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Thiolate-protected gold nanoclusters (AuNCs) of sub-2 nm size have been synthesized through a novel
bottom-up approach using the organometallic precursor [Au(CgFs)(tht)] (tht = tetrahydrothiophene) in
a one-pot reaction under mild conditions. This protocol is simple, rapid (1 h), versatile (applicable to
thiolate ligands of varying molecular sizes), and reproducible, yielding AuNCs with low size dispersion.
Furthermore, the resulting nanomaterials exhibited remarkable catalytic activity, effectively reducing the
pollutant 4-nitrophenol to 4-aminophenol, as well as promising photothermal and photodynamic

properties upon exposure to an 808 nm laser, converting light into thermal energy and generating
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Accepted 16th April 2025 reactive oxygen species (ROS). Additionally, AuNCs stabilized with a nonapeptide demonstrated efficient
catalase-like activity, thereby potentially enhancing the efficacy of photodynamic therapy. The cytotoxic

DOI: 10.1035/d5na00123d effects against cancer (Hela) and healthy cells (HDF) were also evaluated, showing greater selectivity for
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Introduction

Gold nanoclusters (AuNCs) constitute a class of nanomaterials
characterized by particle sizes below 2 nm and exhibit unique
physicochemical properties. AuNCs are composed of an inor-
ganic core containing a few to hundreds of gold atoms, and an
outer shell of molecules which is required to prevent aggrega-
tion. The latter also defines their ability to be suspended in
solution and can be tuned via functionalization for different
applications. A variety of organic ligands have been employed
for this purpose, including thiolates,’* phosphines®® car-
benes,”® alkynes®'® and selenolates."'> Among those, thiolates
have been intensively studied due to the ease of preparation and
the strong S-Au bonds, which provide excellent stability in
solution.*®"

Due to their small size, situated between single atoms and
gold nanoparticles (AuNPs), AuNCs exhibit quantum
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Hela cells, with higher toxicity and increased ROS generation.

confinement effects that cause the continuous energy bands to
break up into discrete energy levels. As a consequence of their
size, the physicochemical properties of AuNCs differ signifi-
cantly from those of AuNPs. While AuNPs exhibit an optical
phenomenon called Localized Surface Plasmon Resonance
(LSPR), which arises from the resonant collective oscillation of
electrons in the conduction band with incident light, AuNCs do
not display this phenomenon due to their distinct electronic
characteristics. These differences also lead to tunable lumi-
nescence,'>'* HOMO-LUMO electronic transitions,"”*® quan-
tized charge, magnetism," molecular chirality®® and different
absorption peaks.”* Moreover, AuNCs possess a high specific
surface area-to-volume ratio and a large number of unsaturated
reaction sites, which result in higher catalytic activities than
that of AuNPs and unique selectivity in catalytic reactions such
as oxidation, hydrogenation and C-C coupling, including pho-
tocatalysis and electrocatalysis.?** In addition, AuNCs are very
promising for biomedical applications such as radiotherapy,*
photothermal therapy,*® photodynamic therapy,” theranostics
and drug delivery®® due to their non-toxicity, better cell
membrane penetration and enhanced excretion.*

In general, the use of organometallic complexes as precur-
sors for the synthesis of nanomaterials offers the possibility to
work under mild conditions and presents several advantages for
the production of well-controlled nanostructures in terms of
size dispersion, chemical composition, shape and organiza-
tion.*® Furthermore, our research has focused on the controlled
preparation of sub-10 nm size Au and/or Ag nanostructures

© 2025 The Author(s). Published by the Royal Society of Chemistry
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through the mild decomposition of pentafluorophenyl-based
gold(1) and/or silver(1) precursors.*-*?

