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Gold nanoparticles with NIR absorption are promising for photothermal therapy applications. Different synthe-
ses have been proposed and, among them, that based on the reduction of Au(IlI) with thiosulfate is important
because it yields gold nanotriangles (AuNTSs) with strong absorption in the near-infrared region. It has been pre-
viously reported by others that the nanoparticle surface is covered by relatively weak adsorbed S species (mostly
sulfate), which would render the surface easy to functionalize in order to improve biocompatibility and therapeu-
tic effects. In this work we have used XPS, XANES, UV-vis-NIR spectroscopy, HRTEM and AFM to demonstrate

that, in contrast to the previous reports, these AuNTs are covered by strongly adsorbed sulfur species (sulfide and
polysulfide). A reaction pathway is proposed to explain the presence of reduced sulfur species and the absence of
adsorbed sulfates and thiosulfates. Preliminary cytotoxicity assays show that the S-capped AuNTs do not show a
deleterious effect for Au concentrations larger than those needed for in vivo photothermal treatments.

1. Introduction

Plasmonic gold nanoparticles (AuNPs) are of utmost interest in
nanoscience due to their singular physico-chemical properties, many of
them related to their localized surface plasmon resonance (LSPR), and
play a key role for many nanotechnological applications such as sensing,
electronic, optical devices, medical treatments and diagnostics [1-5].
This is even more so because of their chemical stability in different me-
dia and owing to the fact that they can be tailored in size and shape and
post-functionalized to tune their surface properties and to immobilize
different species of interest [1,6].

In recent years much effort has been done to improve the synthe-
sis of gold nanotriangles (AuNTs) because of the advantages related
to their high anisotropy and the energy of its LSPR in the NIR re-
gion [7-10]. The optical and electrical properties of AuNTs are not
only of interest in the field of basic plasmonics but also for their
use as building blocks, metamaterials, templates and device compo-
nents in sensors, as well as for nanomedical applications

[11-13]. AuNTs are a promising alternative to gold nanorods and
nanoshells for plasmonic photothermal therapies [11].

Many different protocols have been proposed, including seeded-me-
diated syntheses in the presence of cationic surfactants (like CTAB and
CTAC), some with halide and/or Ag* ions [8,9,14], syntheses with
aminoacids as reductants [15], as well as with different natural products
[16-18] and vesicles [19,20]. Many of these have a low AuNT yield and
give a mixture of nanoparticles of different shapes, making necessary
a post-synthesis separation step. Also, it is still a challenge to produce
AuNTs that absorb beyond 750 nm: this difficulty mostly resides in the
fact that AuNTs with side length < 100nm (the optimal size range for
a successful targeting in cancer therapies due to the leaky vasculature)
need to be thinner than 15nm in order to absorb at such low energies
[21].

An interesting strategy to overcome this is the use of sulfur com-
pounds as reducing agents of Au(IIl) ions in aqueous solutions. Sulfide
and thiosulfate have been both used to obtain truncated AuNTs with
intense absorption in the so-called NIR-I biological window (around
800nm) [22-27]. However, due to the presence of spherical AuNPs
in addition to the  AuNTs,

there has been  some
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controversy about the nanoparticles responsible for NIR absorbance
[28-32]. Indeed, only recently it has been possible to thoroughly under-
stand the optical and chemical properties of the AuNPs synthesized with
sulfide, a fact that has somehow limited their applications [21,33].

Of the two syntheses, that with thiosulfate has attracted greater
interest because it is easier to achieve, has a larger yield of AuNTs
compared to the case of sulfide and because it has been suggested
that the nanostructures surface is covered by relatively weak adsorbed
species that could be easily removed by straightforward ligand exchange
processes [24,27]. In fact, the chemical reaction proposed by some au-
thors involves the reduction of Au(III) to Au(0) by the thiosulfate ions
that in turn oxidize to sulfates, which do not adsorb as strongly as other
S species on gold surfaces [24,27]. However, the chemistry of thiosul-
fate, especially in acidic media, exhibits a great complexity, opening
the possibility for alternative reaction pathways that can lead to a com-
pletely different chemistry. Indeed, it is widely accepted that thiosulfate
decomposes in acidic media resulting in elemental sulfur, sulfur dioxide,
hydrogen sulfide and polysulfanes, among other species [34].

The surface chemistry of thiosulfate on metallic gold also reveals a
great complexity, and different adsorbed S species have been detected.
Indeed, gold sulfide, Sg, pyritic S,>~ and tetrathionate-like species have
been detected by XPS for polished gold in thiosulfate solutions [35].
Also, STM studies show that the initial immersion of Au(1 1 1) substrates
in thiosulfate solutions in alkaline media results in the formation of or-
dered adlayers of thiosulfate ions that can be reduced to yield sulfide
species that adsorb as monomeric S [36]. Moreover, it is well-known
that nanoparticles are more reactive than planar surfaces due to the
large number of defects on their surface [37-39].

