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ABSTRACT: A simple single-phase method for the prepara-
tion of ca. 2 nm gold nanoparticles capped with mercapto-
carborane ligands is introduced. The resultant monolayer
protected clusters (MPCs) exhibit redox-dependent solubility
and readily phase transfer between water and nonpolar
solvents depending on the electronic and ionic charge stored
in the metal core and in the ligand shell, respectively. The
particles and their properties have been characterized by high
angle annular dark field imaging in a scanning transmission
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electron microscope, elemental analysis, centrifugal particle sizing, UV—vis and FTIR spectroscopy, and thermogravimetric
analysis and by 'H, ''B, and “Li NMR spectroscopy. Cellular uptake of the MPCs by HeLa cells has been studied by TEM, and
the subsequent generation of reactive oxygen species inside the cells has been evaluated by confocal fluorescence microscopy.
These MPCs qualitatively showed significant toxicity and the ability to penetrate into most cell compartments with a strong
tendency of finally residing inside membranes. Applications in catalysis, electrocatalysis, and biomedicine are envisaged.

B INTRODUCTION

Thiolate-stabilized gold nanoparticles, now commonly referred
to as monolayer protected clusters (MPCs), have been studied
with unabated enthusiasm since the initial report of a simple
two-phase liquid/liquid protocol in 1994, which enabled the
gram scale preparation of dodecanethiolate-capped particles in
the 1.5 to 4 nm size range that were stable under ambient
conditions as isolated solids and readily redispersible in
nonpolar solvents." Owing to this unprecedented stability and
the ease of preparation, MPCs of gold and, to a much lesser
extent, silver were rapidly adopted by researchers across dis-
cipline boundaries and soon facilitated a number of important
studies of typical nanoscale phenomena that had hitherto been
virtually inaccessible to experimental investigation. These in-
clude electrochemical quantized capacitance charging,” room
temperature Coulomb blockades,® activated electron hop-
ping conductivity in nanoparticle solids and thin films,* self-
organization of nanocrystal superlattices,” reversible metal—
insulator transitions,® and NMR spectroscopy of self-assembled
monolayer thin films,” to name only a few.

The practical importance of MPCs is evidenced, for example,
by their current role in the development of artificial nose-type
gas sensors with potential applications in lung cancer
diagnostics based on breath analysis.® The first crystal structure
of a typical representative of this class of materials stabilized by
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mercaptobenzoic acid (MBA), Au,;,MBA,,, was published in
2007,” and others followed,'® generally suggesting that the
stability of the clusters stems partly from their electronic closed
shell structure'" as previously observed in series of alkali metal
clusters with so-called magic numbers of electrons.'> Recently,
much MPC work has focused on the use of water-soluble clus-
ters for biomedical applications, such as drug and gene delivery
and photodynamic therapy."®> Hydrophilic thiols successfully
used as capping agents for this purpose include sugars,"*
peptides,'® polymetacrylate,'® and polyethylene glycol (PEG)
derivatives.'” Solubility is a general problem that often poses
limits to the chemical versatility of MPCs, which, in principle,
could be prepared with any combination of chemical and/or
biomolecular functionalities in the ligand shell. In practice, many
ligand shell modifications compromise the particles’ colloidal
stability and cause aggregation.

While the chemical properties of MPCs are dominated by
those of the functional groups present in the ligand shell, it is
well established that the metal core can accept or donate a
number of electrons in discrete steps, as evidenced by electro-
chemical charging experiments.” At the cathodic limit this leads,
under certain conditions, to the destabilization of the particles
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by reductive loss of thiolate ligands."® The vast majority of
electrochemical experiments with MPCs, beginning with
Murray’s pioneering work that introduced the concept of
quantized capacitance charging, have been carried out in non-
aqueous media using MPCs stabilized by short chain alkane-
thiols to enable electron transfer across the ligand shell.” The
compared to water low dielectric constants of such media
implies low double layer capacitances and hence allows the
observation of single electron charging steps at the expense of
limiting the amount of charge that can be stored on each
cluster. In water, colloidal metals acting effectively as electron
pools have been known for some time and were first reported
by Henglein and co-workers,'” but charge-dependent transfer
of metallic particles across the water/oil interface has not been
observed in any system reported to date.

Here we introduce a single-phase route to a new type of
MPC, which is hydrophobic and completely insoluble in water
when uncharged, but, when offered electrons by a suitable
reducing agent, transfers readily to an aqueous phase where
it behaves as a Henglein-type electron pool. In addition,
exchangeable cations can be stored in the ligand shell. When
discharged, the particles precipitate in water and redissolve
readily in less polar solvents. These unprecedented properties
are due to the use of mercaptocarborane clusters as capping
agents, which, like other thiol ligands, effectively stabilize the
gold core, but owing to their spherical shape necessarily leave
gaps that allow direct access of reactants and solvent molecules
to the gold surface. The design of water-soluble boron rich
macromolecules or particles is of significance for Boron
Neutron Capture Therapy (BNCT) and for drug delivery.

