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This study proposes an easy bottom-up method for the synthesis of photoluminescent (PL) graphene
quantum dots (GQDs) using citric acid as the carbon source. The obtained GQDs were characterized by
high-resolution transmission electron microscopy (HRTEM), UV-vis absorption spectroscopy,
fluorescence spectroscopy, and Fourier transform infrared spectroscopy (FT-IR). The synthesised GQDs
have an average diameter of 4.76 + 0.96 nm, with a lattice spacing of 0.24 nm. The GQDs exhibit
excitation-independent PL emission. The surface of the GQDs has a variety of functional groups
(hydroxyl, carboxyl, and ether groups etc.) to enhance its stability and water solubility. In this study,
a fluorescent “on—off” sensor is developed for the selective detection of vanillin in chocolates using
GQDs as a fluorescent probe. Under optimal conditions, fluorescence intensity of the GQDs has a good

Received 25th December 2020 linear relationship with the vanillin concentration (0.0-2.1 x 107° mol L™Y), with a limit of detection of
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25 x 1078 mol L% For detection in real samples, the percent recovery of vanillin and the relative

DOI: 10.1035/d0ra10825a standard deviation were 88.0-108.9% and 0.90-5.4%, respectively. Thus, this GQDs-based method has
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Introduction

Graphene quantum dots (GQDs) are a zero-dimensional and
photoluminescent carbon-based nanomaterial consisting of
very thin (typically 3-20 nm) graphene sheets.”> GQDs are a new
member of the graphene family and have attracted tremendous
research interest.? In addition, the quantum confinement effect
and the edge (armchair or zigzag) effect impart GQDs with
special properties such as low toxicity, high biocompatibility,
high fluorescent activity, robust chemical inertness, and excel-
lent photostability.*® Owing to these properties, GQDs have
immense potential applications in photovoltaic devices,” bio-
imaging instruments,® sensors and biosensors,”'® etc. Until
now, GQDs have been used as a fluorescent probe for the
detection of a broad range of analytes such as metal ions,"™*°
organic matter,'>"” proteins,' and other biomolecules.**
Vanillin (Fig. 1) is the major component of natural vanilla
and one of the most widely used flavouring materials world-
wide.” Due to its unique aromatic properties, it is widely used
as a flavour enhancer in candies, ice creams, wine, and other
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good accuracy and precision and can be used for vanillin detection in practical applications.

food products and is also used as an aromatic additive in
candles, incense, potpourri, fragrances, perfumes, and air
fresheners.”** In addition, vanillin exhibits probiotic activities
such as antibacterial** and antioxidant activities.>® However,
excessive ingestion of vanillin can cause headache, nausea, and
vomiting and can affect the liver and kidney functioning.*®
Therefore, it is essential to manage its usage in the products.
Various analytical methods have been developed for vanillin
detection; these include UV-vis spectrophotometry,” electro-
chemical methods,”®* high-performance liquid chromatog-
raphy,* and gas chromatography-mass spectrometry.*"*
However, most of these methods are complex and time
consuming and require expensive instruments and complex
operational procedures. Moreover, some of these methods have
low sensitivity, thereby limiting their practical applications for
routine analysis.*® Thus, in the present work, GQDs were prepared
as a novel carbon material using the one-pot bottom-up high
temperature-pyrolysis method by employing citric acid as the
carbon source. Using these GQDs, a new, low-cost, convenient,
highly efficient, rapid, sensitive, and selective method allowing on-
site operation was developed for vanillin detection.

Experimental
Materials

Citric acid, NaOH, vanillin, o-(—)-salicin and glutathione were
purchased from Sangon Biotech (Shanghai, China) Co., Ltd.
Glucose and glycine were obtained from Sinopharm Group
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Fig. 1 The chemical structure of vanillin.

