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hten Au nanoclusters in water†

Tao Jiang, Guojuan Qu, Jie Wang, Xiang Ma * and He Tian

Gold nanoclusters (AuNCs) with well-defined atomically precise structures present promising emissive

prospects for excellent biocompatibility and optical properties. However, the relatively low luminescence

efficiency in solutions for most AuNCs is still a perplexing issue to be resolved. In this study, a facile

supramolecular strategy was developed to rigidify the surface of FGGC-AuNCs by modifying transition

rates in excited states via host–guest self-assembly between cucurbiturils (CBs) and FGGC (Phe–Gly–

Gly–Cys peptide). In aqueous solutions, CB/FGGC-AuNCs presented an extremely enhanced red

phosphorescence emission with a quantum yield (QY) of 51% for CB[7] and 39% for CB[8], while simple

FGGC-AuNCs only showed a weak emission with a QY of 7.5%. Furthermore, CB[7]/FGGC-AuNCs

showed excellent results in live cell luminescence imaging for A549 cancer cells. Our study

demonstrates that host–guest self-assembly assisted by macrocycles is a facile and effective tool to

non-covalently modify and adjust optical properties of nanostructures on ultra-small scales.
Introduction

Host–guest self-assembly, typically the encapsulation behavior
between small motifs and macrocycle molecules bearing cavi-
ties with a certain size, has received extensive attention in
molecular recognition and stimuli-responsive systems.1–8

Remarkably, driven by multiple non-covalent interactions such
as ion-dipole, hydrophobic and H-bonding effects, macrocyclic
cucurbit[n]urils (CB[n], n ¼ 5–8, typically) exhibit a robust
binding strength with elaborately tailored guests to form stable
binary and ternary host–guest complexes in aqueous solu-
tions.9,10 In the past two decades, the advancements in CB[n]-
based host–guest self-assembly have greatly facilitated the
design of functional materials ranging from single molecules to
various nanostructures.11–15 Contributing to the abundant
recognition sites on surfaces, nanoparticles have been exten-
sively integrated with host–guest self-assembly to obtain addi-
tional surprising functions.16–18 Nevertheless, less attention has
been paid to ultrasmall nanostructures below 3 nm such as
metal nanoclusters (such as Ag, Cu and Au nanoclusters) due to
the difficulty in tailoring an appropriate nanostructure with
desirable properties and host–guest recognition capability.
Signicantly, metal nanoclusters which ll the gap between
single atoms and bulk nanostructures present disparate
microscopic structures and macroscopic properties. In partic-
ular, thiolate-protected gold nanoclusters (AuNCs),19 which
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f Chemistry 2020
have atomically precise compositions (Aux(SR)y, where x and y
have exact values, SR ¼ thiolate ligands), have emerged as
promising emissive and catalytic materials due to the intriguing
optical and photoelectrical properties.20–26 Different from
common gold nanoparticles, AuNCs don't present a surface
plasmon resonance (SPR) effect but show a unique Au(0)
kernel–Au(I) shell structure with discrete energy levels, endow-
ing AuNCs with full spectrum photoluminescence emission
from blue to NIR as quantum dots and organic dyes.27–29

Besides, the outstanding photo-stability, long carrier lifetime
and Stokes shi, and efficient renal clearance properties make
AuNCs ideal choices for analysis and bio-imaging.30,31 On the
other hand, the relatively weak luminescence and hardly
adjustable emission have been a non-negligible hindrance to
practical applications.32

To date, the specic luminescence mechanism of AuNCs has
remained controversial. Researchers still debate the photo-
luminescence origin between the Au(0) kernel and Au(I) shell.33