This opens new questions about the chemistry involved in the thio-
sulfate synthesis of AuNPs, not only concerning their bulk composition
but also regarding the surface species present, especially if they are to be
used for biomedical purposes [40-42]. In this work we present a thor-
ough physico-chemical study of the synthesis of AuNTs resulting from
the reaction of Au(III) with thiosulfate. Our results show that the AuNPs
are covered by several strongly adsorbed reduced sulfur species, similar
to those found when sulfide is used as the reductant [33]. This leads us
to conclude that the thiosulfate synthesis proceeds by a mechanism that
involves sulfide species as the reducing agent. Therefore, unlike what
has been proposed by other authors, the route of thiosulfate oxidation
to sulfate is not the only reducing pathway possible for Au(IIl) ion re-
duction [24,27]. The presence of reduced S species on the surface of
the AuNTs is most challenging and must be taken into account if the
nanoparticles are designed for nanomedical applications. In fact, these
species will affect postfunctionalization of the AuNTs and could have
some deleterious effect on some cellular processes [43,44]. Our prelim-
inary in vitro studies show, however, that the S-capping does not show
a detrimental effect on the studied fibroblast cell line.

2. Materials and methods
2.1. Synthesis of gold nanoparticles

A detailed description of the synthesis of AuNPs by reduction of
HAuCl, with Na,S,05 can be found elsewhere [27]. Briefly, 10 mL of
1.71mM HAuCl, (Sigma-Aldrich) solution were quickly mixed with
3.2mL of 3mM Na,S,05 (Sigma-Aldrich) solution at room temperature.
The reaction was allowed to evolve, typically for 30-60min, and was
then arrested at the selected position of the NIR peak by fast addi-
tion of 10mL of the thiosulfate solution. This was done when the peak
maximum reached a wavelength of approximately 800nm during the
blueshift. For TEM, S K XANES and some XPS measurements the ar-
rested AuNPs were subsequently purified by centrifugation (10-30 min
at 7000 rpm), followed by the replacement of the supernatant with ul-
trapure water.

The synthesis of the AuNPs prepared with Na,S as reductant in-
cluded for comparison has been previously described in Refs. [21,33]
Purification was performed following the same steps.
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The evolution of the syntheses and the stability of the obtained
nanostructures were studied by UV-vis-NIR spectroscopy by means of a
Lambda 35 spectrophotometer (Perkin Elmer).

2.2. Transmission electron microscopy (TEM)

Samples for transmission electron microscopy were prepared by
dropping the aqueous dispersion on ultrathin carbon film supports (Ted
Pella, Inc). Selected area electron diffraction patterns and HRTEM im-
ages were acquired using a Tecnai F20 G2 TEM operated at room tem-
perature and 200kV. Image analysis was done using the tools imple-
mented in Digital Micrograph (Gatan Microscopy Suite®).

2.3. Atomic force microscopy (AFM)

Measurements were performed in air in the intermittent (Tapping™)
mode with a Multimode microscope operated by a Nanoscope V con-
trol unit, both from Veeco Instruments (now Bruker Corporation, USA).
Silicon tips (f, = 285kHz; k = 42N/m) were used in all measurements
and samples were prepared by drop-casting the dispersions onto freshly
cleaved HOPG substrates (Ted Pella Inc.). Image analysis was done with
Nanoscope 7.30 software.

2.4. Au L3-edge X-ray absorption near edge spectroscopy (Au L3 XANES)
experiments

XANES experiments at the Au L3-edge (11919 eV) were performed at
the XAFS-2 beamline of the LNLS (Campinas, Brazil) which is equipped
with a Si(111) double crystal monochromator. The X-ray beam is ver-
tically and horizontally collimated giving a spot at the sample of about
0.2mm X 3mm. All experiments were performed in transmission mode
adjusting the gas mixtures in the chambers for the required energy
range. The energy calibration was obtained by measuring a thin Au film
simultaneously with the sample, through a third ionization chamber.
XAFS data were processed by standard methods using ATHENA soft-
ware, which is part of the IFFEFIT package [45]. Samples were mea-
sured in solution using a sample holder consisting of plastic pieces,
about 1 cm thick, sealed with Kapton® windows.

2.5. S K-edge X-ray absorption near edge spectroscopy (S K XANES)
experiments

Experiments were performed at the SXS beamline at the LNLS
(Campinas, Brazil) [46], which is equipped with a InSb(111) double
crystal monochromator with slit aperture of 1 mm, giving an energy res-
olution of about 0.6eV. Sodium thiosulfate was used as reference for
energy calibration by assigning the value 2481.5eV to the highest max-
imum of Na,S,05 (corresponding to the so-called inner sphere), in ac-
cordance with the criteria previously reported by Vairavamurthy [47].
All samples were prepared by drop casting on carbon disks (Ted Pella,
Inc). All reported experiments in the S K edge were measured in ul-
tra-high vacuum (chamber pressure < 1077 torr). Absorption spectra for
each sample was recorded in the fluorescence mode following the inten-
sity of S Koy , emission lines (2309.5 and 2308.4 eV, respectively).

