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Highly Luminescent Gold Nanocluster Frameworks
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Jouko Lahtinen, Hua Jiang, Jaakko V. I. Timonen, Olli Ikkala, and Robin H. A. Ras*

Metal nanoclusters (NCs) are being intensely pursued as prospective
luminophores because of their tunable electronic and optical properties.
Among the various fluorescent NCs, gold nanoclusters (GNCs) are attractive
due to their biocompatibility and excellent photostability, even if so far, they
have had limited application potential due to poor quantum yield (QY). In
this context, a facile route is demonstrated to tune up the photophysical

and photochemical activities of water-borne luminescent GNCs through

the formation of self-assembled nanocluster superstructures. The approach
involves the controlled introduction of Sn?* ions, directing GNCs from
individual particles into 3D spherical gold nanocluster colloidal frameworks
(GNCFs). In these, the reduction in the nonemissive relaxation pathways
leads to significant enhancement of luminescence signals (QY from =3.5% to
=~25%), likely owing to restricted movements of ligands. This approach paves
ways for GNCFs as a potent agent for biomedical imaging and therapies,

cytotoxic and are restricted in their use
in nanomedicine.’! Organic dyes, on
the other hand, suffer from toxicity and
poor photostability.”] Therefore, the large
potential of appropriate luminophores
in biomedical applications has prompted
intensive efforts toward the development
of alternative nanomaterials with reduced
toxicity and increased biocompatibility. A
promising new approach is to exploit the
photoluminescence of noble metal nano-
clusters (NCs), having emissions in visible
or near-IR regions, depending on their
size, chemical environments, and surface
ligands.[®l

Few-atom metal NCs, with a core diam-
eter of <1 nm, possess unique optical

while their high photocatalytic activity is an added advantage.

1. Introduction

Luminophores, the luminescent particles or compounds, have
a remarkable impact due to their successful integration into
optoelectronic devices, diagnostics, and sensors.!!l Ultrabright
luminophores with narrow emissions, large Stokes shift, and
supreme photostability offer possibilities for specific visualiza-
tion of intracellular processes at single particle level.l How-
ever, it is still a great challenge to develop such water-borne
biocompatible photoluminescent nanomaterials, especially for
biomedical applications.>=>! Semiconductor nanocrystals, while
revered as versatile and potent luminescent probes, generally
contain heavy metal atoms. Therefore, most of them are highly
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properties, stemming from quantum con-

finement of the electrons, unlike larger

plasmonic nanoparticles.'”) Among the

metal nanoclusters, atomically precise gold
nanoclusters (GNCs) have gained remarkable interest over the
last decade due to their high stability and biocompatibility.[*1¥
However, low photoluminescence (PL) quantum efficiency
restricts their potential applications.1?l PL can be amplified
to a certain extent by the reduced rotational degree of freedom
of the ligands surrounding the metal core, restrictions of intra-
molecular motions, or preventing nonradiative relaxations
through aggregation.'3-16 However, controlling the aggregation
behavior of the NCs to obtain superstructures of defined mor-
phology in aqueous media has been a challenge.l'”) Therefore,
it is relevant to ask whether controlled self-assemblies can be
designed to achieve colloidal superstructures based on lumi-
nescent NCs with enhanced PL and quantum yields in aqueous
dispersion. Despite their dispersion behavior being similar to
supramolecular complexes, self-assembly of monolayer
protected NCs is a challenging task, as the inter-nanocluster
interactions are close to the thermal fluctuations of the sur-
roundings. Recently, it has been shown that atomically precise
gold nanoclusters with surface carboxylic acid functionalities
offer control over self-assemblies in aqueous medium to 2D or
3D superstructures.[18-20]

