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hancement of gold nanoclusters
via Zn doping for biomedical applications†
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Gold nanoclusters (NCs) have been widely used in bioimaging and cancer therapy due to their unique

electronic structures and tunable luminescence. However, their weak fluorescence prevents potential

biomedical application, and thus it is necessary to develop an effective route to enhance the

fluorescence of gold NCs. In this work, we report the fluorescence enhancement of ultrasmall GSH-

protected Au NCs by Zn atom doping. The fluorescence signal of Zn-doped Au NCs shows

approximately 5-fold enhancement compared to pure Au NCs. Density functional theory (DFT)

calculation shows that Zn doping can enhance the electronic states of the highest occupied molecular

orbital (HOMO), leading to enhancement of visible optical transitions. In vitro experiments show that

AuZn alloy NCs can enhance the cancer radiotherapy via producing reactive oxygen species (ROS) and

don't cause significant cytotoxicity. In vivo imaging indicates AuZn alloy NCs have significant passive

targeting capability with high tumor uptake. Moreover, nearly 80% of GSH-protected AuZn alloy NCs can

be rapidly eliminated via urine excretion.
Introduction

Gold nanoclusters (NCs), have been widely used in biological
imaging, cancer therapy, energy and environmental science,1–12

owing to their numerous peculiar features such as unique size13

and morphology-dependent optical, catalytic, and electronic
properties.14–18 Ultrasmall metal NCs, about 1–3 nm between
single atoms and large nanocrystals,19–21 show quantum elec-
tronic properties and tunable uorescence, and are expected to
be potential candidates for novel uorescent probes. One of the
exciting properties of gold NCs is their uorescence emission,
which is related to their molecular-like properties, including
intrinsic structure, composition, core size, and environ-
ment,14,22–27 and has attracted wide attention in tumor and
related disease imaging.28–30 Besides, compared with traditional
ory of Low Dimensional Materials Physics

ces, Tianjin University, Tianjin 300350,

clear Medicine, Institute of Radiation

nces, Peking Union Medical College, No.

hemical Science and Engineering, Tianjin

, Tianjin Chengjian University, Tianjin

om

tion (ESI) available. See DOI:
nanoparticles, the gold NCs can be cleaned by renal clearance
and thus of minimized toxicity.31–33

As concerns the basic essence of luminescence, some
researchers conjecture ligand-to-metal charge transfer (LMCT)
and/or ligand-to-metal–metal charge transfer (LMMCT).34

Alloying or doping of the metal core of NCs with another metal
element provides an effective method for improving the uo-
rescence.8,18,33,35–41 Recently, alloy nanoparticles and NCs receive
signicant attention and their synthesis and characterization
also have achieved great progress, owing to their synergistic
effects and enhanced properties in uorescence compared to
their mono-metallic NCs.15,40–43 For example, the uorescence
quantum yield (QY) of Au25 NCs doped with 13 silver atoms
indicated nearly 200-fold enhancement.8 A 26-fold uorescence
enhancement by gold doping of silver NCs was observed.38 Bi-
metallic Pt1Ag28(SR)18(PPh3)4 clusters were obtained and ach-
ieved nearly 50-fold enhancement of uorescence.18 Therefore,
we expect that doping with the other element can improve the
uorescence of Au NCs and reveal their uorescence
mechanism.

In this work, we report a facile one-pot synthesis strategy to
prepare a water-soluble Zn doped Au NCs with an enhanced
uorescence. In addition, glutathione (GSH) is used as ligand
molecule, which not only endows the clusters better biocom-
patibility but also enhances the anti-oxidation effects. The
optical properties, stability, structure and composition of the
NCs were investigated in detail through UV-vis spectrophotom-
eter, uorescence spectra, transmission electron microscopy, X-
This journal is © The Royal Society of Chemistry 2018
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ray photoelectron spectroscopy and mass spectrum. Moreover,
TDDFT simulation of model cluster systems was performed.
Finally, a series of in vitro and in vivo biological experiments were
conducted, indicating that it has great potential applications in
radiation therapy.