The most common strategy in bottom-up synthesis of
thiolate-protected gold nanoclusters (AuNCs-SR) consists in the
chemical reduction in solution of Au(m) salts, typically HAuCl,.
The use of an excess of thiolate ligands is frequently employed
to convert the nanoclusters into monodisperse ones via ther-
modynamic control.” In this report, we describe a simple and
efficient organometallic approach for the synthesis of AuNCs-
SR, using a Au(i) precursor, which is [Au(C¢Fs)(tht)] (tht = tet-
rahydrothiophene), instead of an Au(u) salt. The reaction
conditions employed in this study have yielded thiolate-
protected sub-2 nm size gold nanoclusters. A narrow size
distribution has been achieved under mild conditions in
a simple, rapid and reproducible organometallic method. It is
noteworthy that this method represents a significant advance-
ment in the field, as prior to this development thiolate-
protected AuNCs had not been obtained with gold organome-
tallic precursors. The addition of a mild reducing agent, trii-
sopropylsilane (TIPS), and a peptide ligand as a stabilizing
agent enabled the rapid synthesis of the desired AuNCs at room
temperature.

In this study, cysteine (Cys), glutathione (GSH) and a 9-
amino acid oligopeptide (pep9) were employed as thiolated
capping agents with the objective of evaluating the versatility of
the method by using water-soluble ligands of different atomic
lengths. As a biologically relevant biomolecule, a nonapeptide
was selected based on a region of mucin-1 (MUC1), an O-gly-
cosylated glycoprotein whose extracellular domain consists of
a tandem repeat of 20 amino acids (HGVTSAPDTRPAPG-
STAPPA) and is overexpressed in tumour cells. We selected the
MUC1 peptide fragment pep9, with the sequence CAPDTRPAP
as the protective ligand equipped with a N-terminal Cys residue
to facilitate the AuNC functionalization. With MUC1-based
vaccines under development to elicit robust immune
responses, the selection of pep9 represents the initial step in
assessing the potential of AuNCs for biomedical applications.**
Additionally, we present the characterization of these AuNCs,
alongside initial studies of their catalytic and therapeutic
properties.

Experimental

Complementary information is given in the ESIt (furnishers,
materials, methods, synthesis of precursors, and additional
experimental details).

Synthesis of AuNCs (1), (2), and (3)

In a typical synthesis, 2600 pL of THF and 100 pL of [Au(Ce-
F5)(tht)] 50 mM THF freshly prepared solution were added to
a flask. Subsequently, 3000 pL of ultrapure water was added,
and immediately after, while stirring vigorously at room
temperature, 15 pL of TIPS (14.6 equiv.) were added. This
resulted in the formation of a turbid, orange-brown solution
within seconds. After 1 min of stirring, 200 puL of an aqueous
50 mM ligand solution (for AuNCs-Cys (1) and AuNCs-GSH (2))

© 2025 The Author(s). Published by the Royal Society of Chemistry
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or 100 pL of aqueous 50 mM nonapeptide (AuNCs-pep9 (3))
were added, changing the brown shade of the solution (see ESI,
Fig. S31). The solution was stirred for 1 hour at room temper-
ature. The sample containing GSH presented a darker colour
than that in the case of Cys, both showing a brownish precipi-
tate. On the other hand, the lack of precipitates and a lighter
brown colour was observed in AuNCs-pep9 (3) solution.

Catalysis: reduction of 4-nitrophenol to 4-aminophenol

2.5 mL of ultrapure H,O, 100 pL of 2.5 mM 4-nitrophenol and
150 pL of a freshly prepared 1 M NaBH, solution were added to
a quartz cuvette, giving rise to an intense yellow solution. 30 pL
of the catalyst, as-synthesized and diluted in water, was then
added (Au at 0.01 equiv. of 4-NP).

Photothermal effect

1 mL of the corresponding AuNC solution (0.85 mM in H,O:
THF 1.2 : 1) was added to a 2 mL vial and irradiated from above
using an 808 nm laser (2.5 W cm™?). Temperature changes were
monitored using a FLIR E6-XT thermographic camera.

