Microchimica Acta (2018) 185: 492
https://doi.org/10.1007/500604-018-3016-y

ORIGINAL PAPER

@ CrossMark

Fluorometric determination of quercetin by using graphitic carbon
nitride nanoparticles modified with a molecularly imprinted polymer

Shengnan Xu' - Ligang Chen" - Ling Ma?

Received: 21 June 2018 /Accepted: 20 September 2018 /Published online: 3 October 2018

© Springer-Verlag GmbH Austria, part of Springer Nature 2018

Abstract

The authors describe a fluorescent probe for sensitive and selective determination of quercetin, an indicator for the freshness of
drinks. The probe consists of silica ball encapsulated graphitic carbon nitride (g-C5N,4) modified with a molecularly imprinted
polymer (MIP). It was synthesized via reverse microemulsion. The resulting MIP @ g-C3;N, nanocomposite was characterized by
fluorescence spectroscopy, transmission electron microscopy, Fourier transform infrared spectroscopy, and X-ray powder dif-
fraction. Quercetin quenches the fluorescence of the MIP@g-C3N, probe. The effect was used to quantify quercetin in grape
juice, tea juice, black tea, and red wine by fluorometry (Aexc = 350 nm, A, =460 nm). Response is linear in the 10-1000 ng mL™!
quercetin concentration range. The detection limit is 2.5 ng mL ™", recoveries range between 90.7 and 94.1%, and relative

standard deviations are between 2.1 and 5.5%.

Keywords Soft drinks - Graphite carbon nitride - Molecular imprinting - 7t-Interaction - Probe - Fluorescence - Flavonoids -
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Introduction

Flavonoids are widely distributed in fruits, vegetables and
some drinks [1-3]. Quercetin (Fig. S1) is a typical flavonol
and can be detected in some daily food such as grape, tea,
onion, nuts, berries, cauliflower and cabbage [4]. So it is sig-
nificant to establish an effective approach for detecting
quercetin.

A number of analytical methods are used for quantitative
analysis of quercetin, for instance, high-performance liquid
chromatography [5], liquid chromatography-mass
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spectrometry [6], capillary electrophoresis [7], electrochemi-
cal sensor [8] and fluorescence spectroscopy [9]. The above
analytical methods have acquired good experimental results,
but these methods have some disadvantages. For instance, the
high-performance liquid chromatography method has a large
reagent consumption and long analysis time. The capillary
electrophoresis and electrochemical detection sometimes have
poor reproducibility. Compared with other detection methods,
fluorescence spectroscopy has the advantages of high sensi-
tivity and low analysis cost.

Quantum dots (QDs), as novel fluorescent indicators, have
unique optical properties that can be widely used in biomed-
ical and pharmaceutical analysis. At present, a number of met-
al semiconductor QDs are applied as fluorophores in optical
sensing, such as CdS [10], Mn-doped ZnS [11] and CdTe [12].
These metal semiconductor QDs have excellent fluorescence
properties. But they have toxic and low selectivity. So how to
fabricate benign nanomaterials with good optical properties is
an interesting challenge.

In order to solve the problem of high toxicity of tra-
ditional metal QDs, some new fluorescent nanomaterials
have been discovered, such as graphite carbon nitride (g-
C5Ny), carbon dots and graphene quantum dots. The
synthetic steps of carbon dots and graphene quantum
dots are relatively complex and the resulting product
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contains impurities. Comparatively speaking, g-C3N, is a
promising alternative to other QDs due to their advan-
tages of strong fluorescence, uncomplex preparation pro-
cess, low toxicity and excellent biocompatibility. G-
CsNy, a kind of visible-light-response material similar
to graphite, is a two-dimensional planar conjugation
structure with unique electronic band [13]. Each layer
of g-C5Ny consists of a repeating tri-s-triazine ring pack-
aged together by van der Waals interactions [14, 15]. It
has become of interest due to their unique optical
properties.

In order to increase the selectivity of QDs, molecular
imprinting technique was used. For example, Ren et al.
used QDs coated with molecularly imprinted polymer
(MIP) as fluorescence probe for detecting cyphenothrin
[16]. Zhang et al. have synthesized MIP-g/r-QDs as a
ratiometric fluorescent probe to detect melamine [17].
Their methods have achieved good results. It is a prom-
ising analytical method that QDs combined with molec-
ularly imprinted technology. The method has attracted
more and more attention.

