colloidosome of sample Au CSs
(1), showing a large hollow cavity. The line scan intensity profile
displays the hollow nature of Au CSs (1) (Fig. 3B).

The corresponding EDX spectrum (Fig. 3C) shows the pres-
ence of gold, whereas the line-scan elemental profile (Fig. 3D)
confirms the hollow nature, the thin shell thickness and the
large cavity size of these nanostructures. In contrast, the
HAADF-STEM (Fig. 3E) image and the line scan intensity
(Fig. 3F) and elemental profiles (Fig. 3H) confirm that Au CSs (5)
display a thicker shell and a smaller hollow cavity.

Finally, we have analysed the role of the Au complex : OA
ratio in the final size and morphology of the obtained Au CSs
(see ESIt). From this analysis it can be observed that for Au CSs
(1) (1 : 14.5 Au complex : OA ratio), Au CSs (3) (1: 9.7 Au com-
plex : OA ratio) and Au CSs (4) (1: 7.3 Au complex : OA ratio)
a similar morphology of CSs with large hollow cavities is ob-
tained. What it can be observed for these CSs is that decreasing
the Au complex : OA ratio, the size of the Au CSs increases from
179 nm (1) to 192 nm (4). This trend would be related to a higher
degree of interaction of OA with the CSs surface when a higher
ratio of OA is added (1), precluding the growth to a larger size.
On the other hand, in the case of Au CSs (2) (1 :29.0 Au com-
plex : OA ratio) and Au CSs (5) (1 : 43.2 Au complex : OA ratio)
the OA ratio is much higher. This higher OA ratio seems to
affect to the growth of the individual NPs (ca. 3 nm) and to their
packing at the interface of the OA nanodroplets, leading to Au
CSs with thicker shells and smaller hollow cavities.

Mechanism of formation of Au CSs

We hypothesized that OA was playing a key role in the formation
of these Au CSs in a single-step through nanodroplet evolution
and Pickering emulsion-like formation.

Indeed, following the observations of Sciortino et al.**** for
water/THF mixtures, we performed Nanoparticle Tracking
Analysis (NTA) measurements (see Fig. 4). This technique
permits the multiparameter analysis of Au CSs suspensions
such as size, concentration and direct real-time observation.
Briefly, a laser illuminates the Au CSs suspension in a sample
holder and the Brownian motion of particles is analysed in real-
time by a CCD camera by tracking the light scattering centres of
the Au CSs and each particle is simultaneously but individually
visualised and tracked, as it is observed in the optical micros-
copy images. The hydrodynamic diameter of each Au CS can be
estimated through the Stoke-Einstein equation. In contrast to
conventional methodologies of particle sizing, NTA is not

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HAADF-STEM image (A): HAADF line-scan intensity profile (B); energy-dispersive X-ray (EDX) spectra (C) and line-scan elemental gold
profiles (D) for Au CSs 1. HAADF-STEM image (E): HAADF line-scan intensity profile (F); energy-dispersive X-ray (EDX) spectra (G) and line-scan

elemental gold profiles (H) for Au CSs 5.
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Fig. 4 Optical microscopy image of the scattered spotlights of an
oleic acid/n-hexane mixture (A), Au() complex/oleic acid/n-hexane
mixture (B) and Au CSs (1) (C). NTA analysis of an oleic acid/n-hexane
mixture (black) and a Au()) complex/oleic acid/n-hexane mixture (red)
(D), NTA analysis of Au CSs (1) (blue) (E).

intensity weighted since each Au CS is tracked separately. The
obtained results are provided as a size distribution and particle
concentration together with optical microscopy images of the
scattered spotlight. We studied first the behaviour of OA in n-
hexane in similar conditions to those used in the formation of
Au CSs (1). We observed the existence of droplets with hydro-
dynamic diameter Dy, between 49-100 nm (mean: 90 nm; mode:
49 nm; st. dev.: 50 nm).