We have discovered that a controlled assembly of water
soluble luminescent GNCs having surface carboxylic groups
by introducing metal ions might offer a new avenue to achieve
superstructures, consisting of GNCs, metal ions, and ligands,
akin to metal-organic frameworks. Such cluster frameworks
would allow restricted motion of the surface ligands, thus
potentially enhancing the PL. To test this hypothesis, we
used water-soluble glutathione (GSH) capped luminescent
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Figure 1. a) Representation of a luminescent GSH-encapsulated GNC, the possible interactions in between the metal ions and COO™ groups of the
ligand over GNCs through chelation, and the schematic illustration for the formation of GNCFs. b) HR-TEM micrograph of GNCF-100 dispersed in

water, ) cryo-TEM micrograph of GNCF-100, d) electron tomography (ET)

GNCs. The controlled assembly of GSH-GNCs was achieved
by introducing Sn?" ions, which directs the inter-nanocluster
cross-linking through the negatively charged surface carboxy-
late (—COO") groups. Using cryogenic transmission electron
microscopy (Cryo-TEM) and electron tomography (ET), we have
shown that the resulting structures are spherical framework
materials with tunable sizes. Our results reveal that the gold
nanocluster framework (GNCF) assemblies show an unprece-
dented seven-fold increment in the quantum yield compared to
that of individual GNCs, when Sn?* is used as a cationic cross-
linker. We further demonstrate that the self-assembled GNCFs
with extremely high PL in aqueous medium are nontoxic, and
possess excellent photocatalytic activity compared to the tradi-
tional plasmonic gold nanoparticles, and, more importantly, far
better than that of GNC itself. Therefore, it is expected that the
GNCFs, by means of their unique architecture and biocompati-
bility, would pave way for water dispersible colloidal framework
materials for biomedicine and catalysis.

2. Results and Discussion

2.1. Synthesis, Morphology, and 3D Reconstruction
of Gold Nanocluster Frameworks

GSH encapsulated gold nanoclusters are synthesized and
characterized according to the reported procedure.™ High-
resolution transmission electron microscopy (HR-TEM)
images confirm the formation of very small particles of GNCs
with an average size of 1 nm (Figure S1, Supporting Informa-
tion). To achieve higher-order structures, various metal ions

Adv. Optical Mater. 2019, 1900620 1900620

reconstruction of a GNCF-100, and e) its cross-sectional view.

(Cst, Mn?', Pb?', Cd?*, Sn?t, Zn?*, Fe*t, Al**, and Sn*") in the
form of their chloride salts are introduced into the aqueous
dispersion of GNCs. Among all the tested metal ions, only the
addition of Sn?* dramatically changes the luminescent proper-
ties. Metal chelation induced assembly of GNCs into GNCFs is
schematically represented in Figure 1a. HR-TEM (Figure 1Db)
and Cryo-TEM (Figure 1c) imaging of the aqueous dispersions
reveals the formation of higher-order spherical superstructures.
Resolving the 3D structures using ET reconstruction con-
firms the spherical nature of colloidal superstructure, where
GNCs are uniformly filled up, due to assembly of nanoclusters
(Figure 1d,e; Videos S1 and S2, Supporting Information). Since
the cluster assemblies are directed by the interaction between
divalent metal ions and the carboxylic acid groups of GSH
on nanoclusters, we denote the superstructures as gold nano-
cluster frameworks. To monitor the effect of Sn?* concentration
on the structure and stability, a systematic study was performed
by adding varying amounts (10400 uL) of 10 x 1073 m
aqueous solution of SnCl,, while keeping the GNC concentra-
tion constant (400 WL, 1.875 mg mL™). The resulting super-
structures are designated as GNCF-10, GNCF-20, GNCF-40,
GNCF-60, GNCF-80, GNCF-100, GNCF-200, GNCF-300, and
GNCF-400 by introducing 10, 20, 40, 80, 100, 200, 300, and
400 UL of SnCl,, respectively. Subtilty exists as unstable disper-
sions have been obtained when the amount of Sn*' is below
60 UL or above 500 pL. The GNCFs are distinct and well sepa-
rated when the concentrations are in the range of 60-100 L.
However, higher concentration also leads to higher-order struc-
tures, as shown by scanning transmission electron microscopy
(STEM) (Figure 2). The stability of the GNCFs also depends on
the amount of Sn?*, as zeta potential (£) is +12.4 mV for GNCs
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Figure 2. STEM micrographs of a) GNCs; b) GNCF-10; ¢,d) GNCF-40; e,f) GNCF-60 g,h) GNCF-100, i,j) GNCF-120, k,I) GNCF-200, m,n) GNCF-300,

