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Water-soluble and luminescent ZnO quantum dots (QDs) capped by (3-aminopropyl) triethoxysilane
(APTES) are environment-friendly with strong photoluminescence (max. wavelength: 530 nm). Inter-
estingly, it was found that the fluorescence could be quenched by dopamine (DA) directly. On the basis
of above, a novel ZnO QDs based fluorescent probe has been successfully designed to detect DA with
high selectivity and sensitivity. Moreover, the possible fluorescence quenching mechanism was
proposed, which showed that the quenching effect may be caused by the electron transfer from ZnO
QDs to oxidized dopamine-quinone. Under optimum conditions, the relative fluorescence intensity was
linearly proportional to the concentration of DA within the range from 0.05 to 10 uM, with the
detection limit down to 12 nM (n=3). Also, the selectivity experiment indicated the probe had a high
selectivity for DA over a number of possible interfering species. Finally, this method was successfully
used to detect DA in serum samples with quantitative recoveries (99-110%). With excellent selectivity
and high sensitivity, it is believed that the ZnO QDs based fluorescent probe has a potential for the

practical application in clinical analysis.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, much attention has been paid to ZnO QDs,
thanks to their unique optical and electrical properties [1-4]. As
semiconductor QDs, ZnO QDs have high quantum yield, quantum
size effects, broad absorption spectrum, and narrow emission
spectrum [5,6]. Moreover, based on the direct band gap (3.37 eV)
and large excitation binding energy (60 meV), ZnO QDs act as one
of the brightest emitters among available wide band gap semi-
conductors [7,8]. ZnO QDs have shown wide applications in many
fields, such as drug delivery, live cell imaging, UV photodetector,
gas sensors, solar cells where their prominent optical and elec-
trical properties become one of the focus issues [9-17]. On the
other hand, compared with traditional semiconductor QDs (e.g.,
CdS, CdTe, CdSe), ZnO QDs are environment-friendly, less expen-
sive and biocompatible to the biological systems [18,19], and
have inspired great interest in biological labeling and biosensing.
Further, the excellent fluorescent properties of ZnO QDs
prompted us to apply them as fluorescence probe for biological
and chemical detection.

Dopamine (DA), as one of important catecholamine neuro-
transmitter and derived from the amino acid tyrosine, plays a
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crucial role in normal homeostasis and clinical diagnosis. It is
important to detect DA because the abnormal content of DA may
result in several diseases and neurological disorders, such as
schizophrenia, Parkinson’s and Alzheimer’s diseases [20-23]. Up
to now, a lot of methods have been developed to detect DA such
as electrogenerated chemiluminescence, electrochemical, capil-
lary electrophoresis, colorimetry, high performance liquid chro-
matography, flow-injection analysis and fluorescent method
[24-30]. Among these methods, more attentions have been paid
recently to fluorescent method due to its simplicity and low
detection limit. For example, Imato et al. reported a simple
fluorometric assay for DA using a calcein blue-Fe?* complex
fluorophore [31]; Yan et al. described a GO-based label-free near-
infrared fluorescent biosensor for DA [32]; Zhang et al. demon-
strated the use of organic nanowire/Ag nanoparticle hybrid for
the detection of DA based on fluorescence-enhancement [33].
However, detection of DA in biological matrixes usually suffers
from a series of interference caused by other aromatic acids,
amino acids, particularly ascorbic acid (AA), and uric acid (UA).
Therefore, it is still a challenge for development of the fluorescent
method for the determination of DA with high selectivity and
sensitivity.

In this work, we prepared water-soluble and luminescent ZnO
quantum dots (QDs) capped by APTES (APTES-capped ZnO QDs)
through two-step procedure and found the fluorescence of ZnO
QDs could be selectively quenched by DA directly, accordingly, a
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novel label-free ZnO QDs based fluorescent probe was developed
for sensitive and selective detection of DA in biological fluids. The
proposed method had many advantages, such as high sensitivity,
good selectivity, wide linear range, simple and fast determination
procedure, safe operation, and little equipment investment. Most
notably, ZnO QDs without any heavy metal ions made the
fluorescent probe more eco-friendly. Thus, the ZnO QDs based
fluorescent probe for DA exists potential applications in the
clinical diagnosis, etiology, and prognosis.