Ortho-carborane, 1,2-closo-C,B,(H,,, nearly retains the
perfect icosahedral geometry of the parent borane after sub-
stitution of two adjacent boron atoms with two carbons.” It is
chemically and thermally extremely stable but, like its derivatives,
highly hydrophobic and generates water-insoluble structures with
limited bioavailability and hence is unsuitable for application in
BNCT.*' The excellent water-solubility of the materials pre-
pared here is thus highly unusual, representing a rare case of
a carborane-based macromolecular unit with potentially high
bioavailability.

We have characterized these new MPCs by TEM, scanning
transmission electron microscopy-high-angle annular dark field
(STEM-HAADF), UV—vis, infrared, and NMR spectroscopy,
centrifugal particle sizing (CPS), thermogravimetric analysis
(TGA), and quantitative analysis of boron, gold, and sulfur by
X-ray photoelectron spectroscopy (XPS), and atomic emission
spectroscopy (AES), and we describe in detail their unusual
redox-switchable hydrophilicity as well as ion exchange phe-
nomena. To illustrate potential biomedical applications of their
unique solubility characteristics, we have demonstrated the
cellular uptake of these MPCs from aqueous solution by a
human cancer cell line and show that the particles penetrate
membrane structures as they are oxidized and become more
hydrophobic within the biological environment. It is also been
shown that uptake of these MPCs causes significant stress by
the generation of reactive oxygen species (ROS). We believe
that these new materials offer a broad scope for exciting research
and future applications.

B EXPERIMENTAL SECTION

Materials. Chlorauric acid and tetraoctylammonium bromide were
purchased from Sigma Aldrich, 1-octanethiol from Fluka, and sodium
borohydrate from Katchem. All chemicals were used as purchased.
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Diethyl ether, acetone, methanol, and hydrochloric acid were
purchased from Carlo Erba-SdS, and isopropanol was obtained from
VWR BDH PROLABO. Mercaptocarborane,1-SH-1,2-closo-C,B oH,,,
was synthesized according to the literature.””

Methods. Preparation of Mercaptocarborane-Capped MPCs.
50 mg of mercaptocarborane (0.283 mmol) and 111 mg of chlorauric
acid (0.283 mmol) dissolved in 60 mL of methanol and 64 mg of
sodium borohydride (1.6998 mmol) dissolved in 30 mL of methanol
were added immediately under vigorous stirring. The mixture
was stirred at room temperature for 10 min before the solvent was
removed by rotary evaporation. The dark-brown residue was first
thoroughly washed with diethyl ether to remove excess mercapto-
carborane and then dissolved in isopropanol and filtered to remove the
remaining sodium borohydride and other insoluble contaminants.
After rotary evaporation of the isopropanol, the final product was
obtained as a dark-brown solid. IR (NaCl): v = 3063 (s, vc_y), 2584
(vs, vg_y)- 'H NMR (300 MHz, CD;COCD;, Si(CH;),) & (ppm):
3.48 (s, 1H, C.—H), 3.00—1.50 (m, 10H, B—H). 'H{"'B} NMR (300
MHz, CD;COCD;, Si(CH,),) & (ppm): 3.48 (s, 1H, C.—H), 2.81 (br
s, B—=H), 2.59 (br s, B—H), 2.21 (br s, B—H), 1.80 (br s, B—H). 'B
NMR (96 MHz, CD,COCD,, BE,-Et,0) & (ppm): —1.86 (d, JJ(B—
H) = 143 Hz), —7.09 (d, J(B—H) = 170 Hz), —8.92 (d, J(B—H) =
147 Hz), —11.69 (d, 'J(B—H) = 166 Hz).

Infrared. Spectra of MPCs were recorded on a NaCl plate after
evaporation of a drop of MPCs dispersed in acetone using a Perkin-
Elmer Spectrum One spectrophotometer, which covers a wavelength
range from 4000 to 400 cm™'. UV—vis spectroscopy was carried out
with a Shimadzu UV—vis 1700 spectrophotometer at 23 °C using 1 cm
quartz cuvettes. 'H and '"H{"'B} NMR (300.13 MHz) and "B and
HB{'H} NMR (96.29 MHz) spectra were recorded with a Bruker ARX
300 instrument equipped with the appropriate decoupling accessories.
Chemical shift values for ''B NMR spectra were referenced to external
BF; « OEt,, "Li NMR spectra were referenced to 1 M LiCl aqueous
solution and those for 'H and 'H{''B} NMR spectra were referenced
to SiMe,. Chemical shifts are reported in units of parts per million
downfield from reference and all coupling constants in Hz.