and o,p) GNCF-400.

at pH 7, increasing steadily upon higher concentration of Sn**
and reaching the maximum for GNCF-300 with & = +54.9 mV
(Figure S2, Supporting Information), combined with excellent
colloidal stability. Aggregation was observed by adding lower
concentration of Sn?* (<60 uL) into the GNCs as further sup-
ported by dynamic light scattering studies. When 10 uL Sn**
(GNCF-10) was added to a known amount of GNC dispersion,
an immediate increase in the particle size from 3 to 191 nm
was noticed. A stable dispersion was obtained in GNCF-80 with
their average hydrodynamic diameter of 52 nm. Above this
concentration, a linear increase in the size of the superstruc-
tures with increasing the concentration of Sn?* was observed.

2.2. Surface Characterizations and Elemental Analysis
Deeper analysis using high-resolution STEM imaging?!l sup-

ports that the aqueous superstructures are composed of GNCs
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with chemical cross-links between their negatively charged
ligands mediated by Sn?" ions (Figure 3a). The degree of
cross-linking upsurges with an increasing amount of Sn?',
undergoing inter-nanocluster assembly to interframework cross-
linking, ultimately leading to GNCF assemblies (Figure 2).?
The elemental compositions of GNCFs have been analyzed
using energy-dispersive X-ray (EDX) mapping (Figure 3b;
Figure S3, Supporting Information), additionally supported by
X-ray photoelectron spectroscopy (XPS) (Figure S4, Supporting
Information). EDX mapping reveals that both Au and Sn spe-
cies are located within and over the GNCFs, and further con-
firms the presence of Au, Sn, C, N, S, and O elements in
GNCFs by XPS analysis. Changes in the chemical environment
upon addition of Sn?* have been studied by analyzing high-
resolution Cls photoelectron spectra (Figure 3c,d; Figures S5
and S6, Supporting Information). The deconvoluted peaks for
both GNCs and GNCFs are observed at binding energies (BE) of
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Figure 3. a) Dark field scanning transmission electron microscopy (DF-STEM) images and b) EDX mapping of GNCF-100. C Ts XPS spectrum of
c) GNCs and d) GNCF-400. e) Au 4f and f) Sn 3d XPS spectra of GNCs and GNCFs.

284.8, 286.3, 287.7, and 288.8 eV, which are attributed to C—C,
C—H, C—0, C=0, and O—C=0 bonds??*l of GSH, respectively.
Notably, significant changes in the relative intensities of the BE
have been observed upon addition of Sn?" to GNCs. In detail,
the peak corresponding to C=0 (287.7 eV) shows a decrease in
the intensity, whereas the intensities of both C—O (286.3 eV)
and O—C=0 (288.8 eV) bands increase (Table S1, Supporting
Information). So, it is concluded that there are strong electro-
static and coordination interactions between the metal ions
and the carboxylic acid groups of the ligands, which diminish
the double bond character of the C=0 groups of GSH upon
superstructure formation. Comparison between the Au 4f
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photoelectron spectra (Figure 3e), Au 4f7/2 peaks appear at 83.8
and 83.9 eV for GNCs and GNCFs respectively. The results con-
firm the existence of a precisely similar chemical environment
of gold atoms both in GNCs and GNCFs, containing Au (0) and
Au (I) species.l” The nanocluster is, therefore, constructed by
a metal core assembled with Au (0) atoms, surrounded by Au
(I)-GSH species around its surfaces. The high-resolution Sn 3d
photoelectron spectra of GNCFs (Figure 3f) display the peaks
at 487.3 £ 0.3 and 495.7 + 0.2 eV corresponding to Sn 3d5/2
and Sn 3d3/2 respectively, indicating the presence of Sn*,[2]
possibly due to oxidation during sample preparation (drying)
for XPS.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) UV-visible absorption spectra, b) PLE spectra, and c) PL emission spectra of the GNCs and GNCFs. d) Comparison between the PL
spectra of GNCs by introduction of different metal ions in water. e) Photographic images of the aqueous dispersions of GNCs and all GNCFs under