10, generation

In every experiment, 1844 uL of acetonitrile (air bubbled), 38.6
uL of H,O, (30%), 817 uL of the 0.85 mM catalyst and 300 pL of
a freshly prepared solution of DPBF 600 uM were added. It was
irradiated from above using an 808 nm laser (2.5 W cm™2). For
the control experiment, 817 pL of the H,O : THF (1.2 : 1) solvent
mixture were added instead of the catalyst. For the catalyst
reuse study, 300 uL of DPBF (600 uM) and 38.6 mL of H,0,
(30%) were added every 30 min.

Cell culture

Unless otherwise specified, cells were incubated at 37 °C ina 5%
CO, atmosphere. HeLa cells were cultured in Dulbecco's
Modified Eagle Medium with 4.5 g per L glucose, 10% FBS, and
a Gibco™ antibiotic-antimycotic cocktail. HDF cells were
cultured in minimum essential media with 10% FBS and
a Gibco™ antibiotic-antimycotic cocktail.

Cytotoxicity study

HelLa cells (2 x 10%) or HDF cells (2 x 10°) were seeded in
96-well plates and incubated with increasing concentrations of
each ligand (0-250 ug mL™'), with at least 4 repeats of each
sample. After 2 hours of incubation, the cells were irradiated
(855 nm) at RT for 1-2 hours, or kept in the dark at RT for 2
hours. After a further 24 h of incubation the medium was
removed and the cells were washed twice with PBS.
AlamarBlue™ solution (5% v/v, Thermo Fisher Scientific) in
FBS-free media (100 pL) was then added and cells were incu-
bated for 2 h at 37 °C. AlamarBlue fluorescence (Aex = 555 nm,
Aem = 590 nm) was then measured using a CLARIOstar plate
reader and cell viability was determined as a percentage of the
untreated control cells. Dose response (inhibition) curves were
plotted in GraphPad Prism using non-linear regression to
determine EC;, values.

Nanoscale Adv., 2025, 7, 3228-3235 | 3229
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ROS production

HeLa or HDF cells (2 x 10%) were seeded in 96-well plates and
incubated with or without ligands (100 pg mL™") for 2 hours,
with 8 repeats of each sample. The cells were incubated for
2 hours at 37 °C, and then irradiated at 855 nm at RT for 1 hour,
or kept in the dark at RT for 1 hour. The medium was then
removed and the cells were washed twice with PBS. Dihy-
droethidium solution (1 mg mL™* in PBS, 100 uL) was then
added to each well, incubated for 15 minutes at 37 °C and then
the fluorescence was measured (Aex = 520 nm and Aepy, = 590
nm) using a CLARIOstar plate reader.

Results and discussion
Synthesis and characterization of gold nanoclusters

Thiolate-protected gold nanoclusters (AuNCs-SR) were synthe-
sized by adding triisopropylsilane (TIPS) as a reducing agent to
a solution of the organometallic precursor [Au(CeFs)(tht)] in
a mixture of THF and ultrapure water under magnetic stirring.
After a few seconds, a turbid dark brown mixture was obtained.
Subsequently, a stabilizing agent was added, resulting in
a change in the brown shade of the solution (Fig. S3). The
reduction to Au(0) was evidenced by the change in colour from
colourless to dark brown. Cys, GSH and pep9 were employed as
surface-protecting ligands, leading to nanomaterials AuNCs—
Cys (1), AuNCs-GSH (2) and AuNCs-pep9 (3), respectively
(Scheme 1).

High-Angle Annular Dark-Field Scanning Transmission
Electron Microscopy (HAADF-STEM) micrographs of AuNCs
(Fig. 1A, B and S4-S61) demonstrate the presence of a main
population of homogeneously distributed gold nanoclusters,
with average diameters of 1.1 + 0.5 nm for AuNCs-Cys (1), 1.9 +
0.6 nm for AuNCs-GSH (2) and 1.8 £ 0.6 nm for AuNCs-pep9 (3)
(Fig. S7-S97). These results suggest that the method developed
in this work mainly provides gold nanoclusters with minimal
amounts of small nanoparticles and exhibits a stabilizing agent-
dependence on their size and distribution. The reduced size of
AuNCs-Cys (1) could be attributed to an increased number of
ligands on the surface, which prevents gold aggregation, thanks
to the smaller size of the ligands.

