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ABSTRACT: This paper describes an eco-friendly, one-pot strategy for the
synthesis of water-soluble, high-quantum-yield gold nanoclusters (AuNCs)
stabilized with 11-mercaptoundecanoic acid (MUA) on their surfaces. The as-
prepared ultrasmall MUA—AuNCs (1.9 nm) exhibited a quantum yield (QY) of
13%, higher than those of most previously described thiol-protected AuNCs. We
applied these MUA—AuNC:s as a versatile probe to develop a fluorescence “turn- .,
off” assay for sensing Hg>* ions as well as a fluorescence “turn-on” assay for

sensing biothiols. The former assay operated through aggregation-induced

fluorescence quenching upon interaction of the MUA—AuNCs with Hg*" ions =
in a buffer containing 2,6-pyridinedicarboxylic acid (PDCA); this probe provided

high sensitivity and remarkable selectivity over other selected metal ions with a  *
limit of detection (LOD) for Hg** ions of 450 pM and linearity from 2 to 50 nM.
In the latter assay for biothiols [i.e., cysteine (Cys), homocysteine (Hcy),
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glutathione (GSH)], the fluorescence of the Hg** —~MUA—AuNCs complexes was

turned on because the affinity of Hg** ions toward the SH group of the biothiols was greater than that toward the COOH groups
of the MUA units on the surface of the AuNCs. This assay provided good linearity for the tested biothiols, ranging from 10 to
100 nM for Cys, from 10 to 100 nM for Hcy, and from S to 75 nM for GSH, with LODs of 5.4, 4.2, and 2.1 nM, respectively. In
addition, these environmentally and biologically friendly AuNC probes tested satisfactorily against interference from a range of

amino acids.
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1. INTRODUCTION

Luminescent metal (e.g, Au, Ag) nanoclusters having sizes
comparable to the Fermi wavelength of the electron can exhibit
moleculelike properties of discrete electronic states. Ultrafine
Au nanoclusters (AuNCs) comprising several Au atoms display
size-dependent photoluminescence and bright fluorescence."
As a result of their high photostability and biocompatibility,
luminescent AuNCs have recently been recognized as
promising candidates for in vitro/in vivo bioimaging,3_6
sensing of metal ions, ™ and use in the fabrication of
biosensors.”'”"" Over the past decade, several methods'>"?
involving strong stabilizing agents (e.g, poly(amidoamine),
PAMAM) and reductants (e.g., NaBH,) have been developed
for the synthesis of luminescent AuNCs. For instance, PAMAM
dendrimers incorporating AuNCs of various sizes (from Aug to
Aug;) have exhibited various emission wavelengths ranging
from the ultraviolet (UV) to the near-infrared (NIR).'>*?
Glutathione (GSH) has been used as a capping agent to
prepare luminescent AuNCs in the presence of NaBH,.'*"
The most thermodynamically stable GSH-protected AuNCs,
Au,SG5, have been identified after se?aration through
polyacrylamide gel electrophoresis (PAGE).'*"> Furthermore,
a frequently adopted route, ligand-induced etching, has enabled
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large Au nanoparticle precursors to be etched into small
AuNCs through the action of polyethylenimine (PEI),"® bovine
serum albumin (BSA),"” and thiols.*®*'® Nevertheless, because
multistep procedures are mandatory for fabricating such Au-
based nanomaterials, these processes can be complicated and
time-consuming. Herein, we report a straightforward one-pot
strategy, without the need for larger AuNP precursors or
hazardous organic solvents (e.g,, toluene,”'® MeOH'?), for the
preparation of high-quantum-yield AuNCs protected with 11-
mercaptoundecanoic acid (MUA) on their surfaces; it involves
the reduction of a mixture of MUA and Au** ions in the
presence of NaBH,. The resulting MUA—AuNCs exhibited a
bright emission at 607 nm when irradiated with incident light at
330 nm [quantum yield (QY) = ca. 13%]. In addition, we could
control the emission wavelength from the visible to the NIR by
tuning the mole ratio of MUA to Au’* ions.

