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Colorimetric and ultra-sensitive fluorescence
resonance energy transfer determination of H,O,
and glucose by multi-functional Au nanoclusterst

Qian Zhao,? Shenna Chen,? Haowen Huang,*® Lingyang Zhang,? Lingian Wang,?
Fengping Liu,? Jian Chen,? Yunlong Zeng? and Paul K. Chu*©

Ultra-sensitive colorimetric determination of H,O, is accomplished based on the intrinsic peroxidase-like
activity of Au nanoclusters (AuNCs) stabilized by glutathione (GSH). The color change of 3,3,5,5-
tetramethylbenzidine (TMB) catalyzed by AuNCs offers an indirect method to measure glucose. This
sensing platform makes use of a dual optical signal change, including the color change in an aqueous
solution under visible light illumination and an ultra-sensitive fluorescent assay arising from efficient
fluorescence resonance energy transfer (FRET) between the AuNCs and oxidized TMB. The detection
limits of H,O, and glucose are 4.9 x 107 M and 1.0 x 10~ M, respectively. In addition, enhanced
fluorescence is observed from the AuNCs due to the use of ethanol which produces clear changes in
the quantum yield and lifetime of the AUNCs. The quantum yield of AuNCs is enhanced from ~12.5% as
an isolated fluorophore to 38.9% in an AuNCs—ethanol complex. The enhanced fluorescence lowers the
detection limits of H,O, and glucose by 2 orders of magnitude compared to those attained from the

www.rsc.org/analyst original AuNCs.

Introduction

Noble metal nanoclusters comprising several to tens of atoms
possess distinct electronic structures and properties that are
fundamentally different from those of larger nanoparticles.'
Their unique physicochemical properties have been exploited
in molecular electronics,® image markers,”® sensors,>® and
catalysts."™*? In particular, fluorescent Au and Ag nanoclusters
have been used in biological imaging,"*** ion sensors,">*® and
biosensors'” due to their low toxicity, excellent biocompatibility
and stability, good solubility, and desirable luminescence
properties.

Catalysis is another promising application of noble metal
nanoclusters. Gold was initially thought to be catalytically inert,
but nano-scale gold has been demonstrated to exhibit excellent
catalytic activity in many chemical reactions."' An important
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application of Au nanoclusters (AuNCs) is as artificial
enzymes.”>** Enzyme mimetics receives much interest because
natural enzymes have some intrinsic drawbacks. For example,
the catalytic activity is sensitive to environmental conditions
and the stability is poor due to denaturation.”*** Most research
activities focus on the fluorescent properties of metal nano-
clusters, but their catalytic properties and potential applica-
tions in biological or chemical sensing are also quite important.
An Au-nanoparticle-based nano-energy-transfer probe has been
developed recently for the rapid and ultra-sensitive determina-
tion of mercury.” The good stability of AuNCs arises from the
chemical inertness of the Au core which is completely encap-
sulated by ligands, thereby rendering their use in fluorescence
resonance energy transfer (FRET) possible. As reported in this
paper, AuNCs stabilized by GSH are found to possess intrinsic
peroxidase-like activity, which catalyzes oxidation of the perox-
idase substrate 3,3,5,5-tetramethylbenzidine (TMB) in the
presence of H,0,, and ultra-sensitive determination of H,O,
and glucose is demonstrated.

Experimental

Chemicals

TMB, GSH, HAuCl;-3H,0, 30% H,0,, anhydrous ethanol,
glucose, glucose oxidase, cupric chloride (CuCl,), ferric chloride
(FeCls), and mercuric chloride (HgCl,) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All of
the chemicals, unless mentioned otherwise, were of analytical
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reagent grade and used as received. The aqueous solutions were
prepared with doubly distilled water.