2.6. X-ray photoelectron spectroscopy (XPS)

Measurements were done with a non-monochromatic Al Ka source
at 1486.6 eV (XR50, Specs GmbH) and a hemispherical electron energy
analyzer (PHOIBOS 100, Specs GmbH) operating either at 10 or 40eV
pass energy. A two-point calibration of the energy scale was performed
using sputtered cleaned gold (Au 4f;,, binding energy = 84.00eV) and
copper (Cu 2ps,,, binding energy = 932.67 eV) samples. C 1s at 285eV
was used as charging reference. Samples were prepared by drop cast-
ing on highly oriented pyrolytic graphite (HOPG) substrates (Ted Pella,
Inc). Purified (centrifuged) samples were carefully rinsed with wa-
ter and dried with N,, while non-arrested, non-purified samples were
only dried with N,  Spectra  were analyzed with
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CasaXPS v2.3.14 software. Shirley-type backgrounds were used in the
fitting procedure of high resolution spectra. For quantitative analysis,
peak intensities were corrected by the corresponding Relative Sensitiv-
ity Factors. The fitting of the S 2p peaks was carried out by using a
spin-orbit splitting of 1.18 eV and a branching ratio of 0.5.

2.7. Biological assays

Fibroblast cell line BALB/c 3T3 were used to evaluate the cytocom-
patibility of several concentrations of AuNPs. Cells were routinely cul-
tured with DMEM culture medium (GIBCO) supplemented with 10%
fetal calf serum (Natocor), 50IU/mL penicillin and 50 pg/mL strepto-
mycin sulfate CCM in a humidified incubator at 37°C and 5% CO, at-
mosphere.

Three sets of experiments were arranged in order to evaluate the ef-
fect of solutions of different concentrations AuNPs on BALB/c 3T3 cells:
(1) adhesion and cell proliferation measured by epifluorescence mi-
croscopy after AO; (2) the NR assay was performed according to Boren-
freud and Puerner to measure cellular transport based on the dye uptake
by living cells [48]; and (3) MTT assay, as described by Mosmann and
modified by Twentyman and Luscombe [49,50], to measure the reduc-
tion of MTT to formazan by dehydrogenase enzymes of intact mitochon-
dria in living cells.

For NR and MTT assays 2.5 X 10° cells/well were cultured in 96
multi-well plate and grown at 37°C in 5% CO, humid atmosphere in
CCM for 24h. Then, the medium was replaced by other containing
AuNPs. Different concentrations of AuNPs were used: 25, 50, 100, 200
and 500 uM, expressed as gold concentrations (which correspond to ap-
proximately 5, 10, 20, 40 and 100 ug/mL of Au). The stability of AuNPs
in CCM was tested by UV-vis-NIR spectroscopy. After 24 h medium was
removed and fresh medium containing 40 ug/mL NR dye (Sigma) or
MTT reagent (1 mg/mL final concentration) (Sigma) was added. After
3h incubation, cells were washed with a phosphate buffer saline solu-
tion (PBS). Color was developed by the addition of 0.1 mL 1% acetic
acid in 50% ethanol for NR assay and with 100 pL dimethylsulfoxide
(DMSO) (Merck) for MTT test. The plates were shaken for 10 min and
the absorbance was measured (NR: 540 nm/MTT: 560 nm) using an au-
tomatic ELISA plate reader (uQuant BioTek). The absorbance change is
directly proportional to the number of viable cells. Untreated cells were
used as control. In order to evaluate the possible absorbance of AuNPs,
a set of wells only with AuNPs (without cells) were run simultaneously
with AuNPs-treated cultures. The cytotoxicity percentage was calculated
as [(A—B)/A] x 100, where A and B are the absorbances of control and
treated cells, respectively. The absorbance average of AuNPs was sub-
tracted from the absorption of the treated cells to obtain the B value.
Each experiment was repeated in two independent sets, that is, a total
of 24 wells were tested for each concentration. Data were analyzed us-
ing one-way ANOVA test and multiple comparisons were made using p
values corrected using the Bonferroni method.

In order to assess the influence of the AuNPs treatments on cell ad-
hesion and proliferation, 5 x 10° cells were seeded in 6 multi-well plate
and grown at 37°C in 5% CO, humid atmosphere in CCM. After 24h
medium was replaced by aliquots with different final concentrations
of AuNPs (25, 50, 100, 200, 500 uM of gold) and under these condi-
tions cells were cultured during 24 h. Additionally, BALB/c 3T3 cell cul-
tures without AuNPs were also evaluated and used as control. After ex-
posure time, cells were washed with PBS, adherent cells were stained
with AO dye (Sigma) and immediately examined by epifluorescence mi-
croscopy (Olympus BX51) equipped with appropriate filter connected to
an Olympus DP71 color video camera. Surface densities of cells were
obtained from digital images using Image-Pro Plus program. Each assay
was repeated twice in independent experiments.