Experimental section
Synthesis of clusters

NCs were synthesized in ultrapure water (18.2 MU) at room
temperature under air atmosphere. Aliquots of reagents were
added (in the following order) to a round bottomed ask con-
taining a stir bar: 8.6 mL ice water, HAuCl4 (20.0 mM), Zn(NO3)2
(20.0 mM), GSH (750 mL, 20.0 mM), CsOH (25 mL, 50% w/w) and
NaBH4 (900 mL, 20.0 mM). The total concentration of metal
cations was held constantly while the molar ratio of gold and
zinc was varied. The total volume of HAuCl4 and Zn(NO3)2 is 376
mL. Aer thoroughly mixing the gold and zinc solution by stir-
ring for �10 s, GSH (750 mL, 20.0 mM) was quickly added to the
solution and briey mixed. With adding of CsOH, the solution
color changed from yellow to clear. The metal and capping
ligand precursor solution was immediately reduced by a rapid
injection of NaBH4 (900 mL, 20.0 mM) solution while vigorously
stirring (1150 rpm) for 5 min. The capped vials were stood for at
least 1 hour. The cluster solution was concentrated using 15 mL
ultraltration tubes with molar weight cut-off (MWCO) 10k and
30k, then the clusters with molar weight 10k–30k were collected
and washed 3 times by ultrapure water in 3k ultraltration
tubes.

Materials characterization

UV-vis absorption spectra were recorded from a UV-3600 spec-
trophotometer (Jindao, Japan). Fluorescence spectra were
acquired by Fluorolog3 (HORIBA, America). Transmission
electron microscopy (TEM) images were conducted with JEM-
2100F microscope (JEOL, Japan) at 200 kV. MALDI-TOF mass
spectrum was acquired on Bruker Autoex III TOF/TOF200. FT-
IR spectra were determined with AVATAR 360. Fluorescence
lifetime was measured by FLS920P uorescence spectrometer.
Inductively coupled plasma mass spectrometry (ICP-MS) was
acquired by Agilent 7700X (Agilent, America). The valence states
of elements were characterized by XPS. Zeta potential and
hydrodynamic diameters were determined by NanoZS Zetasizer
(Malvern).

Fluorescence quantum yield of NCs

Fluorescence quantum yield (QY) of the NCs in water was
measured using Cy5 as the reference (quantum yield 20%). The
excitation wavelength of NCs was 270 nm and Cy5 was 650 nm.
Then absorption spectra and uorescence spectra of the dye
solution and the NCs sample were measured respectively. The
quantum yield of the sample was calculated by the equation as
follows:

QYsample ¼ QYref

Fsample

Fref

Aref

Asample

�
nsample

nref

�2
This journal is © The Royal Society of Chemistry 2018
QYsample, QYref – the uorescence quantum yield of test sample
and the reference standard substance; Fsample, Fref – is the
integrated uorescence intensity of the test sample and the
reference substance; Aref, Asample – the uorescence intensity of
the test sample and the reference substance in the excitation;
nsample, nref – is the refraction index of the test sample and the
reference standard substance.

In vitro cellular toxicity and viability

Cell toxicity. Chinese hamster ovary (CHO) cells were con-
ducted in cell viability experiments. We prepared two 96-well
plates with about 4000 cells per well (dissolved in DMEM with
10% FBS) and kept them into the atmosphere of 5% CO2 at
37 �C for 24 h. Therewith, 100 mL DMEM (10% FBS) containing
AuZn alloy NCs (at different concentrations of 0, 3.75, 7.5, 15,
30, 60, 120, 240, and 480 mg mL�1) were employed to treat cells.
Aer incubation for 24 and 48 h, cell viability was analyzed by
MTT method. 10 mL of MTT reagent at 5 mg mL�1 was added
into per well and further incubated for 4 h. Then media was
discarded and followed by adding 150 mL of DMSO into each
well to dissolve formazan crystals, and the optical absorption
value was recorded at 490 nm by a microplate reader.

Radiation-related viability. CHO cells were planted into three
96-well plates with about 4 � 103 cells per well and incubated
for 24 h at 37 �C with 5% CO2. Next, the cells were treated with
Zn-doped Au NCs or fresh culture medium, exposed to 0, 2 and
4 Gy radiation respectively, and further incubated for 24 h. The
cell viability was estimated by MTT assay.