The mercuric (Hg*") ion is a highly toxic pollutant that exists
in water, soil, and the food chain; it can cause serious damage to
the natural environment and poisoning in organisms.'”
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Therefore, demand exists to develop a detection method for the
rapid and sensitive sensing of Hg*" ions in our water supplies.
Various sensing platforms for the detection of Hg** ions have
been reported, including sensitive electrochemical method,° a
strip biosensor based on toehold binding and exonuclease III-
assisted signal amplification,”" colorimetric assays employing
AuNPs functionalized with various biolabels’”*® as well as
fluorescence methods exploiting organic dyes,”*>* DNAs,***’
or semiconductor-based quantum dots (QDs).”** Most of
these methods, however, require complicated synthetic
processes and exhibit low sensitivity. The luminescent MUA—
AuNCs that we describe herein function as an indicator for the
fluorescence “turn-off” detection of Hg** ions in the presence of
2,6-pyridinedicarboxylic acid (PDCA) with superb selectivity,
operating based on particle aggregation—induced fluorescence
quenching.

In addition, we have also verified the feasibility of using our
as-prepared AuNCs as a sensing probe for physiologically
important low-molecular-weight biothiols, namely cysteine
(Cys), homocysteine (Hcy), and GSH, which play crucial
roles in physiological systems (e.g., such cellular functions
including detoxification, metabolism, and reversible redox
reactions).>® Cys is a risk factor for vascular diseases, including
coronary heart disease and cerebrovascular disease.>’ High
concentrations of Hcy in the blood can be associated with
increased relative risks of coronary artery diseases, stroke,
carotid vascular diseases, and Alzheimer’s disease.**>* The lack
of GSH in cells can increase cellular oxidative stress, which can
lead to DNA damage and lipid oxidation.** As a result, the
development of methods for rapid screening of the levels of
these biothiols in biosamples would greatly assist both clinical
diagnostics and research. The affinity of Hg** ions toward thiols
is higher than that toward carboxylic acids.>®> Wang’s group
reported a detection assay for biothiols based on recovery of
the fluorescence intensity of a QD—Hg?* system.>® In this
study, we developed a sensitive and selective assay for the
sensing of biothiols, based on the fluorescence “turn-on” of
quenched Hg**~MUA—AuNC complexes. This assay has
provided limits of detection (LODs) on the nanomolar level
for the fluorescence detection of various biothiols.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. All chemicals were of reagent grade
or better. Cadmium nitrate, cobalt chloride hexahydrate, and nickel
chloride were ordered from Wako (Osaka, Japan). Calcium chloride
dehydrate, chromium nitrate nonahydrate, manganese sulfate, MUA,
PDCA, acetonitrile, sodium borohydride, and sodium hydroxide were
purchased from Sigma—Aldrich (St. Louis, MO). Copper chloride
dihydrate, ferric chloride hexahydrate, ferrous chloride tetrahydrate,
lead nitrate, mercuric nitrate monohydrate, sodium borate decahy-
drate, and zinc nitrate hexahydrate were obtained from J. T. Baker
(Phillipsburg, NJ). Hydrogen tetrachloroaurate was acquired from Alfa
Aesar (Ward Hill, MA). Hydrochloric acid and magnesium sulfate
heptahydrate were purchased from Riedel-de Haén (Seelze,
Germany). Nitric acid was obtained from Fluka (St. Louis, MO).
Tris(2-carboxyethyl)phosphine (TCEP) was purchased from Invi-
trogen (Carlsbad, CA). All solutions were prepared using deionized
water having a resistivity of no less than 18 MQ cm™' (Milli-Q,
Bedford, MA).