Nevertheless, it has been clearly demonstrated that suppression
of kernel relaxation and surface vibrations is crucial for
enhancing the emission intensity of AuNCs.33–39 Still,
approaches based on this principle tend to be less facile for
enhancing the emission, and reports on the photoluminescence
with a QY beyond 15% especially in aqueous solutions remain
scarce.32 In this respect, CB[n]-assisted host–guest self-assembly
is probably an ideal choice to mediate the emission of AuNCs.
The abundant ligands on the surfaces are closely related to the
luminescence intensity of AuNCs and also offer extensive
feasibility for incorporation with cucurbiturils. Herein, we
developed a CB[n]-assisted (n ¼ 7, 8) self-assembly strategy to
reversibly brighten and adjust the red emission from Au22(-
FGGC)18 nanoclusters using CB-FGGC (FGGC ¼ N-terminal
Phe–Gly–Gly–Cys peptide) recognition to rigidify the surface of
Chem. Sci., 2020, 11, 3531–3537 | 3531
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FGGC-AuNCs in aqueous solutions. The FGG fragment on
FGGC peptide served as a binding site for CB[7] and CB[8], and
the cysteine fragment was essential to forming the compressed
Au(I)-thiolate surface of AuNCs. The rigidity and outstanding
binding ability allow cucurbiturils to act as rm but detachable
“shackles” for capped ligands. This supramolecular approach
was demonstrated to effectively enhance the radiative transition
rate and suppress the non-radiative rate simultaneously. As
a result, the luminescence QY of supramolecular FGGC-AuNCs
was up to 51% for CB[7] and 39% for CB[8] in aqueous solutions
at room temperature, while the simple FGGC-AuNCs exhibited
a relatively low QY of 7.5% under the same conditions (Scheme
1). Due to the excellent optical properties, CB[7]/FGGC-AuNCs
exhibited excellent luminescence imaging for cancer A549
cells as well.
Fig. 1 (a) Synthesis procedure of Au22(FGGC)18 nanoclusters. Inset:
molecular structure of FGGC peptide. R stands for the FGGC unit
without the thiol group. (b) Excitation spectrum (blue curve), UV-Vis
absorption spectrum (green curve) and emission spectrum (red curve)
of Au22(FGGC)18 nanoclusters in aqueous solutions. The emission
spectrum was determined at an excitation wavelength of 515 nm and
the excitation spectrum was recorded at 665 nm.
Results and discussion
Identication of Au22(FGGC)18 nanoclusters

The red luminescent FGGC-AuNCs were synthesized through
NaBH4 reduction methods and separated by preparative thin-
layer chromatography (PTLC, see the ESI† for details).

High-Resolution Transmission Electron Microscopy
(HRTEM) images showed an ultra-small size below 2 nm of Au
nanoclusters (see Fig. S1†). Moreover, the chemical composi-
tion of isolated nanoclusters was indicated to be Au22(FGGC)18
by Electrospray Ionization Mass Spectrometry (ESI-MS) in
positive polarity mode. As shown in Fig. S2,† the most intense
peaks at m/z � 1867.3 Da and 2240.8 Da in the experimental
isotope pattern are consistent with the species of [Au22(FGGC)18
Scheme 1 Schematic diagram of host–guest assembly of CB[7] an
photographs.

3532 | Chem. Sci., 2020, 11, 3531–3537
+ 6H]6+ (calculated: 1867.1) and [Au22(FGGC)18 + 5H]5+ (calcu-
lated: 2240.3), respectively. As shown in Fig. 1, the excitation,
absorption and photoluminescence spectra show a maximum
labs at 515 nm and lem at 665 nm for FGGC-AuNCs in aqueous
d CB[8] with FGGC-AuNCs and the corresponding luminescence

This journal is © The Royal Society of Chemistry 2020
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solutions, which coincide with the data reported in previous
literature.40 According to the corresponding accurate simulation
for Au22(SR)18 proposed in previous studies,41,42 the Au22(-
FGGC)18 probably possesses a structure consisting of a Au7
kernel surrounded by a [Au6(FGGC)6] Au(I) complex and three
Au3(FGGC)4 staple motifs. The abundant surface ligands
provide ample space for host–guest self-assembly.
Host–guest assembly of FGGC peptide with cucurbiturils

To simplify the self-assembly interaction between the surface
ligands of FGGC-AuNCs and CB[n], an isolated FGGC peptide
was selected to investigate the host–guest interactions. It is re-
ported that the CB[8]/FGGC complex adopts a 1:2 host–guest
binding motif with an extremely large Ka as large as 10