2. Experimental
2.1. Chemicals and materials

All the reagents were analytical grade and used without further
purification. Potassium hydroxide (KOH), ethanol absolute and ethyl
acetate were obtained from Chengdu Kelong Chemical Reagent
Co. Ltd. (Chengdu, China). Zinc acetate dihydrate (Zn(OAc), - 2 H,0)
was obtained from Tianjin Kermel Chemical Reagent Co. Ltd.
(Tianjin, China). Dopamine hydrochloride was purchased from Ada-
mas Reagent Co. Ltd. (3-aminopropyl) triethoxysilane (APTES) was
purchased from Aladdin Chemistry Co. Ltd. Ultrapure water
(18.2 MQ cm) obtained from a water purification system (ULUPURE,
Chengdu, China) was used throughout this work.

2.2. Apparatus and measurements

All fluorescence measurements were obtained with a F-7000
fluorescence spectrophotometer (Hitachi Co., Tokyo, Japan). The
UV-vis absorption spectra of ZnO QDs, DA and ZnO QDs-DA
complex in the region of 200-800 nm were recorded by a U-2910
UV-vis spectrophotometer (Hitachi Co., Tokyo, Japan). The Fourier
transform Infrared spectra (FTIR) were carried out on a Nicolet
IS-10 FTIR Spectrometer (Thermo Inc., America) with KBr pellets.
The transmission electron microscope (TEM) and high-resolution
transmission electron microscopy (HRTEM) images of APTES-
capped ZnO QDs were obtained from a Tecnai G?> F20 S-TWIN
transmission electron microscope at an accelerating voltage of
200 kV (FEI Co., America). The powder X-ray diffraction patterns
(XRD) were recorded with an X' Pert Pro X-ray diffractometer
(Philips, Netherlands).

2.3. Preparation of APTES-capped ZnO QDs

APTES-capped ZnO QDs was prepared by a two-step proce-
dure, approximately according to the suggestions in the previous
literature [18,34]. In the first step, the Zn(OAc), solution was
prepared by dissolving 1.0 mmol of Zn(OAc),-2 H,0 in 100 mL
ethanol. 3.0 mmol of KOH was dissolved in 8 mL of ethanol and
kept in an ultrasonic bath for 40 min at room temperature. The
obtained KOH solution was dropwise added to Zn(OAc), solution
followed by continuous stirring for 1.5 h under 25 °C. The ZnO
QDs were precipitated by addition of ethyl acetate. After centri-
fugation, the precipitate was washed by absolute ethanol for
three times to remove unreacted materials. The final particles
were collected by centrifugation and redispersed in 20 mL of
ethanol under agitation for further preparation.

In the second step, the ZnO QDs were capped with APTES by
adding 0.05 M APTES ethanol solution (10 mL) to the as prepared
20 mL ZnO QDs solution dispersed in ethanol, then 0.40 mL of
deionized water was quickly added under vigorous stirring. The
reaction mixture was stirred for an hour at room temperature
(25 °C). The product was obtained by ultracentrifugation with
8000 rpm for 10 min, and washed with absolute ethanol for three
times. Finally, the precipitated nanocrystals were redispersed in

deionized water or absolute ethanol for further study. This two-
stage silanization has successfully introduced amino groups onto
the ZnO QDs.

2.4. Sample collection and pretreatment

Two human serum samples were collected from healthy adult
volunteers. All samples were subjected to a 100-fold dilution
before analysis, and no other pretreatments were necessary.

2.5. Measurement procedures

The DA detection procedure by ZnO QDs was described as
follows: 50 uL of QDs aqueous solution reacted with different
concentrations of DA solution (concentration from 0.05 to 10 uM
in deionized water). The mixture was diluted into 1.00 mL with
deionized water and mixed thoroughly, and then incubated in a
water bath at 40 °C for 20 min. After the mixture was cooled to
room temperature, fluorescence measurements were performed
at an excitation wavelength of 337 nm.