Chemical Reagent Co., Ltd (Shanghai, China). Sucrose was
purchased from Shanghai Chemical Reagents Co., Ltd
(Shanghai, China). Sodium dihydrogen phosphate dihydrate
(NaH,PO,-2H,0), disodium hydrogen phosphate dodecahy-
drate (Na,HPO,-12H,0) and potassium hydrogen phosphate
(K,HPO,-3H,0) were bought from Tianjin Kemeiou Chemical
Reagent Co., Ltd (Tianjin, China). Ascorbic acid was obtained
from Shanghai Tri-Four Hewei Chemical Co., Ltd (Shanghai,
China). Quinine sulfate was obtained from Tianjin Heowns
Biochem Co., Ltd (Tianjin, China). All chemicals were of
analytical grade and the water was distilled and passed through
a Millipore Q purification system (Millipore Corporation).

Instrumentation

The GQDs fluorescence spectra were obtained on a Cary Eclipse
fluorescence spectrophotometer (Varian Co., USA). The absorption
spectra of GQDs measured on the Ultrospec 6300 pro UV-vis
spectrophotometer (Amersham Biosciences Co., USA) in a 1 cm
quartz cells. A Fourier transform infrared (FT-IR) spectrophotom-
eter (Thermo Scientific Nicolet iS5, USA) was used to collect the
Fourier transform infrared spectra of GQDs. The morphology and
size of GQDs were collected by transmission electron microscope
(TEM) (JEM-2100, Japan), using an acceleration voltage of 200 kVv.

Synthesis of GQDs

The GQDs were synthesised according to a previously reported
method, with some modifications.** Briefly, 2.0 g of citric acid
was taken into a 250 mL three-necked flask and heated at 150 °C
using an electric heating mantle for about 12 min, till the colour
of the pyrolysis solution changed to orange-red. The orange-red
liquid was quickly added dropwise to 30 mL of 10 mg mL ™"
NaOH, followed by ultrasonication for 2 min and stirring on
a magnetic agitator for 30 min. Finally, pH of the obtained
yellow-green GQDs solution was adjusted to 7.0 with NaOH. The
GQDs solution was diluted to 100 mL and stored at 4 °C.

Measurement of quantum yield

The most reliable method for determining the quantum yield (QY) is
the “comparative method”.* In this method, a series of diluted
samples of the standard substances and test substances are prepared
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so that their UV-vis absorbance at a certain wavelength A follows
a gradient. The fluorescence emission peak upon excitation at A is
examined, and the peak area is integrated. The integrated area is
used to linearly fit the absorbance to obtain two straight lines passing
through the origin, and the QY is calculated according to eqn (1).

Mx = Ms(kx/ks)(nx/ns) (1)

Here, M is the fluorescence quantum yield. k and n represent the
slope and refractive index of the solution, respectively.
Subscript s indicates the quinine sulfate reference solution and
x refers to the GQDs samples.

Specific steps adopted in this study: quinine sulfate was used
as a control to determine the fluorescence QY of the prepared
GQDs. The quinine sulfate solution was prepared in 0.1 mol L™
H,SO,. It was ensured that the absorbances of the quinine
sulfate solution and GQDs solutions at a wavelength of 355 nm
were less than 0.1. Following this, fluorescence emission
spectra of the quinine sulfate solution and carbon point solu-
tion were acquired on a fluorescence spectrophotometer, and
the respective peak areas were calculated.

Detection of vanillin

A fixed concentration of GQDs (2.0 mg mL ') was mixed with
increasing concentration (ranging from 0.0 to 2.1 X
10 mol L") of the vanillin standard solution. PBS (pH = 8.0)
was used as the reference solution. The mixture was incubated
for ~10 min at different temperatures so that the equilibrium is
attained. The excitation and emission slits were 5 and 10 nm,
respectively. Fluorescence spectra were acquired from 400 to
600 nm by exciting the GQDs solutions at 365 nm.

Preparation of real samples

Phosphate buffer saline (PBS) with different pH values was
prepared by mixing stock solutions of 0.05 mol L™ Na,HPO, and
NaH,PO,. The standard stock solution of vanillin (4.5 X
107> mol L") was prepared in deionised water and stored at 4 °C.
To establish the practical application of this method, choc-
olates purchased from a local supermarket were used as the real
sample. Five different varieties of chocolates were accurately
weighed (0.50 g) and placed in a beaker. Then, 20 mL of distilled
water was added to it, and the beaker was placed in a water bath at
50 °C for 10 min. After cooling to room temperature, the sample
was centrifuged at low speed (2000 rpm) for 5 min. The superna-
tant was withdrawn and filtered using a 0.22 um micro filter
membrane. Finally, the sample was stored at 4 °C for later use.