Intracellular reactive oxygen species (ROS) evaluation

CHO cells were dispensed in three six-well plates with 1 � 105

cells per well, treated with suitable DMEM (with 10% FBS)
culture medium for 24 h. We chose one plate as control group,
and the other two plates were treated with or without AuZn alloy
NCs before 4 Gy radiation. Aer further 24 h incubation, media
were replaced by 1 mL of 5 mM 2,7-dichlorouorescein diacetate
(DCFH-DA). Then, the cells were incubated for 20 min and
washed three times with PBS. The uorescence intensity was
recorded at 488 nm excitation by a BD ow cytometer, and the
cells were imaged by uorescent microscope.

In vivo biodistribution of AuZn alloy NCs

This study was performed in strict accordance with the Chinese
Academy of Medical Sciences (CAMS) guidelines for the care
and use of laboratory animals and was approved by Animal Care
and Use Committee (IACUC), and handled under the Institute
of Radiation Medicine, Chinese Academy of Medical Sciences
(Tianjin, China).

Male BALB/c-nu mice were subcutaneously injected 2 � 106

Hela cells (in 50 mL of PBS) into the right shoulders to generate
tumour models. The content of NCs accumulated within
tumours and other organs in vivo were analyzed by their uo-
rescence intensity. At 1, 2, 8 and 48 h aer intravenous injection
of AuZn alloy NCs, mice were anesthetized and imaged uo-
rescent signals from tumors and other organs of interest (heart,
spleen, liver, lung, kidney, testis, and bladder). In vivo and ex
RSC Adv., 2018, 8, 7396–7402 | 7397
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vivo uorescence imaging experiments were recorded by
a Maestro in vivo imaging system (excitation: 435–480 nm,
emission: 500–720 nm).
Theoretical simulation of Zn-doped Au NCs

The quantum effect by the Zn doping is investigated by the
TDDFT simulations theoretically. The simulation is done on
XSEDE using Gaussian09.44 Unfortunately, the crystallization of
GSH-protected NCs cannot be done successfully. So we do not
have the coordinate and geometry of the NCs. To model the
NCs, we adopt a well-known Au cluster core as an icosahedron
formed by 13 gold atoms according to the literature45 and
attached a single GSH ligand to the core. Similarly, a second
model with zinc replaced core is also calculated. Thus, the zinc
dopants effect can be studied by benchmarking the 2 models.
Before any optical properties are simulated, we optimized the
geometry of the ligands in the models with respect to a xed
gold core using M06-2x as the exchange–correlation functional.
Statistical analysis

Data presented in this research is given as average � SD.
Independent Student's t test was used for statistical analysis.
Results and discussion

UV-vis absorption spectra of Zn-doped Au NCs at different
percentages are shown in Fig. 1a. For the pure Au NCs (black
line) and 10% Zn-doped NCs, only one signicant peak appears
at 525 nm. However, the absorption intensity of gold clusters
decreases aer Zn doping compared with pure Au NCs. With
increasing Zn doping concentration, the absorption spectra
changes obviously. The absorption peak at 525 nm disappears
and the new absorption peak at 350 nm appears. The Zn atoms
are successfully doped into the clusters according to the varia-
tion in the absorption spectra. In order to conrm the opti-
mized doping concentration for the uorescence NCs, the
corresponding uorescence spectra of as-prepared NCs at
different doping concentration have been tested as shown in
Fig. 1 Optical characterization of Zn-doped Au NCs. (a) UV-vis
absorption spectra of Au NCs with different Zn doping contents. (b and
c) Fluorescence spectra (lex ¼ 270 nm) of Zn-doped Au NCs,
synthesized with different molar ratios of Zn-to-Au precursor. (d)
Images of Au NCs and AuZn alloy NCs under UV light.