3. Results and discussion

3.1. Optical and structural characterization

The UV-vis-NIR spectra of the synthesis of AuNPs with thiosul-
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deed, in both cases there are two peaks, one around 530 nm and a sec-
ond one in the NIR region that rapidly shifts to larger wavelengths and
then gradually returns to shorter wavelengths, as it can be seen in Fig.
1b [21]. For both syntheses, the position of the NIR peak can be arrested
by adding an excess of sulfide or thiosulfate solution, which allows us to
tune its position without the need to change the reagents proportion.

A typical TEM image of the products of the synthesis with thiosul-
fate (after purification) is shown in Fig. 1c and evidences the presence
of AuNTs with different degree of truncation and spherical-like AuNPs
of different size. The same structures can be observed by AFM, and the
cross section profiles of the different AuNPs (performed horizontally and
in the center of each nanostructure) (Fig. 1d), confirm that the AuNTs
are quasi 2D in shape (Fig. S1), while nanospheres are 3D. In all cases
the observed structures are very similar to those obtained from the sul-
fide synthesis (Fig. S2)[33]. Fig. 1le shows the HRTEM image of a single
spherical AuNP over an AuNT in plan view, while Fig. 1f shows the FFT
of the area marked by the black square in Fig. 1e, revealing the so-called
forbidden 1/3[422] reflections of metallic gold in a(111)incidence,
as already reported. Their origin has been attributed to the formation
of stacking faults in the fcc lattice [51], and these can be observed in
the image of a typical AuNT in side view (Fig. 1g). Nanoplatelets and
nanorods are occasionally found in the images, and they account for <3
and 4% of the number of AuNTs, respectively (see Fig. S1).

In the case of the sulfide synthesis, while the UV-vis-NIR peak at
530nm had been unequivocally assigned to the spherical AuNPs, that in
the NIR had been a matter of controversy and recently our group has
assigned it to the presence of AuNTs and interpreted the red and sub-
sequent blueshift of this peak in terms of the structural changes of the
AuNTs ([21] and references therein). The same correlation between the
peaks in the extinction spectra and the structure of the different AuNPs
can be now applied to the thiosulfate synthesis. When comparing both
spectra in Fig. 1a, there is a noticeable difference in the intensity of the
NIR vs the peak at 530 nm, which clearly increases in the case of thiosul-
fate. This fact can be attributed to the proportion of the spherical AuNP
and AuNT populations (Fig. 1). Indeed, a comparison of the fraction of
AuNTs relative to the total number of AuNPs of the TEM and AFM im-
ages of both syntheses confirms that the use of thiosulfate as reductant
results in a higher AuNT yield (see bar graph in the inset in Fig. 1a). In
any case, to further increase the concentration of AuNTs for photother-
mal therapies it is desirable to separate both populations, for instance
by a method based on depletion forces [9], an issue that is not the scope
of this paper.

3.2. XANES and XPS chemical analysis

The thiosulfate synthesis is thus an interesting choice to easily obtain
AuNTs with optimal optical properties with a higher yield compared to
that using sulfide. However, at this point, a new question arises concern-
ing the nature of the surface species present on these AuNPs, which will
determine their interfacial properties.

As regards the sulfide synthesis, in a previous paper we concluded
that the species involved in the gold reduction were reduced sulfur com-
pounds, and that the surface of the different AuNPs was capped by sul-
fides (monomeric S), polysulfides and also some elemental S [33]. In the
case of the thiosulfate synthesis, however, the use of a reagent with a
more complex chemistry in aqueous solutions and, especially, the fact
that some authors studying AuNT syntheses similar to ours concluded
that sulfate ions were the only surface species on the AuNPs [24,27],
evidences the need of an in depth study of the nature of the surface
species and of the possible reactions that occur in the thiosulfate syn-
thesis. We have therefore performed XPS and XANES measurements in
order to characterize the chemical nature of the products of the synthe-
sis.