The presence of AuNCs was also confirmed through UV-vis
absorption and X-ray Photoelectron Spectroscopy (XPS)
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Scheme 1

Synthesis of AUNCs—Cys (1), —GSH (2) and —pep9 (3).
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Fig.1 Characterization of AUNCs: (A) HAADF-STEM image of AuNCs—
Cys (1). (B) HAADF-STEM image of AuNCs-GSH (2). (C) UV-vis
absorption spectra. (D) High-resolution Au 4f XPS spectrum of
AUuNCs-Cys (1).

measurements (Fig. 1C and D). The UV-vis spectra showed
a strong absorption at high energies and an exponential decay,
as previously observed in the literature for gold nanoclusters.>®
Furthermore, the lack of a plasmon band would indicate that
nanoparticles were practically absent, which would be in
agreement with the presence of AuNCs less than 2 nm in size.

The general XPS spectrum (Fig. S10t) showed the elements
present on the nanomaterials in addition to Au: C, S, O and N
were present due to ligands, and fluorine atoms were also
identified, which could indicate the presence of C¢F5~ to some
extent on the surface, potentially contributing to enhancement
of the AuNC colloidal stability. The atomic composition
revealed an Au: S ratio of 1:1.85 for AuNCs 1, 1: 0.97 for AuNCs
2 and 1:1.56 for AuNCs 3. The lowest amount of sulfur observed
for AuNCs 2 could be attributed to the fact that in glutathione,
which is composed of a tripeptide (Glu-Cys-Gly), the Cys
residue occupies a central position, which would result in steric
hindrance and a reduction in the number of ligands present on
the surface. The Au 4f XPS spectra of the three AuNCs (Fig. 1D

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and S11t) exhibited peaks that can be deconvoluted into two
spin-orbit doublets with different intensities but the same
energy separation (AE = 3.7 eV), which originated from the
inner and surface atoms of the AuNCs. The most intense
doublet (89-92%) was attributed to Au(0), located at higher
energy compared with bulk gold (87.4 and 84.0 eV). The XPS
gold peaks demonstrated a positive shift, in accordance with
previously reported thiolate-protected AuNCs,**” as the Au 4f
peaks sensitively shift to higher binding energy when the size of
AuNCs decreases.*® The majority composition of Au(0) would
indicate an effective reduction of the metal centre caused by
TIPS. The second doublet (11-8%) was attributed to Au®
charged atoms,* corresponding to the surface Au components,
at a higher energy than the inner components since the electron
donation occurs from the surface Au atoms to the thiolates.*

The effective coordination of the thiolate ligands on the gold
nanoclusters was confirmed by FT-IR spectroscopy and '"H NMR
analysis. The FT-IR spectra of the three AuNCs exhibited char-
acteristic vibrational bands corresponding to the stabilizing
ligands Cys, GSH and pep9, indicating a successful binding
(Fig. S12-5147). Furthermore, the "H NMR spectrum of the
centrifuged sample of AuNCs 3 revealed broadening of the
signals associated with the stabilizing peptide (Fig. S157),
consistent with this type of system. When molecules are
attached to a metal nanoparticle, line broadening of the reso-
nances is observed, the chemical shift may be altered, and some
resonances may disappear completely.*® These findings provide
strong evidence for the incorporation of the nonapeptide as
a capping ligand.
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Catalytic activity: reduction of 4-nitrophenol to 4-
aminophenol

AuNCs have garnered significant attention in catalysis due to
their unique physical properties. Their high reactivity and large
surface-to-volume ratio, a consequence of their ultra-small size,
make them particularly attractive for catalysis applications. In
order to evaluate their catalytic performance, the reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) was selected as
a model reaction for comparison studies. To evaluate the cata-
Iytic conversion, we monitored the absorbance decrease of the
band attributed to the 90 uM 4-nitrophenolate ions (410 nm) in
water at room temperature with 1.0% of the catalyst (Fig. 24,
S17 and S187).