7398 | RSC Adv., 2018, 8, 7396–7402
Fig. 1b and c. Compared to the pure Au NCs, the emission
bands of Zn-doped NCs appear obvious blue shi from 700 nm
to 675 nm under the excitation wavelength at 270 nm. Fig. 1b
displays the uorescence peak of 10% Zn-doped NCs is highest
among all the clusters. Fluorescence intensity of 10% Zn-doped
NCs shows signicant enhancement in Fig. 1c, approximately 5-
fold higher than that of the pure Au NCs. As a result, the cor-
responding uorescence QY is increased from 0.59 to 1.54%
(about 2.6 times), which would be benecial to biological
applications. Based on the above results, 10% Zn-doping is the
optimized doping concentration for uorescence enhancement.
So in the following, the sample is mainly characterized and
tested. And it is unied labeled as AuZn alloy NCs as a matter of
convenience. Meanwhile, images of pure Au NCs (le) and AuZn
alloy NCs (right) under UV light are shown in Fig. 1d. In addi-
tion, the absorbance and uorescence of GSH-protected AuZn
alloy NCs displays superior stability in biological media such as
water and phosphate buffer saline (PBS), and satisfactory pho-
tostability without signicant decay as demonstrated in
Fig. S1.† The zeta potential and hydrodynamic diameters of
clusters in deionized ultraltered (DIUF) water or fetal bovine
serum (FBS) were determined by dynamic light scattering (DLS)
with a NanoZS Zetasizer (Malvern). The zeta potentials of the
freshly prepared Zn doped Au NCs in H2O and FBS are �18.6
and �9.4 mV, respectively, as shown in Table S1.† Aer 48 h,
The zeta potentials displays a little decrease in H2O but nearly
no change in FBS, indicating the relative colloidal stability of
the NCs. In addition, the stability of the Zn-doped Au NCs has
been also demonstrated by the results from the hydrodynamic
size in H2O and FBS (Fig. S2†).

The size distribution of uorescence alloy NCs was charac-
terized by resolution transmission electron microscopy (TEM).
TEM image of the AuZn alloy NCs is presented in Fig. 2a. High-
resolution TEM shows a lattice distance of 0.24 nm, corre-
sponding to the lattice plane (111) of Au. Apparently, no large
NCs could be observed and their average diameter is about
1.84 nm obtained from statistical analysis in Fig. 2b. In order to
determine the actual doping ratio of Zn, the alloy NCs was
Fig. 2 Structural characterization of GSH-protected AuZn alloy NCs.
(a) HRTEM image; (b) size distribution obtained from HRTEM image
with an average size of 1.84 nm. (c) MALDI TOF mass spectrum
(positive mode) of GSH-protected AuZn alloy NCs. (d) FT-IR spectra
obtained from pure GSH (black line) and GSH-protected AuZn alloy
NCs (red line).

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 TDDFT simulation of model cluster systems of a metal core and
one ligand. (a) Optimized geometry of the model system: gold core +1
ligand (left) and gold core with zinc central replacement +1 ligand
(right). The gold 13 core is taken from literature. (b) Simulated
absorption spectra of Au NCs and AuZn NCs. (c) Simulated density of
states which is created from the Kohn–Sham energy with broadening
factor 0.05 eV. (d) Density responds for Au + Zn model excited at
427 nm which corresponds to the excitation peak.
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analyzed by XPS and ICP-MS. In the XPS spectrum of Au 4f
(Fig. S3†), two peaks located at 83.6 and 87.3 eV, are corre-
sponding to Au 4f7/2 and Au 4f5/2. XPS spectrum of Zu also has
two peaks locked at 1022.4 and 1045.2 eV are ascribed to Zn 2p3/
2 and Zn 2p1/2. XPS results also suggest Zn have been success-
fully doped into NCs and themolar ratio of Zn/Au is about 3.5%,
which is close to the result of ICP-MS (3%). Further, the mole-
cule weight of GSH-protected AuZn alloy NCs is detected by
MALDI-TOF mass spectrum. The GSH-protected AuZn NCs
(Fig. 2c) display several sets of intense peaks in the range of 4–5
kDa, which could be assigned to the complex of Au21Zn(SG)17,
Au18Zn2(SG)16 and Au17Zn(SG)14, and it is similar to previous
work.46 The GSH ligand shows strong affinity to the Au atom and
is easy to form the metal complex, which leads to difficulty to
determine the exact crystal structure.4 Fig. 2d shows the FT-IR
spectra of the free GSH (red line) and the uorescent NCs
samples (black line). Compared these two lines, it conrms that
the characteristic band at 2523 cm�1 for n(S–H) of GSH is dis-
appeared, which is ascribed to the formation of S–Au or S–Zn
bonds instead of S–H bonds.