Fig. 2 shows the Au L3-edge XANES spectrum obtained for AuNPs
arrested at 800nm and purified by centrifugation (see the Experimen-
tal section). Spectra corresponding to a gold metallic foil and Au(I)
and Au(IIl) reference compounds are included for comparison. A gen-
eral inspection clearly indicates the predominant metallic state of the
Au atoms present in the sample. This result, coincident with those
obtained  from  HRTEM  analysis, which only reveal
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Fig. 1. (a) Absorbance spectra of AuNPs synthesized with Na,S,0; (upper) and Na,S (lower). Inset: fraction of AuNTs obtained from each type of synthesis. The red (blue) bar corresponds
to the thiosulfate (sulfide) synthesis. (b) Wavelength change with time of the two LSPR extinction peaks during the synthesis evolution. (¢) Panoramic TEM image (bar: 100 nm). (d) In air
AFM image (bar: 250 nm). Bottom: cross sections of the circled nanoparticles. (e) and (f) HRTEM image and FFT, respectively, of the region marked by the square in a typical Au NT (bar:
20nm). (g) Side view of a NT showing the stacking fault defects (bar: 10nm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

lattice distances corresponding to metallic gold, excludes the possibility
that AuNPs synthesized by this route contain oxidized gold species [33].
Moreover, XPS spectra of the Au 4f region show only the component of
metallic gold at 84.0eV (spectrum not shown).

As regards the S species, Fig. 2 shows XANES spectra at the S K-edge
of the purified products of the thiosulfate and the sulfide synthesis (red
and blue lines, respectively). The thiosulfate reference (black line in Fig.
2b) has two contributions at 2472.4 and 2481.5eV, which correspond
to the outer and inner sulfur atoms in thiosulfate, respectively [52].
The spectrum of the AuNPs from the thiosulfate synthesis presents three
broad peaks, at about 2473, 2479.1 and 2483.5eV. The lowest energy
peak is assigned to reduced sulfur species (sulfides, polysulfides and el-
emental S) [33] and is similar to that observed in purified samples from
the sulfide synthesis (blue line in Fig. 2b), while the other two are in the
region corresponding to oxidized sulfur species and can be attributed
to SO5%>~ and SO,%~ species, respectively [47]. Noticeably, there is no

evidence of thiosulfate species in these spectra. The presence of a sulfate
peak in the spectra of the AuNPs from both syntheses can be attributed
to the oxidation of the reduced sulfur species as a result of the sample
preparation procedure [33]. The small peak assigned to sulfite species,
only present in the spectrum of the thiosulfate synthesis, probably has
the same origin. However, the presence of sulfate in the AuNPs result-
ing from the thiosulfate synthesis could also arise from the thiosulfate
oxidation to reduce the Au(Ill) ions, i.e. the accepted reaction for this
synthesis [24,27].

In order to gain more insight into the study of the S species de-
tected by XANES, especially those on the surface of the AuNPs, we
have performed XPS measurements in the S 2p region. Fig. 3a shows
the high resolution spectrum of a purified sample of AuNPs obtained
from the thiosulfate synthesis. A broad S 2p peak is observed that
can be fitted with three components, S1, S2 and S3, with 2p;,, bind-
ing energies (BE) at 161.3, 162.4 and 164.2¢€V, respectively, that cor-
respond to different reduced S species, as previously reported
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solutions. (b) S K-edge XANES spectra of arrested AuNP dispersions synthetized using sulfide (blue line) and thiosulfate (red line) as reductants. The black line corresponds to the thiosul-
fate used as reference. See the text for more details about peak assignation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
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Fig. 3. High resolution XPS spectra of the S 2p region of AuNP samples on HOPG substrates. (a) and (b): purified AuNPs obtained from (a) thiosulfate and (b) sulfide syntheses. (c)

Non-arrested, non-purified AuNPs (thiosulfate synthesis). See the text for details.

[53-55]. The S1 component can be assigned to adsorbed sulfide
(monomeric sulfur) on gold, while S2 is related to adsorbed polysulfide
species and S3 to elemental S and probably to some physisorbed poly-
sulfide species [53]. The total reduced S to Au intensity ratio (S,.q/Aw),
corrected for the relative sensitivity factors (RSF), is 0.13, a value that
is somehow larger than for S layers on Au(1 1 1) surfaces [54,55], as ex-
pected due to the curvature and the presence of defects in AuNPs.

Remarkably, our XPS spectra do not show evidences of adsorbed
thiosulfate [56,57] or any other oxidized sulfur species (sulfites, sul-
fates), which would appear at BE>167 eV [56,58]. Therefore, XPS mea-
surements of the purified AuNP samples unambiguously show that only
reduced sulfur species are adsorbed on the AuNP surface. Similar results
have been found in the case of AuNP samples obtained from the synthe-
sis with sulfide and prepared in the same way as the above mentioned
(Fig. 3b). This result is in sharp contrast with those previously reported
by Pelaz et al. [24], whose S 2p XPS spectra showed a large doublet as-
signed to sulfate species (and only a very small peak in the region of
reduced S species).