Human serum sample processing

All serum samples and red blood cells were obtained from
normal volunteers (Hunan Provincial Tumor Hospital, Chang-
sha). The serum samples were stored at 4 °C until use while
whole vein blood samples (2 mL each) were separately collected
into heparinized containers, diluted using 5 mL phosphate
buffer saline (PBS) solution containing 0.9% NacCl, and centri-
fuged at 2500 rpm for 5 min. After washing three times with
PBS, the cells were resuspended in PBS.

All experiments were performed in compliance with the
relevant laws and institutional guidelines. Hunan University of
Science and Technology and Hunan Provincial Tumor Hospital
have approved the experiments.

Synthesis of AuNCs

Freshly prepared aqueous solutions of HAuCl,; (20 mM,
0.50 mL) and GSH (100 mM, 0.15 mL) were mixed with 4.35 mL
of distilled water at 25 °C. The reaction mixture was heated to
70 °C under gentle stirring (500 rpm) for 24 h. An aqueous
solution of strongly orange-emitting AuNCs was formed. The
orange-emitting AuNC solution could be stored at 4 °C for 6
months with negligible changes in the optical properties.

H,0, and glucose detection using AuNCs as a peroxidase
mimic

A typical colorimetric analysis for H,O, was performed as
follows. Firstly, 50 uL of 5 mM TMB, 50 pL of AuNCs, and 50 uL
of H,0, at different concentrations were added to 350 uL of
0.1 M phosphate buffer (pH 6.0). Secondly, the solution was
incubated at 30 °C in a water bath for 15 min and the solution
was further used in the absorption experiments.

Glucose detection was conducted as follows. 50 puL of 100 ng
mL~" glucose oxidase (GOx) and 50 uL of glucose at different
concentrations in 0.1 M phosphate buffer (pH 6.0) were incu-
bated at 37 °C in a water bath for 25 min. 50 uL of 5 mM TMB,
50 pL of AuNCs, and 300 pL of 0.1 M phosphate buffer (pH 6.0)
were added to the solution and the final mixture was further
incubated at 30 °C for 15 min before conducting the absorption
measurements.

Characterization of materials

The UV-vis absorption and photoluminescence (PL) spectra
were recorded on a Lambda 35 spectrophotometer (Perki-
nElmer, USA) and F-4500 (Hitachi, Japan) fluorescence spec-
trometer, respectively. The photoluminescence lifetime was
measured by time-correlated single-photon counting (TCSPC)
on an Edinburgh Instruments FLSP920 (UK) spectrofluorometer
with a pulsed light-emitting diode (LED) as the excitation
source. Transmission electron microscopy (TEM) was per-
formed on a Tecnai G2 20 (USA) transmission electron micro-
scope operating at 100 kV.
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Results and discussion
Preparation of AuNCs

The AuNCs were prepared according to a previous approach
with slight modification.? Briefly, aqueous solutions of HAuCl,
and GSH were mixed and allowed to react under gentle stirring
at 70 °C for 24 h. The mixture changed from yellow to colorless
within minutes and then gradually to light yellow. Fig. 1 depicts
the morphology of the Au(0)@Au(r)-thiolate NCs** obtained by
high-resolution transmission electron microscopy (HR-TEM).
The size of the nanoparticles is less than 2 nm and the size
distribution is quite narrow. The AuNCs appear light yellow in
solution under visible light and there is intense orange lumi-
nescence from the solution when irradiated by ultraviolet (UV)
light. The UV-vis absorption and fluorescence spectra acquired
from the AuNCs are displayed in Fig. 2. When excited by 450 nm
light, an emission band at 570 nm is observed and it is indic-
ative of the successful preparation of AuNCs. The AuNCs stored
in water at room temperature also show excellent stability.