XPS. Experiments were performed in a PHI 5500 Multitechnique
System (from Physical Electronics) with a monochromatic X-ray
source (Aluminum Kalfa line of 1486.6 eV energy and 350 W), placed
perpendicular to the analyzer axis, and calibrated using the 3d5/2 line
of Ag with a full width at half-maximum (fwhm) of 0.8 eV. The
analyzed area was a circle of 0.8 mm diameter, and the selected
resolution for the spectra was 187.5 eV of pass energy and 0.8 eV/step
for the general spectra and 23.5 eV of pass energy and 0.1 eV/step for
the spectra of the different elements. All measurements were made in
an ultra-high vacuum (UHV) chamber pressure between 5 X 107
and 2 X 107® Torr. Quantitative analysis of Au and B by atomic
emission spectroscopy was carried out using a Spectro Ciros ICP-
AES spectrometer.

Particle Imaging and Sizing by STEM. TEM specimens were
prepared by allowing one drop of the diluted ethanolic sol to evaporate
on a lacey carbon film supported by 300 mesh copper grid. STEM-
HAADF images of nanoparticles were obtained in order to determine
the metal dispersion using a JEOL 2200FS transmission electron
microscope equipped with a CEOS probe corrector. A 30 mm
condenser aperture (~25 mrad) and a probe current of ~60 pA were
used when acquiring the images. The particle size distribution was
determined by measuring the 2D projected area of nearly 2000
particles. Particle diameters were derived by assuming all the particles
are ideal spheres.

Particle Sizing by Analytical Centrifugation. Particle size and
distribution was estimated using a CPS disc centrifuge DC24000
(CPS Instruments Inc.). For measurements, the speed was set to
24000 rpm, and the centrifuge disc was successively filled with a density
gradient liquid (8—24% w/w sucrose dissolved in Milli-Q water)
leaving it to stabilize for 1 h prior to analysis. The disc was filled
successively in nine steps, starting with the dilution of highest density.
Prior to analysis of the nanoparticles, calibration was performed using
as a calibration standard 0.377 ym PVC particles (Analytik Ltd.). All
nanoparticle samples were sonicated before injection in the disc
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centrifuge. The size of the particles was calculated using CPS Software
(9.5¢) for the density of 6.5 g cm™.

TGA. Analysis was performed for a 1.32 mg sample in a Al,O;
crucible, using a NETZSCH STA 449F1 Jupiter thermogravimetric
analyzer under an argon atmosphere at 10 K min~" heating rate from
313.15 to 673.15 K. The Argon flow rate was of 60 mL min~". Proteus
software was used for the measurement and evaluation of the resulting
data.

MPC Phase Transfer Experiments. Phase transfer of MPCs from
water to diethyl ether has been carried out in two different ways:
(i) irreversibly, with the phase transfer agent fetraoctylammonium
bromide, and (ii) reversibly, by acidification of the aqueous phase with
dilute hydrochloric acid. For (i) a test tube was filled with ca.
4 mL of the aqueous dispersion of MPCs and the same volume of
diethyl ether to give a two-phase system. Solid fetraoctylammonium
bromide was added in small portions under regular shaking until all
MPCs had transferred to the ether phase. A movie of this experiment
is shown in Supporting Information. For (ii), instead of adding a phase
transfer agent, the aqueous phase was acidified by addition of a small
volume of dilute hydrochloric acid, which led to the formation of a few
gas bubbles (presumably hydrogen) and transfer of MPCs to the ether
phase. Photos of this experiment are shown in Scheme 2. Once the
ether phase contained the MPCs, the acidified aqueous phase was
replaced by a freshly prepared aqueous solution of sodium
borohydride, which led to the re-extraction of the particles back into
the aqueous phase.

Cellular Uptake of Nanoparticles and Cell Imaging by Electron
Microscopy. HeLa cells were incubated for 2 h with MPCs dispersed
in cell culture medium. After incubation the excess of nanoparticles
was removed, and cells were rinsed twice with 2 mL of warmed PBS
(1X) buffer. Subsequently, the cells were fixed by addition of 4%
paraformaldehyde/2.5% glutaraldehyde in phosphate buffer (0.7 mL)
for 1 h. Then the cells were rinsed with PBS buffer, postfixed using 1%
aqueous solution of OsO,, (0.5 mL) for 1 h (caution! extremely toxic).
Subsequently the cells were washed with Milli-Q water, 30% ethanol
solution and stained with 0.5% uranyl acetate (0.5 mL, in 30%
ethanol) for 1 h. Cells were then gradually dehydrated using a series of
ethanol solutions (30, 60, 70, 80, and 100%) and embedded in epoxy
resin. The resin was polymerized at 60 °C for 48 h. Ultrathin sections
(70—100 nm) were cut using a diamond knife on a Leica Ultramicro-
tome and mounted on Formvar-coated copper grids. The sections
were then poststained using 5% uranyl acetate in 50% ethanol and 2%
aqueous lead citrate solution and imaged with FEI Tecnai Spirit TEM
at 100 kV using AnalySIS software (Soft Imaging Systems).