The uorescence emission of metal clusters is regarded as
LMMCT relaxation occurring at a triplet metal-centered state via
the comparatively long lifetime (microsecond-scale).47 The
uorescence decay spectra of the pure Au NCs and AuZn alloy
NCs are measured as shown in Fig. 3. Both of two NCs can be
tted with a biexponential curve, which consists of two
components with life times of s1 ¼ 2.328 ms (67.99%) and s2 ¼
8.551 ms (32.01%) for Au NCs, s1 ¼ 3.045 ms (74.73%) and s2 ¼
8.0381 ms (25.27%) for AuZn alloy NCs, respectively. For Zn
doped Au NCs, the uorescence decay is almost identical to
pure Au NCs. The long uorescence lifetime of the NCs may be
ascribed to aggregation-induced emission (AIE).4 Long uores-
cence lifetime and large Stokes shi (>200 nm) suggest the
potential advantages on biological imaging.

As shown in Fig. 4a, models with Au 13 core and Au 12 + 1 Zn
core with a single GSH ligand attached are used to approach the
optical properties of the clusters. The model systems are
simulated by TDDFT with M06-2x as the exchange–correlation
potential. The absorption spectra are shown in Fig. 4b. The
theoretical model successfully reproduces the low energy
behavior of the experimental absorption spectrum of Fig. 1a.
This clearly indicates the effect of Zn doping, i.e. blue shi of
the absorption spectrum.We then simulated the density of state
using the Kohn–Sham energies with broadening factor 0.05
(Fig. 4c). The band gap of Zn doped model is slightly smaller
than the undoped model. In addition, the undoped model
shows an extra absorption peak near 427 nm compared to the
Zn doped model. The iso-surface of the density responds for the
Fig. 3 Fluorescence lifetime of (a) Au NCs and (b) AuZn alloy NCs.

This journal is © The Royal Society of Chemistry 2018
undoped model at 427 nm is also provided (Fig. 4d). The elec-
tron probability density uctuation is concentrated to the metal
core rather than spread over the entire model which is similar to
the other model.

The toxicity of clusters was assessed by testing the viability of
Chinese hamster ovary (CHO) cells upon exposure to AuZn alloy
NCs using MTT assay. GSH-protected AuZn alloy NCs do not
cause obvious decrease of cell viability at the concentration up
to 480 mg mL�1 aer incubation of 24 and 48 h as shown in
Fig. 5a, indicating their low cytotoxicity. GSH is widely applied
as a ligand in nano-carrier system or protectors in biological
applications, and it is endowed with low toxicity and great
biocompatibility.48 We also detected the radiation dose-
dependent cell viabilities and the radiosensitization effect of
GSH-protected AuZn alloy NCs in vitro using MTT assays
(Fig. 5b). The viabilities of CHO cells without AuZn alloy NCs
sharply decrease with increasing radiation doses. Aer incu-
bation of GSH-protected AuZn alloy NCs, the viabilities of irra-
diated cells decrease more sharply than only-irradiated cells
without AuZn alloy NCs treatment at both radiation doses,
Fig. 5 Cytotoxicity and radiosensitizing effect of AuZn alloy NCs in
vitro. (a) Cell viabilities of AuZn alloy NCs at doses from 0 to 480 mg
mL�1 after 24 and 48 h. (b) Cell viabilities without and with AuZn alloy
NCs under radiation doses of 0, 2, and 4 Gy. (c) Quantitative analysis of
intracellular ROS levels. (d–f) Fluorescence images of intracellular ROS
levels.

