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Abstract We report on a method for the determination of
quercetin based on the quenching of the fluorescence of
carbon nanoparticles (CNPs). The CNPs were prepared by
carefully adding an aqueous solution of glucose to solid
diphosphorus pentoxide. This single-step method proceeds
rapidly and gives large quantities of CNPs. Neither high
temperatures nor complicated synthesis steps are needed.
The resulting CNPs have an average size of 120 nm and were
characterized by high-resolution TEM, FT-IR, elemental anal-
ysis and spectrofluorometry. The fluorescence of the CNPs
decreases with increasing concentrations of the flavonoid
quercetin, with a linear response to quercetin in the 3.3 to
41.2 uM concentration range in pH 6.0 water solution and
also in a solution containing 16 % (v/v) of fetal bovine serum.
The detection limit is as low as 0.175 uM, and the Stern-
Volmer quenching constant is 4.34x10* M.
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Introduction

Quercetin is a typical polyhydroxy flavonoid compound,
which is found abundantly in flowers, leaves, barks and fruits
of many kinds of plants. Quercetin is not only found in
medicinal botanicals, including Ginkgo biloba, Hypericum
perforatum (St. John’s wort), and Sambucus canadensis
(elder) [1, 2], but also found in a variety of foods including
apples, berries, capers, grapes, onions, tea and tomatoes, as
well as many nuts. During the past years, quercetin has
gained tremendous interest because it has many poten-
tial beneficial effects on human health including cardio-
vascular protection, anticancer activity, antiulcer effects,
antiallergy activity, antibacterial, antiviral activity and
anti-inflammatory effects [3]. Most of these beneficial
effects were known due to the antioxidant activity of
quercetin [4], because quercetin is an excellent free-
radical scavenging antioxidant, which benefits from its
high number of hydroxyl groups and conjugated 7 or-
bitals. By these functional groups, quercetin could do-
nate electrons or hydrogen, and scavenge H,0, and
superoxide anion (*O, ) [5]. Thus it is of significance
to develop an appropriate approach to detect quercetin
in biological samples, pharmaceutical samples and in
natural products. So far, various analytical methods have
been employed for the determination of quercetin, such
as high-performance liquid chromatography [6], capil-
lary electrophoresis [7] and electroanalytical methods
[8]. Several fluorescence methods [9, 10] have also
been reported. These techniques may provide high se-
lectivity, but have some disadvantages such as operating
complexity, time and cost consumption.

Quantum dots are a kind of quasi-zero-dimensional
nanomaterials, they show very good fluorescence stabil-
ity, wide excitation and emission spectra, which en-
abling them to be exploited in many potential applica-
tions. However, conventional quantum dots are usually
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made from semiconducting materials, especially cadmi-
um and selenium, in organic-phase or in water-phase
system, which has raised concerns over toxicity and
high cost. As a result, more benign fluorescent carbon
nanoparticles (CNPs) have gained increasing research
attention in the past decade, because of their super
solubility in water, excellent optical property, chemical
inertness, low cytotoxicity, easy functionalization and
resistance to photobleaching [11]. Highly fluorescent
carbon nanoparticles can be synthesized inexpensively
through lots of one-step approaches on a large scale,
these approaches include simple chemical oxidation re-
action [12, 13], electrochemical method [14], ultrasonic
treatment, microwave method [15], template method
[16] and laser ablation strategy [17], etc. Microwave-
assisted method [18, 19] and hydrothermal treatment
[20] have been widely used. Xiao et al. [19] used a
domestic microwave oven (700 W) and heated for dif-
ferent time periods to prepare CNPs, the reaction tem-
perature was hard to control, so explosion often took
place, the reaction gave off thick smog, and the smell
was very strong. Recently, the fluorescent carbon nano-
particles (CNPs) have been the most promising emerging
fluorescent labels for cellular imaging, photocatalysis,
energy conversion/storage, bioimaging, optoelectronics,
optical limiting sensors [11]. Because of CNPs’s fluo-
rescence (FL) properties, they have also been used for
different analytical applications. Lu et al. [20] used
fluorescent carbon nanoparticles as probes for sensitive
and selective detection of mercury ions. CNPs also
could be used as probes to detect copper ions [21]. Li
et al. [22] used CNPs as an effective fluorescent sensing
platform for nucleic acid detection. Fang et al. [23]
synthesized fluorescent carbon nanoparticles based on
chemical oxidation reaction using acetic acid acted as
the oxygenous carbon resource. This was an automatic
method without heat to rapidly produce large quantities
of carbon nanoparticles (CNPs), but the monodispersity
of CNPs was poor, what’s more, many other carbon
precursors were not investigated.

