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Abstract Based on the quenching of the fluorescence inten-
sity of thioglycolic acid (TGA)-capped core-shell CdTe/ZnS
nanoparticles (NPs) by vanillin, a novel, simple and rapid
method for the determination of vanillin was proposed. In
aqueous medium, the functionalized core-shell CdTe/ZnS
NPs were successfully synthesized with TGA as the capping
ligand. TGA-capped core-shell CdTe/ZnS NPs were charac-
terized by using X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM) and Fourier transform infrared
(FTIR) spectroscopy. Factors affecting the vanillin detection
were investigated, and the optimum conditions were also de-
termined. Under the optimum conditions, the relative fluores-
cence intensity of CdTe/ZnS NPs was linearly proportional to
vanillin over a concentration range from 9.4x1077 to 5.2x
10~* M with a correlation coefficient of 0.998 and a detection
limit of 2.6x1077 M. The proposed method was also
employed to detect trace vanillin in cookies with satisfactory
results.
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Introduction

Vanillin (VAN, 4-hydroxy-3-methoxy-benzaldehyde) is one
of the most important flavouring agents, which is extracted
from the cured beans of Vanilla planifolia [1, 2]. It is widely
used to contribute to the fragrance of candies, cosmetic, bev-
erages and pharmaceuticals because of its unique flavor and
aroma properties [3, 4]. Moreover, VAN also displays antimi-
crobial and antioxidant properties [5—7], so it is used as a food
preservative in food industry as well. VAN is reported to have
beneficial health effects such as inhibiting the oxidation of
human low density lipoproteins [8] and inducing an
antisickling effect through covalent bonding of the aldehyde
group of vanillin molecules with the hemoglobin group in the
red blood cells [9]. However, VAN is a synthetic perfume and
food additive, excessive ingesting of VAN can cause head-
aches, nausea, vomiting [10] and even has cocarcinogenic
potential when being digested intraperitoneally at high con-
centration [11]. As aresult, it is of great importance to develop
a sensitive method for qualitative and quantitative detection of
VAN.

Up to now, various methods have been developed for the
determination of VAN, including liquid chromatography-
mass spectrometry (LC-MS) [12], capillary electrophoresis
(CE) [13, 14], electrochemical method [15-17], high perfor-
mance liquid chromatography (HPLC) [3, 9, 18], gas
chromatography-mass spectrometry (GC-MS) [19] and so
on. However, these methods mentioned above have their
own limits like high cost and complex operation. Compared
with these methods, fluorimetry has many advantages like low
cost, easy operation, high sensitivity, low detection limit and
so on [20]. Accordingly, it is necessary to develop a simple
and sensitive method for the determination of VAN.

Luminescent semiconductor nanoparticles (NPs) hold im-
mense promise to use as fluorescence probes [21-23] for
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chemical and biomedical applications in the past decades.
Semiconductor NPs present a series of excellent optical and
chemical properties, such as long-term photostability, broad
excitation spectrum, narrow/symmetric emission spectrum,
and readily tunable spectra [24, 25]. Surface chemistry plays
an important role concerning the properties of NPs [26], and
many efforts have been made to improve the surface proper-
ties. L-cysteine, TGA, and glutathione (GSH) are commonly
used capping ligands for surface modification. However, the
application of NPs with a single-core structure has a large
amount of limitations. As is reported, the shell has a crucial
effect on the fluorescence quantum yield and the photochem-
ical stability of NPs [27]. Therefore, various techniques have
been proposed for preparing NPs with a core-shell structure.
ZnS, CdS, and ZnSe are common shells grown around cores
and among them, ZnS is the most commonly used shell ma-
terial because it presents better stability and less toxicity than
other shell materials [28].

To our knowledge, the use of TGA-capped CdTe/ZnS NPs
in the study of the interaction between NPs and VAN by the
fluorescent technique has not been reported so far. In the pres-
ent work, a convenient, sensitive and selective method for
quantitative detection of VAN was proposed based on the
quenching of the fluorescence of TGA-capped CdTe/ZnS
NPs in aqueous solution. The functionalized core-shell
CdTe/ZnS fluorescence probes were prepared by using inor-
ganic salts as precursors and TGA as the stabilizer. Under the
optimum conditions, it was found that the fluorescence inten-
sity of TGA-capped CdTe/ZnS NPs quenched in the presence
of VAN. The quenched fluorescence intensity was proportion-
al to the concentration of VAN. Based on this phenomenon, a
new method for the determination of VAN was developed.
The method has been applied to the determination of VAN
in real samples and satisfactory results were obtained.

