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β-Cyclodextrin functionalised gold nanoclusters
as luminescence probes for the ultrasensitive
detection of dopamine†

Rui Ban,a,c E. S. Abdel-Halim,d Jianrong Zhang*a,b and Jun-Jie Zhu*a

A novel luminescence probe based on mono-6-amino-β-cyclodextrin (NH2-β-CD) functionalised gold

nanoclusters (β-CD-AuNC) was designed for dopamine (DA) detection. The NH2-β-CD molecules were

conjugated onto the surface of 11-mercaptoundecanoic acid capped AuNCs (11-MUA-AuNC) via a carbo-

diimide coupling reaction. The integrity of the β-CD cavities was preserved on the surface of AuNCs and

they retained their capability for molecular DA host–guest recognition. DA could be captured by the

β-CD cavities to form an inclusion complex in which the oxidised DA could quench the fluorescence of

the β-CD-AuNC probe by electron transfer. The probe could be used to quantify DA in the range of

5–1000 nM with a detection limit of 2 nM. This sensitivity was 1–2 orders of magnitude higher than that

in previously reported methods. Interference by both ascorbic acid (AA) and uric acid (UA) was not

observed. Therefore, the β-CD-AuNC probe could be directly used to determine the DA content in bio-

logical samples without further separation. This strategy was successfully applied to a DA assay in spiked

human serum samples and it exhibited remarkable accuracy, sensitivity and selectivity.

Introduction

Supramolecular host–guest recognition via non-covalent inter-
actions is a well-established method for the assembly of large
functional structures. Since recognition motifs are specific and
bioorthogonal without the addition of a catalyst, the host–
guest interaction strategy has been extensively applied in bio-
analysis for the ultrasensitive detection of small molecular
targets.1–3 β-Cyclodextrin (β-CD), as a well-known host mole-
cule, has attracted great interest. It is an oligosaccharide com-
posed of seven glucose units. It is toroidal in shape with a
hydrophobic inner cavity and a hydrophilic exterior. Due to the
steric selectivity of the β-CD cavity and hydrophobic inter-
actions between guest molecules and the β-CD host, β-CDs can
selectively bind various molecules in their cavities to form

stable host–guest inclusion complexes. These interesting
characteristics have been widely employed for developing selec-
tive recognition/detection biosensors:4–15 for example, a fluo-
rescence immunoassay for the detection of cellular biomarkers
based on the host–guest interaction between β-CD and ada-
mantane (ADA), and supramolecular multivalent assemblies of
β-CD-decorated gold nanoparticles with a ferrocene dimer used
for ultrasensitive optical enzyme sensing.6 An ultrasensitive
electrochemical immunoassay for small molecule detection
based on the host–guest interaction between β-CD-functiona-
lised Au–Pd nanoparticles and an ADA-labelled antibody has
also been reported.4 Dong’s group has demonstrated that β-CD-
grapheme organic–inorganic hybrid nanosheets exhibit high
recognition and enrichment capability, and also show higher
electrochemical response toward biomolecules compared to
unmodified GNs and carbon nanotubes.12 These studies collec-
tively demonstrate that β-CDs are capable of recognising
certain analytes in a highly selective and sensitive manner.

Recently, gold nanoclusters (AuNCs) have received great
attention due to their strong luminescence. AuNCs are com-
posed of several to hundreds of Au atoms and their size typi-
cally ranges from subnanometre to approximately 2 nm (core
diameter). They exhibit molecule-like properties including dis-
crete electronic states and size-dependent luminescence.16

Owing to their strong photoluminescence, ultrasmall size,
excellent biocompatibility, their photostability and their capa-
bility for functionalisation by a diverse range of bioactive mole-
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cules, AuNCs have shown great promise in biological labelling,
imaging and sensing.17–19 Therefore, the combination of
AuNCs and β-CD can provide highly selective and sensitive
sensing platforms.