In this work, an eco-friendly fluorescent probe was
constructed which based on g-C3N, combined with mo-
lecular imprinting for detecting quercetin. The g-C;N4
as a fluorescent signal is environmentally friendly and
uncomplicated in preparation. The fluorescence probe
can detect quercetin based on photoinduced electron
transfer fluorescence quenching mechanism. Under the
optimal conditions, the probe for quercetin assay was
validated, and then was successfully applied to drink
samples analysis.

Experimental
Materials and reagents

The standard reagent of melamine was purchased from
Aladdin (Shanghai, China, http://www.aladdin-e.com).
Dihydrate sodium citrate, citric acid monohydrate, 3-
aminopropyltriethoxysilane, kaempferol, galangin, myricetin
and bisphenol A were bought from Aladdin (Shanghai, China,
http://www.aladdin-e.com). TEOS, n-amyl alcohol, ethanol,
triton X-100, methanol, ammonium hydroxide, sodium hy-
droxide were purchased from Kermel (Tianjin, China, http://
www.chemreagent.com/). Cyclohexane was purchased from
Guangfu (Tianjin, China, http://tjguangfu.company.
lookchem.cn). High-purity water was purchased from a
Milli-Q water system (Millipore, Billerica, MA, USA, http:/
www.merckmilliporechina.com). Beverages and red wines
were bought from Harbin supermarket. All reagents were
analytical grade.

@ Springer

Preparation of the graphitic carbon nitride
nanoparticles modified with a molecularly imprinted
polymer (MIP@g-C5N,)

The g-C5;N,4 was synthesized according to the available
methods in the literature [18]. The MIP@g-C;N, composite
was synthesized at room temperature via reverse
microemulsion. First, 20 mL of cyclohexane, 3.6 mL of
Triton X-100, 4.4 mL of n-amyl alcohol and 1.0 mL of dis-
tilled water were stirred for 5 min. The g-C5N4 (0.1 g) was
added the above solution, then stirring 30 min in room tem-
perature. Second, 200 uL of TEOS and 100 puL of NH3-H,O
were added to above reaction solution. The mixture was
stirred for 10 h so that the g-C3N, was successfully encapsu-
lated with silicon. Third, 0.1 g of quercetin (disperse in 20 mL
of ethanol) and 250 puL of APTES were added to the system
for stiring 1 h. Afterwards, 500 pL of TEOS and 1 mL of NHj-
H,0O were added in the microemulsion and stirred for 12 h
under avoiding light. The MIP @g-C5;N, composite was syn-
thesized, and washed with ethanol and water. Finally, metha-
nol /acetic acid (9:1, v/v) was used to elute template molecule.

The same procedure was used to simultaneously prepare
the non-imprinted appended to g-C3N4 (NIP@g-C;N,) with-
out addition of the template quercetin.

Characterization

The Fourier transform infrared spectrum (FT-IR) was re-
ceived by using FT-IR360 spectrometer (Nicolet,
Madison, WI, USA, http://www.chem17.com). The X-
ray diffraction (XRD) spectrum was received by using a
Shimadzu XRD-600 diffractometer (Kyoto, Japan, https://
www.shimadzu.com). Topography was received by using
the H7650 transmission electron microscope (TEM)
(Hitachi, Japan, http://www.hitachi.com). The ultraviolet
spectrum (UV) was received by using TU-1901 spectrom-
eter (PERSEE, Beijing, China, http://www.instrument.
com). At the room temperature, fluorescence spectrum
was received by using F-4600 fluorescence spectropho-
tometer (Hitachi, Japan, https://www.antpedia.com). X-
ray Photoelectron Spectroscopy (XPS) spectrum (The
United States, Minnesota, http://www.phi.com/index.
html) was received by using PHI 5700 ESCA System,
that the pass energy of wide scan and narrow scan were
187.85 eV and 23.50 eV, respectively. The MIP@g-C3Ny
were dissolved in citric acid-sodium citrate buffer by A
KQ5200E ultrasonic instrument (Kunshan Instrument,
Kunshan, China, http://www.ks-csyq.com).