Results and discussion
Optimisation of synthesis conditions

In order to obtain GQDs with excellent optical properties, we used
the controlled variable method to investigate the influence of
heating temperature and heating time on the synthesis. The results
are depicted in the fluorescence spectra and UV-vis absorption
spectra (Fig. 2). The optimal temperature was 150 °C (Fig. 2A and
B), while the optimal heating time was 12 min (Fig. 2C and D).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The influence of different reaction temperature and different reaction time on GQDs. Here (A) and (C) are the fluorescence spectroscopy,
and the UV-vis absorption spectroscopy are (B) and (D).

Characterisation of GQDs

Optical properties of the GQDs were determined from the
fluorescence and UV-vis absorption spectra. The prepared GQDs

A ——Em 468nm

—— Abs 355nm

3+

Absorbance

400 500
Wavelength(nm)

Fig. 3
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showed a strong absorption peak at ~355 nm and an emission
maximum at ~468 nm (Fig. 3A). The GQDs solutions were light
yellow in day light and exhibited strong, bright blue luminescence
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(A) Fluorescence excitation (black line) and UV-vis absorption spectrum (red line) of the GQDs. The inset shows the photographs of the

GQDs solution (left) under daylight and 365 nm UV light (right). (B) Fluorescence emission spectra of GQDs at different excitation wavelengths

(300-400 nm).
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upon UV irradiation of 365 nm (inset, Fig. 3A). To further study the
optical properties of GQDs, we excited the GQDs solutions at
different wavelengths. When the excitation wavelength was
increased from 300 to 400 nm, the fluorescence intensity of GQDs
first increased and then decreased gradually (Fig. 3B). The fluo-
rescence intensity was the highest at an excitation wavelength of
360 nm. The emission maximum was around 468 nm even when
the sample was excited at different wavelengths. This suggested
that the GQDs has no emission wavelength dependence.

The morphology and size distribution of the GQDs were obtained
by high-resolution transmission electron microscopy (HRTEM). The
HRTEM image (Fig. 4A) suggests that the GQDs were well dispersed
spherical dots with a lattice spacing of ~0.241 nm (inset of Fig. 4A).
This is in agreement with the 1120 plane of graphitic carbon and
indicates high crystallinity of the GQDs.* The GQDs have a uniform
size with an average diameter of 4.76 & 0.96 nm (Fig. 4B).
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Fig. 5 FT-IR spectra of GQDs.
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(A) HRTEM images of the GQDs. (B) The size distribution of the GQDs.

The functional groups of the GQDs were examined by FT-IR
spectroscopy (Fig. 5). The broad peak at 3386 cm ™" is ascribed
to the -NH and -OH stretching vibrations.*® The strong
absorption peaks at 1398 and 1577 cm™ ' correspond to the
symmetric and anti-symmetric stretching vibrations of
-COOH, respectively. The typical peak at 1295 cm ™ is attrib-
uted to the anti-symmetric and symmetric stretching vibra-
tions of the aromatic -COC bond. The out-of-plane -OH
bending vibration is also detected at 632 cm™"' in the FT-IR
spectrum.

Stability of GQDs

Stability of the synthesised GQDs was examined at room
temperature. Required amount of the GQDs solution was
added to PBS with different pH values (3.0, 4.0, 5.0, 6.0, 7.0,
8.0, 9.0, 10.0, 11.0). The fluorescence intensity of the GQDs in
acidic pH was lower than those in neutral and alkaline pH
(Fig. 6A). It is evident from Fig. 6B that the fluorescence
intensity of the GQDs did not change significantly upon
continuous UV irradiation (using UV lamp) for 2 h at 365 nm,
indicating that the GQDs had good photostability and anti-
bleaching ability. The influence of ionic strength on the fluo-
rescence intensity of GQDs was investigated by adding
different concentrations of NaCl solution. Fig. 6C clearly
shows that the ionic strength has a minor effect on the fluo-
rescence intensity of GQDs.