visible light (left) and under UV irradiation (right).

2.3. Optical Properties, Correlation of PL Intensity,
and Mechanisms

The UV-visible absorbance spectra for all the GNCFs in
aqueous dispersion (Figure 4a) are found to be similar to that
of the GNC itself with a characteristic peak at 395 nm.['¥] This
suggests that the intrinsic properties of individual GNCs are
retained, further supporting that the framework formation is
predominantly through supramolecular interactions between
the surface ligands and metal ions. Photoluminescence excita-
tion (PLE) spectra (Figure 4b) of GNCFs at 590 nm emission
wavelength reveal that the peak positions remain unaltered to
that of GNCs, however leading to increased intensities. Impor-
tantly, unlike quantum dot based luminophores, GNCs or
GNCFs presented in this work show multiple excitation peaks
between 393.5 (3.15 eV) and 488.2 nm (2.59 eV). This indicates
the existence of several intra-atomic and interatomic electronic
transitions among ligand (GSH) to Au (0) core and concurrent
Au (0) core to Au (1) surfaces.?! The PL emissions (Figure 4c)
for GNCFs are significantly higher than that of the GNCs in
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water. With increasing the concentration of Sn**, the PL inten-
sity gradually increases with maximum intensity for GNCF-
300. The absolute PL quantum yield for GNCF-300 is =25%,
i.e., approximately sevenfold higher than that of the isolated
GNCs. GNCFs emit bright yellowish-orange light in contrast
to the weak emissions coming from the GNCs (Figure 4e). No
superstructures were observed by using metal ions other than
Sn?* studied in this work, including monovalent, divalent, triva-
lent, and tetravalent ions (Figure S7, Supporting Information).
Slight increments of PL emissions were recorded for Mn?*,
Cd*", and AI** due to random aggregation (Figure 4d).1213l
It is important to note that aggregation induced emissions
of GNCs have shown two to three-fold increase of PL.I'#?7]
By contrast, our results showing such a high increment of PL
in solution by the addition of Sn?* is attributed to the restricted
motion of the ligands through orientation in framework
structure and formation of continuous networks within the
GNCFs.?028] The formation of the well-defined superstructure
of GNCs by introduction of Sn?' ions, but not by other metal
cations, might be due to the selective complexation of GSH

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ligands over the nanocluster surfaces under the experimental
conditions.[??3% Further, different metal ions also undergo
solvation, where the geometry might greatly affect the compl-
exation when dispersed in water as studied extensively by Cox
et al.Bll