3. Results and discussion
3.1. Characterization of the APTES-capped ZnO QDs

The APTES-capped ZnO QDs showed a broad absorption at
330 nm in the ultraviolet region, and an emission peak at 530 nm
under excitation of 337 nm (Fig. 1B). The broad bandwidth of
112 nm emission peak suggested that the luminescence of ZnO
QDs was possibly due to surface trap effect [35]. The photograph
of the ZnO QDs demonstrated the strong yellow emission
(Fig. 1B). The XRD results indicated that ZnO QDs have hexagonal
crystal structure which was consistent with the reported results
[16] (Fig. 1C). The HRTEM image showed lattice fringes with
distances of 0.282 nm corresponding to the inter-planer distances
of the (1 0 0) planes of wartzite ZnO (Fig. 1A). TEM (Fig. 1A) and
XRD peaks broadening analyses indicated the particle size of ZnO
QDs was ca. 3-5 nm. The silane coating was not observed in the
HRTEM image, indicated that the surface coating was very thin.
The functional groups increased the water solubility and biocom-
patibility of ZnO QDs.

3.2. Fluorescence quenching of APTES-capped ZnO QDs colloids
by DA

Addition of DA to the aqueous solution of QDs led to a significant
quenching of the fluorescence of QDs without an obvious shift of the
fluorescence emission peak. As shown in Fig. 2A, the fluorescence
intensity of QDs decreased to 11% in the presence of 5 uM DA. In
order to verify the function of APTES which capped on QDs surface by
silanization, the same amount of DA was added to bare QDs aqueous
solution, the fluorescence intensity only decreased to 67%, slight
quenching of fluorescence compared to the former (shown in Fig. 2B).
Control experiments showed that the quenches efficiency enhanced
obviously after capped by APTES. This may be due to the hydrogen-
bonding interaction between the amino-groups in APTES with DA.

The UV spectra and FTIR spectra can further confirmed the
formation of the DA-QDs complex via noncovalent interactions.
Fig. 3A showed the decrease in intensity and shift of the absorption
maximum with the addition of DA. The absorption spectrum of QDs-
DA complex showed characteristic band at 322 nm for QDs and at
286 nm for DA. The absorption peak of QDs blue shifted ca. 8 nm by
comparing with free QDs, due to hydrogen bond interaction with DA,
and subsequently the fluorescence of QDs was drastically quenched.
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Fig. 1. (A) TEM image of APTES-capped ZnO QDs. Inset: HRTEM image (top-left corner). (B) UV-vis-near-IR absorption spectrum of DA (blue), fluorescence emission
spectrum of ZnO QDs (red). Inset: photograph of ZnO QDs solution under UV light. (C) XRD patterns of APTES-capped ZnO QDs. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (A) Fluorescence emission spectra of APTES-capped ZnO QDs (black), and the mixture of APTES-capped ZnO QDs and 5 uM DA (red). (B) Fluorescence emission
spectra of ZnO QDs without capped by APTES (black), and the mixture of bare ZnO QDs and 5 uM DA (red). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

As shown in Fig. 3B, the absorption peak at 3402 cm~"' could
be attributed to the stretching vibration of -NH,. The peak at
2900 cm~! was the typical stretching vibration of -CH,-. The
peak at about 1481 cm~! was the bending stretching of N-H, the
observation of a broad absorption peak at 1111 cm~' was
corresponding to the Si-O vibration. A prominent absorption
peak was observed at 439 cm~' corresponding to the Zn-O

stretching vibration. For DA, the characteristic peak at
3344 cm~ ! was corresponding to the -NH5 vibration stretching,
the bands at 1616 and 1500 cm ™! were the stretching vibration of
C=C in the benzene ring, and -OH vibration stretching of diols,
respectively. As observed, compared with the spectra of QDs and
DA, there was no new peak appeared in the spectrum of the QDs-
DA complex. However, both the bending vibration peak and
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Fig. 3. (A) UV spectra of ZnO QDs (a), ZnO QDs-DA complex (b), and the DA (c). (B) FTIR spectra of ZnO QDs (a), ZnO QDs-DA complex (b), and the DA (c).
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Fig. 4. (A) The corresponding color change of QDs interaction with different concentrations of DA. (B) Plot of [DA]/AI against [DA], showing a linear fit to the Langmuir
adsorption isotherm. (C) UV-vis-near-IR absorption spectrum of DA (red), and fluorescence emission spectrum of QDs (blue). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

stretching vibration peak of N-H broaden, which could be attrib-
uted to the hydrogen-bonding interaction of the amino groups in
DA with QDs.

