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ABSTRACT: A fluorescence resonance energy transfer (FRET) method based on gold nanoclusters capped glutathione
(AuNCs@GSH) and amine-terminated gold nanorods (AuNRs) is designed for turn-on and near-infrared region (NIR) sensing
of glutathione S-transferase (GST). The absorption band of AuNRs is tuned carefully to maximize the spectra overlap and
enhance the efficiency of FRET. The FRET from multiple AuNCs to single AuNR quenches about 70% fluorescence emission of
AuNCs. After GST is added, the strong specific interaction of GSH—GST can replace the AuNCs@GSH from AuNRs, FRET
based on electrostatic interaction between AuNCs@GSH and AuNRs is switched off. Thus, emission enhancement of AuNCs@
GSH is observed. The fluorescent enhancement is linearly with the increasing GST concentration over the range of 2—100 nM

GST and the limit of detection for GST is about 1.5 nM.
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B INTRODUCTION

Glutathione S-transferase (GST) is a family of cytosolic or
membrane-bound multifunctional enzymes present in all
organisms. GST protects cells against toxic chemicals in the
human body such as endogenous superoxide radicals and toxic
metabolites. GST is widely distributed in all organs of human
beings,"” but the concentration of GST in urine is extremely
low. Appearance of enzyme proteins in urine represents renal
disease or damage.’> A previous report has shown that the
concentration of GST in the urine of renal infraction patients
could reach about 800 ng mL™" for a-GST and 300 ng mL™
for 7-GST.* Therefore, GST is a suitable indicator for processes
damaging the tubular epithelium of the kidney.*> GST is also
employed to tag recombinant proteins, which can be further
purified by glutathione (GSH)-bound affinity chromatography
making use of GSH—GST specific interaction.’”® A sandwich
enzyme-linked immunosorbend assay (ELISA) method was
presented for quantitative monitoring of recombinant fusion

-4 ACS Publications  © 2015 American Chemical Society

5965

proteins containing GST.”~"! Therefore, techniques to improve
analytical methods including sensors based on nanomaterials to
analyze GST or GST tagged protein quantitatively in complex
samples have attracted considerable research efforts in recent
years.'> ™3

Fluorescence resonance energy transfer (FRET), which
occurs between two proximity molecules (donor and acceptor),
is a potential alternative technology to investigate short
distance-dependent interactions between the donor and
acceptor.'® In the past several years, there has been significant
interest in the study of FRET between emerging nanomaterials
and biomolecular recognition units, which has been proved to
be an important strategy for applications in clinical diagnostics
and biological assay.'” Nanocrystal quantum dots (QDs) are
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Scheme 1. Schematic Illustration of a Novel Turn-on Fluorescence Sensing System for the Detection of GST Based on the

FRET between AuNCs and AuNRs in the NIR Region
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frequently used as fluorophores and have been proven to be
effective FRET donors due to their broad absorption and
narrow, symmetric emission. QDs-FRET based sensors have
shown great promise in biological and environmental sensing.'®
In the design of QDs-FRET approaches, first, organic dyeslg_23
and Au nanoparticles (NPs)** > are used as the acceptors.
However, the organic dyes commonly suffer low photostability
and the adsorption spectra of Au NPs with different sizes
cannot be easily resolved, which results in the surface plasmon
resonance peaks broaden with the increase of diameter at
longer wavelength (above 650 nm). Compared with organic
dyes or Au NPs, Au nanorods (AuNRs) have attracted much
attention in biomedical applications such as biosensing,
bioimaging, and photothermal therapy, due to their well-
defined optical properties.”’ Due to their larger surface area,
stronger optical absorption in the visible and near-infrared
(NIR) region, AuNRs are suitable as a quenching acceptor for
the FRET system, especially in the NIR region (650—1100
nm), which can increase the quenching sites and improve
further the quenching efficiency. In recent years, much research
has demonstrated that the near-infrared (NIR, 650—1100 nm)
FRET system based on QDs and Au nanorods (AuNRs) is a
potential alternative,**>® which can provide the possibility of
high-efficiency energy transfer due to their high spectral
overlap,”’7*” and the unique energy transfer mode of multiple
donors and a single acceptor.*>*" Unfortunately, applications of
the QDs in biological, particularly for live cell imaging, are
limited due to their high toxicity, large particle size upon
functionalization, and tendency to aggregate.™”