Detection of Reactive Oxygen Species (ROS) and Confocal
Microscopy. Confocal microscopy was carried out to detect ROS
production in the cells incubated for 30 min with mercaptocarborane-
capped MPCs using the ImageiT Live detection kit (Molecular Probes,
Invitrogen detection technologies). Cells were cultured in 35 mm
glass-bottom dishes (Iwaki, Asahi Techno Glass, Tokyo, Japan), and
fluorescence was measured using a Zeiss LSMS510 microscope (Jena,
Germany) with a 63 plan apochromatic oil immersion objective
(NA = 1.4). The intracellular ROS levels were detected using S-(and-
6)-carboxy-2',7"-dichlorodihydrofluorescein diacetate (carboxy-
H,DCFDA). Carboxy-H,DCFDA is a nonfluorescent cell-permeable
indicator for ROS that becomes fluorescent upon oxidation by ROS after
cleavage of the protecting acetate groups by intracellular esterases. After
incubation with the nanoparticles, the cell culture medium was replaced
with fresh complete medium in the presence of 25 mM of carboxy-
H,DCFDA. After 20 min incubation at 37 °C, the dye was washed
twice with complete medium, and intracellular fluorescence was
detected using an argon ion laser at 488 nm for excitation and a 505—
550 nm bandpass filter from a 545 nm dichroic mirror for emission.
Data capture was performed with LSMS10 version 3 software (Carl
Zeiss GmbH, Jena, Germany).

B RESULTS AND DISCUSSION

Preparation and Properties and a Structural Model
for Redox Switchable Solubility. The single-phase reaction
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leading to mercaptocarborane-capped gold nanoparticles with
a mean total diameter of 3.2 nm (determined by CPS) is
schematically illustrated in Scheme 1.

Scheme 1. Formation of Au Nanoparticles
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The mercaptocarborane used here has been successfully
employed before by Base et al. both for the modification of flat
gold electrodes and the preparation of MPCs of comparable
size.”> Their particles were very thoroughly characterized but
did not show unexpected or unusual properties in comparison
with MPCs stabilized by more conventional thiolate ligands.
The reason for this is that the authors had followed the tradi-
tional two-phase liquid/liquid route, which requires the use of
tetraoctylammonium bromide as a phase transfer agent.*® As a
result, tefraoctylammonium ions formed part of the product,
which then no longer exhibits the remarkable electron and ion
storage abilities and the switchable solubility behavior we wish
to report here. Kennedy et al. attached mercaptoborane to 25 nm
aqueous silver colloids to devise a delivery system for boron
neutron capture therapy and reported strong Raman enhance-
ment of the B—H stretchlng mode but did not further char-
acterize the material”* STM studies of self- assembled monolayers
(SAMs) of mercaptocarborane on macroscopic gold and silver®
surfaces have been reported.

The modified method we report here features a number of
characteristics during the preparation step that are worth being
highlighted and discussed along with some peculiar observa-
tions of the particles’ solubility behavior, since this provides
important intuitive chemical insight into this complex nano-
system. The preparative protocol is very simple and basically
consists of the addition of sodium borohydride to a methanolic
solution of chlorauric acid in the presence of the mercapto-
carborane. While in previously reported single- and biphasic
preparations of MPCs any excess of borohydride appears to be
tolerated, this system here is very sensitive to the amount of
borohydride added, so that once a threshold of approximately
7-fold stoichiometric excess with respect to Au(Ill) reduction
is reached, the clear brown solution of nanoparticles turns
abruptly into a black slurry followed by irreversible precipi-
tation of the entire gold content as a black powder. Also as a
purified product, our particles remain prone to decomposition
in the presence of a large amount of borohydride. While this
obviously has to be avoided, this property indicates that unlike
other MPCs, these are amenable to further reduction by boro-
hydride and eventually suffer reductive loss of the protec-
tive thiolate ligands, which has previously only been observed
in electrochemlcal experiments using MPCs capped with
hexanethiol.'"® We attribute this to the necessary openness of
the ligand shell resulting from the fact that it is impossible to
cover a sphere (Au core) with smaller spheres (carboranes)
without leaving gaps and to the very small diameter of the
carborane of about 0.5 nm, which may still allow electron trans-
fer from borohydride to the gold core across the ligand shell.
Given the size of the carborane, the gaps will not be narrower
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than 0.25 nm, even at closest packing of carborane spheres, and
thus will permit most ions and small molecules direct access to
the gold surface.