Catalytic oxidation of TMB by AuNCs

In order to assess the catalytic activity, TMB, which is commonly
used to study peroxidase-like activity, was employed.***® Because
oxygen dissolved in the solution may oxidize TMB (designated as
ox-TMB), dissolved oxygen is removed from all solutions by
purging with high purity nitrogen for 10 min. The AuNCs catalyze
the oxidation of TMB to ox-TMB by H,0,, producing a blue color
and a maximum absorbance at 652 nm originating from the
ox-TMB, as shown in Fig. 3. The different absorption intensity
reflects the different amounts of ox-TMB resulting from the
reaction between TMB and H,0, in the presence of AuNCs.
Control experiments using TMB in the absence of AuNCs or H,O,
show negligible color variation, suggesting that both components
are required for the reactions. The results indicate that the
AuNCs behave like peroxidase. Since the AuNCs are purified by
dialysis to remove unreacted Au(ur) before use, the catalytic effect
arises from the AuNCs only with no free metal ions in the solu-
tion. It has been reported that Au(0) and Au(r) both exist in the
AuNGCs structure.>3® H,0O, can adsorb on the surface of the
AuNCs and the O-O bond in H,0, can be broken into two OH"
radicals by Au(i) and/or Au(0) of the AuNCs.

Relative catalytic activity of AuNCs with pH

The catalytic activity of the AuNCs depends on the solution pH.
Fig. 4 displays the peroxidase-like activity of AuNCs between the

Fig.1 TEM image of the luminescent AuNCs.
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Fig. 2 UV-vis absorption (black line) and photoemission (blue line,
Aex = 450 nm) spectra of AuUNCs.

Fig. 3 (a) Photographs of the AuNCs and TMB reaction solution
catalytically oxidized by the AUNCs in the presence (left) and absence
(middle) of H,O,, H,O, and TMB reaction solution in the absence of
AuNC:s (right). (b) Typical absorption spectra of the TMB solution in the
presence of H,O, at various concentrations (from top to bottom: 9.7 x
107332 %x107%, 9.5 x 107% 3.4 x 107>, 3.4 x 10~® M) using AUNCs as
an artificial enzyme.

Fig. 4 Relative catalytic activity of AUNCs versus pH.

pH values of 2 and 10. The maximum catalytic activity is ach-
ieved at a pH of 3.0, and so this pH is used in the subsequent
experiments. Hence, catalytic oxidation of TMB with H,0, in
the presence of AuNCs is much faster in acidic solutions than in
neutral or basic solutions. A possible reason is that the catalytic
activity is related to the positive charges of AuNCs.*! The charge
on the GSH is controlled by the pH and the isoelectric point is
5.93.*> As a result, AuNCs have a greater net positive charge in
an acidic solution.
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Colorimetric assay for H,O, and glucose

Fig. 3b shows the relationship between the absorbance and
H,0, concentration under certain conditions, at which the
absorption intensity at 652 nm is proportional to the H,O,
concentration. Generally, the color change depends on the
amount of ox-TMB produced from TMB in the presence of
AuNCs and a visual colorimetric assay for H,O, is possible, as
shown in Fig. 5a. Fig. 5b indicates a linear relationship between
H,0, concentrations of 1.0 x 10°® and 1.0 x 107> M with a
detection limit of 3.2 x 10~° M.

Since the catalytic activity of AuNCs depends on the H,0,
concentration and H,O, is the main product of the
glucose oxidase (GOx)-catalyzed reaction, colorimetric deter-
mination of glucose can be realized using the AuNCs instead
of the traditional horseradish peroxidase. This colorimetric
method combined with GOx can be adopted to detect glucose
(Fig. 6) in patients suffering from diabetes. To test the
efficacy, experiments are performed with human serum. A 20 pL
aliquot of serum sample is added to the AuNCs and TMB in
the presence of GOx and Fig. S1, ESIT shows the color change.

Similar to natural enzyme catalyzed reactions, the color
change depends on the amounts of TMB and H,0,, suggesting
the amount of glucose can be determined colorimetrically by
adjusting the amounts of AuNCs, TMB, and the pH of the
solution. The results are shown in Fig. 7. Although the blood
glucose level varies at different stages, especially after a meal, if
the fasting plasma glucose concentration is greater than 6 mM
and the plasma glucose 2 hours after meals is greater than 11
mM, the person is deemed to be clinically diabetic.**** By using
this method, the glucose concentration is determined from
serum samples from ten healthy volunteers and the results
(4.02-7.8 mM) are satisfactory, and most importantly, the
technique is largely free from the complicated matrix effect
arising from the human serum samples.