2.2. Luminescent MUA—AUNCs. All pieces of glassware were
cleaned in a bath of freshly prepared aqua regia [HCI:HNO;, 3:1 (v/
v)] and rinsed thoroughly in deionized water prior to use. Briefly, 10
mM MUA (2.0 mL, dissolved in 15 mM NaOH(aq)) was mixed with
5 mM HAuCl, (1.0 mL) to give a final MUA-to-Au** mole ratio of 4.
An additional charge of NaOH (30 pmol) was added to the cloudy

mixture of MUA and HAuCl,. After the mixture became clear, the
solution was subjected to vigorous stirring for 2 min and then a freshly
prepared solution of NaBH, (2 mM, 250 pL) was added dropwise.
The resulting solution was stirred continuously for 2 days at room
temperature. MUA—AuNCs exhibiting different emission wavelengths
were obtained by varying the MUA-to-HAuCl, mole ratio. Finally,
excess reactants were removed by centrifugation (12 000 rpm, 20 min)
through a centrifugal filter (molecular weight cutoff: 10 kDa). The as-
prepared MUA—AuNCs were collected and stored at 4 °C prior to
use.

2.3. Characterization of Luminescent MUA—AuUNCs. The
absorbance spectra of the MUA—AuNCs were recorded using a Cary
300 Bio UV—Vis spectrophotometer (Varian, Mulgrave, VIC,
Australia). The excitation and emission spectra of the MUA—AuNCs
were recorded using a Varian Cary Eclipse fluorescence spectropho-
tometer (Varian, Mulgrave, VIC, Australia). High-resolution trans-
mission electron microscopy (HRTEM) images of the MUA—AuNCs
were acquired using a JEOL JEM-2100 transmission electron
microscope (Akishima, Tokyo, Japan). X-ray photoelectron spectros-
copy (XPS) of the MUA—AuNCs (Au 4f,,, orbitals) was conducted
using an ULVAC-PHI XPS spectrometer (PHI Quantera SXM,
Chigasaki, Japan).

2.4. Fluorescence “Turn-Off” Assay for Sensing Hg?* lons.
An aliquot of MUA—AuNC:s (1.5 mg/mL, S uL) were added to S mM
sodium borate buffer (pH 10, 1 mL) containing various concentrations
of Hg®" ions and 5.0 yuM PDCA. The solution was mixed thoroughly
and then left at room temperature for 30 min. The fluorescence
quenching spectra were then collected in the wavelength range S00—
750 nm with excitation at 330 nm and maximum emission at 607 nm.
The slit widths of the excitation and emission were both 5.0 nm.
Interference of the fluorescence of the AuNCs was investigated in the
presence of other metal ions individually.

Tap water was collected from our laboratory at National Tsing Hua
University; it was subjected to centrifugation (16,000 rpm) and
filtration through a 0.45-ym membrane to remove suspended particles
prior to analysis. A series of water samples was prepared by spiking
standard solutions (0.5 mL) of various concentrations of Hg** (5, 10,
or 20 nM) in 10 mM sodium borate buffer (pH 10) and 10 uM PDCA
into the treated tap water. The resulting solutions were then mixed
with MUA—AuNC solutions (1.5 mg/mL, S uL). Incubation for 30
min was performed prior to recording the fluorescence spectra
(excitation wavelength: 330 nm).

2.5. Fluorescence “Turn-On” Assay for Sensing Biothiols. An
aliquot of MUA—AuNCs (1.5 mg/mL, 3 uL) were mixed thoroughly
with Hg?* solution (400 gM, 0.1 mL) for 30 min to quench
fluorescence, followed by the addition of a biothiol (1 mL) solution of
a desired concentration. The recovered fluorescence intensity was
acquired using a fluorescence spectrophotometer operated with
excitation at 330 nm and maximum emission at 607 nm. The
selectivity toward the selected amino acids was determined using the
same method as mentioned above.

Fresh human blood samples were obtained from personnel within
our group. The conversion of disulfides to free thiols was performed
based on a previously reported method:*” TCEP (35 mM, 50 uL) was
added to a plasma sample (500 uL), followed by incubation at 40 °C
for 10 min and subsequent addition of acetonitrile (450 uL) as a
precipitation agent. The treated blood samples were subjected to
centrifugation (6000 rpm, 10 min). The supernatant containing the
biothiols was collected and used for further analysis.