Once the particles have been prepared, the solvent,
methanol, is removed to yield the dry crude product still con-
taining excess ligands, sodium borohydride, and any possible
byproduct. Curiously, the resultant solid dissolves not only in
alcohols and acetone but also in water, while it is insoluble in
diethyl ether and less polar solvents. MPCs consisting only of a
gold core and a shell of mercaptocarborane ligands should be
very hydrophobic and hence completely insoluble in water.
Their solubility in polar solvents therefore is a very surprising
finding. Nevertheless, once dissolved in water, the particles can
be readily extracted into diethyl ether by addition of the
phase transfer agent tetraoctyammonium bromide to the organic
phase. This quantitative extraction shown in the movie (see
Supporting Information) demonstrates unequivocally the net
anionic character of the particles when present in the aqueous
phase. Once tetraoctylammonium ions are added, the process is
irreversible, and the particles will no longer be soluble in water.
In fact, it was impossible to separate the particles from the
phase transfer agent, which appeared to have become an
integral part of the ligand shell. MPCs treated in this way are
probably very similar to those previously reported by Base et
al*® The perhaps more interesting reversible transfer of the
particles from water to diethyl ether is achieved by acidifica-
tion of the aqueous phase with dilute hydrochloric acid. Upon
addition of the acid, the particles precipitate from the aqueous
phase under evolution of a small amount of gas, presumably
hydrogen (also in the absence of borohydride), and redissolve
readily in the organic phase. In a two-phase system direct
extraction from the aqueous to the organic phase is observed.
Re-extracting the particles into an aqueous phase is possible by
addition of sodium borohydride but cannot be achieved simply
by an alkaline aqueous phase. This demonstrates that it is not
an acid—base reaction but a redox reaction that switches the
solubility of the particles. The process is completely reversible,
and the same particles can be isolated as a solid, redissolved,
and moved back and forth between diethyl ether and water
phases without any evidence of aging effects. An interesting
observation is the formation of relatively stable water/diethyl
ether emulsions and even gels during these experiments. They
are likely to be Pickering emulsions stabilized by particles at

the interphase between the two immiscible liquids. These emul-
sions are readily broken up by the addition of a few drops of
acetone.

Based on our extensive experience with MPCs and sum-
marizing all indicative observations detailed above, a simple
model that describes the particles as both electron and ion
storage devices is presented in Scheme 2. It is proposed that the
readily accessible gold core acts as an electron pool that is in
Nernstian equilibrium with its surrounding electrolyte solution.

In the presence of sodium borohydride, the core charges up
negatively by storing a number of excess electrons, which are
counter balanced by sodium ions occupying the voids between
the carborane spheres on the surface of the particle and pre-
sumably also within the electrochemical double layer depend-
ing on the amount of charge that needs to be balanced. The
cathodic limit of this charge storage process is the observed
decomposition of the material by reductive desorption of
ligands, for example, after addition of excess borohydride. This
structural model also explains the observed anionic behavior of
the particles. As illustrated in Scheme 3, the dissociation of

Scheme 3. Formation of Giant Polyanions
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sodium ions from the core leads to the formation of giant
polyanions, which can be extracted into nonpolar solvents with
tetraoctylammonium bromide, as shown. Positive charging of
the core by reaction with suitable oxidizing agents has not
been attempted but should be an interesting goal of future
work along with a full electrochemical characterization of these
materials.

The stored electrons are removed from the gold core by mild
oxidation in dilute acid under evolution of hydrogen, as also
shown in Scheme 2. Concurrently, sodium ions desorb, and the

Scheme 2. Model Illustrating the Particles Both As Electron and Ion Storage Devices
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particles become much less hydrophilic and either precipitate
or transfer to the organic phase if present. Finally, a simple
experiment was conducted in order to demonstrate that the
voids between the carboranes could be irreversibly filled by a
suitable molecular stopper, here octanethiol. A day after addi-
tion of a small amount of octanethiol to a solution of MPCs in
diethyl ether it was no longer possible to transfer the particles
to water by addition of borohydride. Also, the particles were
now tolerant of a large excess of borohydride in the aqueous
phase and did not decompose, suggesting that charging of the
metal core by direct access of the reducing agent through voids
in the ligand shell was no longer possible.