We have also measured the XPS spectra of samples prepared by
drop casting AuNP dispersions that were not arrested and not puri-
fied, and without any water rinsing steps. As it can be seen in Fig.
3c, the region corresponding to reduced species can also be fitted
with three components with S 2p;,, binding energies 161.4eV (ad-
sorbed monomeric S, S1), 162.4eV and 163.2eV, the latter

two most probably corresponding to different polysulfide species, both
adsorbed and in solution [53]. The signal of elemental S (component S3
in Fig. 3a)) is probably masked by that of the polysulfides at approx-
imately 163eV. Most importantly, in this case the total reduced S to
Au ratio value is significantly higher than that obtained for the purified
AuNP samples (Fig. 4(a) and (b)). This supports the idea that the differ-
ent polysulfide species are present not only on the surface of the AuNPs
but also in the solution, and that they are mostly removed by centrifu-
gation and also by rinsing the drop-casted substrates.

Moreover, in contrast to the spectra in 3(a) and 3(b), that in 3(c)
shows the presence of two doublets that correspond to oxidized S
species, with S 2p;,, BE = 168.7 and 169.6 eV, which can be assigned
to sulfite and to sulfate species, respectively. Because of the use of
a non-monochromatized source, these peaks contribute with satellites
near 158eV, which were taken into account but are not shown in Fig.
3c. Also, the peak at higher BE could have some contribution from the
inner S of some remaining thiosulfate species (outer S would appear at
about 162 eV). Again, the presence of various significant components as-
signed to S reduced species ( Fig. 3c) disagrees with the simple reaction
pathway previously proposed by other authors for similar syntheses and
which consists of the direct oxidation of thiosulfate to sulfate and the
reduction of Au(IIl) to Au(0) [24,27].
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Fig. 4. (a) Absorbance spectra during the synthesis evolution. Arrow 1: decrease of the
Au(IIl) peak; arrow 2: formation of a peak around 270 nm, arrow 3: formation of a new
peak, both of them bearing out the presence of polysulfides; arrows 4 and 5: evolution of
the LSPR of the spherical and triangular AuNPs respectively. (b) Thiosulfate degradation
in acidic solution. (c) Sulfide degradation in acidic solution to yield polysulfides and prob-
ably elemental sulfur. Time lapse corresponds to 1h.

3.3. The possible chemical pathway

In the case of the synthesis of AuNPs using sulfide as the reduc-
tant, it has been proposed that sulfide species (HS, H,S) reduce Au(III)
to Au(0) [28]. Contrarily to what was previously proposed by other
authors for similar syntheses [59], there was no evidence of the for-
mation of any oxidized S species which could act as the gold re-
ductant, neither in solution nor in the surface of the AuNPs [33].
This knowledge is now useful to shed light on the possible reactions
that take place in the case of the reduction with thiosulfate, which is
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clearly more difficult to interpret due to its complex chemistry in acidic
aqueous solutions. The fact that the same reaction products are found
for both syntheses leads us to think that reduced S species also play a
key role in the thiosulfate synthesis.

The chemistry of thiosulfate in acidic media opens the possibility for
alternative reaction pathways that can lead to a completely different
chemistry. As mentioned before, thiosulfate salts decompose in acidic
media to yield elemental sulfur, sulfur dioxide, hydrogen sulfide and
polysulfanes, among others [34]. Moreover, it has been reported that
decomposition of thiosulfate is accelerated in the presence of metallic
ions, with formation of metal sulfides [35]. Also, when thiosulfate in ex-
cess reacts with Au(III) ions, Au(S,05),>~ complexes are formed that can
decompose to yield sulfides on solid surfaces, and small AuNPs can be
obtained upon heat treatment at 300 °C [60].

In Fig. 4a we show successive UV-vis-NIR spectra recorded in the
190-1100 nm range as the synthesis evolves; the time lapse between the
first and the last spectrum is 60 min. The most noticeable changes, as the
reaction proceeds, are the disappearance of the large peaks at 227 and
313nm belonging to HAuCl, (the former also has a contribution from
thiosulfate at 216 nm; see Fig.4b) and the appearance of the above men-
tioned LSPR peaks at approximately 530nm and in the NIR. To assess
the possible degradation of thiosulfate due to the high acidity of the re-
action mixture (pH = 2-3), we followed the peak of S,042~ at 216 nm in
a medium free of gold for the duration of the synthesis (see Fig. 4b). We
have found that in the considered time lapse the reagent is not appre-
ciably decomposed in the absence of Au(Ill) ions, as the intensity of the
peak only decreases a 5% after a time lapse similar to that of the whole
synthesis process.

Next, we have carefully analyzed the successive spectra in Fig. 4a
to try to detect any S species that are of interest in view of the XANES
and XPS results. As the synthesis proceeds, some small peaks and humps
appear in the 280-400nm region which can be attributed to both the
formation of polysulfide species and elemental S [61,62]. In Fig. 4c
similar peaks can be observed in a non-deaerated sulfide solution, pre-
pared at the same pH of the reaction mixture, in the absence of gold
ions. The presence of sulfide species, however, cannot be detected by
UV-vis-NIR spectroscopy, as sulfide bears a peak at 230 nm that is com-
pletely masked by the large peak at 227 nm (HAuCl,) and that at 216 nm
(thiosulfate). Moreover, this peak decreases with decreasing pH values
because the species that absorbs is HS~ and not H,S, and the speciation
diagram of sulfide shows that at pH 2-3 the predominant species is H,S
[63-65].