In all experiments, an excess of NaBH, (600 equiv.) was
added to ensure pseudo-first-order kinetics. However, in these
three cases it was observed that the representation of In(A4,/A,)
vs. time did not fit a single straight curve (Fig. 2B), indicating
that the kinetics were more complex. For the purposes of
facilitating analysis and comparison, the data have been treated
as two first-order curves with different slopes.

The initial slope showed apparent kinetic constants k,p, of
0.39, 0.43, and 0.88 min ' for AuNCs 1, 2, and 3, respectively.
The second linear trend exhibited a greater slope than the first
(0.58, 0.87 and 1.53 min~'), indicating that a modification
occurred on the surface of the catalyst during the reaction that
enables enhanced interaction and favoured catalysis.

Based on these observations, it can be hypothesized that the
presence of an excess of NaBH, could result in the reduction of
some of the stabilizing agents on the catalyst surface, thus
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Fig. 2

(A) UV/vis monitored reduction of 4-NP to 4-AP (reaction conditions: 90 uM 4-NP in water at room temperature, 1.0% of the catalyst, 600

equivalents of NaBH,4) with AUNCs—Cys (1) as the catalyst. (B) In(A;/Ap) of the peak intensity at 400 nm as a function of time in the reduction of 4-
NP to 4-AP. (C) Photothermal heating curves for solvent and 0.85 mM AuNCs (1, 2, and 3) under NIR laser light (808 nm, 2.5 W cm™2). (D) On—off
NIR laser irradiation cycles for AUNCs—pep9 (3) under NIR laser light (808 nm, 2.5 W cm™~2). (E) Absorbance decay of DPBF measured at 410 nm
for solvent and AuNCs (1, 2, 3) in the 'O, generation reaction (60 puM DPBF, 0.23 mM Au, 125 mM H,O,). (F) Three cycles of absorbance decay

measured at 410 nm using AUNCs 3 in the O, generation reaction.
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generating free thiol ligands. This would increase the accessi-
bility of the metal surface, enhancing the adsorption of both
hydrogen and 4-NP, and therefore, improving catalytic perfor-
mance, as previously demonstrated in the literature.** The time-
resolved "H NMR spectra of the reaction between AuNCs-Cys (1)
and NaBH, support this hypothesis (see ESI, Fig. $197), showing
that the reductant is capable of liberating cysteine from the
surface, which contributes to the increased catalytic efficiency
of AuNCs during the reaction.

The induction time (¢,) showed a stabilizing ligand depen-
dence: AuNCs 3 exhibited a longer induction time (4 min),
possibly due to the steric hindrance caused by the greater ligand
volume, which would hinder surface reduction and the initial
adsorption step. In contrast, the catalytic reaction with AuNCs 1
and 2, which were stabilized by smaller ligands, resulted in
shorter induction times (2.5 and 2.25 min, respectively). This
suggests that reductive desorption occurs more rapidly with
shorter ligands, which also facilitate hydrogen transfer to the
catalyst, promoting its activation. The calculated kinetic
constant values also suggest an increasing trend: larger ligand
volumes resulted in higher values (Table 1). Although the
reduction is more effective for smaller ligands, as evidenced by
the shorter induction times, it has also been demonstrated that
the presence of borohydride increases the dimensions of the
nanoclusters.*" Larger nanoparticles are formed as a conse-
quence, and thus a higher volume of the capping ligand could
prevent the aggregation of AuNCs and result in a higher number
of catalytic sites available.