Recently, fluorescent metal nanoclusters (NCs), as a novel
class of fluorophores, have received much attention.**** Metal
NCs are composed of a few to a hundred atoms, with sizes
approaching to the Fermi wavelength of electrons, and exhibit
discrete and size-tunable electronic transitions, thus leading to
molecule-like properties such as strong fluorescence. Compared
to QDs, Au NCs have fewer toxicity concerns. Au NCs have
proved to be ideal fluorescence labels for biological applications
and environmental monitoring and surveillance due to their
attractive features including ultrasmall size (<2 nm), good
biocompatibility, low-toxicity, and excellent photostability.
Most fluorescence AuNCs sensors with the surface modifica-
tion of receptors are single signal output, which is usually made
on the basis of fluorescence quenching or recovery.*’ However,
to the best of our knowledge, there is no report on FRET
sensing with AuNCs—AuNRs bioconjugates in the NIR region.
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In this work, we have developed a novel turn-on fluorescence
sensing system for the detection of GST based on the FRET
between AuNCs and AuNRs in the NIR region (Scheme 1).
The FRET efliciency is related to the spectral overlap of the
acceptor’s absorption with the donor’s emission, and inversely
proportional to the sixth power of the distance between donor
and acceptor.*® Therefore, we choose AuNCs protected by
GSH (AuNCs@GSH) as fluorescence donors and amine-
terminated AuNRs as acceptors to form the FRET system.
AuNCs@GSH can combine with positively charged AuNRs via
electrostatic interaction and be further replaced by GST based
on the specific interaction between GSH and GST. The
absorption peak of AuNRs is tuned to the NIR range to
maximize the overlap of the fluorescence emission of AuNCs.
To improve the effect on the energy transfer, short-chain
cysteamine is further modified on the surface of AuNRs. The
AuNRs and AuNCs@GSH interact with each other via
electrostatic attractive. FRET assembly is formed from
AuNCs to AuNRs, leading to a 70% fluorescence quenching.
Because the specific combination of GSH—GST is much
stronger than the amine-carboxyl electrostatic interaction, the
added GST can replace the AuNCs from AuNRs and switch off
the FRET. The gradual emission enhancement of AuNCs is
observed with increasing amount of GST. The detection limit
of this approach for GST sensing is 1.5 nM. To the best of our
knowledge, NIR and turn-on sensing of GST using AuNCs and
AuNRs FRET probes has not been reported.

B EXPERIMENTAL SECTION

Materials. HAuCl,-3H,O and hexadecyltrimethylammonium bro-
mide (CTAB) were purchased from J&K Chemical; GSH and GST
were purchased from Sigma-Aldrich. L-Ascorbic acid sodium salt was
acquired from Alfa Aesar. Bovine serum albumin (BSA), bovine
hemoglobin (BHb), ovalbumin egg (OVA), cytochrome C (Cyt C),
and lysozyme (Lyz) were purchased from Solarbio. NaBH,, AgNO;,
and other metal salts were obtained from Shanghai ShenXiang
Chemical Reagent Co., Ltd.

Instrumentation. Fluorescence spectra were obtained from a
Hitachi F-4500 fluorescence spectrofluorometer. The UV-—visible
spectra were recorded by a SHIMADZU UV-2450 UV-visible
spectrophotometer. Transmission electron microscopy (TEM) images
were obtained from a Tecnai G2 F20 transmission electron
microscope. Determination of the {-potential of AuNRs and AuNCs
in PB buffer (10 mM, pH 7.4) was performed on a Malvern Zetasizer
3000HSa (He—Ne laser, A = 632.8 nm).

Synthesis of AUNCs@GSH. AuNCs@GSH was synthesized in
one step based on a protocol described previously with slight
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modification.*® Briefly, 3.0 mL of 10.0 mM HAuCl, was diluted with
4.15 mL of water. Then, 2.85 mL of 10.0 mM GSH was injected into
the HAuCl, solution at 90 °C under vigorous stirring for 50 min. The
resulting solution was centrifuged at 12 000 rpm for 30 min to remove
large particles. The supernatant was then dialyzed for 2 days to remove
the nonreactive species. The resultant solution was dried under
vacuum and then redispersed in 10.0 mL of 10.0 mM pH 7.4 PB
buffer.

