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Abstract

Highly fluorescent gold clusters have been synthesized in basic aqueous solution by using
lysozyme as reducing and stabilizing agents. The lysozyme-stabilized gold fluorescent clusters
(LSGFC) have an average size of 1 nm and emission ~ 657 nm. The fluorescence could be
specifically quenched by Hg?*, so the LsGFC can be used as a sensor for sensitive and selective
Hg?* detection with a detection limit of 10 nM.

Introduction

Fluorescent nanomaterials have shown great promise for applications such as sensing,
imaging, photovoltaics and light emitting devices.1> Among the fluorescent nanomaterials
reported to date, noble metal clusters, such as gold and silver clusters, have received much
attention recently owning to their ultra-small size, non-toxicity, and highly fluorescent
properties.5-8

To synthesize these highly fluorescent noble metal clusters, several methods have been
developed. For example, silver fluorescent clusters have been prepared by using polymer,
dendrimer, peptide and DNA as both template and stabilizer.%-12 The gold fluorescent
clusters (GFC) could be synthesized by either a chemical reduction approach in the presence
of thiol ligands or an etching process using polymers.1314 Recently, an exciting new method
of GFC synthesis has been developed by using protein bovine serum albumin (BSA) as sole
reduction agent at high pH by Ying and coworkers.1® Inspired by this discovery, we wonder
whether the synthesis method can be applied to using proteins other than BSA. Furthermore,
previous studies showed that there were specific and strong interactions between Hg2* and
Au'*.16-19 Therefore, it would be interesting to investigate the effects of Hg2* on
fluorescence properties of the protein-based GFC and explore the use of this interaction as
sensors for metal ions such as Hg2™".

TElectronic supplementary information (ESI) available: Optimization of the reaction conditions for preparing the LsGFC. See DOI:
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Mercury is a pollutant found in water, food sources, soil, and could cause damages to central
nervous system, endocrine system, brain, and even kidney by interacting with thiol groups in
protein and aminophospholipids.2%21 To monitor and detect Hg2*, a number of sensors have
been developed by using organic molecules, oligonucleotides, DNAzymes, nano-materials,
conjugated polymers, proteins, liposomes as sensing elements.820:22-28 Here we report the
preparation of lysozyme-stabilized gold fluorescent clusters (LsGFC) by mixing lysozyme
and HAuClI, under basic conditions, and its application as a Hg2* sensor, with high
sensitivity and selectivity. During the preparation of our manuscript, Ying and coworkers
reported a Hg2* sensor by using BSA stabilized GFC (BsGFC) independently.18 Therefore
the two protein-based GFC systems are compared to find generality and differences. A
preliminary survey of several proteins suggest that only selected proteins can be used to
synthesize GFC under similar conditions used for LsGFC synthesis.

Experimental section

Chemicals and materials

Chloroauric acid and lysozyme lyophilized powder (from chicken egg white) were
purchased from Sigma-Aldrich Chemical Co. Sodium hydroxide and all other chemicals
were obtained from Fisher Scientific Inc. Water used throughout all experiments was
purified by a Milli-Q system (Millipore, Bedford, MA, USA).

Instrumentation

UV-visible spectra were obtained on a Cary 5000 spectrophotometer (Varian, USA). X-ray
photoelectron spectroscopy (XPS) data were collected on a Kratos AXIS X-ray
photoelectron spectrometer. Fluorescent spectra were recorded on a FluoroMax-P
fluorimeter (HORIBA Jobin Yvon Inc., Edison, NJ) with a constant temperature control at
25 °C for steady state data and at 37 °C for the kinetics. Transmission electron microscopy
(TEM) images were acquired on JEOL 2010 LaB6 transmission electron microscopy at the
acceleration voltage of 200 kV.

Synthesis of lysozyme-stabilized gold fluorescent cluster (LsGFC)

The LsGFC samples were prepared according to the following procedure: First, 100 uL of
10 mg mL~1 lysozyme aqueous solution and 100 uL of 4 mM HAUCI, aqueous solution
were added into 100 uL of water and mixed together. After about 5 min of mixing, 10 uL of
1 M NaOH was added, the reaction solution was further mixed and then incubated at 37 °C
overnight. The LsGFC samples thus prepared were used directly for characterization or as
probes for Hg2* detection.

Hg?2* detection using the LsGFC

A typical Hg2* detection process includes addition of 15 uL of different concentrations of
Hg?* stocking solution to 135 pL of the as-prepared LsGFC (~ 34 uM). After one minute of
mixing, 130 pL of the Hg2*-LsGFC solution was used to record the fluorescent spectra at 25
°C.