Dopamine (DA), as one of the most important catechol-
amine neurotransmitters, plays a vital role in the function of
the central nervous, renal, hormonal and cardiovascular
systems.14,20,21 Abnormal DA concentrations in biological
fluids can be an indicator of several diseases such as schizo-
phrenia, Alzheimer’s and Parkinsonism,22 making the sensi-
tive and selective determination of DA levels of great clinical
importance. In recent years, many strategies have been
reported for the determination of DA in biological fluids
including liquid and gas chromatography,23,24 chemilumine-
scence,20,25,26 and colorimetry.27,28 However, complicated
extractions, high cost, long operation times, or low selectivities
hindered each of these methods. DA is electroactive and,
accordingly, electrochemical methods have been developed for
the detection of DA.29,30 However, coexisting species such as
AA and UA are oxidised at potentials close to that of DA, result-
ing in an overlapping signal. Fluorescence measurements have
received more attention owing to their operational simplicity,
high sensitivity and real-time detection. A series of fluore-
scence probes have been designed for the detection of bio-
molecules and metal ions.16,31–33 To date, there have also been
a few reports regarding the interaction of fluorescence probes
with DA by spectroscopic techniques; for example a catechol-
amine sensor based on the fluorescence quenching of CdSe
quantum dots.34 Yan and co-workers reported a photoinduced
charge transfer label-free fluorescence biosensor for DA based
on graphene oxide,35 however, although conceptually simple,
it was limited by low selectivity. Gold nanoparticles have also
been used for the colorimetric detection of catecholamines
using analytes as active reducing agents.36 However, this
approach was limited by sensitivity as only micromolar con-
centrations of DA were detectable. Therefore, it is imperative to
develop a simple, sensitive, selective and reliable technology
for the determination of DA.

In this report, a novel analytical strategy was proposed for
the determination of DA, as shown in Fig. 1. Briefly, mono-
6-amino-β-cyclodextrin (NH2-β-CD) molecules were conjugated

onto the surface of 11-mercaptoundecanoic acid capped
AuNCs (11-MUA-AuNCs) via a traditional EDC/NHS conden-
sation reaction, forming NH2-β-CD functionalised gold
nanoclusters (β-CD-AuNCs). The prepared β-CD-AuNC probe
was used as a receptor for the selective capture of DA through
the host–guest recognition approach. The DA captured on the
surface of AuNCs was rapidly oxidised in the air and the oxi-
dised DA quenched the fluorescence of the probe via electron
transfer. Because DA was selectively captured on the probe
surface, the quenching efficiency was greatly enhanced. As a
result, the ultrasensitive and selective detection of DA was
achieved.

Materials and methods
Reagents and apparatus

Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O), alanine,
lysine, serine and 3-hydroxytyramine hydrochloride (DA) were
obtained from the Aladdin Reagent Company.N-Hydroxysuccin-
imide (NHS), 11-mercaptoundecanoic acid (11-MUA), tetrakis
(hydroxymethyl)phosphonium chloride (THPC) and 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
were purchased from Sigma-Aldrich. Mono-6-amino-β-cyclo-
dextrin (NH2-β-CD) was purchased from Shandong Zhiyuan
Biotechnology Co. Ltd (China). Ascorbic acid (AA) was
obtained from Sinopharm Chemical Reagent Co. Ltd. Glucose,
saccharose, urea and UA were purchased from Merck (Darm-
stadt, Germany). Phosphate buffer solution (PBS, 20 mM,
pH 8.0) was prepared by mixing a solution of K2HPO4 and
NaH2PO4. All other chemicals were of analytical grade and
were used as received without further purification. The water
used throughout was purified through a Millipore system.

Ultraviolet-visible (UV-vis) absorption spectra were obtained
using a UV-3600 spectrophotometer (Shimadzu). Photo-
luminescence (PL) spectra were obtained using a RF-5301PC
spectrophotometer (Shimadzu, Kyoto, Japan). Fourier-trans-
form infrared (FTIR) spectra were acquired using a Nicolet
6700 spectrophotometer (Nicolet, USA). High-resolution trans-
mission electron microscopy (HRTEM) images were taken

Fig. 1 Schematic illustration of the analytical strategy for DA detection.
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using a JEOL 2010 electron microscope at an accelerating
voltage of 200 kV.