During the first stages of the reaction, S,042~

ions could reduce

Au(Ill) to Au(l) forming Au(S,05),>~ complexes; however, we could
not detect this thiosulfate complex, which shows a peak at 203nm
[66]. This could be

attributed

Fig. 5. Effect of increasing concentrations of AuNPs on BALB/c 3T3 cells after 24h exposure. Cells were stained with AO. For concentrations in the range dose of 25-200 uM cells are

indistinguishable from control. For the 500 uM (~100 pg/mL) concentration cells are clearly affected.
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to the fact that the complex is more stable in alkaline oxidant me-
dia, whereas in acidic media it decomposes into sulfide species [60,66].
Moreover, Au(S,03),>" has a lower solution stability with respect to an-
other well-known Au(I) complex, Au(SH),, which is more stable in neu-
tral or mild acidic media [67,68]. Other oxidized species that are usual
products of the disproportionation of thiosulfate, like sulfate and sulfite,
do not show peaks in the studied wavelength range [62].

Based on the combined experimental evidence from XPS, XANES and
UV-vis-NIR spectroscopy, and on previous results from other authors,
we propose that, as the synthesis takes place in acidic condition, some
S,042~ ions in the solution disproportionate to yield (a) sulfide species
(mainly H,S and also HS™) and some elemental S, and (b) sulfate and
sulfite ions (see Scheme 1) [35,69-71]. For instance, Pryor has studied
the disproportionation of thiosulfate to sulfide and sulfate at 250-280 °C
[71], while other authors have also reported that thiosulfate reduces to
sulfide in milder conditions [35,36]. Also, S,05>~ bond cleavage yield-
ing reduced S species and SO5%~ species have been reported for alkyl
thiosulfate on Au surfaces [57]. Moreover, some bacteria produce the
anaerobic disproportionation of thiosulfate to sulfate and sulfide, with
elemental sulfur and sulfite probably being the main reaction interme-
diates [72].

In our case, we suggest that the decomposition of thiosulfate to sul-
fide (and SO,%/SO5%7), which does not appreciably occur at ambient
temperature, is favored in the presence of metallic ions: in fact, sulfide
ions are consumed in the reduction of Au(IIl) ions to metallic gold and
thus the disproportionation reaction is displaced towards the products.
As for the other reduced S species detected, elemental S can be a prod-
uct of the reduction of Au(Ill) by sulfide species [28] and can also be
formed from the disproportionation of thiosulfate in acidic media [70],
while polysulfides are usually formed by reaction of elemental S with
sulfide species [73]. Also, sulfide oxidation by dissolved oxygen in the
reaction mixture can contribute to the formation of polysulfides and el-
emental S.

Therefore, while alternative routes, like the direct oxidation of thio-
sulfate to sulfite or sulfate upon gold reduction cannot be discarded,
the synthesis of AuNTs with thiosulfate as reductant clearly involves the
reduction of Au(Ill) ions via reduced S species. In fact, the same re-
action products as in the sulfide synthesis (i.e., a mixture of sulfides,
polysulfides and elemental S) are formed and these determine the sur-
face chemistry of the AuNPs. The sulfide and polysulfide species are
strongly adsorbed on the AuNTs (and spherical AuNPs) and this will de-
termine their surface properties and also the possible interactions at the
nano-bio interface [25,42-44,74].

As a result, the possibility of developing applications based on these
AuNTs will be somehow more difficult if postfunctionalization steps
based on ligand exchange with thiols are necessary [25,42]. In this
sense, it will be important to develop methods to remove the adsorbed
reduced S species, possibly by oxidation, in order to have more labile
adsorbates (e.g., oxidized S species such as sulfate and sulfite) that can
be exchanged by thiol-bearing molecules having a higher affinity for the
gold surface.

3.4. Cell culture assays

It is well known that H,S inhibits some enzymes, such as cytochrome
¢ oxidase, the terminal electron acceptor of the mitochondrial elec-
tron transport chain [44,75]. The effect of this molecule on the cell

physiology is still not
2. H* S0 HSO;
5,05 H,S/HS/S,>  SO,*
I Au lAuB*
v Au NTs
Au° + SO~ Aue —>
Au NPs
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clear: while some authors are investigating the beneficial effects of this
molecule some others see it as a toxic agent [43,74]. At this point, in
view of the promising application of these AuNTs for plasmonic pho-
tothermal therapies, and the fact that the sulfide species present could
interfere with enzymatic reactions, it is important to assess the effect
of the S-capped nanoparticles (AuNTs and spherical AuNPs) on mam-
malian cells.