Experimental
Reagents

Sodium borohydride (96 %), Na,S-9H,0 (analytical purity),
tellurium powder (99.999 %), CdCl,-2.5H,0 (analytical pu-
rity) and thioglycolic acid (TGA, analytical purity) were ac-
quired from Shanghai Sinopharm Chemical Reagent Co. Ltd.
(China). ZnSO,-7H,0 (analytical purity) was purchased from
Shanghai Jinshan Chemical Plant (China). VAN was obtained
from Aladdin Chemical Reagent Co., Ltd. (Shanghai, China)
and cookies were purchased from the local supermarket. All
chemicals used are of the highest purity available and all ex-
periments were performed in a phosphate buffer solution
(PBS) which was prepared by adjusting 0.1 M K,HPO,,
KH,PO4, H3PO,4, or NaOH. Doubly distilled water (DDW)
was used throughout the experiments.
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Apparatus

Powder XRD spectra were recorded on a Rigaku DX-2700 X-
ray diffractometer with Cu-Ko radiation (A=0.15418 nm) (Ja-
pan). A JEM-2010F transmission electron microscope (TEM)
was used for morphologic characterization. AVATAR 370
Fourier transform infrared (FTIR) spectrophotometer was
used to acquire the FTIR spectra, and a UV-2501PC spectrom-
eter (Shimadzu, Japan) was applied to obtain the absorption
spectra. The fluorescence spectra were measured with a RF-
5301PC spectrofluorometer (Shimadzu, Japan) using a quartz
cell with 1.0 cm path length. All pH measurements were con-
ducted with a pHS-3C pH meter (Analytical Instruments Co.,
Shanghai, China). All optical measurements were carried out
at room temperature under ambient conditions.

Synthesis of Water-Soluble TGA-capped CdTe/ZnS
Nanoparticles

Water-soluble CdTe/ZnS NPs capped by TGA were prepared
according to the literatures reported before [29, 30]. First, the
fresh NaHTe solution was synthesized by dissolving 25.5 mg
Te powder and 151.2 mg NaBH, in 5 mL oxygen-free DDW,
which reacted about 2 h until the Te powder was completely
disappeared. Then, 91.3 mg CdCl,-2.5H,0 was dissolved in
95 mL DDW and 74 uL TGA was added, the pH of which was
adjusted to 9—10 by stepwise addition of 1.0 M NaOH solu-
tion. The above solution was saturated with N, for about
30 min and the fresh NaHTe solution prepared previously
was quickly injected into the flask under vigorous stirring.
CdTe NPs was obtained after the mixed solution was heated
to reflux in a water bath for 1.5 h.

Subsequently, the as-prepared CdTe sample was added to a
solution (80 mL, pH=9) that contained ZnSO, (230 mg) and

ZnS shell
/

o

CdTe core

200 nm
—

Fig.1 TEM images of TGA-capped CdTe/ZnS NPs. a scale bar: 0.5 um;
b and c: scale bar: 200 nm
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Fig. 2 XRD pattern of TGA-capped CdTe/ZnS NPs

TGA (148 pL). The mixture was transferred to an oil bath and
heated to boil for 89 min. During the boiling, Na,S solution
(20 mL) was then added dropwise. After that, the solution was
maintained at 60 °C in a water bath to reflux for 1 h to control
the sizes of core-shell NPs. Thus, the functionalized core-shell
CdTe/ZnS NPs were obtained.

Determination of VAN with Core-Shell CdTe/ZnS
Fluorescence Probes

The detection procedures are as follows: in a set of 25 mL
calibrated brown volumetric flasks, 300 puL of the as-prepared
TGA-capped core-shell CdTe/ZnS NPs solution and a series

Absorbance (a.u.)
Fluorescence Intensity (a.u.)

T T T T
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Fig. 4 Fluorescence emission spectrum and UV-vis absorption spectrum
of TGA-capped CdTe/ZnS NPs

T T T T
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of different concentrations of VAN standard solutions were
added. The mixtures were diluted to the volume with PBS
(pH="7.5) solution. The fluorescence spectra were recorded
at an excitation wavelength of 374 nm with excitation and
emission slits width of 5 nm.