In order to evaluate the quality of our results we have
compared them to previously reported ones in Table 1. The
nanomaterials generated in this work showed superior catalytic
performance in the reduction of 4-NP in comparison to other
AuNCs. The use of dimethylformamide-stabilized gold nano-
clusters (AuNCs-DMF) with the same gold ratio and an
increased quantity of NaBH, resulted in a lower rate constant
(0.18 min™"). The same situation occurred with AuUNCs stabi-
lized with alkanethiolates (C;3SH, C1,SH, and C¢SH), with lower
values of k., using 100-fold more catalyst and a higher excess

Table 1 Comparison of the catalytic performance of AUNCs—SR*

Sample % Au NaBH, [eq.] Kapp (min™")
AuNCs-Cys (1) 1.0 600 0.39-0.58
AuNCs-GSH (2) 1.0 600 0.43-0.87
AuNCs-pep9 (3) 1.0 600 0.88-1.53
AuNCs-DMF*? 1.0 2000 0.18
AuNCs-C,gSH"! 100 1000 0.28
AuNCs-C,,SH*! 100 1000 0.31
AuNCs-CgSH*! 100 1000 0.35
Au,5(GSH) 5 NCs*? 1.0 2000 0.48
Au,5(MPA); g NCs*? 28 Excess 4.8
Au,5(MUA) 5 NCs*? 28 Excess 0.42
Au,5(p-MBA) 5 NCs™* 28 Excess 3.9
AuNPs-CTAB (3.5 nm)** 6.3 500 0.072
AuNPs-DHBC (10 nm)** 5.0 300 0.77

¢ Experimental: 4-NP in water at room temperature monitored by UV-
vis.
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of sodium borohydride, indicating a better performance for the
AuNCs in the present study.**

On the other hand, AuNCs 1, 2 and 3 also showed better
catalysis results than atomically precise nanoclusters. For
instance, Au,5(GSH);3 NCs and Au,5(MUA);s NCs exhibited
a kapp Of 0.48 and 0.42 min~', respectively, indicating lower
catalytic conversions.”** The catalytic constants for
Au,5(MPA);s NCs and Au,s(p-MBA);3 NCs were found to be
higher (4.8 and 3.9 min~ ") with the use of a greater quantity of
gold and higher excess of NaBH,.** Additionally, a comparison
of the catalytic activity of AuNCs and small gold nanoparticles is
crucial since the presence of an excess of the reductant tends to
aggregate the nanoclusters and give rise to nanoparticles. The
catalytic rates obtained in this study were higher than those
observed for small AuNPs stabilized with cetyl-
trimethylammonium bromide (CTAB).** Furthermore, AuNCs 2
and AuNCs 3 demonstrated superior performance compared to
10 nm AuNPs stabilized with a double hydrophilic block
copolymer (DHBC).*

Photothermal properties

Gold nanomaterials are very promising photothermal agents due
to their great ability to convert near-infrared (NIR) radiation into
thermal energy. The mechanisms of the photothermal conver-
sion processes of AuNCs can be attributed to molecular vibra-
tions, due to their molecular-like properties and the absence of
plasmonic localized vibrations. After the relaxation of the excited
electrons to the ground state through vibration-electron
coupling, the excess energy is released in the form of heat.*®

To examine the photothermal properties, AuNCs 1, 2 and 3
were irradiated using an 808 nm NIR laser (2.5 W ecm™>). In this
study, it was observed that for the three nanomaterials, there
was a noticeable change in temperature under irradiation,
increasing by more than 25 °C for a 170 pg per mL gold
concentration (Fig. 2C). The irradiation of the solvent (mixture
of H,O with THF) caused a slight increase in temperature of less
than 4 °C, suggesting that the nanoclusters of this work were
capable of converting NIR light into thermal energy, proving
their possible usefulness in photothermal therapy. Considering
the intrinsic error of measurement, the nanoclusters of this
work showed similar photothermal properties with no notice-
able stabilizing ligand-dependence. The photothermal proper-
ties of AuNCs 1, 2 and 3 were comparable to those of other
nanoclusters reported in the literature. For example, at
a slightly reduced power density of 2.0 W cm >, DNase-AuNCs
(225 ug mL™")* and Au,s(Capt);s (200 ug mL™")*® reached 41
and 46 °C, respectively, within a five-minute period.