Characterization. The purified MPCs obtained as dark-
brown solids were subjected to a number of complementary
analytical techniques typically employed for the characteriza-
tion of such materials. UV—vis spectroscopy gives the typical
featureless spectra indicative of particles with a core diameter
below 3 nm showing in the UV range strongly increasing
absorption with decreasing wavelength due to d-band tran-
sitions, while a plasmon band is absent (see Supporting
Information). Figure 1 shows the FTIR spectra of mercapto-
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Figure 1. Comparison between the IR spectra of mercaptocarborane
(red) and MPCs (black).

carborane and that of the corresponding MPCs. The main
characteristic bands are labeled in both cases. Strong broad
absorptions at 2596—2573 cm™' in both the pure mercapta-
carborane and the final product, due to B—H stretches, domi-
nate the IR spectra and support a closo cluster structure.”® In
addition, the IR spectrum of MPCs exhibits £(C—H) stretch
absorption at 3063 cm™' confirming the presence of C.—H
bond”” in the gold nanoparticles. Comparison of the spectra
clearly demonstrates that mercaptocarborane is the IR active
component of the product.

The presence of the mercaptocarborane in the ligand shell
of the product was further confirmed by 'H and "B NMR
spectroscopy in CD;COCD;. The '"H NMR clearly shows the
absence of the S—H proton after attachment of the ligand to
the gold. Furthermore, the broad single resonance correspond-
ing to C—H bond** moves from 4.84 to 4.42 ppm once the
ligand coordinates to the gold nanoparticle (see Supporting
Information for details). Figure 2 shows a comparison between
the ''B NMR spectrum of our MPCs and the NMR spectrum
of mercaptocarborane alone. While there are clear differences in
the peak patterns indicating a strong interaction between the
ligand and the metal core, the range of the chemical shifts fully
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Figure 2. Comparison between ''B NMR spectra of mercaptocarbor-
ane and mercaptocarborane attached to Au nanoparticles.

coincides in both spectra giving further evidence that the closo
structure is retained in the final product.

Most notably, the peak at —5.5 ppm in the spectrum of the
pristine mercaptocarborane shifts upfield in the MPCs as a
result of the gold bonding. This has been reported before for
the corresponding carboranylthiolates after coordination to
metal, in which the sulfur provides a bridge to transfer electron
density from the rich transition metal to the electron-deficient
carborane cage.”® Thus, the carborane electron density in the
MPCs is higher than in the parent thiol.

Particle Size. HAADF images of the particles at lower and
higher magnification and the corresponding distribution of Au-
core sizes are shown in Figure 3. The mean core diameter of
1.1 nm suggests that the well-known Au,, cluster is present as
the majority species in this preparation. A series of smaller
clusters is also present, down at the limit to a very small fraction
of species that contain just a single gold atom (see Figure 3b).
Some of these atomically dispersed species are artifacts arising
from electron beam damage of larger particles, but the majority
are genuine components of the sample. The inability to obtain
crisp lattice images of the particles is due to their very small
size, high mobility (rolling and reorientation), and temporary
loss of crystallinity (melting) under the electron beam (see
Figure S7, Supporting Information). In contrast, more distinct
high-resolution images are obtained from larger particles of
3—7 nm core diameter, which are very occasionally found as a
minority species in this material (see Figure S8, Supporting
Information). The carborane ligand shell, unsurprisingly, is not
visible against the backgound contrast of the carbon support
film.

In the UV—vis spectrum of the material the absence of a
plasmon band confirms that the typical gold core size is below
3 nm (see Supporting Information). As presented in Figure 4, a
mean particle size including the ligand shell of 3.2 nm was
estimated by centrifugal particle sizing (CPS), a technique that
reaches its limitation at the S nm and below range. Taking into
account the known diameter of the carborane cage of near
0.5 nm,*® a mean total particle diameter of 2.1 nm would be
expected based on the STEM results.

Partial elemental analysis was also carried out for Au and B
by ICP-AES and for Au, B, and S by XPS. By ICP-AES a Au:B
molar ratio of 1:6.5 was found and by XPS a Au:B:S relative
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Figure 3. Representative (a) low- and (b) high-magnification STEM-HAADF images of the Au particles supported on a continuous carbon film.
(c) Corresponding particle size distribution derived from measurements on ~2000 particles. Notice that species containing single Au atoms can be
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Figure 4. Size distribution of MPCs determined by analytical
centrifugation at 24 000 rpm rotation speed, showing a mean particle
diameter of 3.2 nm.