The NTA analysis of the reaction mixture, formed by the Au()
precursor (8.8 mM) and OA (0.128 M) and n-hexane as solvent,
showed nanodroplets of slightly larger Dy, between 85-122 nm
(mean: 116 nm; mode: 87 nm; st. dev.: 37 nm), showing
a possible effect of interaction of the organometallic complex at
the interface of the droplet template, since nanodroplet size
increases. The existence of such organometallic-oleic acid
droplets was confirmed through the TEM analysis that shows
spherical particles of low contrast and between ca. 95-120 nm

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

size (Fig. 5), which could be related to these molecular inter-
mediates. In addition, the analysis of the TEM micrograph
shows the spontaneous formation of Au NPs at the surface of
these low-contrast spherical particles, which corresponds in
solution to the liquid-liquid interface (inset in Fig. 5).

Finally, the NTA analysis of Au CSs (1) showed up a pop-
ulation of scattering nano-objects of Dy, between 214-600 nm
(mean: 465 nm; mode: 465 nm; st. dev.: 114 nm). This result
would be in agreement with the observation of agglomeration of
colloidosomes as observed in the TEM image on Fig. 1A. The
analysis of a diluted solution of Au CSs 1 shows a Dy, between
67-123 nm (mean: 102 nm; mode: 122 nm; st. dev.: 32 nm) (see
Fig. 4E), a value close to the size measurements through the
analysis of the TEM micrographs. The larger diameter value
observed for the TEM images would be related to the drying
process of the grid samples and/or to the dynamic nature of the
Au CSs in the diluted samples.

From a spectroscopic point of view we have performed 'H,
c{'H} and '°F NMR and MS-ESI(-) studies in solution and IR

1000 nm

Fig. 5 TEM image of the Au(l) complex/oleic acid/n-hexane mixture.
The inset shows an image from the same sample showing the initial
formation of Au NPs at the surface of the nanodroplets.

Nanoscale Adv., 2021, 3,198-205 | 201
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spectroscopy in solid state in order to elucidate the mechanism
of formation of the Au CSs and the role played by OA (see ESIT).
Apart from the possibility of formation of a [Au(CeFs)(OA)]
intermediate and the deprotonation reaction of OA by the C¢F5~
ligand, similar to the observed for AuAg ultrathin nanorods and
nanowires,'* we have also observed in the *C{'H} NMR spec-
trum of washed Au CSs (1) that the OA ligands would interact
with the surface of Au NPs forming the Au CSs through their
carboxylic groups acting as capping ligand for the individual Au
NPs and, also, for the Au CSs, since a clear shift upfield of the
signal assigned to the carboxylic acid group is detected.
However, the presence of sharp signals also agrees with a fast
dynamic equilibrium between bound and free OA. The IR
spectrum of OA and washed Au CSs (1) were recorded on KBr
substrates (see ESIT). The most important observation is that
oleate molecules are not formed at the surface of the nano-
particles. The typical absorption bands of OA are observed for
a washed sample of Au CSs (1), for which only the capping OA
would still remain interacting with the Au NPs surface.

White-light induced photothermal heating and plasmonic
assisted synthesis of Au CSs

The intense visible light plasmonic absorption of Au CSs (1)
(max. 622 nm) arising from the plasmonic coupling of Au NPs,
prompted us to study the white-light induced photothermal
heating of the colloidosomes. This type of light harvesting has
been less studied compared to NIR-light one and requires
broadband optical absorbers able to harvest light over all the
visible region.>® The Au CSs reported here fulfil this require-
ment, displaying an absorption in most of the visible region,
which strongly overlaps with the light from a white-LED source
(max. 470; broad shoulder at 570 nm), leading to a strong light
absorption and scattering by the Au CSs. A dispersion of Au CSs
(1) (8.9 mM) in ethanol was exposed to one white-LED source
(200 mW cm™?) while the temperature of the solution was
measured over time.