12 M�2 in
aqueous solutions ascribed to the large cavity of CB[8].43,44

Unlike CB[8], our study demonstrated that CB[7] could include
only one FGGC peptide in aqueous solutions due to its smaller
hydrophobic cavity. Fig. 2 shows the 1H Nuclear Magnetic
Resonance (NMR) signal variations of FGGC peptide upon
addition with different ratios of CB[7] in deuterium oxide
solvents; the NMR signals of FGGC peptide protons are
remarkably shied at increasing ratios from 0 to 1.0 of CB[7].
Protons a–d on the phenylalanine unit exhibit a considerable
upeld shi due to the shielding effect from the cavity of CB[7].
More specically, the proton signals of a and b (m, 7.22–7.33
ppm) are gradually split into two triplet peaks at 6.62 ppm and
6.48 ppm, respectively; moreover, proton d transforms the dd
peak at 3.10 ppm into a slightly upeld shied dd peak at
3.01 ppm and a remarkably upeld shied triple peak at
2.51 ppm. This result is due to the rotation restriction of the Phe
fragment in the cavity of CB[7] and thus the adjacent proton e
Fig. 2 1H NMR spectra of FGGC peptide with different ratios of CB[7]
in D2O. The concentration of FGGC is 2 mM in D2O. The numbers on
the left stand for the molar ratios of CB[7]/FGGC; characters a–i and
H1–H3 represent the protons on FGGC and CB[7].

This journal is © The Royal Society of Chemistry 2020
exhibits an apparent chiral effect. Conversely, protons e, f, and g
present a slightly downeld shi, which is attributed to the
external deshielding effect from the macrocycle. Simply put, the
NMR signal variations of FGGC peptide indicate a 1:1 encap-
sulation of the phenylalanine unit into the cavity of the host,
revealing spatial interaction between the glycine–glycine frag-
ment and the portal of CB[7]. Additionally, Isothermal Titration
Calorimetry (ITC) measurements of the FGGC/CB[7] supramo-
lecular assembly in a pH ¼ 7.0 aqueous solution at 298 K have
also been performed to probe the thermodynamic nature of the
host–guest binding. As shown in Fig. S3,† a binding constant Ka

was recorded as large as 2 � 106 M�1 in the 1:1 binding motif,
indicating the formation of fairly stable binary complexes
between FGGC and CB[7] in aqueous solutions. On the other
hand, the host CB[6] could hardly assemble with FGGC peptide
due to its cavity being too small to encapsulate the phenylala-
nine unit as indicated by the NMR results in Fig. S4.†

Enhanced emission of CB/FGGC-AuNC assemblies

The high affinity of FGGC peptide to CB[7] and CB[8] offers
a precondition for fabricating supramolecular capped ligands
for FGGC-AuNCs. As shown in Fig. 3, both CB[7] and CB[8]
FGGC-AuNC assemblies exhibit extremely enhanced red lumi-
nescence in aqueous solutions. Fig. 3a indicated an extremely
enhanced emission of FGGC-AuNCs accompanied by a slight
Fig. 3 Photoluminescence spectra of FGGC-AuNCs with increasing
concentrations of CB[7] (a) and CB[8] (b) in aqueous solutions. Inset:
the associated maximum emission trace of PL (photoluminescence)
spectra and photographs of FGGC-AuNCs before (left) and after (right)
adding CBs under 365 nm light. The red labels represent the lowest
and highest photo-luminescence quantum yield of FGGC-AuNCs. (c)
Photoluminescence spectra of CB[7]/FGGC-AuNCs (2 mL, the
absorbance at 515 nm is 0.05) with different volumes of ADA (1 mM) in
aqueous solutions. Inset: the associated maximum emission trace of
PL spectra. The black curve and red dot represent the PL intensity of
FGGC-AuNCs free of CB[7]. (d) Photoluminescence spectra of FGGC-
AuNCs and FGGC-AuNCs with glycoluril (7 mM), CB[6], CB[7] and CB
[8] in aqueous solutions. The concentration of CB[n] is 1 mM. All
photoluminescence spectra in the figure were obtained at an excita-
tion wavelength of 515 nm.