Synthesis and Modification of AuNRs. AuNRs were prepared
by a seed-mediated, Ag(I)-assisted growth method with slight
modifications.>" Briefly, the colloidal gold seed solution was prepared
by mixing 0.25 mL of 10.0 mM HAuCl, solution with 9.75 mL of 0.1
M CTAB. Then, 0.6 mL of a freshly prepared ice-cold aqueous
solution of 0.01 M NaBH, was added. The resultant solution was
rapidly stirred for 2 min, and then kept for at 30 °C before use. After 2
h, 12.0 uL of the prepared gold seed solution was injected into a
growth solution of 9.5 mL of 0.1 M CTAB, 0.5 mL of 0.01 M HAuCl,,
different volumes (35/70/105/140/175/210 uL) of 10.0 mM AgNO,,
and 55.0 pL of 0.1 M L-ascorbic acid. After seed addition, the growth
solution was kept at 30 °C for 24 h. The AuNRs were purified by
several cycles of centrifugation to remove excess CTAB. The
precipitate was redispersed in 10.0 mL of 10.0 mM pH7.4 PB
solution. The concentration of AuNRs is calculated as 2.5 X 107 M
based on a previous report.>>

The prepared AuNRs were modified with cysteamine based on the
literature.> Specifically, 10.0 mL of AuNRs solution was mixed with
0.2 mL of 20.0 mM cysteamine under vigorous stirring. The mixture
solution was sonicated for 30 min and then rapidly stirred for another
3 hat 50 °C. The resultant amine-terminated AuNRs were purified by
several cycles of centrifugation, and the precipitate was then
redispersed carefully with 10.0 mL of 10.0 mM pH 7.4 PB solution.

Fluoescence Quenching of AuNCs@GSH with Increasing
AuNRs. 100.0 L of the purified AuNCs and series amounts of amine-
terminated AuNRs were mixed in a 2 mL centrifugal tube. The mixture
was diluted to 400.0 yL with 10.0 mM pH 7.4 PB solution. 10 min
later, the fluorescence spectra of these mixture solutions were recorded
at an excitation wavelength of 590 nm

Sensing of GST based on AuNCs@GSH—AuUNRs Assembly.
100.0 4L of AuNCs@GSH and 60.0 uL of prepared amine-terminated
AuNRs were mixed in a 2 mL centrifugal tube. Various amounts of
GST were then injected into the mixture solution separately after 10
min. The resultant solution was diluted to 400.0 4L with 10.0 mM pH
7.4 PB solution. The fluorescence spectra of these mixture solutions
were recorded at an excitation wavelength of 590 nm after 15 min.

Procedures for monitoring GST in real samples. 100.0 uL of
AuNCs and 60.0 uL of amine-terminated AuNRs were mixed in a 2
mL centrifugal tube. Different amounts of GST were first mixed with
urine sample (40.0 uL). Then the urine sample was added to the
AuNCs—AuNRs assembly solution. The resultant solution was diluted
to 400.0 yL with 10.0 mM pH 7.4 PB solution. 15 min later, the
fluorescence spectra of these mixture solutions were recorded at an
excitation wavelength of 590 nm.

Bl RESULTS AND DISCUSSION

Water-soluble luminescent of fluorescent AuNCs of high
quality and uniformity have been synthesized by various
methods.***” In this work, GSH-protected AuNCs were
prepared based on a previously proposed method.>® The
mean diameter of water-soluble GSH-protected AuNCs is ca.
24 + 0.3 nm (Figure S1, Supporting Information). Although it
is difficult to measure the surface density of GSH in AuNCs@
GSH and cystamine in Au NRs in the AuNCs—AuNRs
assembly, the influence of the molar ratio of GSH to HAuCl,
on the fluorescence emission of AuNCs@GSH was inves-
tigated. If the molar ratio of GSH to HAuCl, was low, the
synthesized AuNCs had poor stability. As can be seen from
Figure 1, the intensity of fluorescence emission of AuNCs@
GSH increased along with the increase of molar ratio of GSH
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Figure 1. Emission spectra of AuNCs@GSH in the molar ratios of
[GSH]/[HAuCl,] from 0.85:1 to 1.1:1.