RSC Adv., 2018, 8, 7396–7402 | 7399
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suggesting its signicant inhibiting effect on cell proliferation.
Furthermore, in order to directly monitor radiation-induced
intracellular ROS levels with and without treatment of GSH-
protected AuZn alloy NCs, cellular imaging is performed by
uorescence microscopy (Fig. 5d–f). Healthy cells show weak
uorescence, suggesting low ROS level, while the only-
irradiated cells exhibit strong uorescence corresponding to
high ROS level due to radiation damages. The uorescence
signal of irradiated cells with incubation of GSH-protected
AuZn alloy NCs becomes much brighter than only irradiated
cells, suggesting the ability of ROS proliferation.49,50 Fig. 5c gives
quantitative investigation of the ROS levels by ow cytometer,
demonstrating that GSH-protected AuZn alloy NCs could ach-
ieve the cancer radiation-sensitizing therapy.

Targeting capability and rapid excretion are important for
minimizing damage to normal tissues during the cancer radi-
ation treatment. The tumor uptake and bladder excretion of
GSH-protected AuZn alloy NCs were investigated by analyzing
the uorescence signal of GSH-protected AuZn alloy NCs in the
tumor tissue at different time points post injection (p.i.). As
presented in Fig. 6a, the uorescence signal in the tumor
increases signicantly from 1 to 10 h p.i., and gradually reaches
a maximum at 24 h p.i. The stronger uorescence could retain
up to 48 h p.i. according to Fig. 6d. Simultaneously, the uo-
rescence signal in the bladder rapidly decreases from 1 to 10 h
p.i. No uorescence signal can be seen at 48 h p.i. (Fig. 6c),
indicating rapid renal clearance. The ultrahigh tumor uptake
and bladder excretion of GSH-protected AuZn alloy NCs could
be attributed to their distinctive structure and ultrasmall size.30

In addition, to further understand the in vivo behavior of GSH-
protected AuZn alloy NCs, we also investigated their bio-
distribution at 48 h p.i. (Fig. 6b and e). The uptake of GSH-
protected AuZn alloy NCs in tumor tissue is much higher than
that in all other key organs including kidney and liver. The high
targeting specicity of GSH-protected AuZn alloy NCs to tumor
implies that it could effectively enhance tumor radiotherapy
and evade possible damages to normal tissues. Fast clearance
and minimized toxicity are very important for all biomedical
applications.30,51 In vivo experiment demonstrates that the
synthesized GSH-protected AuZn alloy NCs with ultrasmall size
can be quickly cleared by kidneys.
Fig. 6 In vivo imaging, tumor uptake, renal clearance and bio-
distribution. (a) Fluorescence images in vivo. (b) Ex vivo fluorescence
imaging of heart, liver, spleen, lung, kidney, testes, bladder and tumor.
Fluorescence signal of the AuZn alloy NCs in tumor (c) and bladder (d)
at different time points p.i. (e) Biodistribution of the mice treated with
AuZn alloy NCs at after 48 h p.i.

7400 | RSC Adv., 2018, 8, 7396–7402
Fluorescence is a most fascinating feature of NCs owing to
great potential in biomedical applications. The present
synthetic route of AuZn alloy NCs shows remarkable enhance-
ment in uorescence compared to pure Au NCs, which is useful
for cellular imaging.52,53 The enhancement of uorescence is
ascribed to the changes of geometry and electronic structures by
Zn doping.14,54–57 To enhance uorescence by metal doping,
many researchers focus on the Ag doping. Here, we nd that the
Zn doping can also enhance the uorescence, so it is interesting
to try other systems in the future. Besides doping of metal ions,
nonmetal element doping is promising as a strategy of uo-
rescence enhancement as well. Ultrasmall size and rapid renal
clearance provide signicant advantages for biomedicine and
pharmaceutical elds.58–60

Conclusions

In summary, we successfully synthesized highly luminescent
GSH-protected Au NCs via Zn doping. The uorescence of the
fabricated AuZn alloy NCs shows approximately 5-fold
enhancement compared with the pure Au NCs. The as-prepared
ultrasmall (an average size 1.8 nm) alloy NCs exhibit good
photostability and long uorescence lifetime. Furthermore,
experiments based on MTT assays at the cellular level suggest
AuZn alloy NCs are of low toxicity and they could signicantly
enhance the radiation therapy. In addition, in vivo experiments
indicate AuZn alloy NCs have targeting capability to tumor as
well as renal clearance. Nearly 80% of GSH-protected AuZn alloy
NCs can be rapidly excreted via kidneys in 24 hours, owing to
their biocompatible surface ligand and ultrasmall size features.