Preparation and purification of AuNCs

All glassware were thoroughly cleaned with aqua regia (HNO3–

HCl, 1 : 3) and rinsed extensively with Millipore water prior to
use. The AuNCs were synthesised based on a previous report.37

In brief, 11-MUA (13.1 mg) and NaOH (200 μL, 1 M) were
added to 20 mL water and completely dissolved. HAuCl4
(600 μL, 25 mM) and THPC (300 μL, 100 mM) were introduced
into the aqueous solution and the mixture was allowed to
stand for 2 h at room temperature, during which time the
mixture slowly changed from colourless to pale yellow. The
product was purified by the addition of NaCl solution (10 mL,
500 mM) and centrifugation at 6000g for 15 min to remove any
unreacted THPC, 11-MUA and gold ions. The precipitates were
then washed twice with a mixed solvent (H2O–ethanol, 2 : 1)
and finally re-dispersed in water. The as-prepared AuNC
surface was capped by 11-MUA and the 11-MUA capped AuNC
(11-MUA-AuNC) solution was stored at 4 °C for further use.

Preparation of NH2-β-CD functionalised AuNCs

The NH2-β-CD functionalised AuNCs (β-CD-AuNCs) were syn-
thesised via a classic EDC/NHS coupling reaction. In a typical
experiment, 1 mL of 0.75 mM 11-MUA-AuNC solution was
mixed with 2 mg EDC and 1 mg NHS for 1 h at room tempera-
ture to activate the carboxyl groups of the 11-MUA-AuNCs. The
mixture was further treated with 3 mM NH2-β-CD overnight.
The carboxyl groups of the 11-MUA-AuNCs reacted with the
amino groups of NH2-β-CD via an amide coupling reaction,
resulting in the covalent attachment of NH2-β-CD to 11-MUA-
AuNCs. The prepared β-CD-11-MUA-AuNCs (β-CD-AuNCs) were
precipitated by adding ethanol to the mixture, then were
washed twice with ethanol and dried under vacuum. The puri-
fied β-CD-AuNC powder was re-dispersed in aqueous solution
and stored at 4 °C for use.

Fluorescence quenching of β-CD-AuNCs by DA

Twenty microlitres of the purified β-CD-AuNC solution
(0.75 mM) and various amounts of DA were placed in a series
of 5 mL colorimetric tubes. The mixture was diluted to 2 mL
with 10 mM PBS (pH 8.0) and mixed thoroughly for 30 min.
The emission spectra were recorded using the fluorescence
spectrophotometer at an excitation wavelength of 370 nm. All
experiments were performed at room temperature.

Detection of DA in real samples

Drug-free human serum samples were provided by the Nanjing
Drum Tower Hospital. The serum samples were subjected to a
100-fold dilution with 10 mM PBS solution (pH 8.0) before
analysis. Different concentrations of DA were added to the
diluted serum samples to prepare the spiked samples and
β-CD-AuNCs were introduced into 2 mL of the above simulated
samples with stirring. The final concentration of β-CD-AuNCs
in the serum samples was maintained at 7.5 μM. After mixing
for 30 min, the fluorescence spectra were recorded under exci-

tation at 370 nm. All experiments were performed at room
temperature.

Results and discussion
Characterisation of NH2-β-CD functionalised AuNCs

Fig. 2 shows the UV-vis absorption and fluorescence emission
spectra of 11-MUA-AuNCs and β-CD-AuNCs, respectively.
Similar to the UV-vis absorbance spectra (Fig. 2A), the fluore-
scence emission peak of β-CD-AuNCs was red-shifted com-
pared to that of 11-MUA-AuNCs, which may be attributed to
the modified surface and the increase in size of β-CD-AuNCs
after NH2-β-CD was bound to the surface. Importantly,
although the fluorescence maximum of β-CD-AuNCs appeared
red-shifted, their fluorescence intensity remained unchanged,
suggesting that β-CD-AuNCs can be used as versatile fluore-
scent probes.