The Fig. 4A showed the corresponding color change of QDs
interaction with different concentrations of DA in water. As the
concentrations of DA increased, the color of the mixture became
darker, and turned into atropurpureus finally. In the meantime, some
small particles occurred and were observed even by naked eyes. The
phenomenon of the aggregation of QDs was caused through the
binding of DA and functional QDs. That is, the DA was adsorbed on
QDs surface, thereby the fluorescence was quenched. To confirm the
efficient adsorption process, the adsorption curve was investigated.
The results showed the adsorption of DA molecules onto the QDs
surface followed the Langmuir adsorption isotherm:

[DA] _ [DA] _ Kq
Al = Alpax ' Almax

where K; was the dissociation constant of the ZnO QDs-DA complex
and Alq.x was the fluorescence change at saturation. The K; was

estimated to be 1.3 x 10~ M from the Langmuir adsorption isotherm
in Fig. 4B. All the above results indicated that DA molecules were
adsorbed onto the QDs surface via noncovalent interactions.

3.3. Study on the quenching mechanism

Recently, many researchers have focused on the applications of
QDs for the development of sensing systems based on the changes of
fluorescence intensity because of the fluorescence resonance energy
transfer (FRET) [36], electron transfer (ET) [32], or other interactions
occurring at the QDs surface [37]. From the UV spectra and FTIR
spectra, the possibility of surface reaction could be ruled out for the
formation of DA-ZnO QDs complex via noncovalent interactions.
Meanwhile, there was no overlap between the absorption spectrum
of DA and the emission spectrum of QDs, excluding FRET as a possible
mechanism for QDs fluorescence quenching (Fig. 4C). Thus, the
quenching effect presumably results from the effective electron
transfer that occurred between QDs and DA. Because of the
redox activity of dopamine, we attributed these findings to electron



D. Zhao et al. / Talanta 107 (2013) 133-139

transfer interactions between QDs and mainly two forms of dopa-
mine: the reduced dopamine (electron donors) and the oxidized
dopamine-quinone (electron acceptors). However, in this work, all
experiments operated under alkalescent environment (pH 7.0-8.0).
As we all know, DA can easily be oxidized by ambient O, in alkaline
solution, and some studies showed quinones (oxidized dopamine) to
be electron acceptors for QDs [38-41]. Therefore, the quenching
mechanism of our fluorescent probe was presented in Fig. 5. When
DA solution sample was added into the detection system, the DA
molecules were adsorbed on QDs surface due to the strong non-
covalent interactions such as electrostatic interaction and hydrogen
bonding, and then the electron transfer from photoexcited QDs to
oxidized dopamine-quinone, resulting in fluorescence quenching of
QDs. The quenching reaction may be a static quenching.

The fluorescence quenching of APTES-capped ZnO QDs by differ-
ent concentrations of DA was shown in Fig. 6A. As the concentration
of DA increasing, the quenching of the QDs was enhanced. The Fig. 6B
showed the change of the fluorescence intensity (AI) of QDs at
530 nm was of DA concentration ([DA]) dependence. Al increased

bﬁ
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linearly at low concentrations of DA and then gradually leveled off at
higher concentrations of DA.

Moreover, the fluorescence quenching caused by DA was well
described by the Stern-Volmer equation:

I

where Iy and I were the fluorescence intensity in the absence and
presence of quencher (DA), respectively. Ksy was the Stern-
Volmer constant representing the affinity between fluorophore
and quencher. The plot of Ip/I at 530 nm against [DA] showed a
linear range from 0.05 to 10 uM with a Ksy value of 5.5 x 10° M~ ',
and the correlated coefficient 0.996 could also be acquired (inset
in Fig. 6A).

lo =1+Ksv[DA]