It has been proposed that Au (I)-thiolate shell in the vicinity
of Au (0) core contributes toward the intense luminescence
through ligand-to-metal-to-metal charge transfer (LMMCT)
mechanism.3? Therein, the metal-metal charge transfer origi-
nates from singlet state Au (0) core to triplet state (T1 or T2) of
Au (I) shell, followed by the relaxation in the form of PL from
T1 or T2 state of Au (I) shell to the highest occupied molecular
orbital (HOMO) of Au (0) core. The well-defined nanocluster
network through metal-ligand (Sn?*~-GSH) interactions in
these superstructural 3D architectures prohibits several nonra-
diative relaxation modes in GNCFs therefore, the strong lumi-
nescence primarily arises from the highly luminescent T1 state
to Au (0) HOMO with an enhanced LMMCT relaxation mecha-
nism.[1332 A slight PL blue shift may be due to the longer Au
(I)--Au (I) distance in the nanocluster framework.?’] The corre-
sponding bandgaps (Figure S8, Supporting Information) were
calculated according to the Tauc, Devis, and Mott equation[®*!
ohv =K(hv-E,)" (1)
where o is the absorption coefficient, hv is the energy of the
incident light, E, is the optical energy gap or the bandgap, and
n is a number which characterizes the optical absorption pro-
cesses. For direct transition n = 1/2 and for indirect transition
n = 2. For the high absorbing region, where o obeys the above

www.advopticalmat.de

equation, by plotting (chv)? as a function of photon energy (hv)
and extrapolating the linear regions of this curve to (ahv)? = 0.
The results demonstrating that the bandgap is almost unaltered
before and after the formation of GNCFs from GNCs.

2.4. In Vitro Cytotoxicity and Bioimaging

Because of their excellent colloidal stability and high photo-
luminescence in aqueous medium, it is relevant to investi-
gate whether GNCFs can be used for bioimaging purposes.
To address this issue, we studied the cytotoxicity of GNCs
and GNCFs by performing cell counting kit 8 (CCK-8) assay
and trypan blue tests for two different cell lines (NIH3T3 and
A549 cells).?* After incubation of cells with both GNCs and
GNCFs, for 24 h and up to a concentration of 100 x 107 m
no obvious cytotoxicity was observed under the experimental
conditions (Figure 5). More importantly, even in some cases,
GNCFs exhibit higher viability compared to that of GNCs, espe-
cially at high concentration of the particles. Previously, similar
observations have been reported in the literature on the effect
of particle size on cell viability.’>3¢ A possible explanation
could be the generation of reactive oxygen species by small
nanoparticles.?”] Moreover, small nanoclusters (GNCs) might
aggregate in the cellular medium before their uptake, contrary
to the larger ones (GNCFs), and cell death may occur because of
the harmful effect of aggregates.’®*! To ensure the cell per-
meability and imageability of the GNCFs, both NIH3T3 and
A549 cells are treated with an aqueous suspension of GNCEF-
200 and incubated for 24 h. Figure 6 and Figure S9 (Supporting
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Figure 5. Cell viability using CCK-8 assay (light grey, n = 3) and the trypan

0
Concentratlon of GNCF 200 (uM)

blue test (dark grey, n = 3): on NIH3T3 cells, incubated with a) GNCs and

b) GNCF-200; on A549 cells, incubated with ¢) GNCs and d) GNCF-200 for 24 h.
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Figure 6. Confocal microscopy of NIH3T3 cells incubated with GNCF-200 (10 x 1076 m) for 1 day in serum containing media (DMEM + 10% FBS).
a) Bright field image (left), confocal fluorescence image (middle) and overlapped image (right) of a cell representative of the experiment. b) Bright field
picture (top left) followed by images of a Z-stack (1.0 um intervals) of the same cell.

Information) reveal that the particles are located in the cells
cytoplasm and emit brilliant fluorescent light at 458 nm excita-
tion. Further analysis indicates that cells incubated with GNCF-
200 are more permeable or brighter than that of the GNCs and
thus easier to image cells (Table S2, Supporting Information).>’!