Results and Discussion
Characterization of TGA-capped CdTe/ZnS NPs
The morphology and structure of the prepared TGA-capped

core-shell CdTe/ZnS NPs were characterized by TEM and
XRD. TEM images were shown in Fig. 1 and it can be found
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Fig. 5 Effect of reaction time on the fluorescence intensity of TGA-
CdTe/ZnS-VAN system

that TGA-capped CdTe/ZnS NPs are most round particles
with an average diameter of about 100 nm. In addition, a
magnified view in Fig. 1c shows the clear core-shell morphol-
ogy of TGA-capped CdTe/ZnS NPs.

Figure 2 shows the powder XRD analysis results of TGA-
capped CdTe and TGA-capped CdTe/ZnS NPs that were pre-
cipitated from an aqueous solution of TGA-capped CdTe and
TGA-capped CdTe/ZnS NPs with excess absolute ethyl alco-
hol. The characteristic zinc blend planes of 111, 220, and 311
located at 24.77°, 41.15°, and 46.10° for the CdTe core and at
26.51°, 43.96° and 52.13° for CdTe/ZnS in the 10-60° 20
range are observed. After the growth of ZnS shell on the CdTe
core, the peak position shifted to higher angles towards the
positions of ZnS cubic structures peaks (JCPDS no. 05-0566),
which further demonstrated the formation of ZnS shell.

To identify the conjugation mode between TGA and CdTe/
ZnS NPs, FTIR spectra of pure TGA and TGA-capped CdTe/
ZnS NPs were recorded as shown in Fig. 3. The infrared
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Fig. 6 a Fluorescence intensity of TGA-capped CdTe/ZnS NPs in the
absence and presence of VAN. Cyan (0.1 pM)=(1) 0; (2) 9.4; (3) 76; (4)
88; (5) 220; (6) 460; (7) 760; (8) 820; (9) 1600; (10) 2200; (11) 2800; (12)
3400; (13) 4000; (14) 5200; b Stern—Volmer plot for interaction between
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Fig. 7 Modified Stern-Volmer relationship between TGA-capped CdTe/
ZnS NPs and VAN

absorption bands of CdTe/ZnS NPs capped with TGA occur at
3421, 1576, 1385, 1227, and 778 cm !, corresponding to the -
OH stretching vibration, COO- asymmetric stretching vibra-
tion, COO- symmetric stretching vibration, C=0 stretching
vibration and C-S stretching vibration, respectively [31].
Comparing Fig. 3a with Fig. 3b, a significant difference was
found that the peak of S-H group at 2570 cm ™' [32] was absent
in TGA-capped CdTe/ZnS NPs. The reason for the disappear-
ance of the S-H group vibration on the surface of CdTe/ZnS
NPs was due to the covalent bonding interactions between
thiols and the surface of CdTe/ZnS.

TGA-capped CdTe/ZnS NPs were optically characterized
by the UV-vis absorption spectra and fluorescence spectra as
shown in Fig. 4. It can be seen that the CdTe/ZnS fluorescence
probes have a wide range of absorption with a shoulder cen-
ters at about 575 nm. The emission spectrum of CdTe/ZnS
NPs is narrow and symmetric with the maximum emission
wavelength at about 600 nm.

Effect of pH and Reaction Time on the Fluorescence
Intensity

pH and reaction time are two most important factors that in-
fluence the fluorescence intensity of the VAN-CdTe/ZnS sys-
tem. It has been documented that NPs are pH sensitive and the
pH can influence the metal-ligands complexes on the surface
of NPs, thus resulting in the difference in fluorescence quan-
tum yield and surface-related emission of the NPs. Therefore,
different reaction environment contributes to the PL change
and the stability of the NPs solution. All the measurements
were performed in pH 7.5 phosphate buffer solution.