3. RESULTS AND DISCUSSION

3.1. Preparation of MUA—AUNCs. We developed a facile
approach—using NaBH, to reduce Au®* ions—for the
preparation of luminescent MUA—AuNCs in a single step.
To obtain good stability and dispersibility of the AuNCs in
aqueous solution, we selected MUA as the capping agent, which
we added to the reaction mixture. The carboxylic acid group of
MUA enables further modification of the surfaces of the
MUA—AuNCs with other functional molecules. To produce
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ultrasmall AuNCs in the aqueous phase, we employed a
relatively high thiol-to-Au ratio.” Because MUA has low
solubility in water at pH 7 (ca. 1.1 X 10~° g/mL), we dissolved
it in alkaline NaOH (15 mM) to increase its solubility and
accelerate MUA—AuUNC synthesis in the aqueous phase (pH
~12). In this process, we first mixed MUA with Au** ions at a
mole ratio of 4:1. The resulting mixture was cloudy as a result
of neutralization between the alkaline solution of MUA and the
acidic solution of HAuCl,. Accordingly, we added a further
charge of NaOH(aq) to enhance the solubility of the mixture of
MUA and Au* ions in the aqueous phase. The color of mixed
solution changed rapidly from yellow to colorless, indicating
the formation of Au(I)—thiol complexes through the
interaction of Au’" ions with the thiol groups of MUA
units.*® Next, we used NaBH, to reduce the Au(I)—thiol
complexes to form AuNCs. The HRTEM image in Figure 1A
reveals that the resulting MUA—AuNCs were well dispersed,
due to the presence of MUA units on the surfaces of the
AuNCs efficiently inhibiting aggregation. The average diameter
of the MUA—AuNCs was 1.9 &+ 0.3 nm. Compared with the
previously reported top-down approach (MUA employed to
etch down larger AuNPs),” this bottom-up strategy for the
preparation of AuNCs is simple and straightforward. Moreover,
we did not observe the formation of larger AuNPs as
byproducts, commonly observed in other synthetic strategies;
accordingly, the size range of our AuNCs was much narrower
than those obtained using previously reported methods.'>'®

3.2. Optical Properties of MUA—AUNCs. Time-course
measurements of the fluorescence evolution (see Figure SI in
the Supporting Information) revealed that the synthesis of
MUA—-AuNCs was complete within 2 days. Figure 1B presents
the absorption spectrum of the MUA—AuNC:, illustrating the
strong and broad absorption in the UV range with an onset at
350 nm. We attribute the peak at 240 nm to the MUA units on
the surface of the AuNCs. The absence of a surface plasmon
resonance peak near 520 nm in the spectrum indicates that the
average core size of the formed AuNCs was less than 2.5 nm.*
We observed strong fluorescence, centered at 607 nm, from the
MUA—AuNCs (hereafter denoted MUA—AuNCs607) upon
maximum excitation at 330 nm (Figure 1C). Orange light was
emitted upon excitation with incident light at a wavelength of
302 nm from hand-held UV lamp (Figure 1C). The bright
emission and theoretically low toxicity** (as compared to
semiconductor-based quantum dots) of our Au-based fluo-
rophores suggest their possible applicability in biological and
environmental fields. Furthermore, the difference of 277 nm
between the excitation and emission wavelengths decreases the
potential interference from excitation, thereby increasing the
intensity of the emission signal.

