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ty and Ins
A B S T R A C T

The fascinating luminescence properties of gold nanoclusters (AuNCs) have drawn considerable research
interests, and been widely harnessed for a wide range of applications. However, a fundamental
understanding towards ligand density’s role in the luminescence properties of these ultrasmall AuNCs
remains unclear yet. In this communication, through systematic investigation of surface chemistries of
glutathione-protected AuNCs (GSH-AuNCs) with different density of GSH as well as other thiolates, it is
discovered that the density of surface ligands can significantly regulate the luminescence properties of
AuNCs. Fluorescence lifetime spectroscopy and X-ray photoelectron spectroscopy showed that AuNCs
with a higher density of electron-rich ligands facilitate their luminescence generation. Moreover,
differences in the surface coverage of AuNCs can also affect their interactions with foreign species, as
illustrated by significantly different fluorescence quenching capability of GSH-AuNCs with different
ligand density towards Hg2+. This study provides new insight into the intriguing luminescence properties
of metal NCs, which is hoped to stimulate further research on the design of metal NCs with strong
luminescence and sensitive/specific responses for promising optoelectronic, sensing and imaging
applications.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Metal nanoclusters (NCs) as a novel type of luminescent
nanomaterials have attracted extensive attention because of their
unique properties such as ultrasmall size, low toxicity, excellent
biocompatibility and good photostability [1–3]. Until now,
luminescent metal NCs have been widely used in the fields of
optical sensing [4–7], bioimaging [8,9], light energy conversion
[10], light-emitting devices (LED) [11,12] and biomedical research
[13–15]. Nevertheless, the luminescence quantumyield (QY) of the
most currently reported metal NCs (usually < [19_TD$DIFF]10%) is relatively
lower than many other fluorophores such as organic dyes and
quantum dots. Therefore, a great deal of efforts have been devoted
in recent years to improve their luminescence QY via different
strategies, and more importantly to understand the origin and
underlying luminescence mechanism.
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Among the various types of metal NCs, gold nanoclusters
(AuNCs) stabilized with thiolate ligands, have been a topic of
intense research [16–18]. These thiolated AuNCs typically exhibit
excellent stability owing to strong gold-sulfur bonds, tunable
emission wavelength and easy purification after the synthesis,
making them promising for many biological applications. These
thiolate ligands not only provide a good protection for stabilizing
AuNCs, but also regulate their physicochemical properties and
subsequent utilization. In particular, recent studies revealed that
the luminescence of thiolatedAuNCs is strongly influenced by their
surface ligands [19–21]. For example, Jin [20_TD$DIFF]et al. [22] reported that
the surface ligands can influence the luminescence of AuNCs in two
different ways: (i) charge transfer from the ligands to the metallic
core (i.e., ligand-to-metal charge transfer, LMCT) through Au-S
bonds, and (ii) direct donation of delocalized electrons from
electron-rich atoms/groups of the ligands to the metal core.

Indeed, both experimental and theoretical studies indicate that
highly luminescent AuNCs can be obtained by reasonably
engineering ligand-Au core interactions [23,24]. One commonly
adopted approach is the design of optimal ligands that can
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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promote the luminescence generation process. In contrast, recent
studies underlined the potential role of ligand coverage on the
luminescence properties of thiolated AuNCs [25]. For example, Liu [20_TD$DIFF]

et al. [26] reported that different coverage of ligands on gold
nanoparticles (AuNPs) can exhibit different emission colors
independent of core sizes. Moreover, researchers found that the
coverage density of surface ligands significantly influences the
biological activity [27] and stimuli-responsive performances of
AuNPs [28]. Despite considerable efforts in these previous studies,
fundamental understanding towards the role of surface ligands’
density on the optical properties of AuNCs remains mystery yet,
but of immense importance [29,30]. Herein, with glutathione-
protected AuNCs (GSH-AuNCs) as the example, we systematically
exploited the role of ligand density on the optical properties of
AuNCs with a library of different thiolate ligands. Moreover, we
investigated the effect of ligand density on the optical response
behaviors of GSH-AuNCs towards metal ions (i.e., Hg2+).