Fluorometry

By using a 400 nm excitation filter, a fluorescence spec-
trum was achieved in the wavelength range of 400-—
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700 nm with an excitation wavelength of 350 nm. All
measurements were performed under the following pa-
rameters: the slit width was 10 nm; the scan speed was
240 nm min '; and photomultiplier tube voltage was
550 V. Moreover, every sample was repeated measure-
ment three times under the same conditions, the Quartz
cell of 1 cm path length was used for fluorescence mea-
surement. The different concentrations of quercetin solu-
tions were mixed with 0.1 mg mL~' MIP@g-C5N, solu-
tion (1:1, v/v) that adjusted to pH = 3 by citrate buffer
(0.1 mol LY. After the reaction was completed, the
fluorescence analysis was carried out.

Analysis of quercetin in real samples

The quercetin content in the beverage and red wine are one of
the signs of the quality of related products. Some kinds of
juices and red wines from local supermarkets were analyzed
for investigating the applicability of the MIP @g-C;N, meth-
od. The red wine samples were diluted 10 times before fruther
treatment due to the high content of quercetin. The samples
were treated by the following process: MIP@g-C3Ny,
(0.1 mg mL™") was dispersed in citric acid-sodium citrate
buffer at pH=3. The samples (10 mL) was mixed with the
0.1 mg mL! MIP@ g-C3Ny (10 mL). After full shocking for
5 min, centrifuging and discarding the supernatant, the mix-
ture was washed with distilled water (3 mL) to remove impu-
rities for example sugar. Finally, the MIP @ g-C;N, adsorbing
quercetin was redispersed in citrate buffer (20 mL) for fluo-
rescence measurement. The fluorescence emission spectra
were recorded under a 350 nm excitation wavelength and
the fluorescence intensity of the maximum emission peak at
460 nm was used for the quantitative analysis of quercetin.
Then the concentrations of quercetin in drink samples will be
gained according to the linear equation.

Results and discussion
Choice of materials

Numerous nanomaterials are used as fluorescent probes
for trace detection, such as metal QDs, g-C3N,, carbon
dots and graphene QDs. The synthesis step of carbon
dots is complicated and accompanied by a large amount
of impurities [19]. The use of natural graphite or metal
catalysts for the synthesis of graphene QDs can result in
residual metal impurities (e.g., Fe, Co, and Ni) that are
not easily removed [20]. Metal QDs are toxic and not
environmentally friendly. In comparison, the synthesis
step of g-C3N4 is uncomplex, and the product has high
purity [18]. The surface of the g-C3N4 has many amino
functional groups, which can further interact with the

analyte. Therefore, g-C3N4 was selected as fluorescent
component. In this experiment, molecular imprinting
technique was also introduced to increase the selectivity
of g-C3N4 (Fig. 1).

The emission wavelength of g-C3N, was 460 nm.
Quercetin had a weak peak at an emission wavelength of
530 nm. When quercetin and g-C3N, were mixed, there was
no interference to the experiment.

Characterizations of g-C3N, and MIP@g-C5N,

As estimated from the TEM images in Fig. 2a, b, the diameter
of g-C3Ny is approximately 10 nm. In this study, the bulk g-
C3N, turns into small nanoparticles by ultrasound for 10 h.
The role of ultrasound is to destroy van der Waals forces
among the layers of g-C3N,. Similar experimental phenomena
also have been verified in the previous literature [21]. The
diameter of MIP@g-C3N, is 200-500 nm, and MIP@g-
C3N, have regular spherical shapes.

The characterization XRD patterns of g-C3N, and MIP@ g-
C3N, are presented in Fig. 2c, d. Figure 2¢ is consistent with
the previous reports on g-C3Ny4 [22]. The strong shoulder peak
around 27.4° represent the characteristic interplanar stacking
peak of conjugated aromatic systems, index for the (002) peak
of g-C5Ny4. Another the weak diffraction peak around 13.07°
derives from an in-planar structural packing motif, index the
(100) peak of g-C5N4. MIP@g-C3N, appears widely peaks in
Fig. 2d, it may be caused by wrapping the blotting membrane.

The chemical structures and composition of g-CsN, and
MIP @g-C5N, are further investigated by XPS measurement.
The obvious peaks of C, N and O can be seen in Fig. 2e. The
binding energy peaks at 286.5, 402.1 and 534.9 eV corre-
spond to Cls, N1 s and Ols, respectively. The XPS of the
composites are shown in Fig. 2f, there are five obvious peaks
can be clearly observed, their peaks appear on 287.3 (Cls),
535.6 (Ols), 401.8 (N1 s), 104.8 (Si2p), 157.2 (Si2s).