Fig. 6A depicts the photothermal heating of 1 that rose ca.
22 °C, up to 45 °C. We have also studied the influence of the Au
CSs concentration on the photothermal heating property. We
have observed that at lower concentration (2.22 mM) the pho-
tothermal heating decreases to 41 °C while at higher concen-
tration (22.2 mM) it increases to 50 °C, showing an interesting
potential for the design of photothermal heating devices. In
order to take advantage of this white-light induced photo-
thermal heating we tested the plasmonic-assisted synthesis*® of
Au CSs by substituting the thermal heating by photothermal
heating, using a four-LED device. We carried out the synthesis
of Au CSs in the same conditions as for Au CSs 1 in three
different experiments, namely: (i) white-LED light irradiation;
(ii) green-LED light irradiation (523 nm) and; (iii) dark condi-
tions. We monitored the temperature over time and we
observed that for the plasmonic-assisted synthesis with white
light, after 30 min of reaction, the temperature reached 38 °C
and this temperature was kept between 38-40 °C during the 6 h
of reaction (Fig. 6B). When the monochromatic green light was
employed, also after 30 min of reaction a stable temperature
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Fig. 6 Temperature increase of a 2.2 mM (red), 8.9 mM (green) and
22.2 mM (blue) ethanol solutions of Au CSs (1) and temperature
increase of the free solvent (black) with time (A). Plasmonic-assisted
temperature increase with time of the reaction mixture for the
synthesis of Au CSs under white-LED light (blue), green-light (green)
and under dark conditions (black) (B). Normalized UV/Vis spectra of Au
CSs 7-9 in n-hexane (C). TEM image of Au CSs 7 (D), 8 (E) and 9 (F).

value was reached but, in this case, only 31 °C were reached (see
Fig. 6B). The results show that the use of white-light permits the
synthesis of Au CSs (7), which are very similar in size (ca. 167
nm) and shape and show a very similar plasmonic absorption
(626 nm) to that of Au CSs (1), obtained under thermal condi-
tions. The use of green-LED light, although it assists the
formation of Au CSs (8), they show a blue-shifted plasmonic
absorption (596 nm) with a smaller size (ca. 147 nm), and they
appear agglomerated and mixed with spherical Au NPs. Finally,
in the dark, at RT, agglomerations of Au NPs into spherical
shapes of ca. 118 nm (9) with an even more blue-shifted plas-
monic absorption at 575 nm were obtained (see Fig. 6C). This
white-light induced photothermal heating property makes
these materials potentially useful for the design of broadband
optical absorption materials at higher concentrations.***”

Stimuli-responsive properties of Au CSs

To further show the ability of these Au CSs to switch their
plasmonic properties, we also wanted to prove their dynamic
nature in disassembly/reassembly experiments provoked by
stimuli-responsive changes. For example, we have observed that
the use of solvent as stimulus allows the disassembly/
reassembly of freshly prepared compact Au CSs (1). Thus,
when the reaction solvent n-hexane is evaporated and EtOH or
THF is added, keeping the OA of the reaction mixture, a ruby-
red solution corresponding to the structural disruption of the
Au CSs into separated Au NPs is obtained. Then, upon evapo-
ration of EtOH or THF and addition of n-hexane new spherical
aggregates displaying a broad plasmonic absorption at 645 nm
are obtained in a new aggregation process, leading to OA
nanodroplet template-assisted aggregation of individual Au
NPs. This reassembly leads to spherical shapes with a new and
characteristic plasmonic coupling, red-shifted with respect to
the one obtained for the Au CSs (1), and displaying a broader
band with a tail in the NIR region (see Fig. 7). In the case of the
nanostructures formed after the reassembly of Au CSs (1), the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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HAADF-STEM analysis shows that these nanostructures
consists of compact aggregates, instead of hollow Au CSs (see
ESIT). A recent result by Park et al.>® compares the morphology
and plasmonic properties of hollow/porous Au nanoshells ob-
tained through a laser-induced fabrication approach with
crushed and flattened Au NPs aggregates. In a similar way to the
disassembly-reassembly process described herein, the plasmon
absorption of the hollow/porous Au nanoshells appears at ca.
780 nm whereas the Au NPs aggregates appears at ca. 830 nm as
a broad band. DLS measurements (intensity distribution) of the
disassembly/reassembly process confirm the TEM observations.
Before disassembly a main population of ca. 112 nm size is
obtained, which upon disassembly leads to three main pop-
ulations of ca. 7, 35 and 175 nm. Taking into account that for
DLS intensity distributions a very small amount of a larger
aggregate species would have a large bias on the signal (inten-
sity is proportional to diameter to the sixth power), we repre-
sented for the disassembly situation the DLS volume
distribution, for which a main population of ca. 6 nm is
observed. After reassembly, aggregates of ca. 410 nm are ob-
tained, representing the aggregation of spherical shapes as in
Fig. 7E (see ESIY).