To examine the selectivity of Hg?* detection using the LsGFC probes, 15 uL of other metal

ions (i.e. Ca2*, Cd2*, Co?*, Cu2*, Mg?*, Mn2*, Ni2*, Pb2*, and Zn2*) were used instead of
Hg?*.
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Results and discussion

Preparation and characterization of the LsGFC
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The highly fluorescent LsGFC was prepared by mixing lysozyme and HAuUCI, at basic
conditions and a further incubation at 37 °C. Au3* in HAuCl, could be reduced to Au® by
tyrosine residues in lysozyme at high pH and thus the LsGFC were formed.1® The formation
of the LsGFC was confirmed by TEM data. Fig. 1 depicts typical TEM images of the
LsGFC (Fig. 1(A) and (B)). The LsGFC is spherical in shape and has a diameter of about 1
nm, which is slightly bigger than BsGFC (~0.8 nm).15

Fig. 2 shows the absorption and fluorescent spectra of the as-prepared LsGFC. No peak for
gold surface plasmon resonance absorption was observed. The absorption from 300 nm to
450 nm was assigned to the as-prepared LsGFC. The fluorescent emission spectrum of
LsGFC displays two peaks centered at 445 nm and 657 nm, with the later one being much
stronger in intensity.

To assign the emission peaks, we performed a kinetics study. Fig. 3 shows time-dependent
fluorescent spectra of LsGFC and the corresponding fluorescent intensity-reaction time
curves. Upon the initiation of the reaction, a peak centered at 445 nm could be observed
under 360 nm excitation. However, no emission peak centered at 657 nm, typical of gold
nanocluster fluorescence, was observable in the first thirty minutes. This result indicated that
the peak centered at 445 nm could be a lysozyme-HAuUCI, reaction intermediate prior to the
formation of final LsGFC product. As the reaction went on, the peak at 445 nm decreased
while the peak at 657 nm increased gradually, with a clear isosbestic point at 567 nm,
suggesting conversion of the intermediate to LsGFC; the process completed in ~11 h (see

eqn (1))

Lysozyme+Au(Ill) — [Intermediate] — LsGFC (1)

Lysozyme+Au(Ill) — [Lysozyme — Au(I)] — LsGFC )

Our further studies showed that the peak centered at 445 nm was excitation wavelength
dependent while the peak centered at 657 nm was not.1516 Therefore, the former one could
be assigned to the Raman signal of the reaction intermediate while the latter one should be
fluorescence emission from the LsGFC. The photoluminescence quantum yield of 657 nm
emission was ~5.6%, which was comparable with ~6% of the BsGFC.15 In addition, our
LsGFC showed a red-shift emission peak at 657 nm in comparison with that of BsGFC at
640 nm. We believe this difference in emission peaks might be originated from the size
difference of the GFCs synthesized with different proteins (1 nm of LsGFC vs. 0.8 nm of
BsGFC).

To further characterize the intermediate and the LsGFC product, XPS spectra were collected
for the reaction mixture at 0 h and 12 h in order to determine the valence of gold (Fig. 4).
The Au 4f XPS spectrum of the intermediate displays an Au 4f7/2 and Au 4f5/2 binding
energy of 85.116 and 88.799 eV, respectively, suggesting that the intermediate is a
lysozyme-Au* complex (see eqn (2)) (Note: neither Au® or Au3* could be detected in the
intermediate). On the other hand, the Au 4f XPS spectrum of the final LsGFC product could
be deconvoluted into two distinct components: 83.371 eV (Au 4f7/2) and 86.982 (Au 45/2)
eV, typical of Au®, and 84.744 eV (Au 4f7/2) and 87.567 (Au 4f5/2) eV, characteristic for
Au*, with the Au® as dominant species, accounting for 75.6% of the intensity. Based on
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these XPS data, the valence of gold was +1 in the intermediate, while the gold was a mixture
of Au® and Au* in the LsGFC. The Au? in LsGFC could be assigned to the core of the gold
cluster, while the Au* could be assigned to the gold atoms on the surface of the gold cluster
and the un-reduced [lysozyme-HAuCI,].1%:16 The lysozyme-Au* complex was formed due
to the facts: 1) HAuCl, was a fairly strong acid and could denature lysozyme partially,
which made the amino acid residues in lysozyme accessible, and 2) HAuCl, was a strong
oxidizing agent which could be reduced to Au™ by the reducing amino acids in lysozyme.2°
However, the gold cluster of 0 valence could only be produced at high pH where the
tyrosine residue could further reduce the Au* to Au®. So the final product of LsGFC could
emit the 657 nm fluorescence.