FT-IR (Fig. 2g, h) spectroscopy is acquired via a Fourier
transform infrared spectrometer with the KBr pellet technique.
The typical founctional group of g-C5Ny4 is shown in Fig. 2g.
Distinct bands can be observed between 1200 and 1680 cm ™
and near 815 cm ', it is the result of the organic molecules
containing three azine ring structures. The absorption bands
appear on 1570 and 1630 cm ' are attributed to C=N
stretching, the bands present to 1250, 1320 and 1410 cm!
are consistent with aromatic C-N stretching, the terminal amino
groups broad band appear in the 3000-3500 cm ™, for instance,
-NH, or=NH groups of g-C5;N, The sharp band of the bend-
ing vibration of characteristics of triazine rings appears in
815 cm'. The FT-IR spectroscopy of MIP@g-C5N, in Fig.
2h, the characteristic peak at 3270 cm ' is corresponding to
the stretching vibration of the N-H and O-H bonds. A wide
peak located at 1060 cm™ " is corresponding to Si-O stretching
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Fig. 1 Schematic of the synthesis of graphitic carbon nitride nanoparticles modified with a molecularly imprinted polymer (MIP @g-C5N,) including the
preparation and modification of g-C3N,4 and further encapsulation of molecularly imprinted polymers on g-C3Ny4

vibration. The C=N stretching vibrations are observed at 1630  Optimization of method

and 1570 cm ', respectively. The stretching vibration of Si-H

(2360 cm ') and -CH; of APTES (2920 cm ™ '), indicated MIP The following parameters were optimized: (a) Sample
is successfully combined with g-C5N,. pH value; (b) Reaction time (¢) Concentration of
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Fig. 2 Transmission electron
microscopy images of g-C;Ny (a)
and MIP@g-C;N, (b), X-ray
powder diffraction of g-C3Ny4 (¢)
and MIP@g-C3Ny (d), X-ray
Photoelectron Spectroscopy of g-
C3N4 (e) and MlP@g-C3N4 (D,
Fourier transform infrared
spectroscopy of g-C3N, (g) and
MIP@g-C3N4 (h)

MIP@g-C5N4. Respective data and Figures are given in
the Electronic Supporting Material in Fig. S2, Fig. S3
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and Fig. S4. In short, the following experimental con-

ditions were found to give best results: (a) Best sample
pH value: pH=3; (b) Optimal reaction time: 5 min; (c)
Optimal concentration of MIP@g-C5N,4: 0.1 mg mL ™.
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The response of MIP@g-CsN; and NIP@g-CsN,
to quercetin

The effects of different concentrations of quercetin on
imprinted and nonimprinted probes (MIP@g-C;N, and
NIP@g-C;N,) is shown in Figure 3. It indicates that the
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Fig. 3 Fluorescence spectra of MIP@g-C5N, (a) and NIP@g-C3N, (b)
with difference concentrations of quercetin (A, =350 nm, pH=3,
reaction time:5 min)

fluorescenceof MIP@g-C;N, and NIP@g-C;N, decreased as
the concentration of quercetin increased. The specific interac-
tions between quercetin and MIP@g-C3Ny are the main rea-
son of fluorescence quenching. It is obvious that the decline of
the fluorescent intensity of the MIP@g-C3N, is larger than
that of NIP@g-C;N, after adding the same concentration of
quercetin. The different fluorescence quenching intensity can
be explained by the Stern—Volmer [23]:

Fo/F =1+Ksv[0)] (1)