The morphology of β-CD-AuNCs was measured by HRTEM
as shown in Fig. 3. The HRTEM images revealed that
β-CD-AuNCs are spherical particles with good monodispersity
(Fig. 3A). A close-up image of a single particle (Fig. 3B) showed
well-resolved lattice planes separated by 0.23 nm, which corre-
spond to the (111) lattice spacing of face-centred cubic Au. An
average diameter of 2.0 ± 0.3 nm was estimated by the size dis-
tribution in Fig. 3C after measuring 250 particles. The HRTEM

Fig. 2 (A) Absorption and (B) emission spectra of 11-MUA-AuNCs
(curve a) and β-CD-AuNCs (curve b) in aqueous solution.

Paper Analyst

1048 | Analyst, 2015, 140, 1046–1053 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 1
8 

D
ec

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 N
A

N
JI

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

21
/0

5/
20

15
 0

2:
55

:3
2.

 
View Article Online

http://dx.doi.org/10.1039/c4an02161d


image demonstrated that β-CD-AuNCs have excellent crystalli-
nity and uniform particle size.

The binding of NH2-β-CD to the surface of 11-MUA-AuNCs
was verified by FT-IR spectroscopy. Fig. 4 presents the FT-IR
spectra of 11-MUA-AuNCs, NH2-β-CD and β-CD-AuNCs. As
shown in Fig. 4(a), the modes of 11-MUA-AuNCs at 1638 cm−1

can be attributed to the CvO stretching vibration of ν(–COOH)
and the bands at 2974 cm−1 and 2924 cm−1 can be assigned to
C–H stretching vibrations. The spectrum of NH2-β-CD (Fig.
4(b) shows characteristic peaks of β-CD at 1030, 1073 and
1154 cm−1. The band at 1154 cm−1 may be from the asym-
metric glycosidic vibration ν(C–O–C) and the bands at 1073
and 1030 cm−1 are due to the ν(C–C/C–O) stretching vibration.
For β-CD-AuNCs Fig. 4(c), in addition to the absorption peaks
at 1638, 2974, 2924, 1030, 1073 and 1154 cm−1 found in
11-MUA-AuNCs and NH2-β-CD, a new peak at 1567 cm−1,
corresponding to the amide group, was also observed. These
results indicated that NH2-β-CD was successfully linked to the
surface of 11-MUA-AuNCs via the EDC/NHS reaction.

Fluorescence quenching of β-CD-AuNCs

The fluorescence spectrum of AuNCs originates from the
recombination of electrons and holes within the core. Changes
to the surface environment of AuNCs can affect the efficiency
of electron–hole recombination and consequently alter the
optical properties of these particles. The fluorescence spectra
of 11-MUA-AuNCs in the presence of DA and β-CD-AuNCs are
shown in Fig. 5. The fluorescence of 11-MUA-AuNCs and
β-CD-AuNCs was quenched to differing extents by the addition
of DA. The fluorescence intensity of 11-MUA-AuNCs only
exhibited a very slight decrease. However, the fluorescence
quenching of β-CD-AuNCs was much more efficient. Due to
the shape selectivity of the β-CD cavity and the hydrophobic
interaction between guests and the β-CD host, β-CD can selec-
tively bind various organic and inorganic guest molecules to
form stable host–guest inclusion complexes. Some researchers
had reported that benzoquinone, an oxidation product of
dopamine, could effectively quench the fluorescence of QDs
via a charge transfer between the QDs and proximal benzo-
quinone moieties.38–43 According to previous reports, the size of
the β-CD cavity matches the size and structure of the DA mole-
cule, facilitating the formation of inclusion complexes.2,29,44

For NH2-β-CD functionalised AuNCs, the β-CD molecules can

Fig. 3 (A) HRTEM images of β-CD-AuNCs. (B) Enlarged HRTEM image
of a single β-CD-AuNC. (C) The size distribution of β-CD-AuNCs.

Fig. 4 FT-IR spectra of 11-MUA-AuNCs (a), NH2-β-CD (b) and
β-CD-AuNCs (c).