to HAuCl, from 0.85:1 to 0.95:1 and AuNCs@GSH has the
maximum emission in the presence of a molar ratio of GSH to
HAuCl, of 0.95:1. When the molar ratio of GSH to HAuCl, is
further increased to 1.1:1, the intensity of fluorescence emission
of AuNCs@GSH diminishes on the contrary and the blue shift
of fluorescence emission peak was observed. The product of
AuNCs@GSH in the molar ratio of GSH to HAuCl, of 0.95:1
has fluorescence emission bands centered at 824 nm, with an
excitation wavelength at 590 nm (Figure 1). The quantum yield
(QY) of AuNCs is about 1.0% in 10.0 mM pH 7.4 PB solution,
which is similar to that of a previous report.*

AuNRs have two localized surface plasma resonance (LSPR)
modes, one is the longitudinal LSPR mode associated with the
electron oscillations along the length axis, the other is the
transverse LSPR mode excited by light polarized along the
transverse direction of the nanorod. The plasmon wavelength
of the longitudinal mode can be synthetically turned across a
broad spectral range, covering the visible and near-infrared
(NIR) regions by tailoring their aspect ratio (length to
diameter) to accommodate different applications.*”>*™>’ Due
to the high extinction coeflicient and tunable strong
longitudinal absorption peak, AuNRs are chosen to be the
quencher of the AuNCs—AuNRs FRET system. To increase
the efficiency of the FRET process, the distance between donor
and acceptor must be decreased, so AuNRs were modified with
thiol-molecular cysteamine because of its positive charge and
short length. To control the aspect ratio and longitudinal
absorption peak of AuNRs, the effect of AgNO; content was
investigated. As shown in Figure S2 (Supporting Information),
the longitudinal absorption peak shows great red shift with the
increase of AgNO; concentration, which confirms the result of
a previous report.”* When the 140.0 uM AgNO; was added
into the reaction mixture, the maximal wavelength of the
longitudinal absorption was displayed at 875 nm. After the
modification of cysteamine, a large blue shift of about 50 nm of
the absorption peak is observed. The maximal wavelength of
the longitudinal absorption of AuNRs was shifted from 875 to
822 nm. A more severe degree of blue shift was observed for
further increasing the concentration of cysteamine. The amount
of cysteamine was the optimal concentration to maximize the
spectra overlap and enhance the quenching efficiency. To
improve the efficiency of our FRET system, 140.0 uM AgNO;
is selected to maximize the spectra overlap between quenchers
(822 nm for AuNRs) and donors (824 nm for AuNCs) (Figure
2). The longitudinal absorption peak is very sensitive to the
morphology of AuNRs and can be tuned from 600 to 1300 nm
by their aspect ratio. In this work, TEM image of the amine-
terminated AuNRs in FRET system is shown in Figure S3

DOI: 10.1021/acsami.5b00269
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Figure 2. Normalized SPR absorption spectra of amine-terminated
AuNRs and excitation/emission spectra of AuNCs@GSH. The
emission spectrum was measured at 4., = 590 nm, and the excitation
spectrum was measured at A, = 824 nm.

(Supporting Information). The size of AuNRs is 15 + 1 nm as
diameter and 56 + 9 nm as length, with aspect ratio of 3.7. The
synthesized AuNRs are well dispersed in PB buffer (pH 7.4),
and the color of the AuNRs solution displays pink. The
concentration of AuNRs is calculated as 2.5 X 107'° M based
on a previous report.>”