Conflicts of interest

There are no conicts of interest to declare.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant No. 81000668, 81471786,
11304220), Natural Science Foundation of Tianjin (Grant No.
13JCQNJC13500), the Foundation of Tianjin University. This
work used the Extreme Science and Engineering Discovery
Environment (XSEDE), which was supported by National
Science Foundation grant number ACI-1548562.

References

1 K. Selvaprakash and Y.-C. Chen, Biosens. Bioelectron., 2014,
61, 88–94.

2 J.-M. Liu, J.-T. Chen and X.-P. Yan, Anal. Chem., 2013, 85,
3238–3245.

3 J. Xie, Y. Zheng and J. Y. Ying, J. Am. Chem. Soc., 2009, 131,
888–889.

4 Z. Luo, X. Yuan, Y. Yu, Q. Zhang, D. T. Leong, J. Y. Lee and
J. Xie, J. Am. Chem. Soc., 2012, 134, 16662–16670.

5 J. Sun, J. Zhang and Y. Jin, J. Mater. Chem. C, 2013, 1, 138–
143.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra13072d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 5
:1

2:
19

 A
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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
6 X. Wang, H. He, Y. Wang, J. Wang, X. Sun, H. Xu, W. M. Nau,
X. Zhang and F. Huang, Chem. Commun., 2016, 52, 9232–
9235.

7 J.-Y. Wang, J. Chen, J. Yang, H. Wang, X. Shen, Y.-M. Sun,
M. Guo and X.-D. Zhang, Int. J. Nanomed., 2016, 11, 3475.

8 S. Wang, X. Meng, A. Das, T. Li, Y. Song, T. Cao, X. Zhu,
M. Zhu and R. Jin, Angew. Chem., Int. Ed., 2014, 53, 2376–
2380.

9 M. Zhu, C. M. Aikens, F. J. Hollander, G. C. Schatz and R. Jin,
J. Am. Chem. Soc., 2008, 130, 5883–5885.

10 H. Qian, M. Zhu, Z. Wu and R. Jin, Acc. Chem. Res., 2012, 45,
1470–1479.

11 L. Shang, S. Dong and G. U. Nienhaus, Nano Today, 2011, 6,
401–418.

12 L. Shang and G. U. Nienhaus, Int. J. Biochem. Cell Biol., 2016,
75, 175–179.

13 X.-D. Zhang, Z. Luo, J. Chen, S. Song, X. Yuan, X. Shen,
H. Wang, Y. Sun, K. Gao and L. Zhang, Sci. Rep., 2015, 5,
8669.

14 N. Goswami, Q. Yao, Z. Luo, J. Li, T. Chen and J. Xie, J. Phys.
Chem. Lett., 2016, 7, 962–975.

15 Z. Lei, X. L. Pei, Z. J. Guan and Q. M. Wang, Angew. Chem.,
Int. Ed., 2017, 129, 7223–7226.

16 R. Jin, C. Zeng, M. Zhou and Y. Chen, Chem. Rev., 2016, 116,
10346–10413.

17 K. D. M. Weerawardene and C. M. Aikens, J. Am. Chem. Soc.,
2016, 138, 11202–11210.

18 X. Kang, M. Zhou, S. Wang, S. Jin, G. Sun, M. Zhu and R. Jin,
Chem. Sci., 2017, 8, 2581–2587.

19 R. S. Dhayal, Y. R. Lin, J. H. Liao, Y. J. Chen, Y. C. Liu,
M. H. Chiang, S. Kahlal, J. Y. Saillard and C. Liu, Chem.–
Eur. J., 2016, 22, 9943–9947.