2.5. Photocatalysis

Finally, we demonstrate that GNCFs can undertake high photo-
catalytic activity, allowing preliminary test on methylene blue
(MB) degradation under both UV and visible light.*% Our
results show that in the presence of GNCF-300 under UV irradi-
ation (350 nm wavelength), complete degradation of MB occurs
within 5.5 min (Figure 7a). By contrast, under similar condi-
tions GNCs require 112 min. By contrast, in a control experi-
ment, the degradation occurs without any catalyst by more than
140 min. The rate of degradation follows in the order of GNCEF-
300 > GNCF-200 > GNCF-100 > GNCs. The 20-fold to 25-fold
increase in the photocatalytic activities of GNCFs is attributed
to their 3D architecture with enhanced adsorption of the dye
molecules over their surfaces and interiors, which would facili-
tate the exclusive catalytic activities of GNCFs with respect to

Adv. Optical Mater. 2019, 1900620
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individual GNCs in water.**2 Also, GNCFs exhibit high effi-
cacy toward visible-light driven photoactivity compared to the
GNCs itself. Figure 7b represents the concentration of MB
with respect to the reaction time in the presence and absence
of GNCs and GNCFs under blue light irradiation (455 nm
wavelength). The photoactivity arises from the absorption of
blue light and high catalytic network and surfaces, taking only
30 min to degrade the dye completely by using GNCF-300 as
a catalyst. By contrast, GNCs have taken several days to com-
plete the degradation procedure, whereas without catalyst
the complete degradation of MB does not take place within
a few days of our observation. While, in the absence of light
(Figure S10, Supporting Information) or with the subsequent
addition of Sn?" ions into the reaction mixture in the absence
of GNCs/GNCFs under UV-light, they exhibit a negligible or
little effect on their catalytic activities (Figure S11, Supporting
Information).

3. Conclusion

In summary, we have described a 3D superstructure of gold
nanocluster frameworks with unprecedented augmentation of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. The rate of degradations of MB in presence of GNCs, GNCFs, and absence of a catalyst, excited at a) 350 nm and b) 455 nm wavelengths.

optical and catalytic properties. We studied the effects of different
metal ions and their compositions on the structural and photo-
physical properties of GNCs or GNCFs. Surprisingly, among all
of the metal ions, only Sn?" ions enabled the formation of super-
structural frameworks from GNCs in solution phase by inter-
cluster cross-linking through negatively charged GSH ligands
over GNCs. This study leads the way toward water-borne medical
imaging agents of low toxicity with strong emission, while their
high photocatalytic activity is an added advantage.

4. Experimental Section

Materials: HAuCl,, SnCl,, glutathione (GSH), SnCl,, AICl;, CsCl,
FeCl;, CdCl,, ZnCl,, methylene blue, and H,0, were received from
Sigma-Aldrich.

Noncancerous murine fibroblasts cells (NIH3T3) and human
epithelial carcinoma cells (A549) were used throughout the study.
They were a generous gift from Dr. Apeksha Damania (Group of
Prof. Kostiainen, Department of Bioproducts and Biosystems, Aalto
University—School of Science, Finland).

Synthesis of Gold Nanoclusters: Gold nanoclusters were synthesized
according to Luo et al.¥l Briefly, 20 x 107 m 500 uL of HAuCl,.3H,0
was mixed into 4.35 mL of Milli Q (18 Q) water at 25 °C with gentle
stirring over a magnetic stirrer. After that, 150 uL (100 X 1073 m) aqueous
solution of glutathione was introduced into the above reaction mixture.
The stirring was continued for another 10 min until a colorless solution
was obtained. The mixture was heated at 70 °C for 24 h in an oil bath.
Finally, the solution was cooled at room temperature and stored at 4 °C
inside a refrigerator.

Fabrication of Gold Nanocluster ~Frameworks: To 400 puL
(1.875 mg mL™") aqueous dispersion of GNCs, a known amount of
SnCl, solution (10 x 107% m) was added dropwise with constant stirring
at 500 rpm for 10 min. 10, 20, 40, 60, 80, 100, 200, 300, and 400 uL
aqueous solutions of SnCl, were used, and the resulting superstructures
were denoted as GNCF-10, GNCF-20, GNCF-40, GNCF-60, GNCF-80,
GNCF-100, GNCF-200, GNCF-300, and GNCF-400, respectively. The final
volume was adjusted at 800 puL for each set of reaction. The addition of
metal salts induced the spontaneous superstructure formation, and the
GNCFs were produced within 10 min. Finally, GNCFs were stored at 4 °C
inside a refrigerator.