At room temperature, the effect of reaction time on the
fluorescence intensity was explored to find the optimum

Table 1  Effect of coexisting foreign substances on fluorescence
intensity of TGA-capped CdTe/ZnS NPs (concentration of vanillin was
4x10°° M, room temperature)

Coexisting substance Mole ratio Change in FL
(Cypecies/Cvan) intensity to VAN (%)

Mg**, SO 5 -0.15

Na', ClI” 30 —-0.98

K', NO;~ 10 +4.69

NH,", CI" 30 +3.5

Zn*", SO, 5 -1.18

Glucose 30 +1.93

Sucrose 10 +2.04

Maltose 15 +2.52

Citric acid 10 -3.18

Benzoic acid 20 -3.26

Ascorbic acid 20 +4.96

Caffeine 10 +1.62

L-cysteine 3 +10.26

L-arginine 20 +4.71

L-alanine 10 +4.85

condition, which is shown in Fig. 5. As is seen, the fluores-
cence intensity became stable after reacting for 2 h. Therefore,
the fluorescence intensity was recorded after the system
reacted for 2 h.

Determination of VAN with TGA-capped CdTe/ZnS NPs

Under the optimal conditions mentioned above, the emission
spectra of TGA-capped CdTe/ZnS NPs under different
amount of VAN were recorded. As is shown in Fig. 6a,
VAN has a tremendous impact on the fluorescence emission
of TGA-capped CdTe/ZnS NPs. It was found that the fluores-
cence intensity of TGA-capped CdTe/ZnS NPs decreased in
the presence of VAN. Moreover, it is observed that the
quenching effect is concentration-dependent, which demon-
strates that TGA-capped CdTe/ZnS NPs have the potential to
be sensitive probes for determination of VAN.

As is known, there are two types of quenching for describ-
ing the interaction between quencher and fluorophores: dy-
namic and static. If the quenching is dynamic, the linear plot
will follow the Stern-Volmer equation. If the quenching is

Table 2 Determination of vanillin in cookies by the proposed method

Number  Added (uM)  Found (uM)  Recovery (%)  RSD (%)
1 10 9.7 97.0 1.5
2 24 239 99.6 32
3 30 30.7 102.3 2.8

@ Springer



902

J Fluoresc (2015) 25:897-905

Table 3  Comparison of the performances of different methods

Methods Linear range Detection ~ References
(M) limits (M)

Voltammetric method 0.1-7, 1040 0.02 [10]

LC-MS 2.5x10°-5.6x10* — [12]

Chemiluminometric ~ 0.99-65.7 0.30 [38]

square-wave - 04 [15]
voltammetry

Spectrophotometric ~ 6.5-131 32 [39]

Adsorptive Stripping  3.3-9.8 0.16 [40]
Voltammetry

Fluorescenc probes  0.94-520 0.26 Present method

static, the linear plot will follow the Lineweaver-Burk
equation.

The dynamic quenching effect of VAN can be described
using the following Stern-Volmer equation [33, 34]:

Fyo/F =Ksy[O] + 1

where Fj) and F' are the fluorescence intensities of the TGA-
capped CdTe/ZnS NPs in the absence and presence of VAN,
respectively. /O] represents the concentration of VAN, and
Ky is the Stern-Volmer quenching constant. As shown in
the inset of Fig. 6b, the Stern-Volmer plot of (Fy/F) versus
[O] shows a good linear relationship (R=0.998) for VAN
concentration in the range from 9.4x10 7 to 7.6x10°> M
and the quenching constant (Kgy) of TGA-capped CdTe/ZnS
NPs with VAN could be calculated as 3.46x10° M. If
experimental data follow the Stern-Volmer equation, the
plot of Fy/F versus [Q] should be linear. However, in
this work, it was found that the quenching of fluorescence

Scheme 1 Mechanism of

of TGA-capped CdTe/ZnS NPs did not obey to the typ-
ical linear Stern-Volmer plot in the higher concentration
ranges.

The static quenching effect can be described using
Lineweaver-Burk equation as follows [35, 36]:

(Fo-F) ' = FO' +Kp ' Fo '[0]

where Kp is the binding constant. As shown in Fig. 6c¢, the
Lineweaver-Burk plot of (F-F) ~ versu /[Q] ' don’t show a
linear relationship for VAN concentration in the range of 9.4 x
1077-5.2x10"* M, which demonstrates that both dynamic and
static quenching modes act together in this system.