GSH-AuNCs with different ligand densities were first synthe-
sized based on well-established strategies. GSH-AuNCs with a
relatively lower density (denoted as l-GSH-AuNCs, Fig. 1a) were
directly prepared through the reduction of HAuCl4 in the presence
of GSH. Further thermal treatment of l-GSH-AuNCs with excess
amount of GSH at 50 �C for 6 h yields AuNCs with a higher ligand
density (denoted as h-GSH-AuNCs, Fig. S1 in Supporting informa-
tion). X-ray photoelectron spectroscopy (XPS) was first employed
to semi-quantitatively estimate the relative density of GSH on the
surface of AuNCs (Fig. 1b). The relative ligand density of l-GSH-
AuNCs, calculated based on the ratio of the integrated peak areas of
Au and S in XPS spectra (nS/nAu), was 0.89, which is lower than that
of h-GSH-AuNCs (0.96). Further characterizationwith ICP-OES also
revealed a higher density of GSH on the surface of h-GSH-AuNCs
than that of l-GSH-AuNCs. Meanwhile, TEM images showed the
core size of l-GSH-AuNCs and h-GSH-AuNCs is 1.7� 0.2 nm and
1.6� 0.2 nm, respectively ([21_TD$DIFF]Figs. 1c and d). This result suggests that
the size of GSH-AuNCs remain essentially unchanged upon
thermal treatment. Together, the above characterization confirmed
[(Fig._1)TD$FIG]

Fig. 1. (a) Schematic illustration of the synthesis of GSH-AuNCs with different
ligand densities. (b) Characterization of the relative ligand density of GSH-AuNCs by
XPS and ICP-OES. (c, d) are representative HR-TEM images of l-GSH-AuNCs and h-
GSH-AuNCs, respectively. Insets in the upper right are size histograms based onTEM
images.
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successful synthesis of two GSH-AuNCs with different ligand
density as expected.

We next investigated the effect of the ligand density on the
optical properties of these GSH-AuNCs. As shown in Fig. S2
(Supporting information), the absorption spectra of l-GSH-AuNCs
and h-GSH-AuNCs both display a featureless decay in the UV–vis
region. Compared with the absorption spectra of l-GSH-AuNCs,
there is only a slight decrease in the region below 500 nm for h-
GSH-AuNCs, which is likely due to the difference in the electronic
interactions between the surface ligand and the kernel. In stark
contrast, the fluorescence properties of both GSH-AuNCs are
significantly different. As seen in Fig. 2a, the fluorescence intensity
of h-GSH-AuNCs is about 2.2 fold stronger than that of l-GSH-
AuNCs. Note that the fluorescence intensity has been normalized
by the absorbance value at the excitation wavelength, thus this
increase reflects the QY enhancement directly. Meanwhile, the
maximum excitation and emission wavelength remain almost
unchanged independent of their surface ligand density, which is in
good agreement with previous studies on the luminescence
mechanism of AuNCs. Particularly, Xie [20_TD$DIFF]et al. [31] revealed that
the kernel structure of AuNCs is the primary factor to determine
the energy of the luminescence, while the surface Au-ligand
interactions are the key to determine the QY of AuNCs.

Fluorescence lifetime was further measured to understand the
underlying reason contributing to their different fluorescence
intensity. As seen in Fig. 2b, concomitant with the intensity
increase, the fluorescence decay of h-GSH-AuNCs is longer than
that of l-GSH-AuNCs. Further fitting the decaywith a biexponential
decay function yields two lifetime components. Compared with
that of l-GSH-AuNCs, the fraction of the long lifetime component
(t2) for h-GSH-AuNCs is significantly increased from [22_TD$DIFF]54.75% to
71.69%, together with a decrease in the short lifetime component
(t1) from 45.25%–28.31% (Fig. 2c). The microsecond radiative
lifetimes of these AuNCs suggested that their emission could be
attributed to a LMCT [S→Au(I)] effect from the sulfur atom in the
thiolate ligands to the Au center [32]. Such a LMCT process is
believed to affect the excited state radiative relaxation dynamics
[33]. Because of more GSH ligands on the surface of h-GSH-AuNCs,
they possess a stronger LMCTeffect than that of l-GSH-AuNCs, thus
the electron radiative relaxation dynamics of h-GSH-AuNCs are
slower. Meanwhile, the existence of more surface ligands can
provide a better passivation of the surface defects, which will also
likely enhance the luminescence of AuNCs via diminishing non-
radiative processes.
[(Fig._2)TD$FIG]