Microscopy and  Spectroscopic ~ Characterizations: HR-TEM  and
STEM were performed using JEM-2800 high-throughput analytical
HR-TEM (JEOL) and JEM-2200FS Double Cs-corrected transmission
electron microscope, respectively. Both instruments were operated at
an acceleration voltage of 200 kV with field-emission guns. Specimen
for HR-TEM and STEM analyses were prepared by drop-casting from
the aqueous dispersions of the samples in ultrathin-carbon (<10 nm
thickness) coated copper grids. The cryo-TEM images were collected
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using JEM-3200FSC field-emission microscope (JEOL Ltd.) operated
at 300 kV in bright-field mode with Omega-type zero-loss energy filter.
Prior to sample preparation, 200 mesh copper grids with lacey carbon
support film (Electron Microscopy Sciences) were plasma cleaned using
Gatan Solarus (Model 950) plasma cleaner for 30 s. The samples for
Cryo-TEM imaging were prepared by placing 3 uL of a freshly prepared
aqueous dispersion of the sample on a plasma treated TEM grid and
plunge-freezed into —170 °C ethane/propane mixture using Vitrobot 2 s
blotting time under 100% humidity. The vitrified specimens were cryo-
transferred to the microscope. The images were acquired with Gatan
Digital Micrograph software, while the specimen temperature was
maintained at —187 °C. UV-visible absorption spectra were recorded on
a UV-Vis-NIR Agilent Cary 5000 spectrophotometer. PL and PLE spectra
were obtained with a QuantaMaster 40 fluorescence spectrometer.
The absolute PL quantum yields were measured by using a C9920-03G
system equipped with a 150 W xenon lamp (Hamamatsu Photonics
Co. Ltd., Japan). Zeta potential measurements were performed using
Malvern Zetasizer Nano-ZS90. XPS was performed in Kratos Axis Ultra
ESCA X-ray photoemission spectrometer using AlKo (E = 1486.6 eV)
radiation. The X-ray source was operated at 15 mA and 15 kV and the
analyser pass energy was 20 eV for high resolution scans and 80 eV
for the survey spectra. The pressure in the analysis chamber was about
8 X 107 Pa during the measurements. The BE scale was referenced to
284.8 eV as determined by the location of the maximum peak on the
Cls spectra, associated with adventitious carbon. The accuracy of the BE
determined with respect to this standard value was within £0.1 eV.
Serial EM and Electron Tomography Reconstruction: The 3D
reconstruction of the spherical cluster frameworks was achieved
using by collected tilt series according to previously reported sample
preparation procedures.'#l In short, tilt series were acquired with
the Serial EM-software package.*!l Specimen was tilted between +69°
angles with 2°-3° increment steps to collect stack files. The original
stack files were then subjected for fine alignment and cropping with an
open source set of image processing, modeling and display (IMOD)
programs.[l The images were binned twice to reduce noise and
computation time. Maximum entropy method!*l reconstruction scheme
was carried out with a custom-made program on Mac or Linux cluster
with a regularization parameter value of A = 1.0e7%. Volumetric graphics
and image analyses were performed with the UCSF Chimera package.
Cytotoxicity Studies: Trypan blue test: The cells were seeded in a
24-wells plate (BioLite Cell Culture Treated Plates, Thermo Scientific Co.)
containing Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and antibiotics (100 pg mL™
streptomycin and 100 U mL™" penicillin) at 37 °C under a 95% air/5%
CO, atmosphere (ICO50 CO, incubator, Memmert Co.). After 1 day,
the cell culture medium was removed in each well and a fresh medium
is added with increasing concentrations of gold clusters (GNCs or
GNCF-200; 0, 1, 10, 25, 50, and 100 x 10® wm; from 0 to 50 uL). The
total volume of medium and gold clusters in each well was 500 pL
and the cells were further incubated for 1 day. The cells were washed
once with phosphate buffered saline (PBS) and trypsinized (200 pL per
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well, 70 min in the incubator). Trypan blue (0.4% wt/vol, 12.5 ulL) was
added to an aliquot of the cell suspension (50 uL) and incubated for
5 or 10 min at room temperature. The viable cells (=100 cells per sample)
were counted by bright field microscopy. The viability values of the cells
treated with gold clusters are expressed as a percentage of the viability of
control cells. All experiments have been repeated three times.