The {-potential of amine-terminated AuNRs and AuNCs@
GSH has been measured. The value of AuNRs was +42.2 mV,
which is similar to that of a previous report.>> The {-potential
of AuNCs@GSH was measured as —18.6 mV. As the positively
charged AuNRs was introduced to the negatively charged
AuNCs@GSH solution, AuNCs were attracted on the surface
of AuNRs and a hybrid system was formed based on the
electrostatic interaction. As can be seen from the TEM image in
Figure 3a, there are more than 20 AuNCs attracted at the sides
of single AuNR. So, it is reasonable to estimate that single
AuNR is surrounded by more than 40 AuNCs, which is
consistent with the AuNR—QDs assembly (each AuNR
surrounded by more than 40 QDs).>* The distance between
the surface of the AuNRs and the inner layer of the AuNCs was
about 1.7 nm, so the high efficiency of the FRET could be
established at this short distance. Multiple AuNCs are attracted
to the AuNCs—AuNRs assembly, which could enhance the
FRET efhiciency. As expected, the emission of AuNCs@GSH is
quenched with increasing concentration of AuNRs. The
fluorescent quenching of AuNCs@GSH is ascribed to the
energy transfer from AuNCs to AuNRs. The required time of
the quenching process was also investigated. From Figure S4 of
the Supporting Information, a steady state of fluorescence
emission can be observed within 10 min. The estimated FRET
efficiency is defined as E = 1 — Fp,/Fp, where F, and Fjy are
the fluorescence intensities of the donor in the presence and
absence of acceptor. As shown in Figure 3b, the FRET
efficiency could reach about 70% after 60.0 uL of AuNRs was
injected into 100.0 uL of AuNCs solution. The high energy
transfer efficiency is attributed to the following reasons. First,
the most important reason is the close proximity of AuNRs to
AuNCs,*” because FRET efficiency is inversely proportional to
the sixth-power of the distance between donor and acceptor.
Second, AuNRs have the stronger optical absorption, and the
extinction coefficient of AuNRs is more than 10° M~! cm™,**%?
which can enhance the quenching effect. Finally, AuNRs have a
larger surface area and higher surface energy, which can
increase the quenching sites and improve further the quenching
efficiency.>*~3%%%
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Figure 3. (a) TEM image of AuNCs—AuNRs assembly with mixture
solution containing 100.0 L of AuNCs and 60.0 uL of amine-
terminated AuNRs. (b) Fluorescence spectra of AuNCs@GSH after
addition of various amounts of AuNRs. The volumes of AuNRs from
top to bottom are 0, 10, 20, 30, 40, 50, and 60 uL.

The effect of pH on the AuNCs—AuNRs assembly in 10 mM
PB buffer was investigated. As shown in Figure SS of the
Supporting Information, no obvious effect of pH value to the
quenched emission of AuNCs—AuNRs assembly and the
restored fluorescent of AuNCs is observed, indicating that the
interaction of the amine and carboxyl groups is rather strong.
The AuNCs—AuNRs assembly used in this system is stable in
10 mM PB buffer at pH 7.4.

After GST is introduced to the AuNCs@GSH—AuNRs
mixture solution, as expected, a gradual recovery of the
quenched emission is observed with increasing concentration of
GST to about 100 nM. Previous work has reported that AuNCs
and AuNPs protected by GSH can bind with GST via GSH—
GST specific interaction.">'* Because the GSH—GST specific
interaction is stronger than the electrostatic interaction between
AuNCs@GSH and AuNRs, the electrostatic interaction is
broken after the AuNCs@GSH bind specifically with GST.
Therefore, FRET process from AuNCs@GSH to AuNRs is
switched off due to the increased distance between donor and
acceptor.

The interaction of AuNCs@GSH with different concen-
trations of GST is also investigated. The effect of GST on the
emission of AuUNCs@GSH is shown in Figure 4. We did not
observe a change of the emission intensity of AuNCs when the
concentration of GST in the mixture was lower than 1 uM. As
shown in the TEM image of Figure S6 (Supporting
Information), AuNCs could be still well dispersed in the
presence of 1 yM GST. However, a huge decrease on the
emission of AuNCs was found with 10 yM GST. Therefore, the
concentration of GST in this sensing strategy can be detected
less than 1 M.

DOI: 10.1021/acsami.5b00269
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Figure 4. Fluorescence emissions of AuNCs after addition of different
concentrations of GST from 1 nM to 10 uM.

To explore the feasibility of this approach for quantitative
analysis of GST, we investigate the response of AuNCs—
AuNRs assemblies toward the concentration of GST. As shown
in Figure S, the concentration curve is linear from 2 to 100 nM

5000
(68T
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4000 526.639C, +1880.3 i
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= 50nM
30004 ——100nM

2000+

1000+

Fluorescence Intensity (a.u.)