Fig. 2. (a) Fluorescence excitation (dotted line) and emission (solid line) spectra of
the l-GSH-AuNCs (black line) and h-GSH-AuNCs (red line) in aqueous solution. (b)
Photoluminescence decay profiles of l-GSH-AuNCs (black line) and h-GSH-AuNCs
(red line) in aqueous solution, and the corresponding fitted curves by biexponential
decay functions. (c) Summary of lifetimes of both GSH-AuNCs (lem = 638 nm and
lex = 412 nm).
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In order to evaluate the possible effect of ligand density on the
chemical structure of AuNCs, XPS spectra of both GSH-AuNCs were
measured (Fig. S3 in Supporting information). The binding energy
(BE) of Au 4f7/2 and Au 4f5/2 for l-GSH-AuNCs falls in 84.5 eV and
88.2 eV, respectively, which is characteristic of AuNCs with the
coexistence of Au(0) and Au(I) in the clusters [34,35]. The BE of
Au 4f for h-GSH-AuNCs remains almost unchanged, suggesting a
negligible influence of ligand density on the valence states of Au.
Moreover, a similar behavior was observed for the S 2p spectra of
GSH-AuNCs,where the BE of the doublet peak attributing to S 2p3/2

and S 2p1/2 at 162.6 eV and 164.1 eV remain unchanged for both
AuNCs (Fig. S3b in Supporting information). However, we note that
the relative percentage of oxidized sulfur, locating at 168.2 eV, in h-
GSH-AuNCs [23_TD$DIFF](22%) is higher than that of l-GSH-AuNCs [24_TD$DIFF](18%),
indicating the presence of more oxidized sulfur species in AuNCs
with a higher ligand density. This is reminiscent of recent finding
by Wang [25_TD$DIFF]et al. that oxidation of lipoic acid-protected AuNCs upon
dialysis treatment led to an enhanced luminescence [36], which is
in good agreement with our present result. The underlying reason
is believed to be similar as the introduction of a positive charge at
ligand terminal groups [22,37]. The presence of more oxidized
sulfur species (i.e., SOx) will increase the oxidation-induced
polarization at the core-ligand interfaces.

The above results clearly demonstrated the important role of
ligand density in defining the optical properties of AuNCs, and
those with higher surface coverage exhibit enhanced lumines-
cence. Our next question is whether the chemical structure of
introduced foreign ligands on the cluster surfaces will influence
the properties of final AuNCs. To clarify this question, we replaced
GSH with other three custom-designed tripeptides: Lys-Cys-Gly
(KCG), Glu-Cys-Lys (ECK) and Glu-Ala-Gly (EAG), during the
thermal treatment of l-GSH-AuNCs (Fig. 3a). Since both KCG and
ECK possess cysteine residues, thermal treatment of l-GSH-AuNCs
in the presence of 10-fold excess amount of KCG and ECK will also
result in AuNCs with higher ligand density. Indeed, as seen in Fig. [26_TD$DIFF]
3b and Fig. S4 (Supporting information), fluorescence intensity of
AuNCs was increased with the emission maximum unchanged for
KCG and ECK, which is similar as that of h-GSH-AuNCs. In contrary,

[(Fig._3)TD$FIG]

Fig. 3. (a) Chemical structures of GSH and other three GSH analogues. The main differe
square. (b) Fluorescence emission spectra of [16_TD$DIFF]l-GSH-AuNCs in aqueous solution before an
412 nm. (c) The corresponding fluorescence intensity of GSH-AuNCs before and after t
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almost no change in the fluorescence of GSH-AuNCs was observed
in the case of EAG. The main difference in the structure of EAG
compared with GSH is the absence of the thiol group, suggesting
the important role of cysteine in ensuring effective binding to gold
surfaces. The difference in the fluorescence enhancement effect
among GSH, KCG and ECK is apparently related to their chemical
structures. Interestingly, we found that the fluorescence intensity
of final AuNCs upon thermal treatment of these three tripeptides is
parallel with their capability of donating electrons to the metal
core via the Au-S bond (i.e., charge transfer capability of the ligand)
[22]. Ligand containingmore electron-rich atoms (e.g., N) or groups
(e.g., NH2) has strong electron donating capability, and is more
capable of pushing electron density to the sulfur atom (i.e., Sd�)
and hence affects the Au core through the Au-S bond, resulting in
stronger fluorescence enhancement. Herein, compared with GSH,
KCG replaces one of its electrophilic carboxylic acid with a primary
amine group, thus leading to stronger fluorescence enhancement.
While for ECK, despite containing one more amine group than that
of GSH, it possesses relatively high steric hindrance of amine
groups and produces relatively weak influence on the emission of
AuNCs [28]. As a result, the fluorescence enhancement effect of
ECK on l-GSH-AuNCs is less than that of GSH. In accordance with
this mechanism, we found that thermal treatment of l-GSH-AuNCs
with short-chain thiolates such as L-penicillamine (LPA), L-cysteine
(L-Cys), mercaptosuccinic acid (MSA) and tiopronin (Tio) lead to a
significantly decreased fluorescence (Fig. 3c and [27_TD$DIFF]Fig. S5 in
Supporting information). Note that these small thiolates possess
less electron-rich groups than that of tripeptides like GSH. Thus
possible ligand exchange of original GSH on the cluster surfaces
with these small thiolates during the thermal treatment will cause
fluorescence quenching.