Chem. Sci., 2020, 11, 3531–3537 | 3533
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Fig. 4 HRTEM images of FGGC-AuNCs (a) and CB[7]/FGGC-AuNCs
(b) in aqueous solutions. Inset: size distribution of AuNCs referring to
TEM images. The ratio of CB[7] is in excess as evaluated by lumines-
cence study. (c and d) Images showing high resolution TEM
morphologies of FGGC-AuNCs (2 mL, the absorbance at 515 nm is
0.05) with different volumes of CB[8] aqueous solutions (0.1 mM): 200
mL (c) and 300 mL (d). Inset: size distribution of AuNCs referring to TEM
images. (e) Schematic diagram of FGGC-AuNC assembly with different
amounts of CB[8]. Yellow balls represent AuNCs.
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blueshi in aqueous solutions when adding increasing
amounts of CB[7]. In addition, the emission enhancement is an
immediate process due to the ultrafast host–guest recognition
between FGGC peptide and CB[7] in water (see Movie S1†).
Notably, the supramolecular CB[7]/FGGC-AuNCs presented
a considerably bright red emission at 645 nm with a high QY of
51%, while the unmixed Au22(FGGC)18 nanoclusters showed
relatively weak red luminescence with a low QY of 7.5% under
the same conditions. Fig. 3 shows that the luminescence
intensity of FGGC-AuNCs was also remarkably enhanced upon
adding 200 mL CB[8] at moderate concentrations. The
maximum absolute quantum yield can reach as high as 39% at
room temperature, which is also high for AuNCs in aqueous
solutions. So far, only two reports on AuNCs with greater
quantum yields than that of our AuNC system in aqueous
solutions are available;45,46 nevertheless, their maximum emis-
sive wavelengths are both less than 550 nm. Our work endows
the bright emissive AuNCs with long wavelength emission.

Different from the extreme variations in luminescence inten-
sity, the UV-Vis absorption spectra of FGGC-AuNCs presented
fewer changes with different amounts of CB[7] and a slight decline
of absorption intensity upon adding increasing amounts of CB[8]
(see Fig. S5†), indicating that the composition of nanoclusters and
the energy level structure at the ground state remained unchanged
for supramolecular assembled nanoclusters.

To demonstrate the role of supramolecular self-assembly in
the emission enhancement of AuNCs, adamantylamine (ADA),
an ideal competitive guest for CB[7]-based complexes, was
selected to dissociate CB[7]/FGGC-AuNCs assemblies. As shown
in Fig. 3c, the photo-luminescence intensity of CB[7]/FGGC-
AuNCs falls dramatically compared to the intensity of
unmixed FGGC-AuNCs (red dot in the inset diagram) upon
adding sufficient ADA solution. Besides, different types of
common cucurbiturils and their monomer glycoluril were also
investigated for enhancing the emission of FGGC-AuNCs.
Fig. 3d suggests that only CB[7] and CB[8] could apparently
promote luminescence. CB[6] (considering the molecular size
and availability, other CB[n] such as CB[10] and CB[14] were not
used in this study) and glycoluril, which could hardly assemble
with the FGGC peptide, exhibited no enhancement of the
luminescence intensity of FGGC-AuNCs in aqueous solutions,
further evidencing the crucial role of host–guest self-assembly
to brighten FGGC-AuNCs.
Size evolution of CB/FGGC-AuNC assemblies