CCK-8 Assay: The cell viability was checked using a CCK-8 kit (Sigma
Aldrich Co.) according to the manufacturer’s instructions. Briefly, a cell
suspension (100 pL, 5 x 103 cells per well) was dispersed in a 96-well
plate containing DMEM medium supplemented with 10% FBS and
antibiotics (100 ug mL™" streptomycin and 100 U mL™" penicillin). The
plate was preincubated at 37 °C under a 95% air/5% CO, atmosphere
for 1 day. Then, gold clusters suspensions (GNCs or GNCF-200, 10 pL)
were added into the wells to final concentrations of 0, 1, 10, 25, 50,
and 100 x 107 m). The plate was incubated for 1 day under the same
conditions mentioned above. A CCK-8 solution (10 ulL) was added to
each well and the plate was incubated for 2 or 4 h in the incubator.
Finally, the absorbance at 450 and 650 nm of each well was measured
using a Synergy H1 hybrid microplate reader (BioTek). All experiments
have been repeated three times.

Cellular Uptake and Confocal Microscopy: Cells were plated on glass
cover slips at a concentration of 2 x 10* cells per mL. They were treated
with the particle suspension (GNCs or GNCF-200, 10 x 107® ) and
incubated for 24 h. They were washed with PBS buffer, dispersed in
PBS, and directly observed. Cells were imaged and recorded by confocal
microscopy (LSM 710, 20x/1.0 water immersion objective, A, = 458 nm,
Aem = 465-710 nm). Images were exported from the instrument software
(Zeiss Zen Black) in CZI format and further processed with Fiji (version
1.52d). In order to compare the cell permeability and imageability
between GNCs and GNCFs, the average fluorescence of the cytoplasm
(i.e., cell minus nucleus) of 15 NIH3T3 cells was determined incubated
with GNCs and 15 other NIH3T3 cells incubated with GNCF-200 using
Image].

Photocatalysis and Dye Degradation: Photocatalytic performances were
assessed by photodegradation of MB, chosen as a model substrate.
To demonstrate the catalytic activities of GNCFs, MB degradation was
carried out in presence of GNCs, GNCF-100, GNCF-200, and GNCF-300.
To 1 mL (4 x 107 m) aqueous solution of MB, 4 uL H,0, (50 wt%)
was added followed by the addition of 100 puL (1.8 mg mL™") aqueous
suspension of GNCs or GNCFs. A blank sample was also prepared by
mixing 100 uL of water instead of catalyst into the mixture of MB (1 mL;
4% 107° M) and H,0, (4 uL; 50 wt%). The photocatalytic reactions were
performed inside a UV chamber, where the samples were irradiated
under UV-light, having emission at 350 nm wavelength. A blue LED
light (Model no. M455L3-C2) with emission of 455 nm wavelength
(power: 360 mW and optical density: 25 mW cm™2) was also used in
order to perform the degradation of MB under visible light, where
all other conditions remained unaltered. To evaluate photocatalysis
performances, UV-visible spectra of each samples were recorded at the
interval of 2 min during the reactions. The procedure was repeated with
different concentrations of SnCl, solutions in water without presence of
gold (GNCs or GNCFs). In addition, the catalytic activities were once
again performed in the dark environment, where all other conditions
remained unaltered.
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