Calculation of the fluorescence quantum yield

The QY of the synthesised GQDs was determined using
a quinine sulfate solution prepared in 0.1 mol L™ H,S0, (QY,
54%) as the fluorescence standard. The results are shown in
Fig. 7. Slopes corresponding to quinine sulfate and GQDs are
153.22 and 26.44, respectively, and the calculated fluorescence
yield of the GQDs is 9.3%.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Optimisation for vanillin detection

In order to obtain a high quenching efficiency and good
sensitivity, several crucial factors, including buffer, concen-
tration of buffer, pH, reaction time, and dosage of GQDs,
were investigated. For the optimisation experiment, the
concentration of vanillin chosen was 2.0 x 10~> mol L™". The
values of (F, — F) (here, F, and F are the fluorescence inten-
sities of GQDs before and after adding vanillin, respectively)
were obtained to determine the optimal conditions.

The degree of quenching of the GQDs fluorescence by
vanillin was studied in four different buffers (PBS, Tris-HCl,
citric acid-Na,HPO,, NaOH-K,HPO,). The (F, — F) values in
different buffers were almost unchanged, and thus, PBS was
selected as the buffer for the reaction system (Fig. 8A).
Subsequently, the GQDs were incubated with vanillin at
different concentrations of PBS (0.02-0.40 mol L") for
10 min. Fig. 8B shows that the concentration of PBS does not
affect the detection. Thus, 0.05 mol L' PBS was selected for
the overall detection system. The effect of pH (5.0-9.0) on the
(Fo — F) values was studied (Fig. 8C). It was found that the (F,
— F) value of the system reached its maximum and was sta-
bilised when the pH was 8.0. Hence, the optimal pH of the

© 2021 The Author(s). Published by the Royal Society of Chemistry

PBS was determined to be 8.0. Next, the optimal reaction time
was determined. Reaction times ranging from 5 to 40 min
were examined. Fig. 8D suggests that there is no obvious
change in (F, — F) after 10 min. Thus, an optimal incubation
time of 10 min was selected for the entire reaction system.
Finally, the effect of GQDs concentrations on the detection
system was examined by adding vanillin to different
concentrations of GQDs. The fluorescence quenching of
seven different concentrations of GQDs (0.67, 1.0, 1.33, 1.67,
2.0, 2.33, 2.67 mg mL™") induced by vanillin is shown in
Fig. 8E. When the concentration of GQDs was increased from
0.67 to 2.0 mg mL ", the (F, — F) value first increased grad-
ually and later decreased when the concentration was higher
than 2.0 mg mL~". Thus, the concentration of GQDs was fixed
at 2.0 mg mL .

Detection of vanillin

The analytical performance of the developed GQDs-vanillin
system was studied under the optimum experimental condi-
tions. Fig. 9A shows the effect of increasing concentrations of
vanillin on the fluorescence emission spectrum of GQDs.
Increasing the concentration of vanillin leads to a uniform
decrease in the fluorescence emission intensity of the GQDs.
Hence, vanillin can strongly quench the GQDs fluorescence.
Meanwhile, the (F, — F) value corresponding to the quench-
ing shows a good linear relationship with the vanillin
concentrations in the range 0.0-2.1 x 10~° mol L™" (Fig. 9B).
The regression equation can be expressed as (F, — F) = 143.2
[vanillin] + 17.31, and the corresponding regression coeffi-
cient (°R) was 0.9950. In the limit of detection (LOD) formula,
LOD = 30/k, o is the standard deviation of the blank sample
of the detection system and k is the slope of the standard
curve. Based on this, the LOD of vanillin was calculated to be
2.5 x 10~® mol L™ by measuring the blank sample 10 times.
This value suggests that the developed method can be used
for the sensitive detection of vanillin. The methods reported
in literature for vanillin detection were compared with this
method, and the observations are listed in Table 1. All the
methods have their own advantages; however, the method
developed in this study is less time-consuming, simpler, and
more sensitive than the previously reported methods.