Besides the optical variations, the size of FGGC-AuNCs would be
changed as well when their surface is capped with CB[7] and CB
[8]. The HRTEM images in Fig. 4a and b show that supramolec-
ular CB[7]/FGGC-AuNCs presented a larger particle size (�2.5
nm) than FGGC-AuNCs (�1 nm) in aqueous solutions (the ratio
of CB[7] is sufficient), which was ascribed to the CB[7] cap on the
surface of nanoclusters. On the other hand, considering the
spatial restriction of FGGC peptides on intra-nanoclusters, the
1:2 binding manner makes CB[8] act as a “crosslinker” for two
FGGC ligands on inter-nanoclusters. Accordingly, Fig. 4c, d and
S6† present an apparently enlarged size evolution of AuNCs with
3534 | Chem. Sci., 2020, 11, 3531–3537
addition of increasing amounts of CB[8], and the size evolution
process is schematically described in Fig. 4e. As shown in
Fig. S6,† a small amount of CB[8] (80 mL) could only crosslink
some FGGC-AuNCs into larger ones. More nanoclusters are
further crosslinked into larger particles of sizes ranging from 2.5
to 5.5 nmwhen 200 mL CB[8] is added (Fig. 4c). Notably, more CB
[8] (300 mL) can further assemble these “big” nanoclusters into
larger ones with diameters ranging from 30 to 80 nm (Fig. S6†),
and it is easy to observe in Fig. 4d that small nanoclusters are
embedded in a big nanoparticle with a size of 50 nm. To date,
gold nanoclusters of different sizes have been less reported, and
our host–guest strategy assisted by CB[8] shows a remarkable
result to obtain highly emissive nanoclusters in large sizes. It's
worth noting that the nano size plays an important role in toxicity
and cytosis of nanoparticles; this research may reveal a useful
tool for investigations in nanobiology.
Mechanism of emission enhancement for assembled CB/
FGGC-AuNCs

For the traditional pure organic room temperature phospho-
rescence (RTP) system fabricated by host–guest self-assembly,
macrocyclic hosts provide a rigid and oxygen-isolated environ-
ment by completely encapsulating guest luminophores into
their rigid cavities. In our CB/FGGC-AuNC assemblies, the
inclusion sites are at the outer end of FGGC ligands on the
surface of nanoclusters; however, simple peptide ligands don't
contribute to the luminescence origin which has remained in
dispute between “Au(0)-kernel emission” and “Au(I)-surface
This journal is © The Royal Society of Chemistry 2020
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emission” so far.33,39,42 Nevertheless, surface surroundings and
ligand types on the surfaces of gold nanoclusters have been
demonstrated to be directly responsible for the luminescence
intensity in previous studies.33,47,48 In this respect, the better
surface rigidity of supramolecular FGGC-AuNC assemblies with
CB[7] and CB[8] is probably the major factor for the extreme
emission enhancement. Compared with the loose FGGC
peptide, CB/FGGC complexes are more rigid aer host–guest
self-assembly driven by the hydrophobic effect, ion–dipolar
interaction, and H-bonds due to the following effects: (i) the
movements of the phenylalanine unit are restricted by the rigid
cavity of CB[7] and CB[8]; (ii) H-bonds between carbonyls on CB
[n]s and amides on the peptide further suppress the exibility;
(iii) the large molecular mass and size of cucurbiturils (1192 Da,
9.1 Å height, and 16.0 Å outer diameter for CB[7]; 1329 Da, 9.1 Å
height, and 17.5 Å outer diameter for CB[8]) restrict the motion
of CB/FGGC ligands on the surface.

To conrm the above presumptions, the temperature
dependent photoluminescence intensity of FGGC-AuNCs was
investigated at temperatures ranging from 278 K to 338 K. Fig. 5
and S7† suggest that the luminescence intensity of both FGGC-
AuNCs and CB[7]/FGGC-AuNCs decreased considerably when
the temperature increased from 278 K to 338 K. Notably, as
indicated in Fig. 5c, the decay tendency of CB[7]/FGGC-AuNCs
with temperature was apparently different compared with that
of the simple FGGC-AuNC solution. For FGGC-AuNCs, the
emission intensity decreased dramatically in an exponential
decay (the rate was 0.0367 K�1 aer normalization) with the
temperature ranging from 278 K to 338 K; however, the supra-
molecular CB[7]/FGGC-AuNCs presented a linear and slower
(decay rate was 0.0087 K�1 aer normalization) decay tendency
under the same conditions. This result suggests that the exible
surfaces of FGGC-AuNCs can be xed by CBs via host–guest
interactions thus endowing them with stronger resistance to
heat. It is worth noting that the disassembly of CB[7]/FGGC at
338 K could be neglected due to the large Ka and DH value
approximately evaluated using the Van't Hoff equation (the
detailed calculations are presented in the ESI†). Furthermore,
considering the contribution of H-bonds to the surface rigidity,
we investigated the emission intensity of gold nanoclusters
Fig. 5 (a) Maximum luminescence intensity variations and corre-
sponding fitting curves and formulae of FGGC-AuNCs (blue) and CB
[7]/FGGC-AuNCs (red) in aqueous solutions with temperature. (b)
Photoluminescence spectra of FGGC-AuNCs and CB[7]/FGGC-
AuNCs in H2O and D2O (95% V/V in H2O). All samples were excited at
515 nm.