Fig. 5 (a) Photographs showing the color change of AuNCs at various
concentrations of H,O, in the presence of TMB under visible light. (b)
Linear calibration curve between the absorbance at 652 nm and
concentration of H,O,, the error bars represent the standard deviation
of three measurements.
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Fig. 6 Photographs showing the color change of AuNCs at various
concentrations of glucose in the presence of glucose oxidase, AuUNCs,
and TMB under visible light.

Fig. 7 Photographs showing the colorimetric analysis of different
concentrations of glucose by adjusting the pH value.

Fluorescent analysis of H,0, and glucose based on FRET

The AuNCs show fluorescence which does not fluctuate for an
hour after the addition of H,O,. However, the fluorescent
intensity decreases rapidly upon the addition of TMB and
further investigation reveals that the fluorescent intensity
changes with the concentration of H,0, in the presence of TMB
and AuNCs, as shown in Fig. 8. Hence, this sensing system
yields a dual optical signal change. Upon addition of TMB to the
AuNC:s in the presence of H,0,, besides the color change under
visible light, it is also a useful fluorescent sensor with ultra-
sensitivity arising from the efficient FRET between the AuNCs
and ox-TMB. Upon oxidation of TMB by H,O, catalyzed by the
AuNCs, ox-TMB shows absorption with the maximum at a
wavelength of 652 nm. Since the emission spectrum of AuNCs

Fig. 8 Fluorescence quenching of AuNCs with increasing H,O,
concentration (from top to bottom: 0, 4.9 x 107, 4.8 x 1072, 4.7 x
107, 45%x107%°,44 %x107° 43 %1078 43x1077. 42 x 1075 41 x
107> M) in the presence of TMB.
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overlaps with the absorption spectrum of ox-TMB, as shown in
Fig. 9, there is the possibility of FRET between them. FRET-
based analytical methods have advantages including higher
sensitivity and simplicity in the detection of ligand-receptor
binding by observing the change in the fluorescence from the
acceptor.****

Steady-state fluorescence measurements are carried out to
corroborate energy transfer between the AuNCs and ox-TMB.
Emission from AuNCs is drastically quenched in ox-TMB but no
fluorescence change is observed when TMB is added to the
AuNC s solution. When an ascorbic acid solution is added to the
mixture of AuNCs and ox-TMB, the fluorescence intensity
gradually increases (Fig. S2, ESIt). Since the reduction reaction
between ascorbic acid and ox-TMB converts ox-TMB into TMB,
the absorption intensity at 652 nm decreases with the amount
of ox-TMB, implying that fluorescence quenching arises from
FRET between the AuNCs and ox-TMB.

AuNCs play a dual role in this process, as shown in Scheme 1.
Firstly, the AuNCs mimic peroxidase enabling TMB to react with
H,0, producing ox-TMB. Secondly, the AuNCs are a FRET
donor. The produced ox-TMB is in full contact with the AuNCs
in the solution thus meeting the requirement for FRET because
the AuNCs and ox-TMB are mixed well and the distance between
the two species is less than 10 nm.*”** Meanwhile, the ox-TMB
serves as an acceptor showing an absorption peak at 652 nm
that overlaps with the emission band from the AuNCs excited at
450 nm. If no AuNCs are present, it is impossible to perform the
colorimetric assay. Under the appropriate conditions, a larger
amount of H,0, generates more ox-TMB and the acceptor
shows strong absorption in the AuNCs’ emission region.
Therefore, spectral overlap increases and the acceptor ox-TMB
decreases the fluorescence by FRET. The concentration of H,O,
can be determined by measuring the variation in the fluores-
cence intensity, as shown in Fig. 10 which reveals an ultra-low
detection limit for H,0, of 4.9 x 10~ M. In the absence of
H,0,, no ox-TMB is produced and there is no spectral overlap
between the AuNCs’ emission and TMB absorption. Obviously,
FRET is suppressed and the fluorescence intensity does not
change. From the perspective of sensing applications, this assay
can be extended to determine glucose to a detection limit of
1.0 x 10~ ™ M and good linearity is revealed between 6 x 10~ *°
and 2 x 10~ M, as shown in Fig. S3, ESL{