We also wanted to study the photothermal stability to verify
the reusability of the system, crucial for possible practical
applications. AuNCs-pep9 (3) was selected for this study, as it
showed higher solubility in water and good photothermal
properties. Three thermal conversion cycles were conducted
(Fig. 2D), resulting in a temperature higher than 51 °C in all of
them. Therefore, nanomaterial 3 maintained the ability to
convert radiation into heat through the different cycles,
showing good stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Photodynamic activity

Photodynamic therapy (PDT) is a promising approach for cancer
treatment that utilized a photosensitizer to absorb light and
generate reactive oxygen species (ROS), such as free radicals or
singlet oxygen (*O,), which induces cell toxicity and damage. When
combined with photothermal therapy, PDT offers enhanced ther-
apeutic efficacy, providing a more powerful strategy.

In addition to its role in PDT, AuNCs can exhibit catalase-like
activity, enabling the conversion of hydrogen peroxide into
oxygen, and, consequently, enhancing the effectiveness of PDT.
This process helps to overcome the challenges of hypoxia in
tumour environments, characterized by high levels of H,0, and
low levels of O,.*"°

To assess 'O, generation, we used 1,3-diphenylisobenzo-
furan (DPBF) as an 'O, scavenger under 808 nm laser irradia-
tion (2.5 W cm™2) and evaluated the catalase-like activity by
monitoring the absorbance decay of DPBF in the presence of
H,O0, (Fig. 2E). The control experiment resulted in a 17% decay
in 30 minutes since DPBF also reacts with H,O, and is unstable
and sensitive to external factors such as UV light and heat. The
use of AuNCs-pep9 (3) under the same conditions resulted in
a 92% reduction in DPBF absorbance within 30 minutes, which
would differ significantly from the control experiment. Differ-
ences in behaviour were observed for nanomaterials AuNCs-Cys
(1) and AuNCs-GSH (2): for AuNCs 1, the initial slope was
greater than that of the control experiment, while for AuNCs 2
and the second slope of AuNCs 1, a lower decay rate was shown.
These observed differences could be explained considering the
stability of the nanoclusters (Fig. S217). During the experiment,
the decomposition of the catalysts AuNCs-Cys (1) and AuNCs—
GSH (2) was observed, leading to the formation of aggregates
and insoluble particles. In contrast, AuNCs-pep9 (3) main-
tained its stability, with the solution remaining a transparent
brownish colour throughout the experiment. The enhanced
stability of AuNCs 3 in the reaction medium, in comparison to
its analogues with Cys (1) and GSH (2), enabled an effective
photodynamic effect under NIR light irradiation.

The catalase-type activity of AuNCs 3 was confirmed through
measurements conducted in the absence of H,0, (Fig. S227)
under laser irradiation, demonstrating its capacity for solving
the problem of hypoxia, which severely limits PDT. Owing to
DPBF being sensitive to heat, to ensure that its degradation was
attributable to the presence of '0, and not a consequence of
photothermal heat generated by the nanoclusters, the final
temperatures were verified (Table S21). As the temperature
increase observed in the three AuNCs was almost identical, it
can be assumed that the observed differences in behaviour were
not a result of the temperature variations.

Lastly, since AuNCs 3 has presented good photodynamic
properties and photothermal stability, the reusability of the
catalyst in the 'O, generation reaction was verified through
three cycles. The results showed a complete conversion of the
DPBF compound in the first cycle and a reduced catalytic power
in the new cycles, showing a small loss in their 'O, generation
capacity but also indicating the ability of the nanomaterial to be
reused (Fig. 2F).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cytotoxicity study

In order to evaluate the biocompatibility of the gold nano-
clusters, the cytotoxic properties of the AuNCs-Cys (1) and
AuNCs-pep9 (3) against healthy cells (HDF) and cancer cells
(HeLa) were examined in the absence and presence of NIR light,
to assess their potential application in photothermal and/or
photodynamic therapy.

Production of reactive oxygen species (ROS) in live cells was
assessed using a dihydroethidium fluorescence assay (Fig. 3).
Minimal ROS production was observed in the dark for AuNCs 1
and 3 in treated HeLa and HDF cells, suggesting that the
nanoclusters themselves do not exhibit significant toxicity in
the absence of irradiation. Under NIR irradiation (855 nm),
AuNCs 1 and 3 exhibited higher ROS production in the cancer
cell line, with no equivalent increase in ROS production for the
healthy cell line, highlighting the potential for selective killing
of cancer cells via ROS production.