The physical origin of the disassembly/reassembly process
could be related to the presence of OA during the solvent
exchange process and the different behaviour of OA in these
solvents, which provides a high solubility and miscibility in
EtOH or THF, but leads to formation of OA nanodroplets in low-
polar n-hexane or toluene. It is important to note that when Au
CSs are subjected to washing with ethanol and the excess of OA
is eliminated, this disassembly/reassembly process does not
take place, even if OA is added afterwards, showing the main
role of OA in this process.

Interestingly, Au CSs may suffer a selective stimuli-
responsive structural change that depends on the way that the
tri-peptide glutathione (GSH) is added. Addition of 1 mL of

‘94*

L e 1.0
v @

@ o 9 ®
¥ = e
L
°® o -

£
0 0.5
3
2
<

Au CSs(1) Au NPs
0.0
600 800 1000 1200
A (nm)

bl&

Fig. 7 Solvent-dependent disassembly/reassembly of Au CSs (

and corresponding UV/Vis spectra before disassembly Wlth
a maximum at 622 nm (black), after disassembly with a shoulder at ca.
500 nm (red) and reassembly into Au NP aggregates at 645 nm (blue)
(B). TEM images of the disassembly/reassembly of Au CSs (1) (C-E).
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a 50 mM solution of GSH in water in 10 x 100 pL portions to Au
CSs (1) in EtOH allows the substitution of the OA by GSH,
leading to significant changes in the size and the shape of the
nanostructure going from Au CSs (1) of 179 £ 29 nm and Au NPs
of 4.0 £+ 1.5 nm size to Au CSs (10) of 164 & 41 nm and Au NPs of
5.9 + 1.4 nm size. Indeed, it can be observed that after the
addition of GSH some of the smallest spherical nanoparticles
appear displaced out of the colloidosomes (Fig. 8A). This is
confirmed observing the size distribution of the spherical
nanoparticles, which form the colloidosomes, going from an
average of 4.0 nm in Au CSs (1) to 5.5 nm in Au CSs (10)
(see ESIt) These morphology changes together with the
important surface changes that take place when a carboxylic
functional group (OA) is replaced with a thiol group (GSH), lead
to an important optical response change with a red-shifting and
broadening of the plasmon absorption band to 660 nm for Au
CSs (10) (Fig. 8B). A very important result is that upon ligand
exchange, Au CSs become hydrophilic, what opens the way for
their use in aqueous systems. However, when compact Au CSs
(6) are treated with 1 mL of a 50 mM solution of GSH in water in
20 x 50 pL portions, Au CSs are obtained but they start to
disrupt and open their structures. Addition of GSH in 10 x 100
uL portions leads to almost disrupted CSs, whereas the addition
of 1 mL of GSH at once gives rise to the complete opening of the
CSs (Fig. 8C-F). This result is accompanied by a clear blue-shift
of the plasmonic absorption from 622 nm for Au CSs (6) to 585,
570 and, finally to 530 nm, respectively (Fig. 8G). The possibility
of OA-GSH ligand substitution by the better affinity of thiol
groups to gold, keeping the CSs structure can be realized only if
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Fig.8 TEMimage of Au CSs (10) (A) and UV/Vis spectrum of Au CSs (1)
and Au CSs (10) in ethanol after substitution of oleic acid by GSH (the
absorption at ca. 950 nm corresponds to ethanol) (B). TEM images of
Au CSs (6) in ethanol (C) and after addition 1 mL of a 50 mM solution of
GSH in water in 20 x 50 pL portions (D); addition of GSH in 10 x 100
uL portions (E) or addition of 1 mL of GSH at once (F), showing the CSs
structural disruption. UV/Vis spectra showing the plasmonic changes
in C-F (G).
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the OA capping ligands at the external part of the CSs are
substituted; and a slow process by addition of small concen-
trations of GSH can do this. However, a faster GSH addition
provokes the substitution of a larger amount of OA due to the
higher local concentration of GSH at a given time, leading to the
observed structural dissociation. This result opens the way for
the use of these systems in drug release applications since GSH
is a widely existing tri-peptide in cells.