Therefore, to begin with, we prepared novel water-
soluble CNPs by an automatic method using glucose
which is cheap and easy to get as carbon source, this
automatic method was eco-friendly and safely. Besides,
CNPs could serve as an effective fluorescent probe for
label-free, sensitive, and selective detection of quercetin.
Moreover, the effect of concentration of CNPs, buffer
solutions, ionic strength, pH and potentially interfering
substances on the fluorescence intensity of CNPs for the
determination of quercetin was investigated. Eventually,
the calibration and detection limit of the method were
studied. To demonstrate the practicality of this fluores-
cence probe, it was applied to the determination of
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quercetin in fetal bovine serum solution, which was
more complicated than buffer solution.

Experimental
Apparatus

UV-vis absorption was characterized by a UV1800
UV-vis spectrophotometer (Shimadzu Corporation, Ja-
pan). Photoluminescence (PL) emission measurements
were performed using a RF-5301PC fluorescence spec-
trophotometer (Shimadzu Corporation, Japan). The mor-
phology of the synthesized nanoparticles was studied
using a JEM-2100(HR) transmission electron micro-
scope (TEM) (JEOL, Japan). The sample for TEM char-
acterization was prepared by placing a drop of colloidal
solution on carbon-coated copper grid and dried at room
temperature. FT-IR spectrum was performed on a
Shimadzu IR-prespige-21 FT-IR spectrometer (Kyoto,
Japan) in the range of 400-4,000 cm '. Result of ele-
ment analyzing was acquired with an Elementar Vario
ELIII. Zeta potential was analyzed using ZetaPALS Zeta
Potential/Particle Sizer (Brookhaven, USA).

Materials and reagents

Glucose was purchased from Nanjing Chemical Reagent Co.,
Ltd. (Nanjing, China; http://www.nj-reagent.com), Quercetin
was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China; www.reagent.com.cn). Fetal bovine serum
was purchased from Shanghai Boyao Bio-Tech Co., Ltd
(Shanghai, China; www.shbybio.net/). All the chemicals
were used without any further purification. Doubly
deionized water was used throughout.

Preparation of fluorescent CNPs

Fluorescent CNPs were synthesized as follows: Glucose
(0.5 g) was mixed with 2 mL of deionized water under
ultrasound for 10 min to form a homogeneous solution,
which was then added to 2.5 g of P,Os in a 25 mL
beaker without stirring. The reaction mixture was quick-
ly foamed by the spontaneous heat, and then gradually
cooled to room temperature. The CNPs in the dark
brown mixture were dispersed in water, centrifuged at
13,000 rmp for 30 min to collect the supernatant, then
dialyzed against pure water through a dialysis mem-
brane for 1 day to remove residual glucose and ions.
Finally, fluorescent CNPs were concentrated to 0.5 mL
in vacuum at 65 °C overnight. Following the same
process, we prepared several batches of CNPs.
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Quantum yield measurements

The quantum yield (®) of CNPs was calculated according to:

I Az 7
D =Pp X — X — X —
o7 A T

Where @ is the quantum yield, I is the measured integrated
emission peak area, 1 is the refractive index and A is the UV
absorbance at 370 nm. The subscript R refers to the reference
quinine sulfate. Quinine sulfate (QS) (literature ®r=0.54)
used as a standard was dissolved in 0.1 M H,SO4 (n=1.33)
and the CNPs were dissolved in distilled water (n=1.33). The
absorbance of CNPs and quinine sulfate solution were adjust-
ed never exceed 0.05 at excitation wavelength 370 nm.

Determination of quercetin in fetal bovine serum solution

In a 5 mL volumetric flask was successively placed 330 pL of
CNPs, 0.8 mL fetal bovine serum and an appropriate volume
of quercetin solution. The mixture was then diluted to the
mark with phosphate buffer solution (0.01 mol L', pH 6.0)
and mixed thoroughly. The fluorescent emission spectra were
obtained by scanning the emission from 300 to 700 nm on the
spectrofluorimeter after reaction for 22 min at room tempera-
ture (with 5 and 5 nm slit width for exCitation and emission,
respectively). F and Fy, which are the FL intensity of the CNPs
in the presence and absence of quercetin respectively, were
measured at 370 nm in fetal bovine serum solution. The
sensitivity and selectivity measurements were conducted in
triplicate.