Hg?2* detection using the As-prepared LsGFC as fluorescent probes

As shown in Fig. 5A, the emission intensity of the 660 nm peak decreased as the Hg?*
concentration increased. However, the emission intensity of the 445 nm peak was not
significantly changed with the Hg2* concentrations. This result indicated that the fluorescent
quenching by Hg?* was originated from gold cluster but not the lysozyme-Au* complex.
Using the as-prepared LsGFC as probes, Hg2* concentrations from 500 nM to 500 uM could
be readily detected with a detection limit of 500 nM. By lowering the concentration of the
LsGFC, we could achieve more sensitive detection of Hg2*. As depicted in Fig. 6A, from 50
nM to 50 uM Hg?* could be detected using the 10% LSGFC (~ 3.4 uM), which was one
order of magnitude lower than the one using as-prepared LsGFC. Furthermore, if using 1%
LSGFC as probes (~ 0.34 uM), the detection range for Hg2* detection could be tuned from
10 nM to 5000 nM range (Fig. 6B); this dynamic range could meet the Hg2* detection
requirement for drinking water of the U.S. Environmental Protection Agency, which sets the
maximum contamination level at 10 nM.

To investigate selectivity of the system, other divalent metal ions (Ca%*, Cd2*, Co?*, Cu?*,
Mg2*, Mn2*, Ni2*, Ph2*, and Zn2*) as control were tested under the same condition. As
shown in Fig. 7, all the other metal ions tested except Cu2* at the same concentration (50
M) could not quench the LsGFC’s fluorescence. 50 pM of Cu?* could partially quench the
LsGFC’s fluorescence. Therefore both the sensor developed here and the sensor based on
BsGFC showed high sensitivity and selectivity towards Hg2* detection.15:16

Comparison between the LsGFC and BSA Stabilized GFC

Since two protein systems, BSA and lysozyme, have been independently synthesized and
used for Hg?* sensing, we compare their properties in Table 1. Both GFCs were highly
fluorescent, with similar quantum yields. The LsGFC is slightly larger than the BsGFC, and
had a red-shift fluorescent emission. To find out if any proteins can be used to form GFC,
we conducted a preliminary survey of four other proteins (cellular retinoic acid-binding
protein 11 (CRABP), catalase from bovine liver, myoglobin from equine skeletal muscle and
peroxidase from horseradish), and found only CRABP could form GFC under the conditions
used for LsGFC (see Figures SG—SQT). These results suggest that many proteins, although
not all proteins, can be used to synthesize GFC, which can serve as Hg2* sensors, and the
fluorescent prosperities of the clusters could be fine-tuned by different proteins. Further
careful studies are needed to elucidate detailed structural features responsible for formation
of GFC and metal ion sensing.

TElectronic supplementary information (ESI) available: Optimization of the reaction conditions for preparing the LsGFC. See DOI:
10.1039/c0an00046a
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Conclusions

In
us
an

summary, we have demonstrated a way to prepare highly fluorescent gold clusters by
ing lysozyme as reducing and stabilizing agents. Together with a previous report by Ying
d coworkers, the results demonstrated that proteins can be used to synthesize highly

fluorescent gold clusters, and can be used as a highly sensitive and selective label free
sensor for Hg2* though Hg?* specific quenching of GFC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A typical TEM image of the as-prepared LsGFC (A), (B) the higher magnification image of
panel (A), (C) the corresponding size of the particle line-crossed in panel (B).

Analyst. Author manuscript; available in PMC 2011 June 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Wei et al.

Page 8

3 r———— 1200000

8

»

800000

400000

P o

) 200000
\\ i 0

300 400 500 600 700
Wavelength/ nm

Absorption
n'e /Aysusju| Jusosason|4

Fig. 2.
Absorption (left) and fluorescent (right) spectra of the as-prepared LsGFC. The excitation
wavelength was 360 nm.
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Time-dependent fluorescent spectra of LsGFC (A) and the corresponding fluorescent
intensity-reaction time curves (B). The excitation wavelength was 360 nm.
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XPS spectra of Au 4f of the as-prepared LsGFC (A) and lysozyme-HAuUCI, complex alone
(B) deposited on the silica wafer. In panel (A), the original spectrum is in black, the Au* 4f
spectrum after analysis is in red, and the AuC 4f spectrum after analysis is in blue.
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(A) The fluorescent spectra of as-prepared LsSGFC probes (~ 34 pM) in the absence and
presence of different concentrations of Hg2*, (B) the relative fluorescent intensity at 660 nm
vs. HgZ* concentration. The excitation wavelength was 360 nm. The error bars represent the
standard deviation of three measurements.
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The relative fluorescent intensity at 655 nm vs. Hg2* concentration by using 10% diluted
LsGFC probes (~ 3.4 uM) (A) and 1% diluted LsGFC probes (~ 0.34 uM) (B). The
excitation wavelength was 360 nm. The error bars represent the standard deviation of three
measurements.
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(A) The fluorescent spectra of 10% diluted probes LsGFC (~ 3.4 uM) in the absence and
presence of 50 uM different metal ions, (B) the relative fluorescent intensity at 657 nm vs.
metal ions. The excitation wavelength was 360 nm.
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