molar content of 2.17:16.15:1.31 was obtained. TGA gave a
weight loss attributable to the loss of mercaptocarborane
ligands of 31.93%. These results are all in good agreement with
each other and indicate an average proportion of 0.6 ligand
molecules per gold atom. This empirical ratio is rather large in
comparison to that of well-known MPCs of gold, such as
Au,,(SR),,” or Auyy,(SR),>° but can be explained by the
minority presence of a significant population of extremely small

clusters and even complexes that only contain a single gold
atom, probably of the type Au(SR),, as evidenced by STEM-
HAADF images. In addition, mercaptocarboranes differ signi-
ficantly from the typically used alkanethiols, and it can be
argued that they should favor a somewhat higher ligand
coverage. Conventional thiols do not exhibit the same acidity,
volume, self-organization possibilities, and coordinating char-
acter of the sulfur atom nor the same possibility to generate
interactions between each other as do mercaptocarboranes.*!
The rigid and globular form of the orthocarborane ligand is very
different from that of an alkane. Among typical organic ligands,
the closest shape to that of the orthocarborane cluster would be
a rotating benzene moiety,>> but even in this case, neither the
possibility of self-interactions nor the packing efficiency would
be comparable. The orthocarborane via its acidic Cgyger—H
bond gives rise to hydrogen or dihydrogen interactions with
neighboring clusters B—H groups (Cgustes—H-"H—B).** These
interactions are not possible for alkanes. Thus it is not unrea-
sonable to expect a slightly higher packing density of ligands
for the mercaptocarborane MPCs in comparison with organic
groups, e.g, alkanes. Moreover, the orthocarborane attracts
electrons through the cluster carbon atoms more readily than
benzene.** To obtain final certainty about the exact composi-
tion of each particle, either high-resolution mass spectra or
crystal structures would be needed. Such work is underway.
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lon Exchange. To demonstrate the ability of the MPCs
to store ionic charge, a sample dissolved in water was passed
trough a lithium ion exchange column® and subsequently
analyzed by "Li NMR spectroscopy. Using acetone as solvent, a
single sharp peak at 2.02 ppm in the "Li NMR spectrum of the
MPCs was observed. This is clearly indicative of the presence
of lithium ions in the MPCs. In addition, by comparison with
a reference solution of lithium chloride in acetone, the Li
resonance in the MPCs is about 1 ppm deshielded (Figure S).
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Figure 5. Comparison between “Li spectra: reference (LiCl 1 M in
D,0) (green), LiCl 1 M in dg-acetone (red), and MPCs in d¢-acetone
(blue).

This evidence that the lithium in MPCs is not so thoroughly
solvated by acetone as it is in the case of lithium chloride in the
same solvent and that lithium ions polarize electron density
from its surroundings, either from the gold nanoparticle or the
hydrogen B—H vertexes, that possess a partial hydride character
or both.

Note that in aqueous medium sodium ions are strongly asso-
ciated with the MPCs and are probably located in the voids
between adjacent mercaptoborane cages. In the exchange
column, they are replaced stoichiometrically by lithium ions,
which are now sitting inside the voids in contact with or close
proximity to the gold surface.

Cellular Uptake and Intracellular Fate. These preli-
minary experiments were conducted to investigate how our
hydrophilic MPCs, that have the unique property of becoming
hydrophobic when oxidized, interact with biological cells. This
is of interest since a cell represents a medium that is strongly
compartmentalized into aqueous microenvironments separated
from each other by hydrophobic membrane barriers. Our ex-
pectation was that the MPCs can cross these barriers easier
than purely hydrophilic particles and that they eventually end
up as hydrophobic inclusions in membranes. Although the
intracellular environment is generally described as reductive, it
should be oxidative with respect to the MPCs that have been
prepared in the presence of a high concentration of sodium
borohydride. The results discussed below suggest that this is
indeed the case. For this study, we chose HeLa cells, a common
human fibroblast cell line, which has frequently been used
to investigate cellular uptake of nanoparticles. The first clear
difference compared to standard gold nanoparticles is that our
MPCs are relatively toxic so that all cells died after 24 h of
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incubation with them. We therefore restricted the time the cells
were in contact with the particles to 2 h. Under these con-
ditions the cells remained alive even 48 h after they had been
incubated. TEM images of cell sections prepared immediately
after the 2 h incubation time are shown in Figure 6.

Figure 6. MPCs after uptake by HeLa cells, precipitated into the
membranes of a multivesicular body (a), in the nuclear envelope (b),
and in the mitochondria (c). Red circles and arrows have been added
for clarity. Scale bars are 200 nm.