To determine the cytotoxicity of the AuNCs, cells were
incubated with AuNCs 1 and 3 (0-250 ug mL™"), respectively, for
2 h and either kept in the dark for a further 2 h or irradiated at
855 nm for 1 or 2 h. The cytotoxicity was then assessed using an
alamarBlue fluorescence assay at 24 hours post-treatment
(Fig. S231). The results (Table 2) indicate that in the dark,
AuNCs 3 showed higher toxicity in HeLa cells (100-250 pg mL™")
than HDF cells (>250 pg mL™"), while AuNCs 1 exhibited
comparable toxicity for both cell lines (50-100 pg mL'). In
AuNCs 3 treated HeLa cells, NIR irradiation (855 nm, for 1 or 2
h) induced higher toxicity (50-100 pg mL™") than cells kept in
the dark (100-250 pg mL™') when compared to untreated
controls, while exposure to AuNCs 1 showed comparable
toxicity irrespective of NIR irradiation (50-100 ug mL~"). In HDF
cells, NIR irradiation did not increase toxicity for AuNCs 3
treated cells, and decreased toxicity for AuNC 1 treated cells. No
toxicity was observed for pep9 with either cell line in the dark or
under NIR irradiation. These findings suggest that AuNCs 3 may
be more promising for selective photothermal and photody-
namic therapy, as they display a stronger therapeutic effect in
cancer cells under NIR irradiation while showing minimal
toxicity to healthy cells.
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Fig. 3 Cytotoxicity study of AuNCs 1 and 3 against healthy (HDF) and
cancer cell (Hela) : ROS production using an 855 nm lamp.
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Table 2 1Csq values of pep9, AuNCs—Cys (1) and AuNCs—pep9 (3)
against HDF and Hela cells

Approx. ICs5o/pg mL ™"

AuNCs-Cys  AuNCs-Pep9
Pep9 (1) 3)

HDF (healthy) Dark >250  50-100 >250
1h-855nm >250 >250 >250
2h-855nm >250 >250 >250

HelLa (cancer)  Dark >250  50-100 100-250
1h-855nm >250 50-100 50-100
2h-855nm >250  50-100 50-100

The XPS data indicated that the atomic gold percentage of
AuNCs 1 was higher than that of AuNCs 3 (3.27% and 0.48%,
respectively), as would be expected when using a stabilising
ligand (Cys) of lower molecular mass. As the toxicity was
attributable to gold, it can be postulated that the cytotoxic
properties observed for AuNCs 3 were diminished in compar-
ison to those of AuNCs 1. However, even with a lower overall
gold content, AuNCs 3 provided a more targeted and effective
treatment in cancer cells, with the potential for reduced toxicity
in healthy cells due to their selectivity. This fact is particularly
advantageous for therapeutic applications, as it could minimize
side effects.

Conclusions

This study introduces an efficient and consistent approach for
synthesizing thiolate-protected gold nanoclusters with sizes
under 2 nm, achieved through the reduction of an organome-
tallic precursor under mild conditions. The synthesis method is
rapid, offers excellent size control, and is versatile, as it can be
successfully applied with various thiol-based stabilizing agents.
This approach consistently produces gold nanoclusters with
promising properties, including high catalytic activity and
favourable photothermal and photodynamic characteristics,
which can be tuned by selecting different thiol ligands. The
cytotoxicity evaluation revealed greater selectivity against cancer
cells compared to healthy cells when using the nonapeptide pep9
as the stabilizing agent, which also enhanced ROS production.
This organometallic-based methodology establishes a new
synthesis method for the development of thiolate-protected gold
nanoclusters, with interesting prospects for both biological and
catalytic applications. Further research is underway to integrate
other biologically relevant thiol-containing agents, taking
advantage of the versatility of this method.
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