20 R. S. Dhayal, J. H. Liao, Y. C. Liu, M. H. Chiang, S. Kahlal,
J. Y. Saillard and C. Liu, Angew. Chem., Int. Ed., 2015, 54,
3702–3706.

21 A. Desireddy, B. E. Conn, J. Guo, B. Yoon, R. N. Barnett,
B. M. Monahan, K. Kirschbaum, W. P. Griffith,
R. L. Whetten and U. Landman, Nature, 2013, 501, 399–402.

22 Z. Wu and R. Jin, Nano Lett., 2010, 10, 2568–2573.
23 G. Li and R. Jin, Acc. Chem. Res., 2013, 46, 1749–1758.
24 H. Qian, W. T. Eckenhoff, Y. Zhu, T. Pintauer and R. Jin, J.

Am. Chem. Soc., 2010, 132, 8280–8281.
25 M. Zhou, C. Zeng, Y. Chen, S. Zhao, M. Y. Sfeir, M. Zhu and

R. Jin, Nat. Commun., 2016, 7, 13240.
26 S. Chen, L. Xiong, S. Wang, Z. Ma, S. Jin, H. Sheng, Y. Pei and

M. Zhu, J. Am. Chem. Soc., 2016, 138, 10754–10757.
27 W. Du, S. Jin, L. Xiong, M. Chen, J. Zhang, X. Zou, Y. Pei,

S. Wang andM. Zhu, J. Am. Chem. Soc., 2017, 139, 1618–1624.
28 L. Jin, L. Shang, S. Guo, Y. Fang, D. Wen, L. Wang, J. Yin and

S. Dong, Biosens. Bioelectron., 2011, 26, 1965–1969.
29 C. P. Joshi, M. S. Bootharaju, M. J. Alhilaly and O. M. Bakr, J.

Am. Chem. Soc., 2015, 137, 11578–11581.
30 X. D. Zhang, Z. Luo, J. Chen, X. Shen, S. Song, Y. Sun, S. Fan,

F. Fan, D. T. Leong and J. Xie, Adv. Mater., 2014, 26, 4565–
4568.

31 J. Yang, N. Xia, X. Wang, X. Liu, A. Xu, Z. Wu and Z. Luo,
Nanoscale, 2015, 7, 18464–18470.
This journal is © The Royal Society of Chemistry 2018
32 S. Gao, D. Chen, Q. Li, J. Ye, H. Jiang, C. Amatore and
X. Wang, Sci. Rep., 2014, 4, 4384.

33 Z. Lei, Z. J. Guan, X. L. Pei, S. F. Yuan, X. K. Wan, J. Y. Zhang
and Q. M. Wang, Chem.–Eur. J., 2016, 22, 11156–11160.

34 Y. Chen, T. Yang, H. Pan, Y. Yuan, L. Chen, M. Liu, K. Zhang,
S. Zhang, P. Wu and J. Xu, J. Am. Chem. Soc., 2014, 136, 1686–
1689.

35 X. Dou, X. Yuan, Y. Yu, Z. Luo, Q. Yao, D. T. Leong and J. Xie,
Nanoscale, 2014, 6, 157–161.

36 Z. Lei, X. L. Pei, Z. J. Guan and Q. M. Wang, Angew. Chem.,
Int. Ed., 2017, 56, 7117–7120.

37 C. Yao, Y. J. Lin, J. Yuan, L. Liao, M. Zhu, L. H. Weng, J. Yang
and Z. Wu, J. Am. Chem. Soc., 2015, 137, 15350–15353.

38 G. Soldan, M. A. Aljuhani, M. S. Bootharaju,
L. G. AbdulHalim, M. R. Parida, A. H. Emwas,
O. F. Mohammed and O. M. Bakr, Angew. Chem., Int. Ed.,
2016, 55, 5749–5753.

39 H. Qian, D.-e. Jiang, G. Li, C. Gayathri, A. Das, R. R. Gil and
R. Jin, J. Am. Chem. Soc., 2012, 134, 16159–16162.

40 H. Yang, Y. Wang, H. Huang, L. Gell, L. Lehtovaara,
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