RSC Adv, 2021, 11, 9121-9129 | 9125
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Table 1 Comparison of present method with other reported vanillin analysis methods

Response
Methods Linear range (10 ~° mol L") LOD (10 ¥ mol L) time References
Differential pulse voltammetry (DPV) 4.80-600 5.60 3 min 21
UV-vis spectrophotometry 6.57-131.4 300 — 27
Electrochemical method 0.250-75.0 103 8 min 29
Fluorescence detection 0.043-26.4 10.0 9h 37
Fluorescence detection 0.300-2.10 2.50 10 min This work
Table 2 Fluorescence responses of GQDs in the presence of vanillin (9.0 x 10~® mol L™ and other different substances
Coexisting Concentrations Interference Concentrations Interference
substances (107> mol L) level (%) Coexisting substances (107> mol L) level (%)
Pb** 3.0 —0.66 Glutathione 1.5 —-1.60
cd* 3.0 —2.17 Glucose 1.5 -1.77
Ni** 1.5 -3.06 Citric acid 1.5 +0.82
cu** 1.5 +1.60 Vitamin C 3.0 —0.96
As™ 3.0 +0.09 Sucrose 1.5 -1.81
Zn* 3.0 +0.56 NaOH 20 —1.54
ca* 3.0 —0.46 HCI 17 +1.38
K 1.5 +0.17 p(—)-Salicin 3.0 +0.13
Na* 4.5 +1.60 5-Sulfosalicylic acid dihydrate 1.5 -1.35
KCl 50 —1.60

Interference study

To verify the selectivity of this method, we tested samples in which
common ions, biomolecules, amino acids, and potential compo-
nents in real samples coexisted. The concentration of vanillin was
fixed at 9.0 x 10~° mol L%, and the concentrations of the other
interfering substances were higher than the concentration of
vanillin. Table 2 suggests that none of these substances interfered
in the detection of vanillin. Thus, this method exhibits good

© 2021 The Author(s). Published by the Royal Society of Chemistry

selectivity and anti-interference ability and has potential scope of
development in practical applications.

Detection of vanillin in real samples

In order to prove the practicality of the proposed method for
vanillin detection, we used the standard addition method to
determine the vanillin content in chocolate samples. The
results show (Table 3) that the recoveries of vanillin are in the
range 88.0-108.9%, and the relative standard deviation is
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Table 3 Determination of vanillin real chocolate samples by the proposed method

Samples Found (10~ mol L") Added (10 ° mol L) Found (10~ ° mol L") Recovery (%) RSD (%, n = 6)
Sample1 3.7 4.5 8.3 102.2 2.8
7.5 11.8 108.0 3.0
Sample2 12.0 4.5 16.3 95.6 1.2
7.5 19.4 98.7 0.9
Sample3 10.6 4.5 14.7 91.1 3.2
7.5 17.5 92.0 5.4
Sample4 15.5 4.5 19.6 91.1 2.6
7.5 22.1 88.0 2.8
Sample5 9.9 4.5 14.8 108.9 3.3
7.5 17.3 98.7 1.8
between 0.90% and 5.4%. This indicates that GQDs are ACknOWledgementS

a feasible fluorescent probe with potential applications for
vanillin detection.

Conclusions

In the study, GQDs were successfully synthesized using
anhydrous citric acid as a carbon source. They were charac-
terized by various spectroscopic techniques and HRTEM. The
GQDs were used as a fluorescent probe to develop a rapid,
simple, sensitive, and efficient method for vanillin detection.
Vanillin concentrations in the range 0.0-2.1 x 10~° mol L™"
showed a good linear relationship with the fluorescence
intensity of GQDs, with a detection limit of 2.5 X
10~% mol L™ '. At the same time, the common substances
found in real samples did not interfere with the detection
system. Additionally, the probe could be successfully
employed for vanillin detection in chocolate.
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