Experimental
General

The compound [Au(CeF;5)(tht)] was synthesized by a standard
procedure reported in the literature. Oleic acid (OA) and trii-
sopropylsilane (TIPS) were purchased from Sigma-Aldrich and
used without any purification. All synthetic approaches were
carried out in Ace pressure tubes, in oil bath at 60 °C, or at RT
under LED-light irradiation. After 2 hours of reaction, the
reaction mixtures were centrifuged, discarding the supernatant.
Every experiment was repeated at least twice in order to ensure
its reproducibility.

Instrumentation

The NMR spectra were recorded on a Bruker Avance 400 and
ARX 300 spectrometers in d®toluene solutions. UV/Vis/NIR
spectra were recorded with a Shimadzu UV-3600 UV-Vis-NIR
spectrophotometer. Nanoparticle Tracking Analysis (NTA) was
carried out with a Nanosight NS300 device from Malvern,
equipped with a 45 mW laser working at A = 488 nm. Video
sequences were recorded via a high sensitivity sCMOS camera
operating at 25 frames per second and evaluated via the
NANOSIGHT NTA 2.0 Analytical Software Suite. DLS measure-
ments were performed on a Brookhaven Instruments Corpora-
tion 90 PLUS particle size analyser on ethanol or n-hexane
solutions to yield the size distributions by intensity. Samples for
Transmission Electron Microscopy (TEM) were directly drop-
casted from n-hexane or ethanol dispersions before centrifu-
gation (2-3 drops) over carbon-coated Cu grids. TEM images
were obtained with a JEOL JEM 2100 microscope. Scanning
Transmission Electron Microscopy (STEM) measurements were
performed in a Tecnai F30 (Thermofisher) at a working voltage
of 300 kv. High Angle Annular Dark Field (HAADF) images were
obtained with a Fischione detector. On the other hand, Energy
Dispersive X-ray Spectra (EDS) were acquired with an EDAX
detector. Point spectra and linescans were obtained in order to
confirm the chemical composition and hollow structure of the
colloidosomes. The light emitting diode system (LED) used for
photothermal heating experiments and for plasmonic-assisted
synthesis consisted of four, 10 W cool white LedEngin LZ4-
00CWO08 white light emitters or four 10 W 523 nm LedEngin
LZ4-40G108 green emitters attached to a home-made water-
cooled aluminium heat sink device.

Synthesis of Au CSs (1-3)

Complex [Au(CgF;5)(tht)] (10 mg, 0.022 mmol) (1); (5 mg, 0.011
mmol) (2) or (15 mg, 0.033 mmol) (3) was suspended in 2.5 mL
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of n-hexane and then oleic acid (100 pL, 0.32 mmol) was added.
The suspension was sonicated for 3 minutes in order to dissolve
the gold complex and triisopropylsilane (150 pL, 0.73 mmol)
was added. The reaction mixture was left without stirring in an
Ace pressure tube inside an oil bath at 60 °C. After 2 hours,
a blue solution was formed, and it was used for UV/Vis/NIR and
TEM sampling.