The mechanism behind the fluorescence of AuNCs has been
proposed by several researchers testing various models. For
instance, Whetten et al.*' proposed that the fluorescence of
AuNCs could be attributed to recombination among the
ground state and two disparate excited states, so-called
intraband and interband transitions. Murray et al.** suggested
that the fluorescence of AuNCs is associated with interband
transitions between the filled 5d band and the 6sp conduction
band. Other studies have revealed that the fluorescence of the
AuNCs is highly related to the presence of Au(I)—thiol
complexes on the surface, with mechanisms ascribed to ligand-
to-metal charge transfer (LMCT), ligand-to-metal-metal charge
transfer (LMMCT), and ligand-to-metal NP core charge
transfer (LMNCT).”?*>*"** By virtue of the similar spectral
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Figure 1. (A) HRTEM image of MUA—AuNC:s (scale bar: S nm). (B)
Absorbance spectrum of MUA—AuNC:s. Inset: Photograph of MUA—
AuNCs solution in room light. (C) Normalized fluorescence excitation
(gray line) and emission (black line) spectra of MUA—AuNCs. Inset:
Photograph of MUA—AuNC:s solution under a hand-held UV lamp
with excitation of 302 nm. (D) XPS spectra (Au 4f) of MUA—
AuNCs607 (black line). XPS curve fitting revealed peaks at 84.0 and
84.8 eV, assigned to Au(0) (green line) and Au(I) (blue line),
respectively.
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behavior of Au(I)—alkanethiolates and our MUA—AuNCs607,
we suspected the presence of Au(I) atoms in our sample.*

To confirm the existence of Au(I) atoms, we employed XPS
to investigate the valence states of the Au atoms in MUA—
AuNCs607. The XPS spectrum in Figure 1D reveals a
maximum Au 4f;, binding energy (BE) for MUA-
AuNCs607 of 84.7 eV (we used the BE of the alkyl chain C
1s orbital, 285.3 €V, as an internal reference), located between
those of 84.0 eV for Au(0) and 85.1 eV for Au(I).* This
finding suggests that Au(0) and Au(I) species coexisted in
MUA—AuNCs607. After XPS curve fitting, we found two peaks
at 84.0 and 84.8 eV, which we assign to Au(0) and Au(I)
species, respectively. The ratio of the integrated areas of the
fitting peaks suggested that the percentage of Au(I) in MUA—
AuNCs607 was approximately 75%; therefore, we suspected
that MUA—AuNCs607 comprised an ultrasmall Au(0) core
enveloped by Au(I)-MUA shells, similar to the structures
previously described for fluorescent GSH—AuNPs*® and Au@
Au(T)—thiomalate core@shell NPs.*” When we further reacted
MUA—-AuNCs607 with excess NaBH,, we assume that more of
the Au(I) species were reduced to Au(0) atoms, with the
fluorescence intensity decreasing by approximately 43%. Taken
together, our findings indicated that the presence of Au(I)—
MUA complexes in our AuNCs had an important effect on the
fluorescence properties. The QY of MUA—AuNCs607 in
aqueous solution, determined using rhodamine 6G (QY in
EtOH: 0.95) as a standard,* was 13% (details shown in the
Supporting Information); this value is comparable with the QYs
of a number of semiconductor QDs,*®* ™ but higher than those
of most previously reported thiol-capped AuNCs.*”%!0#51
Moreover, our method for synthesizing MUA—AuNCs607
provides a QY remarkably higher than those reported
previously for fluorescent AuNCs stabilized with MUA.”>>~%
Our present study also confirms that the QY can be enhanced
significantly upon increasing the oxidation state of the Au
atoms in the AuNCs** [MUA—AuNCs607 featured 75% of
Au(I) atoms].