Owing to their distinct fluorescence property and good
biocompatibility, metal NCs have beenwidely exploited for various
sensing applications [38,39]. In most sensing applications, the
recognition of analytes greatly relies on their direct interactions
with the surface of metal NCs. Thus, for AuNCs with different
density of surface ligands, their recognition behavior towards
foreign species is expected to be different. To testify whether this is
nce in the structure of these three analogues from GSH is labeled with dotted blue
d after thermal treatment with 10� excess free tripeptides, taken with excitation at
hermal treatment with different thiolate ligands.
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Fig. 4. Changes in fluorescence emission spectra of the as-prepared l-GSH-AuNCs (a) and h-GSH-AuNCs (b) with the addition of increasing concentrations of Hg2+ (from
0 nmol/L to 1mmol/L), the inset displays the photos of GSH-AuNCs solution under 365 nmUV lamp irradiation in the absence (left) and presence (right) of 1mmol/L Hg2+. (c)
Changes in F/F0 value of l-GSH-AuNCs (black) and h-GSH-AuNCs (red) with the [Hg2+], where F0 and F are the fluorescence intensities of AuNCs at 638 nm in the absence and
presence of Hg2+, respectively. (d) Schematic illustration of the distinct fluorescence response of l-GSH-AuNCs and h-GSH-AuNCs towards Hg2+.
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the truth, we investigated the fluorescence response of both l-GSH-
AuNCs and h-GSH-AuNCs towards one of the most commonly
studied metal ions, Hg2+. Previously, AuNCs protected by different
ligands such as BSA [40], GSH [41] and lipoid acid [42] have been
found to possess highly sensitive fluorescence response towards
Hg2+. According to these reports, Hg2+ can significantly quench the
fluorescence of AuNCs via the high-affinity d10-d10 metallophilic
interaction between Au+ on the cluster surface and Hg2+ [40].
Indeed, as shown in Fig. 4a, the fluorescence intensity of l-GSH-
AuNCs significantly decreased with the addition of Hg2+. In the
presence of 1 [28_TD$DIFF]mmol/L Hg2+, the fluorescence intensity decreased by
over [29_TD$DIFF]80%, which can be clearly visualized upon illuminating the
solution by UV light. However, when adding the same amount of
Hg2+ into the aqueous solution of h-GSH-AuNCs that possess a
higher ligand density, the phenomena is significantly different. As
seen in Fig. 4b, the fluorescence intensity of h-GSH-AuNCs exhibit
only slight decrease upon the addition of Hg2+. Actually, in the
presence of 1mmol/L Hg2+, the fluorescence intensity of h-GSH-
AuNCs decreased by ca. [30_TD$DIFF]20%, which is much less than that of l-GSH-
AuNCs (Fig. 4c). Apparently, the surface coverage of GSH-AuNCs
has a strong influence on their interactions with Hg2+. For those
AuNCs with a high ligand density, contact of foreign species with
the surfaces will be more difficult owing to steric hindrance effect.
As a result, their binding affinity to these foreign species such as
Hg2+ will be much weaker (Fig. 4d). We note that Hg2+ may also
interact with the surface ligands directly and result in fluorescence
quenching, but its effect is negilible compared with the strong
metallophilic interactions. Our results suggest the possibility of
engineering the surface responsive properties of metal NCs by
controlling their surface chemistry, i.e., ligand density. Particularly,
when developing metal NC-based sensors, one can enhance the
sensitivity by reasonably shrinking the surface ligands’ density as
long as sufficient stability can be ensured. Furthermore, the density
of surface ligands is also expected to alter the formation of protein
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corona on the surfaces of these AuNCs, which will further affect
their subsequent biological fates.

In summary, we showed that the ligand density on the surface
of thiolated AuNCs plays an important role in defining their
luminescence properties and their response towards foreignmetal
ions. AuNCs with a higher density of electron-rich ligands such as
GSH and those GSH analogues facilitate their luminescence
generation. However, the presence of other small thiolates with
weak electron-donating capabilities will quench the luminescence
of AuNCs, underlying the essential role of the chemical structure of
ligands besides their density. Meanwhile, differences in the surface
coverage of these ultrasmall AuNCs will affect their further
interactions with foreign species such as Hg2+ ions. These findings
not only advance our understanding about the structure-property
relationship of these emerging luminescent metal NCs, but also
provide important new avenues for designing robust metal NCs
with better performances in applications such as fluorescence
sensing, biocatalysis as well as theranostic agents.
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