The solid was separated from the solution by centrifugation
discarding the supernatant. These blue Au CSs are soluble in
EtOH, n-hexane or toluene, keeping its UV/Vis/NIR spectrum
unaltered.

Synthesis of Au CSs (4-5)

To a n-hexane (2.5 mL) suspension of [Au(C¢F;)(tht)] (10 mg,
0.022 mmol), oleic acid was added (50 pL, 0.16 mmol (4) or 300
uL, 0.95 mmol (5)), and the mixture was sonicated for 3 minutes
to dissolve the gold complex. After that, triisopropylsilane (150
uL, 0.73 mmol) was added and the mixture was left without
stirring in an Ace pressure tube in oil bath at 60 °C for 2 hours,
forming a blue solution. This blue solution was used for UV/Vis/
NIR and TEM sampling.

The solid was separated from the solution by centrifugation
discarding the supernatant. These blue Au CSs are soluble in
EtOH, n-hexane or toluene, keeping its UV/Vis/NIR spectrum
unaltered.

Synthesis of Au CSs (6)

A suspension of [Au(CgFs)(tht)] (10 mg, 0.022 mmol) was
prepared in 2.5 mL of n-hexane and then, oleic acid (100 pL,
0.32 mmol) was added. The mixture was sonicated for 3 minutes
in order to dissolve [Au(CeFs)(tht)], and triisopropylsilane (450
pL, 2.20 mmol) was added. The reaction mixture was left
without stirring in Ace pressure tube in oil bath at 60 °C for 2
hours, forming a blue solution. This was used for UV/Vis/NIR
and TEM sampling.

The solid was separated from the solution by centrifugation
and discarding the supernatant. These blue Au CSs are soluble
in EtOH, n-hexane or toluene, keeping its UV/Vis/NIR spectrum
unaltered.

Synthesis of Au CSs (7-9)

To a n-hexane (2.5 mL) suspension of [Au(C¢F5)(tht)] (10 mg,
0.022 mmol), oleic acid was added (100 pL, 0.32 mmol). The
mixture was sonicated for 3 minutes until the complete solution
of [Au(CeFs)(tht)] and triisopropylsilane (150 pL, 2.20 mmol)
was added. The mixture, without stirring, was exposed to white
(7) or green LED-light (8), or left under darkness conditions (9),
for 6 hours, forming blue solutions. These solutions were used
for UV/Vis/NIR and TEM sampling.

Synthesis of Au CSs (10)

The blue solid obtained by centrifugation of Au CSs (1) was
dissolved in EtOH (2 mL) and 1 mL of r-glutathione (50 mM in
water) was added in 10 x 100 pL portions under stirring. The
blue solution remained unaltered and, after 5 minutes of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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stirring, it was centrifuged, discarding the supernatant. This
new blue Au-nanostructures are now soluble in water, keeping
its UV/Vis/NIR spectrum unaltered.

Conclusions

In conclusion, we have developed a single-step method for the
synthesis of sub-200 nm Au CSs of controlled diameter and
surface, taking advantage of the formation of small Au NPs at
the interface of oleic acid nanodroplets templates in n-hexane.
These Au CSs display tuneable size and surface-dependent
collective plasmonic properties arising from the coupling of
the individual Au NP plasmons. In addition, these Au CSs
display white-LED light induced photothermal heating that can
be used, for example, for the plasmonic-assisted synthesis of
the CSs. The Au CSs also display stimuli-responsive properties
to solvent changes or to the addition of glutathione. We envi-
sion that these Au-based plasmonic nanostructures constitute
an interesting model for the study of further plasmonic related
properties such as photothermal heating, (photo)catalysis or
drug release.
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