The fluorescence wavelength of our MUA—AuNCs could be
tuned from the visible to the NIR by varying the mole ratio of
the thiol to the Au®* ions in the synthetic medium. For
example, we obtained MUA—AuNCs754 (Em,,, = 754 nm)
and MUA—AuNCs814 (Em,, = 814 nm) species after
adjusting the MUA/Au*" mole ratio to 2.5 and 1.5, respectively.
Figure S2 in the Supporting Information displays the
absorbance and fluorescence spectra of MUA—AuNCs754
and MUA—-AuNCs814. The particles in both MUA-
AuNCs754 and MUA—AuNCs814 had average diameters
similar to those in MUA—AuNCs607 (ca. 1.9 nm), suggesting
that the red shifts in fluorescence were not dependent solely on
the particle size (see Figure S4 in the Supporting Infomration).
The low QYs of MUA—AuNCs754 and MUA—AuNCs814 (0.6
and 0.2%, respectively) presumably arose because the number
of Au(I)—MUA species in these AuNCs was lower than that in
MUA—AuNCs607. Notably, the QYs of AuNCs correlate
highly to the number of Au(I)—thiol complexes.’**” The XPS
spectra in Figure SS in the Supporting Information reveal
maximum Au 4f,,, BEs at 84.6 eV for MUA—AuNCs754 and
84.5 eV for MUA—AuNCs814, values that are lower than that
for MUA—AuNCs607 (84.7 eV). After curve fitting of the XPS
spectra for Au(0) and Au(I) peaks, we calculated that
approximately S5 and 45% of the Au atoms present in
MUA—-AuNCs754 and MUA—AuNCs814, respectively, were
Au(I) species. The XPS data indicate that the QYs decreased

upon decreasing the content of Au(I)-MUA complexes in the
MUA—AuNCs. The different emission wavelengths in these
MUA—AuNCs imply that the ground and excited states
involved in the fluorescence process were affected significantly
by the valence states of the Au atoms in the AuNCs.**

3.3. Fluorescence “Turn-Off” Assay for Sensing Hg**
lons. Because acidic functional groups (e.g., carboxylic acids)
chelate metal ions with high stability constants (log K = 10.1
for Hg2+),7‘3’58 we suspected that our MUA—AuNCs, without
further modification, would sense Hg2+ ions in solution. Figure
2A reveals that the fluorescence intensity of MUA—AuNCs607
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Figure 2. (A) Photograph of MUA—AuNCs607 (40 ug/mL) (a) in
the absence of 170 uM Hg**; (b) in the presence of 170 uM Hg™*; (c)
after 10 mM Cys had been added to the sample in b (under a hand-
held UV lamp with excitation of 302 nm). (B) Optimization of the
incubation time for fluorescence quenching of AuNCs in the presence
of Hg*" ions.

under a hand-held UV lamp with excitation of 302 nm was
significantly quenched upon the addition of Hg** ions.
Moreover, we observed agglomeration (Figure 2Ab), possibly
because of complexation between Hg** ions and COOH
groups of MUA units on the surface of MUA—AuNCs607. The
maximum quenching of the MUA—AuNCs607 occurred after
30 min (Figure 2B). Accordingly, we suspected that MUA—
AuNCs607 could be used as a luminescent probe for the
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detection of Hg®" ions with a mechanism involving particle
aggregation-induced fluorescence quenching.”**

To investigate possible interference from other metal ions on
the fluorescence quenching of MUA—AuNCs607, we tested the
effects of Mg**, Ca®*, Ba®, Mn**, Fe*', Fe*, Co**, Ni**, Cu*",
Zn**, Cd*", Pb*, AI**, and Cr® ions under the same reaction
conditions as described for the detection of Hg*" ions. The
white bars in Figure 3A reveal the interfering effects of these

(A)
28

2.6

[ ] wio PDCA
I v roca

24
22
20

= 18-
16
14

1.2

1.0-

N o~ o~ o~ o~ o o o o o o o e e

SS T T ET T T T o=

C
2

=
o
I

o
©
L

o
-]
L

“100 150
[Hg™JnM

" 50

o
IS
1

o©
N
1

Normalized Fluorescence Intensity

e
=}

T T
600 650 700

Wavelength (nm)

750 800

Figure 3. (A) Selectivity of the MUA—AuNCs toward 100 nM Hg*';
measured inS mM sodium borate buffer (pH 10) in the absence and
presence of 5.0 uM PDCA (the concentration of each other selected
metal ion was 500 nM). (B) Fluorescence spectrum of the MUA—
AuNCs, revealing the quenching effect of Hg** ions at various
concentrations ranging from 0 to 200 nM with an incubation time of
30 min. Inset: Dose—response plot, revealing the positive relationship
between [Hg'] and the quenching of MUA—AuNCs at 607 nm
(excitation wavelength, 330 nm; buffer, S mM sodium borate
containing S M PDCA).