This journal is © The Royal Society of Chemistry 2020
aer isotopic exchange of active hydrogens of the FGGC peptide
in D2O. As shown in Fig. 5b, the luminescence intensities of two
nanoclusters were apparently stronger in D2O than in H2O,
suggesting that stronger H-bonds could effectively enhance the
emission of FGGC-AuNCs through deuterating active hydrogens
on amide and acid groups. Also, the luminescence intensity of
FGGC-AuNCs exhibited greater sensitivity to D2O demon-
strating that the ligands of FGGC-AuNCs were more exible
compared with those of CB[7]/FGGC-AuNCs in solutions.

To reveal the photodynamic information of the emission
enhancement of supramolecular AuNCs in aqueous solutions,
time-dependent luminescence decay traces of FGGC-AuNCs and
CB[n]/FGGC-AuNCs were obtained by transient luminescence
spectroscopy. As shown in Fig. 6 and S8,† both FGGC-AuNCs and
CB[n]/FGGC-AuNCs presented long luminescence lifetimes only
Fig. 6 (a) Luminescence decay of FGGC-AuNCs (black dots), CB[7]/
FGGC-AuNCs (red dots) and CB[8]/FGGC-AuNCs (blue dots) in
aqueous solutions at 640 nm. Inset: Luminescence decay of FGGC-
AuNCs (red dots) and CB[7]/FGGC-AuNCs (blue dots) at 640 nm in the
nanosecond range. The nanosecond luminescence decay traces
covered a range from 5 ps to 50 ns. (b) Luminescence spectra of
FGGC-AuNCs and CB[7]/FGGC-AuNCs under air, O2, and N2 condi-
tions. The preparation sequence of samples: no bubbling-O2

bubbling-N2 bubbling. (c and d) Transient luminescence spectra (c)
and corresponding kinetic parameters (d) of FGGC-AuNCs with
different volumes of CB[7] in aqueous solutions. The emission wave-
length at 640 nm was selected to record the luminescence decay
traces. Inset: Luminescence intensity of corresponding samples. All
concentrations of FGGC-AuNC samples are identical (the absorbance
at 515 nm is 0.03); CB[7] concentration: 1 mM. (e) Schematic diagram
to illustrate the photodynamic procedure of emission enhancement of
FGGC-AuNCs via host–guest self-assembly.

Chem. Sci., 2020, 11, 3531–3537 | 3535
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Fig. 7 CLSM photographs of A549 cells treated with CB[7]/FGGC-
AuNCs. The irradiation laser is at 515 nm and detected wavelength
range is from 600 nm to 750 nm for imaging A549 cancer cells with
(up) and without (down) incubation with CB[7]/FGGC-AuNCs (5 mg
mL�1) for 6 h. The nuclei were stained with DAPI (excitation laser:
405 nm, detected wavelength range: 440–480 nm).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 9
/2

1/
20

24
 7

:1
8:

56
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
at the microsecond level, and the luminescence intensity
declined under oxygen-rich conditions and then returned to the
original intensity upon bubbling nitrogen. These results indicate
that the luminescence of Au22(FGGC)18 nanoclusters involves
triplet excited states. Referring to a previous study by Pyo et al.
demonstrating that the emission intensity of Au22 nanoclusters
varies negatively with temperatures below 150 K,39 the long life-
time luminescence from FGGC-AuNCs should be further classi-
ed into phosphorescence with a high efficiency of intersystem
crossing (ISC). Besides, Fig. 6a also shows longer luminescence
lifetimes of FGGC-AuNCs aer assembly with CB[7] and CB[8]. To
reveal the detailed mechanism of this phenomenon, quantum
yields and luminescence decay lifetimes of FGGC-AuNCs with
different amounts of CB[7] (the detailed tting parameters are
listed in Table S1†) were investigated, and the rates of radiative
transition (kr) and non-radiative transition (knr) of the T1 state
were obtained according to the following equations (assuming
the efficiency of ISC is 100%):

knr + kr ¼ 1/s

kr ¼ F(knr + kr)

where F represents the corresponding quantum yield. In
Fig. 6c, S9 and Table S2,† the luminescence quantum yield
increased from 7.5% to 51% and lifetime increased from 1.61 ms
to 3.51 ms when a sufficient amount of CB[7] was added.
Accordingly, the non-radiative transition rate knr rapidly
decreased from 7.97 � 105 s�1 to 1.40 � 105 s�1 and the radi-
ative transition kr increased from 6.4 � 104 s�1 to 1.45 � 105

s�1. Therefore, the rigidied FGGC-AuNCs via host–guest self-
assembly can contribute to the promotion of radiative transi-
tion and suppression of non-radiative transition processes
simultaneously, and the suppression of non-radiative processes
is the major factor in the large emission enhancement of CB/
FGGC-AuNCs. It is worth noting that this suppression of non-
radiative transition via host–guest self-assembly is fairly
similar to the aggregation-induced emission (AIE) mechanism
by which luminescence can be enhanced through a restriction
of the intramolecular motion of parts of luminophores.47,48

Live cell imaging using CB[7]/FGGC-AuNCs

The bright, large Stokes shi and long wavelength emission
makes CB[7]/FGGC-AuNCs an excellent candidate for live cell
imaging. To this end, we treated human lung adenocarcinoma
cells (A549 cells) without and with CB[7]/FGGC-AuNCs (5 mg
mL�1) for 6 hours and stained the nuclei with the nuclear
counterstain DAPI. Then confocal laser scanning microscopy
(CLSM) was used to investigate the results of living cell imaging.
In Fig. 7, the A549 cells with CB[7]/FGGC-AuNCs showed
apparent red emission (detected from 600 nm to 750 nm)
located in the cytoplasm under laser irradiation at 515 nm with
clear blue emission (detected from 440 nm to 480 nm) from
DAPI in cell nuclei under excitation at 405 nm. In contrast, the
A549 cells without CB[7]/FGGC-AuNCs presented solely blue
emissions of DAPI in the nucleus, showing the excellent result
of highly emissive CB[7]/FGGC-AuNCs in live cell imaging.
3536 | Chem. Sci., 2020, 11, 3531–3537
Conclusions

In summary, we have developed a supramolecular self-assembly
approach to reversibly brighten and enlarge the emissive
Au22(FGGC)18 nanoclusters assisted by host–guest assembly
between CB[n] (n ¼ 7, 8) and FGGC peptides in aqueous solu-
tions. The strategy of host–guest self-assembly can effectively
enhance the emission of AuNCs via rigidifying the surface of
nanoclusters, resulting in an effective suppression of non-
radiative transition and promotion of radiative transition
demonstrated by ultrafast spectroscopy study. The red lumi-
nescence of the self-assembled gold nanoclusters presented
a high QY of 39% for CB[8] and 51% for CB[7] in aqueous
solutions and is one of the strongest red emissions from AuNCs
in aqueous solutions. Such supramolecular AuNCs exhibit
excellent results in live A549 cancer cell luminescence imaging.
Besides the considerably enhanced emission, FGGC-AuNCs can
be crosslinked non-covalently into large nanoparticles with
a size of tens of nanometers by CB[8], providing a feasible
approach for constructing size-adjustable emissive nano-
particles. In addition, our study expands the frontier of host–
guest self-assembly on ultrasmall nano-size scales and provides
a facile and non-covalent means for further exploring the
luminescence mechanism and other properties such as catal-
ysis and nano-metabolism of gold nanoclusters.
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