Fig. 5 PL spectra of 11-MUA-AuNCs (A) and β-CD-AuNCs (B) before
and after interaction with DA (1 μM) in pH 8.0 PBS solution.
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act as receptors for the selective capture of a DA molecule as
shown in the schematic illustration in Fig. 1. Therefore,
β-CD-AuNCs have a higher affinity towards DA than
11-MUA-AuNCs, leading to a higher quenching efficiency.
These results confirmed that the introduction of β-CD onto the
QD surface could greatly enhance fluorescence quenching. As
we know, the fluorescence quenching of β-CD-AuNCs may
result from either photo-induced electron transfer (PET) or
Förster resonance energy transfer (FRET).33,35,40 We could
exclude FRET as a possible mechanism for β-CD-AuNC fluore-
scence quenching because there is no overlap between the
absorption spectra of DA and the emission spectra of
β-CD-AuNCs (Fig. S1 in the ESI†). The simultaneous change of
the emission intensities of both β-CD-AuNCs and DA (Fig. S2†)
suggests that fluorescence quenching was caused by electronic
interaction upon DA attachment to β-CD-AuNCs. However, the
fluorescence quenching of β-CD-AuNCs was not accompanied
by a complementary growth of the fluorescence of DA
(Fig. S2†). Instead, the fluorescence of both β-CD-AuNCs and
DA was simultaneously quenched. Based on these findings, we
concluded that the mechanism for the fluorescence quenching
behavior was more likely to be a PET process from the oxidised
DA to β-CD-AuNCs.

Determination of dopamine with β-CD-AuNCs as luminescent
probes

The selective quenching of β-CD-AuNCs’ luminescence by DA
can be used for quantitative DA detection. In order to detect
DA with high sensitivity, conditions such as the concentration
of β-CD-AuNCs, interaction time between β-CD and DA mole-
cule and the pH require optimisation.

The concentration of β-CD-AuNCs was one of the key
factors in this system. To choose a suitable concentration of
β-CD-AuNCs, the relationship between fluorescence intensity
and the concentration of β-CD-AuNCs was studied (Fig. 6).
Fluorescence intensity is directly proportional to the con-
centration of β-CD-AuNCs over the range of 0.1 to 7.5 μM.
However, the response is non-linear when the concentration of

β-CD-AuNCs exceeds 7.5 μM. Accordingly, 7.5 μM of
β-CD-AuNCs was selected as the concentration of the sensing
probe for the analysis.

Fig. 7A shows the time-dependent fluorescence intensity of
β-CD-AuNCs in the presence of 50 μM DA. The fluorescence
intensity gradually decreased with increasing time due to
interactions between the β-CD-AuNC probe and the DA target.
This quenching remained constant after 30 min. Thus, 30 min
was chosen as the interaction time between β-CD-AuNCs and
DA for the following test.

The fluorescence intensity of β-CD-AuNCs is usually influ-
enced by the solution pH values. Fig. 7B shows the relation-
ship between the fluorescence intensity of β-CD-AuNCs and
different pH values in the presence of 50 μM DA. When the pH
value ranged from 5.0 to 8.0, it could be seen that the fluo-
rescence intensity of β-CD-AuNCs gradually decreased due to
DA quenching. At a pH value larger than 8.0, the fluorescence
intensity of β-CD-AuNCs was almost unchanged. This is
because DA could be rapidly oxidised to its quinone derivative
under alkaline conditions,38 which could effectively quench
the fluorescence of β-CD-AuNCs.42 However, the stability and
fluorescence intensity of β-CD-AuNCs is detrimentally affected
at high pH values (>9.0). Therefore, pH 8 was selected for the
analysis.

The fluorescence intensity of β-CD-AuNCs was measured by
adding various DA concentrations to the solution. Fig. 8A
shows the fluorescence responses of β-CD-AuNCs to DA. In the

Fig. 6 Concentration-dependent fluorescence response of
β-CD-AuNCs in pH 8.0.