metal ions (500 nM) on the fluorescence quenching of MUA—
AuNCs607; from measurements of the values of (I, — I),
however, we observed poor selectivity for the Hg*" fluorescence
sensing probe. Therefore, we employed PDCA as a chelating
agent to eliminate interference from other divalent metals to
improve the selectivity of our sensor toward Hg*" ions. The
black bars in Figure 3A indicate the values of (I, — I)
determined in the presence of PDCA; we observe that the
interference from other metals was restrained effectively,
thereby ensuring selectivity in the detection of Hg®* ions
when using MUA—AuNCs607.

18828

The fluorescence of MUA—AuNCs607 was quenched
correspondingly upon increasing the concentration of Hg”"
ions (Figure 3B). We observed a good linear relationship
between the value of I,/I and the concentration of Hg2+ ions
over the range from 2 to 50 nM (Figure 3B, inset); the fitted
trend line can be expressed as I,/I = 1 + 1.1 X 107 [Hg**] (R?
= 0.990). The LOD for Hg** ions, based on a signal-to-noise
ratio of 3, was 450 pM (0.1 ppb), suggesting that this probe is
more sensitive than most previously developed AuNP— and
fluorescent AuNC—based Hg2+ sensors;7’23”60’61 moreover, this
LOD is one twentieth of the maximum level of mercury in
drinking water (10 nM, equivalent to 2 ppb) permitted by the
United States Environmental Protection Agency (EPA). Thus,
our AuNC probe has great potential for application in the
detection of Hg** ions.

To test its practicality, we applied the proposed method to
the analysis of the tap water samples spiked with Hg** ions. We
employed a standard addition method to eliminate any matrix
effects from the synthetic samples prepared with tap water. The
fluorescence intensity of the MUA—AuNC probe decreased
upon increasing the concentration of the standard solutions of
Hg*" ions spiked in the samples of tap water from S to 10 to 20
nM. The recoveries of the spiked tap water samples ranged
from 97.9 + 1.5% to 109.4 + 4.5% (Table 1A). Relative

Table 1. (A) Recoveries from Tap Water Samples Spiked
with Hg?* Tons at pH 10 in 5§ mM Sodium Borate Buffer
Containing 5 #M PDCA; (B) Determination of Biothiols in
Human Plasma

(a)
tap water  spiked amount (nM)  found amount (nM)  recovery (%)
1 S 5.5+ 02 109.4 + 4.5
2 10 102 +£ 03 101.5 £ 2.5
3 20 19.6 + 0.3 979 £ 1.5
(B)
biothiol originally spiked
plasma  presented in samples Cys found Cys
samples (uM) (uM) (uM) recovery (%)
1 372.6 320 674.8 + 4.0 974 + 0.6
2 640 11434 + 24 1129 + 2.3

standard deviations (RSDs) ranging from 1.1 to 4.1% verified
the accuracy of this method and confirmed that the luminescent
MUA—AuNC probe meets the testing requirements for
environmental analyses.

3.4. Fluorescence “Turn-On” Assay for Sensing
Biothiols. By virtue of the stability constants for Hg**—thiol
complexes being higher than those of Hg*'—carboxylic acid
complexes,® we suspected that the aggregated Hg?*—MUA—
AuNC607 complexes would dissociate in the presence of thiols.
Figure 2A(c) indicates that the large agglomerates of Hg*'—
MUA—~AuUNC607 complexes disassembled in the presence of
Cys, with an associated by recovery in fluorescence. These
phenomena enabled us to develop a fluorescence “turn-on”
assay for the quantitative measurement of biothiols.