Calibration Curve and Detection Limit

To further discuss the quenching effect of TGA-capped CdTe/
ZnS NPs on VAN, a modified Stern-Volmer equation was
utilized to gain a calibration plot, which was proposed for
the systems involving both static and dynamic quenching
mechanism. It could be shown as follows [37]:

log(Fy/F) = Ksy[Q] + C

where C is a constant. In this investigation, the Kg;-and C can
be calculated as 1.55x10° M' and 0.0035, respectively. As is
shown in Fig. 7, the calibration plot of log(F/F) versus [Q]
shows a rather good linear relationship for VAN concentration
in the range 0f 9.4 x 10~ 7—5.2x 10~ M (correlation coefficient,
R?=0.998). The detection limit calculated using the equation
30/S (where o is the standard deviation of blank measure-
ments of six replicates and S is the slope of the calibration
curve) is 2.6x1077 M.
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Tolerance of Foreign Substances

In order to study the selectivity of the proposed method, the
interference of foreign species was carried out by preparing
solutions containing 4 10"° M VAN and different concentra-
tions of relative foreign species under the chosen conditions.
The tolerance concentrations of some metal ions and several
biomolecules for the determination of VAN are listed in
Table 1. Generally, the tolerance limit is defined as the max-
imum concentration of other foreign substances that caused a
relative error of £5 %. As is seen in Table 1, the changes of the
fluorescence intensity that most ions and biomolecules made
were between +5 and —5 % except L-cysteine, whose change
of the fluorescence intensity was much larger than 5 % when
its concentration was just three times of VAN. This may be
due to the thiol group in L-cysteine, which is similar to that of
the capping ligands affecting the system. Thus, it is possible to
use this method to detect VAN at considerably low
concentrations.

Application

In order to check the practicability of the proposed method in
food industry, TGA-capped CdTe/ZnS NPs were utilized for
VAN detection in practical samples. As mentioned above,
VAN exists in most food and drink products, cookie samples
were selected to detect the content of VAN here. Standard
addition method was adopted in this work and the result is
shown in Table 2. From Table 2, we can see that the average
recoveries are in an acceptable range of 97.0-102.3 %. More-
over, the relative standard deviation (RSD) was lower than
5 %, which indicated that this method is reliable and feasible
for the trace determination of VAN.

Comparison between the present method and some
methods reported recently for the determination of VAN is
shown in Table 3 [10, 12, 15, 38—40]. From the table we can
see that the present method showed a lower detection limit and
wider linear range.

Quenching Mechanism

The mechanism of VAN detection based on the quenching of
TGA-capped CdTe/ZnS NPs fluorescence intensity is shown
in Scheme 1. Herein, we discuss the transfer of electron from
CdTe/ZnS NPs to VAN according to previous literatures [41,
42]. Energy transfer, charge transfer and surface adsorbed
molecules on the surface of nanoparticles are the most likely
quenching mechanisms. As is reported, the band gap of ZnS
and CdTe is about 3.6 and 1.5 eV, respectively [43]. The
valence band edge of ZnS is below that of CdTe and the
conduction band edge of ZnS is above that of CdTe. Upon
excitation of TGA-capped CdTe/ZnS NPs, the electrons trans-
fers from the valence band to the conduction band of CdTe

and then transfers to the conduction band of ZnS, which re-
sults in the formation of a positive charged hole in the valence
band and an electron in the conduction band. After
recombining of the electron and the hole, a photon is emitted
to produce the fluorescence. VAN here acts as the electron
acceptor for the electron in conduction band, which prevents
the recombination of the electron and the hole at the interfaces
of CdTe/ZnS NPs. Thus, a decrease of the fluorescence inten-
sity happens and leads to fluorescence quenching.

Conclusions

In summary, a convenient, sensitive and selective method for
the quantitative determination of VAN was established on the
basis of the fluorescence quenching of TGA-capped CdTe/
ZnS NPs. CdTe/ZnS NPs were successfully synthesized
through a wet-chemical method and modified with TGA. Un-
der the optimum conditions, VAN concentrations in the range
0f 9.4x1077 to 5.2x10"* M was linearly proportional to the
relative fluorescence intensity of TGA-capped CdTe/ZnS NPs
with a detection limit of 2.6 x 10~ M. Moreover, interferences
of some metal ions and biomolecules were analyzed and most
of them had no significant effect on VAN determination. The
method was applied to the determination of VAN in cookies
and the results were satisfactory. The proposed method pro-
vides an approach for VAN determination and it will have a
significant impact on the food industry. As CdTe/ZnS NPs
have so many advantages, we believe that fluorescence probes
based on functionaliazed core-shell CdTe/ZnS NPs will attract
more attention in the near future.
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