In the equation, F, is the initial fluorescence of
MIP@g-C5N, without quercetin, F is the fluorescence
of MIP@g-C;N, after adding quercetin, Kgy is the
Stern—Volmer constant, and [Q] is the different quercetin
concentrations added. Quercetin with a concentration
range of 2-2000 ng mL™' was tested. In the experiment,
when the concentration of quercetin is less than
10 ng mL™', the fluorescence quenching is too small
and the repeatability is poor. When the concentration of
quercetin is higher than 1000 ng mL ™', the linear plot
greatly deviates. Quercetin shows a good linear relation-
ship in a range of 10-1000 ng mL™". As shown in Fig.
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S5, fluorescence changes of MIP@g-C3;N, after adding
different quercetin concentrations can be confirmed a
good linear correlation between Fy /F and quercetin con-
centration in the range of F, /F= 0.000882[Q]+
1.00229, the correlation coefficient (Rz) was 0.9994,
the limit of detection (LOD) is the ratio of 30 to K,
where o is the standard deviation of blank measurements
(n=11) and K is the slope of the calibration plot. The
LOD of this method is 2.5 ng mL™'. The imprinting
factor (IF) is also calculated, through defined by the
ratio of Kgy; ap to Kgy yp (IF =5.04). The above results
are shown wide linear range and low detection limit of
the prepared fluorescence probe based on MIP@g-C3Ny,.

Selective responding on MIP@g-C5N,

To test the selectivity of the MIP@g-CsN, prepared by
our method, some substances were measured, for in-
stance, kaempferol, galangin, myricetin as the similar
structures analogue, and bisphenol A as the reference
compound that also contained two benzene ring and hy-
droxy. Their chemical structures are shown in Fig. S6.
The results of Fig. S7 indicate that the MIP@g-C5N4
displays the highest specific recognition ability for quer-
cetin compare with other four substances. On account of
the structures of four substances are different with quer-
cetin, when the template molecule is removed, cavity
sites that match quercetin are left, these analogues can’t
retain in the recognition cavities of MIP@g-C3;Ny. So,
quercetin can be specifically recognized by MIP@g-
C3Ny. The effect of interfering substances in the solution
is investigated, and the results shows that within a cer-
tain concentration range is immune to interference
(Table. S1).

Reuse is an important factor for fluorescent MIP. Fig. S8
shows the MIP@g-C3;N, can be used at least five times.

Fluorescence quenching mechanism

Fluorescence is reduced by various molecular interactions,
excited-state reactions, molecular rearrangments, energy
transfer, formation of ground state complexes, and collosional
quenching, which is called fluorescence quenching. The
mechanism of action of MIP@g-C3sN, and quercetin can be
listed as follows:

(1) There are some ways to cause fluorescence quenching
such as fluorescence resonance energy transfer (FRET),
photoinduced electron transfer (PET) and inner filter ef-
fect (IFE). Generally, in the FRET or IFE process, there
should be a good spectral overlap between the absorption
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Table 1 Thermodynamic

parameters of the MIP@g-C5N,, T(K) Ksv (L mol ™) AG® (kJ mol ™) AHC (kJ mol ™) AS® (J mol ' K1)
with the quercetin system
298 2.67 % 10° -30.95 -15.45 52
308 2.17x10° —-31.47
318 1.97x10° -32.23
spectrum of quercetin and the emission spectrum of AGO = AH-TAS (3)

MIP@g-C;Ny. It can be seen from Fig. S9, the peaks
of the two substances do not overlap, which proves that
their quenching mechanism are not FRET or IFE.

(2) Fluorescence quenching usually has static quenching
and dynamic quenching, which can be distinguished by
measuring the relationship between quenching constant
and temperature. The static quenching is caused by the
formation of a non-luminescent ground state complex
between the fluorescent molecule and the quencher.
Therefore, when the temperature increases, the complex
becomes unstable, resulting in the decreased of the
quenching constant. The dynamic quenching is caused
by collisions between quenchers and fluorophores.
When the temperature rises, the collision is aggravated,
leading to the quenching constant increases. As displays
in Fig. S10, as the temperature increases, the quenching
constant decreases. This imply that the reaction mecha-
nism was static quenching [24].

(3) Fluorescence quenching can also be discussed from mo-
lecular interactions (for electrostatic force, 7-7t, and hy-
drogen bonding interactions). The quercetin is added into
the MIP@g-C3;N, solution, the molecular interactions
between quercetin and MIP @ g-C5;N, are occurred, such
as electrostatic force and 7t-interactions, the interaction
of quercetin and MIP@g-C5N, is researched by using
the Sterm-Volmer equation in different temperatures.
The thermodynamic equation as follows [25]:

By rearranging Eqgs. 2 and 3, Kgy can also be calculated:

0 0
InKsy = Ai — ﬂ ( 4)
R RT

Among them, AG? is free enthalpy change, AH° is enthalpy
change, and AS° is entropy change. The thermodynamic equa-
tions can be used to calculate these values. The known quan-
tities in the equation are temperature (quenching temperature
in kelvin), the universal gas constant (R =8.314J mol ™! K_l),
and equilibrium constant at the corresponding temperature. In
Table 1, we can see the values of AH° =—15.45kJ mol ! and
AS°=52 J mol ' K™'. These data show that the interaction
between the two substances is electrostatic force [24]. When
a large amount of cross-linking monomer is used in the pres-
ence of the template, special recognition pores are formed due
to form hydrogen bonds between the amino group of APTES
and the hydroxyl group of quercetin. Quercetin can be specif-
ically identified by special pores.

Analytical application

To validate the practical utility of the fluorescent probe,
three beverages samples and four red wines samples were
selected for quantitative determination of quercetin. It can
be seen that quercetin is detected in the green grape juice,
black tea and four red wine samples in Table 2. The con-

0 _ _ . . .. .
AG” = —RTInKsv (2)  centration of quercetin in the green grape juice is
Table 2  Determination results of quercetin in drink samples (n = 3)
Drinks Detected Added Found Average recovery RSD*?
(ng mL™) (ng mL™") (ng mL™) (%) (%)
Green grape 18.0 10.0 27.7 91.0 23
Tea 7t juice Not detected 10.0 9.8 92.2 3.1
Black tea 15.5 10.0 25.3 90.7 44
Red wine 1° 300.5 200.0 510.0 92.4 43
Red wine 2° 210.0 200.0 400.7 94.1 5.5
Red wine 3° 273.0 200.0 467.0 92.8 2.1
Red wine 4° 290.4 200.0 492.0 90.9 33

* RSD is the recovery based on three calculations

° The red wine samples were diluted 10 times
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Table 3

Comparison of quercetin determination with different detection methods

Detection method Pretreatment method LOD (ng mL ™) RSD (%) Recovery (%) Ref.
HPLC-UV Solid-phase extraction 0.26 35 97.0 [26]
HPLC-UV Tonic liquid-based cloud-point extraction 2.0 3.7 100-108 [27]
HPLC Solid-phase extraction 510 3.6 97.2 [28]
HPLC-DAD Solid-phase extraction 0.25 89.4-90.4 [29]
Electrochemical detection MIP/GO/GC 14.4 0.52-2.89 97.4-101.4 [30]
Fluorescence MIP@g-C5Ny 2.5 2.1-5.5 90.7-94.1 This work

18.0 ng mL™" and black tea is 15.5 ng mL". four red
wine samples’ concentration of quercetin are 3.0, 2.1,
2.7, 2.9 ug mL™", respectively. Quercetin (10 ng mL™"
and 2000 ng mL™") is added to beverages and red wines
samples, respectively. The recoveries are 90.7-94.1%
with relative standard deviations of 2.1-5.5%. The results
indicate that MIP@g-C3;N, possesses good accuracy in
real sample analysis.

Compared with the traditional method of detecting
quercetin in Table 3, fluorescence analysis has many
advantages, such as low analysis cost and short sample
analysis time. Some HPLC detection methods are lower
than our detection limit, but the instrument has some
disadvantages of wasting reagents and requiring a long
analysis time. At the same time, the specificity of de-
tection is increased by using molecularly imprinted
techniques.

The fluorescence analysis method has limitations,
such as, the need for working in the UV (Aye =
350 nm) makes the probe prone to interferences by
biomatter which always display strong background UV
absorption and fluorescence. In addition, the UV light
used for excitation may be screened off by UV absorb-
ing biomolecules. In the future, we will find ways to
solve these problems.

Conclusion

In conclusion, an effective fluorescence probe method is
presented by using g-C3N4 combined with MIP and used
to determine quercetin in beverages and red wines. The
quercetin content is successfully detected in green grape
juice, black tea and all kinds of red wines. Fluorescence
spectroscopy has the advantages of low analysis cost and
short sample analysis time. Compared with metal QDs,
g-C3Ny has superior physicochemical and photochemical
stabilities, nontoxicity, large surface area, plentiful mate-
rial source and inexpensive to synthesize. In the future,
we will devote to use the novel fluorescence probe to
detect more food samples.
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