The fluorescence turn-on spectra in Figures 4A—C reveal
that the fluorescence intensity of MUA—AuNC607 increased
upon increasing the concentration of Cys, Hcy, and GSH,
respectively. The insets present the fluorescence enhancements
(I/I,) plotted with respect to the concentrations of the
biothiols; we observe good linear relationships in the ranges
from 10 to 100 nM for Cys (R* = 0.985; RSDs: 0.4—2.2%),
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Figure 4. Fluorescence emission response profiles of Hg>*~MUA—AuNC607 complexes in the presence of biothiols (concentrations: from 0 to 500
nM): (A) Cys, (B) Hcy, and (C) GSH. Insets: Relative fluorescence intensity (I/I, where I and I, are the fluorescence intensities of MUA—
AuNC607 in the presence and absence, respectively. of biothiols at 607 nm) plotted with respect to the concentration of added biothiols. (D)
Relative fluorescence intensity of Hg** ~MUA—AuNC607 complexes in the presence of Cys, Hey, and GSH (100 nM) and other selected amino

acids (500 nM).

from 10 to 100 nM for Hcy (R* = 0.979; RSD: 0.8—1.7%), and
from 5 to 75 nm for GSH (R* = 0.968; RSDs: 0.3—3.4%). The
LODs of Cys, Hcy, and GSH were 5.4, 4.2, and 2.1 nM,
respectively—all of which are much lower than their
physiological concentrations in human fluids (ca. 250 M of
Cys in plasma; ca. 10 M of Hcy in plasma; 1—10 mM of GSH
in cells).>"**** Furthermore, the sensitivity of this assay is
comparable to, or even better than, those of 6}2)reviously
proposed approaches for the sensing of biothiols.>® 64

Next, we performed a study of the selectivity of our MUA—
AuNC607-based sensor toward biothiols, examining the effects
of selected amino acids at concentrations S-fold higher than
those of the tested biothiols. As indicated in Figure 4D, the
presence of Cys, Hcy, or GSH resulted in a significant
enhancement in fluorescence. In contrast, no obvious signal
enhancements occurred in the presence of the selected amino
acids at their higher concentrations. Furthermore, we also
tested the effect of cystine, a molecule comprising two cysteine
units linked through a disulfide bond. We observed a negligible
increase of fluorescence in the presence of cystine, indicating
that our proposed sensor provides a highly specific strategy for
the sensing of biothiols.

The high efliciency, high sensitivity, and high selectivity of
the Hg?*—MUA—AuNC607 system toward biothiols suggested
that our strategy might be directly extended to the detection of
selected biothiols in biological samples. Accordingly, we
examined of the presence of biothiols in human plasma,
analyzing their concentrations through the standard addition
method, with cysteine as the standard because of its high
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abundance in human plasma. The results in Table 1B reveal
that our method has great potential for quantitative analysis of
biothiols in real biological samples. Comparison of the present
sensing probe with other AuNPs- and AuNC-based assays were
summarized and provided in Supporting Information (Table
1S).

4. CONCLUSIONS

We have demonstrated a facile, one-pot, eco-friendly approach
for the synthesis of water-soluble, high-QY MUA—AuNCs:.
These environmentally and biologically friendly AuNC probes
feature several unique characteristics and attractive properties:
(i) the synthetic process is clean and much simpler than
previously reported etching-based strategies; (ii) the QYs of the
MUA—AuNCs (up to 13%) are higher than those of previously
reported thiol-capped AuNCs; (iii) rapid, ultrasensitive, label-
free, selective fluorescence assays for the sensing of Hg** ions
and biothiols can be developed from versatile MUA—AuNCs.
Moreover, our luminescent MUA—AuNCs appear to be
promising candidates for applications in bioimaging (biolabel-
ing, biotracking), biosensing, and catalysis.

B ASSOCIATED CONTENT
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Method for the determination of quantum yield of our
luminescent MUA—AuUNCs (MUA—AuNCs754), table sum-
marized comparison of the present sensing probe with other
AuNP- and AuNC-based assays, time evolution of the
photoemission spectrum of our luminescent MUA—AuNCs
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AuNCs. This material is available free of charge via the Internet
at http://pubs.acs.org.
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