As expected, the particles are very small, and it is probably
not possible to identify individual ones in these images. Never-
theless, aggregates composed of several particles can be clearly
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distinguished. It is a general problem with standard TEM
imaging of intracellular metal particles below about 5 nm that
these are often indistinguishable from stained proteins and
other subcellular structures of comparable size. As Supporting
Information, we have therefore added for comparison similar
images obtained in the absence of MPCs to demonstrate that
the excellent contrast provided by the gold, in this case does
indeed provide us with confidence to identify and locate aggre-
gates of MPCs, some of which have been labeled for clarity with
red circles or arrows. The images in Figure 6 show features
belonging to three different compartments, a multivesicular
body, the nuclear envelope, and a mitochondrion. In all cases,
most of the aggregated particles are clearly identified and reside
within membrane structures, which is particularly clear in the
case of the nuclear envelope, part of which is densely decorated
with aggregates. A number of aggregates are also found in the
cytosol and in the nucleus. These findings support the hypo-
thesis that the particles are initially dispersed in the aqueous
phase of the cell, where they appear to be able to diffuse freely
into various organelles, and then gradually become oxidized and
rendered hydrophobic, which leads to aggregation followed by
precipitation of the aggregates into membrane structures. To
confirm the involvement of redox processes in this behavior, we
have investigated the formation of ROS, which include OH
radicals formed as a consequence of enhanced redox activ-
ity within the cell. The confocal microscopy image in Figure 7

Figure 7. Confocal microscopy: incubation with MPCs causes
oxidative stress. ROS monitored by the appearance of green
fluorescence: (a, b) HeLa cells incubated MPCs nanoparticles for 30 min
and (c, d) same as (a) but in the absence of gold nanoparticles.

clearly shows significantly enhanced ROS levels after incubation
with MPCs, indicating the formation of radicals and subsequent
oxidative stress that we attribute to the loss of electrons (and
sodium ions) from the MPCs, as shown in Scheme 2.

The behavior of our MPCs in the biological environment
is highly unusual and further confirms that these particles
have properties that differ significantly from those of standard
preparations. Most commonly, nanoparticles are taken up by
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endocytosis and are not able to transfer spontaneously across
membrane boundaries.”” They tend to remain confined to
endocytic vesicles, such as those shown in Figure 6a, and do not
reach the cytoplasm or the nucleus and least of all the
mitochondria, which have no mechanisms for the direct uptake
of particular matter and, like the nucleus, are surrounded by a
double membrane. The toxicity of these new MPCs and their
ability to readily reach intracellular targets makes them
attractive candidates for further studies in view of potential anti-
cancer activity or as boron-rich agents for BNCT. The above
observations together suggest that in this system, ligand exchange
with intracellular glutathione, as reported by Rotello and co-
workers,"*® within the time scale of our experiments only plays -
a minor role, if any, since it would render the particles hydro-
philic and prevent their precipitation into membrane structures.
Resisting ligand exchange is quite common and has been
observed before for particles stabilized with peptides and/or
polyethylene glycol-based ligands.m"f To what extent our particles
do undergo chemical modifications inside the cell remains to be
studied in future work.

Bl CONCLUSIONS AND OUTLOOK

A new MPC system has been introduced showing very un-
usual redox switchable solubility properties that are due to the
metallic core and the designed openness and thinness of
the ligand shell consisting of carborane clusters. This allows the
particle to store electronic charge in the core and ionic charge in
the ligand shell in Nernstian equilibrium with its environment.

A simple structural and functional model has been proposed
that explains all observed phenomena and is fully consistent
with the compositional and spectroscopic characterization of
the material. Uptake of the particles by a human cancer cell
line has been demonstrated, and their intracellular fate was
investigated by electron microscopy, showing the preferential
location of the particles in vesicles within membranes and in
the nucleus. Unlike most other preparations of gold nano-
particles, these particles are toxic and eventually lead to cell
death presumably resulting from their high reducing power that
leads to the formation of free radicals. These new MPCs
display a host of fascinating properties that suggest applications
in catalysis and electrocatalysis and the possibility of new
nanoscopic electron and ion valves to be integrated in artificial
and biological membranes. In addition, new electrochemical
sensors and diagnostic tools may arise from such nanoparticles.
The material should also be attractive as a boron-rich agent
for BNCT. Finally, there is now a need for a thorough
electrochemical characterization of the particles to quantify
their charge storage ability and to unravel the precise mechanisms
of electronic and ionic charging.

B ASSOCIATED CONTENT

© Supporting Information

Movie illustrating the transfer of MPCs from aqueous solution
to ether phase upon addition of tetraoctylammonium bromide.
Comparison between IR spectra of 1-octanethiol and of MPCs
before and after addition of 1-octanethiol. '"H NMR spectra
of mercaptocarborane and MPCs. UV—vis (300—800 nm) of
MPCs in isopropanol. TGA and DSC as well as TEM images of
HeLa cells in the absence of MPCs compared to those
containing MPCs. Additional STEM-HAADF micrographs
showing particle stability effects and occasional larger, more
crystalline Au particles. This material is available free of charge
via the Internet at http://pubs.acs.org.
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