To this end, we have studied the effects on BALB/c 3T3 cells of dif-
ferent concentrations of purified AuNPs (expressed as final Au concen-
trations). Fig. 5 shows representative microscopic images of cell viabil-
ity by AO staining for cell cultures treated with different AuNP concen-
trations. The analysis of cell coverage for each AuNP concentration with
respect to cell control (cultures without AuNPs) after 24 h revealed sim-
ilar results for the 25-200 uM range dose, with minimal variations (c.a.
95%). We found a significant (p < 0.001) decrease in coverage values,
close to 25(2)% only for the maximum tested dose (500 uM~ 100 pg/
mL). These values are in accordance with previous reports that show
similar results for these AuNP concentrations [11,24-26,76,77].

In addition, the effect of the treatment with AuNPs on BALB/c 3T3
cells during 24h evaluated from the NR assay is summarized in Fig.
6. No significant differences with respect to the control were found in
cells treated with 25, 50, 100 or 200 pM concentrations, but a slight de-
crease in the lysosomal activity in cultures with high AuNPs concentra-
tion (500 uM) was observed. Similar results were found for the mito-
chondrial activity evaluated using MTT test after 24 h cell exposure to
AuNPs in the 25-500 M range. However, in the case of the 500 pM dose
there is a significant difference (p < 0.001) with respect to the control
measurements (Fig. 6).

For all the performed assays cell viability is not diminished for con-
centrations <200 uM, and this is achieved without any surface postfunc-
tionalization, such as PEGylation, that would increase AuNP biocompat-
ibility. It is worth to mention that 200 uM is a much higher concentra-
tion than those used for in vivo assays. For instance, De la Fuente et al
have previously reported typical doses of 100 uL of a 1 mg/mL disper-
sion for mouse administration [76,78] in studies whose purpose is to
test the efficiency of the photothermal therapy. However, even if these
results are promising for the use of these AuNPs for biomedical applica-
tions, it would still be desirable to remove the S adlayer without chang-
ing the structure of the AuNTs (which defines their optical properties)
[21].

4. Conclusions

In this work we have made a detailed study of the AuNPs formed
by reduction of Au(Ill) with thiosulfate ions by means of UV-vis-NIR
spectroscopy, XPS, XANES, HRTEM and AFM. This synthesis gives a
mixture of spherical-
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Fig. 6. Cellular response to different concentrations of AuNPs after 24 h exposure as evalu-
ated by MTT assay (black bars) and NR uptake (red bars). Error bars: standard error of the
mean value. ~" Significant difference at p < 0.001. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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like AuNPs and AuNTs that absorb in the NIR-I window, an optimal
region for photothermal applications. The experimental evidence pre-
sented allows us to conclude that the synthesis does not simply proceed
via the oxidation of thiosulfate to sulfate species as the Au(III) ions re-
duce to metallic gold [24,27]. Instead, while this route cannot be pre-
cluded, there is a more important pathway that involves thiosulfate de-
composition to sulfide species and the oxidation of these species to yield
elemental S and polysulfides, all of which adsorb on the surface of the
AuNPs. We have therefore demonstrated that, unlike what was previ-
ously reported for similar syntheses, AuNTs (and spherical AuNPs) are
not covered by weakly physisorbed sulfate ions that could be easily re-
moved from the gold surface [24,27], but instead are covered by the
reduced S species, which are strongly bonded. To fully characterize this
product is a crucial point in order to optimize the use of the AuNTs for
any application. It is clear that the presence of these species implies pos-
sible non-desired secondary effects, as the sulfide can interfere with dif-
ferent enzymatic reactions. Thus, the knowledge that these particles are
covered by reduced S species has to be taken into account.

In order to assess the effect of the S-capped AuNPs on mammalian
cells we have studied, as a first step, their effect on BALB/c 3T3 cells
at different concentrations. Even if the AuNPs were not functionalized
with an additional biocompatible adlayer, it can be concluded that they
do not show a detrimental effect on cell viability for concentrations as
high as 200 uM (~40 pg/L), which is higher than the doses used for in
vivo assays [76,78].

However, regarding possible postfunctionalization designs, it would
still be desirable to remove the S adlayer without changing the structure
of the AuNTs. This issue is of particular importance for further postfunc-
tionalization steps based on the chemistry of thiols, as these are usually
performed by ligand exchange methods. This is relevant for instance to
increase AuNP bioavailability, or to combine photothermal therapy with
the release of a drug induced by NIR laser irradiation. Indeed, more
studies of the interfacial properties of these AuNPs will be necessary,
including the understanding of morphological and chemical changes re-
sulting from the steps needed to obtain functionalized separate AuNTs
for the applications.
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