Fig. 9 UV-vis absorption spectra of TMB and ox-TMB and photo-
emission (Aex = 450 nm) spectrum of AuNCs.
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Scheme 1 Schematic illustration of colorimetric and fluorometric
detection of H,O, by AuNCs.

Fig. 10 Concentration-dependent fluorescence intensity of H,O, on
the AuNCs in the presence of TMB, where Fg and F are the fluores-
cence intensity of the AUNCs at 580 nm in the absence and presence
of H,O,, respectively. The inset shows a good linear relationship in the
concentration range of 2 x 1078 to 1.3 x 10~/ M with the regression
coefficient R = 0.9985.

Fluorescence enhancement with ethanol

In this study, the TMB solution is prepared by dissolving solid
TMB in ethanol. Interestingly, increased fluorescence is also
observed when the TMB ethanol solution is added to the solu-
tion of AuNCs. Further investigation indicates that ethanol
rather than TMB may enhance fluorescence. The changes in the
optical properties induced by ethanol are monitored in situ by
acquiring fluorescence spectra at various concentrations.
Fig. 11 shows the plot of the fluorescence intensity at 570 nm
versus ethanol concentration and it can be divided into two
stages. In the first stage, the intensity increases with ethanol
concentration and the largest intensity is observed at a
concentration of 75%. At this ethanol concentration, the fluo-
rescence intensity at 570 nm increases by 4.4 times compared to
that of the original AuNCs.

Ethanol can also influence the quantum yield and lifetime
of the AuNCs, as shown in Fig. S4, ESLf The quantum
yield increases from 12.5% to 38.9% and the lifetime
changes from 7; = 1.3884 us (56.44%) and 7, = 7.809 pus (43.56%)
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Fig. 11 Fluorescence intensity of AuNCs versus concentration of
ethanol, where Fg and F are the fluorescence intensity of the AUNCs at
570 nm in the absence and presence of ethanol, respectively.

to 13 = 2.9947 ps (25.28%) and 1, = 10.672 ps (74.72%). The
application to the detection of H,O, and glucose is illustrated in
Fig. S5, ESIT and the detection limit can be reduced by 2 orders of
magnitude compared to the original AuNCs.

Conclusions

Colorimetric and ultra-sensitive FRET-based determination of
H,0, and glucose by employing multi-functional AuNCs is
demonstrated. The AuNCs stabilized by GSH exhibit intrinsic
peroxidase-like activity rendering the colorimetric determination
of H,0, possible. Monitoring of the color change of TMB cata-
lyzed by AuNCs offers an indirect method to determine the
glucose concentration optically. Efficient FRET between the
strongly fluorescent AuNCs and ox-TMB yields ultra-low detection
limits for H,0, and glucose of 4.9 x 10" M and 1.0 x 10~ "' M,
respectively. The dual optical signal change can be utilized to
detect H,O, and glucose colorimetrically and by monitoring the
fluorescence. Significant fluorescence enhancement by ethanol is
observed and it results in changes in the quantum yield and
lifetime of the AuNCs. The quantum yield of the AuNCs is
increased from ~12.5% as an isolated fluorophore to 38.9% in the
AuNCs-ethanol complex. This technique has tremendous poten-
tial in ultra-sensitive determination of H,0, and glucose and the
detection limit of H,0, is reduced by two orders of magnitude
compared to that accomplished from the original AuNCs.
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