Fig. 7 The effect of interaction time (A) and pH (B) on the fluorescence
intensity of β-CD-AuNCs in the presence of DA.
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presence of DA, the excitation of the β-CD-AuNC probe at
370 nm led to emission at 520 nm and the fluorescent inten-
sity of β-CD-AuNCs decreased gradually with increasing DA
concentration. A good linear relationship was observed
between the fluorescence intensity ratio (F0 − F)/F0 and the
concentration of DA in the range of 5 to 1000 nM (Fig. 8B)
using the following equation: (F0 − F)/F0 = 7.72 × 10−4 CDA +
0.014 (R2 = 0.998), where F0 and F are the fluorescence intensi-
ties of β-CD-AuNCs in the absence and presence of DA, respect-
ively and CDA represented the concentration of DA. The
detection limit of DA (S/N = 3) was calculated to be 2 nM. Com-
pared to the electrochemical, electrogenerated chemilumine-
scence or fluorescence methods reported previously (Table S1†),
the detection limit of DA was improved by 1–2 orders of
magnitude.

Evaluation of anti-interference

To verify the selectivity of the developed β-CD-AuNC probe for
dopamine detection in biological samples, the influence of
various potential coexistence substances such as AA, UA, urea,
metal ions, sugars and amino acids on the fluorescence inten-

sity of the probe was tested. As shown in Fig. 9, only DA
induced a dramatic decrease in fluorescence intensity,
whereas no obvious fluorescence changes were observed in the
presence of other species. Interestingly AA and UA, despite
their similar electrochemical properties to DA, did not affect
the fluorescence intensity of the probe due to their lower
binding constants with β-CDs. Therefore, the β-CD-AuNC
probe could be directly used to determine DA in biological
samples without further separation of the samples.

Determination of DA in spiked human serum samples

In order to evaluate the accuracy of the proposed method in
the analysis of real samples, a recovery test for the determi-
nation of DA in human serum samples was carried out.
Table 1 shows the recoveries spiked with 50, 100 and 500 nM
DA from the average of six replicate determinations. It could
be seen that the average recoveries of DA in the real samples
were in the range of 92–103% and the RSDs were lower than
3.5%, which demonstrated that the proposed method has
excellent accuracy and can successfully detect DA in human
serum samples.

Conclusions

In summary, a novel NH2-β-CD functionalised AuNC probe was
proven to be effective for the ultrasensitive detection of DA in

Fig. 8 (A) Fluorescence emission spectra of β-CD-AuNCs in the pres-
ence of different concentrations of DA (0–1000 nM). (B) The linear
relationship between (F0 − F)/F0 and DA concentration between 5 and
1000 nM. The error bars represent the standard deviation of the three
measurements. The concentration of β-CD-AuNCs was 0.75 μM. All
measurements were performed in a 20 mM PBS solution, pH = 8.0.

Fig. 9 Fluorescence responses of the β-CD-AuNC probe in the pres-
ence of 400 nM DA or 10 μM other analytes. (1) Blank, (2) DA, (3) UA, (4)
AA, (5) urea, (6) alanine, (7) lysine, (8) serine, (9) glucose, (10) saccharose,
(11) fructose, (12) K+, (13) Ca2+, (14) Na+.

Table 1 Recovery for the determination of DA in human serum
samples (n = 6)

Sample
Spiked conc.
(nM)

Found
(nM)

Recovery
(%)

RSD
(%)

Human serum 50.0 46.3 92 3.5
100.0 103.2 103 2.5
500.0 505.7 101 3.2
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human serum samples. The β-CD-AuNC probe acted as a
receptor for selectively capturing DA molecules through the
host–guest recognition approach. This greatly enhanced the
fluorescence quenching efficiency and led to a significantly
improved sensitivity and selectivity for the analysis of DA.
The probe could be used for quantifying DA in the range of
5–1000 nM with a detection limit as low as 2 nM, representing
an increase in sensitivity of 1–2 orders of magnitude in con-
trast to other reported methods. Interference from both AA
and UA, which usually interferes in the electrochemical and
electrogenerated chemiluminescence methods, was negligible.
Therefore, the β-CD-AuNC probe could be directly used to
determine DA in biological samples without further separ-
ation. The strategy is expected to be promising in applications
for DA detection in bioanalysis.
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