800 850

wavelength (nm)

0 T
700 750 900

Figure S. Fluorescence spectra of AuNCs—AuNRs assembly with
addition of GST. The concentrations of GST from bottom to top are
2, 5, 10, 20, 50, and 100 nM.

for GST (I = 26.639Cqgr + 1880.3, R* = 0.9884). The detection
limit (LOD) for GST at a signal-to-noise ratio of 3 is estimated
to be 1.5 nM. As the concentration of GST is higher than 100
nM, little fluorescence recovery of the AuNCs—AuNRs system
can be observed. At a higher concentration range, the
quenching effect of GST to the emission of AuNCs cannot
be negligent. Although the fluorescence intensity of AuNCs is
still improved by the broken FRET process, the emission signal
is quenched by the high concentration of GST at the same
time.

To investigate the selectivity of the FRET approach, five
standard proteins, BSA, BHb, OVA, Cyt C, and Lyz, are used as
interfering proteins to test the fluorescence response of the
AuNCs—AuNRs system. As shown in Figure 6a, no recovery
responses are observed as the concentration of each interfering
protein is 1 #M. Enhancement of fluorescence signal is found
only when GST (100 nM) is introduced. We then assess the
influence of metal ions (Na, K', Ag',Ca’"Mg*", Zn*,
Co**,Cu**, Fe*, Ba®, Cd**, Mn**, Ni*, and Pb**) on our
present method. As shown in Figure 6b, 1 M metal ions have
no obvious influence on this approach for GST sensing. The
complex of two GSH with single Cu** could induce aggregation
and fluorescence quenching of AuNCs@GSH.>>*® A similar
phenomenon of fluorescence quenching was observed when
Cu?" was introduced to an individual AuNCs@GSH solution in
our experiment. However, as the AuNCs—AuNRs assembly was
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Figure 6. (a) Fluorescence intensity of AuNCs—AuNRs assembly with
introduction of different proteins. The concentration of GST is 100
nM, whereas those of other proteins are 1 yM. I, is the fluorescence
intensity of individual AuNCs@GSH. (b) Fluorescence intensity of
AuNCs—AuNRs probe with introduction of various metal ions (Na®,
K, Ag', Ca®*Mg*, Zn**, Co*!, Cu**, Fe*, Ba?*, Cd*", Mn**, Ni**, and
Pb**). The concentrations of these metal ions are 1 uM. I, is the
fluorescence intensity of individual AuNCs@GSH.

formed, multiple AuNCs@GSH were attracted on the surface
of AuNRs, and FRET from AuNCs to AuNRs quenched
approximately 70% fluorescence emission of AuNCs. There-
fore, no fluorescence quenching of AuNCs—AuNRs assembly
was observed by the addition of Cu®*. When the AuNCs—
AuNRs FRET assembly was switched off by GST, multiple
GST could connect to the surface of AuNCs@GSH. The
strong interaction of GSH—GST and steric hindrance of GST
at the surface of AuNCs@GSH could protect AuNCs@GSH
from aggregation. Due to the GSH—GST specific interaction,
our FRET approach shows good selectivity.

Additionally, the potential application of the AuNCs—AuNRs
assembly is investigated. The sensing of urine GST is detected.
Urine samples of healthy volunteers with addition of GST are
used to simulate urine of renal damage patients. As shown in
Figure S7 of the Supporting Information, recovery of
fluorescence emission is only found when GST is introduced.
No response of the emission signal is observed in diluted urine
without GST. These results demonstrate that our approach has
sensing potential for GST in urine samples.

B CONCLUSIONS
In conclusion, we have demonstrated that the AuNCs—AuNRs
hybrid probe can be used for turn-on sensing of GST in the

DOI: 10.1021/acsami.5b00269
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NIR region. The FRET from AuNCs@GSH to amine-
terminated AuNRs can be switched off by the specific
interaction of GSH—GST, with a detection limit of 1.5 nM
for GST. High selectivity is also guaranteed by this specific
interaction. To the best of our knowledge, this is the first report
on using a AuNCs—AuNRs probe for turn-on and NIR sensing
to detect GST. The strategy of this work is promising to
develop a general sensing method making use of the stronger
specific interaction of affinity ligands for more analytes

B ASSOCIATED CONTENT

© Supporting Information

TEM images of the AuNCs@GSH, TEM image of amine-
terminated AuNRs, SPR absorption spectra of AuNRs,
fluorescence spectra of AuNCs—AuNRs assembly, and the
effect of pH on the fluorescence of AuNCs—AuNRs assembly.
This material is available free of charge via the Internet at
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