3.4. Selectivity

Along with the sensitivity requirement, high specificity is crucial
in most scenarios especially in real sample detections. To verify the
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Fig. 5. Schematic illustration of the developed ZnO QDs-based fluorescent probe for DA.
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Fig. 6. (A) Emission spectra of 50 pL QDs with different concentrations of DA in aqueous solution (0, 0.05, 0.1, 0.5, 0.8, 1, 3, 5, 8 and 10 uM). The inset displays plots of the
relative fluorescence intensity of QDs versus the concentration of DA. (B) Plot of the emission intensity changes at 530 nm against the DA concentration. Inset: expanded

linear region of the calibration curve.
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performance of the APTES-capped ZnO QDs as a DA probe in real
samples, interferences from common molecules present in human
blood serum were tested. As shown in Fig. 7, besides DA, the effect
of 23 other kinds of biomolecule (amino acid, glucide and so on),
including uric acid (UA), ascorbic acid (AA), serine (Ser), histidine
(His), alanine (Ala), cysteine (Cys), lysine (Lys), glycine (Gly), valine
(Val), leucine (Leu), arginine (Arg), tyrosine (Tyr), proline (Pro),
asparagine (Asn), methionine (Met), homocysteine (Hcy), phenyla-
lanine (Phe), glucose, lactose, sucrose, fructose (Fru), human serum
albumin (HSA), and creatinine (Cr) were investigated. All of them
had no obvious effects on the fluorescence emission. Particularly, AA
and UA, which have similar electrochemical property to DA, did not
affect the fluorescence of QDs. It turned out that the developed ZnO
QDs based fluorescent probe offers high selectivity for DA because of
strong noncovalent interactions between APTES-capped ZnO QDs
and DA.

The developed ZnO QDs based label-free fluorescent probe was
employed for selective and sensitive detection of DA in human

2500 +

2000

1500

Al

1000

Fig. 7. Fluorescence changes of ZnO QDs with different guest molecules. The
concentrations of all guest molecules are 1 pM.

Table 1
Results for the determination of DA in human serum samples.

Serum Spiked
sample (uM)

Measured (LM)
(mean + standard
deviation, n=3)

Recovery (%)
(mean + standard
deviation, n=3)

Sample 1 0.00 nd?
2.00 2.05+0.05 102.50 + 2.50
3.00 3.06 +0.12 102.00 + 4.00
4.00 3.97 +0.02 99.25 +0.50
Sample 2 0.00 nd
2.00 2.10+£0.07 105.00 + 3.50
3.00 3.08 +0.04 102.67 +1.33
4.00 4.39 +0.05 109.75 +1.25

¢ Not detected.

Table 2
Comparison of different analytical methods for dopamine detection.

Methods Limit of detection  Linear range References
(M) (M)
Colorimetry 0.54-5.4 0.36 [42]
Chemiluminescence 0.57-13 0.18 [43]
Electrochemistry 0.40-374 0.13 [44]
Electrochemiluminescence 0.50-19 0.10 [45]
Fluorescence 0.25-50 0.094 [32]
Fluorescence 0.30-50 0.01 [46]
Fluorescence 0.05-10 0.012 This work

serum sample. The recoveries of the DA in serum were also
calculated and shown in Table 1. DA was added into these serum
samples, and an appropriate amount of the sample solution was
again detected. The recoveries of DA were found to be in the range
of 99-110%. The RSD was between 0.5% and 4.0%. Moreover, there
was negligible fluorescence background at 530 nm under excita-
tion of 337 nm in serum samples. Table 2 shows the comparison
of different analytical methods for DA detection, suggesting the
proposed method exhibited a wider liner range, better detection
limit, higher sensitivity and selectivity for DA. It proved that the
ZnO QDs based fluorescent probe is appropriate for the practical
application in clinical analysis of DA.

4. Conclusions

In this work, a very sensitive and selective fluorescent method
to detect DA using APTES-capped ZnO QDs has been developed,
and the involving fluorescence quenching mechanism has also
been proposed. The results showed that the DA molecules were
adsorbed on QDs surface and electron transfer from photoexcited
QDs to oxidized dopamine—quinone resulting in significant fluor-
escence quenching. Based on this, we successfully developed a
simple label-free ZnO QDs based fluorescent probe for selective
and sensitive detection of DA in serum samples. The detection
limit was 12 nm (n=3) and the linear relationship was 0.05-
10 pM. To date, sensing of DA in serum using fluorescent ZnO QDs
has not been reported. Therefore, this work provided the first
example for sensitive sensing of DA in biological fluids using the
fluorescent property of ZnO QDs, which may open a new door to
detect small biomolecules and metal ions based on the fluores-
cent property of ZnO QDs.
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