Results and discussion
Preparation of CNPs

As shown in Scheme 1, fluorescent CNPs were synthesized as
follows: an appropriate amount of glucose was dissolved in
water to form a homogeneous solution, which was added to
2.5 g of P,Os in a 25 mL beaker without stirring. Glucose
acted as the oxygenous carbon resource, which induced
oxygenous defects [24]. Water quickly reacted with P,Os,
and continuous heat was produced. P,Os turned into phos-
phoric acid and polyphosphoric acid (PPA) [25]. Due to the
catalysis by both PPA and P,Os, the carbonization reaction
started and continued at 100 °C. In this system, the upper
temperature was mainly controlled by vaporizing water at its
boiling point. The color of the mixture changed to brown
within 20 s, and the volume of the sticky slurry mixture was
dramatically expanded by foaming because of the boiling of
water by the spontaneous heat. The reaction lasted for about
10 min until the exhaustion of P,Os. The obtained dark brown
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Scheme 1 A schematic illustration of preparation procedure of CNPs by
carbonization of glucose

mixture was centrifuged and dialyzed to remove ions and
residual glucose. Finally, a clear yellow—brown aqueous solu-
tion containing CNPs was obtained. All the prepared fluores-
cent CNPs of several batches showed good water solubility
and there was no precipitation for months. Our preparation
method presented a facile approach to produce high fluores-
cent CNPs on a large scale.

Characterization of CNPs

In a 5 mL volumetric flask was successively placed 330 pL of
CNPs, it was then diluted to the mark with phosphate buffer
solution (0.01 mol L™', pH 6.0) and mixed thoroughly. The
fluorescent emission spectra were obtained by scanning the
emission from 300 to 700 nm on the spectrofluorimeter at
room temperature (with 5 and 5 nm slit width for exCitation
and emission, respectively). Figure 1 depicts the UV—vis
absorption and PL spectra for CNPs. The maximum UV
absorption peak was observed at 281.5 nm, which may be
attributed to n-7t* transitions of C = O [26]. When CNPs were
excited at 370 nm, the PL spectra showed a peak position at
438 nm, which was relatively narrow and symmetric. In
addition, the fluorescent intensity gradually decreased with
increasing excitation wavelength from 370 to 390 nm, which
may be attributed to the different emissive traps on the CNPs
surface. The fluorescence intensity excited at 370 nm was the
highest and used for quantitative analysis afterward. Interest-
ingly, the emission spectra of the CNPs had no shift as the
excitation wavelength changed, which was quite different
from many previous reports [11]. This phenomenon might
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370 nm[ 800

T
(=)
(=3
=]

Absorbance
=
(=3
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PL Intensity

200 300 400 500 600
Wavelength (nm)

Fig. 1 UV-vis absorption spectra and Photoluminescence spectra for
CNPs; concentration of CNPs, 66 uL mL ™" (V/V)
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be caused by fluorescence resonance energy transfer [21].
Forster resonant energy transfer (FRET), one kind of fluores-
cence resonance energy transfer, is a nonradiative energy
transfer mechanism between an excited donor and an acceptor
through dipole-dipole interactions. There were many bubbles
in the CNPs, as we could see in Fig. 2c. Most bubbles were in
the size of 1-10 nm, which was in the distance limit of FRET.
The CNPs were divided into many parts, some acted as
donors, while others served as acceptors. They were in close
proximity to each other to constitute FRET systems in one
CNP [27]. This donor-acceptor system leads to intra-energy
transfer [28], so that there were no wavelength shifts when
excited with light of different wavelengths.

The fluorescence quantum yield of CNPs was 0.0799 at the
excitation of 370 nm with quinine sulfate as a standard reference,
and these values were comparable with previous reports [29,
30]. The reason that the synthesized particles showed a good
quantum yield in spite of their big size was that the synthesized
big particles were made up of many little particles which formed
rigid structure (Fig. 2c), this rigid structure could reduce the
collision among the little particles and the energy loss.

The TEM image (Fig. 2) shows that the CNPs were dis-
persed with spherical shape. The size of most prepared nano-
particles was about 120 nm in diameter. In the process of
automatic synthesis, the mixture was greatly foamy because
of the boiling of water, the carbon nanoparticles were linked
with each other to form larger hollow nanoparticles (Fig. 2c¢).
Table S1 (Electronic Supplementary Material, ESM) shows
comparison of the properties of CNPs prepared by different
synthetic methods, suggesting the properties of CNPs vary
greatly from method to method. Elemental analysis indicated
that the composition of the CNPs was: C 48.9 wt.%, H
4.84 wt.% and O 46.26 wt.%; The composition of glucose
was: C 36.35 wt.%, H 6.99 wt.% and O 56.66 wt.%. It was

Fig. 2 TEM images and their
size distributions for CNPs; scale
bars: 200 nm (a), 100 nm (c), the
corresponding particle size
distribution histogram (b)
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found that after carbonization reaction the carbon content of
the CNPs increased, while the oxygen content of the CNPs
decreased greatly.

As shown in Fig. 3, Fourier transform infrared (FT-IR)
measurements of pure glucose powder showed that the peak
at 3,369 cm ' was attributed to O-H stretching vibration. The
peak at 1,636 cm™' corresponded to C = O stretching vibra-
tion. The peak at 1,047 cm™ ' was attributed to C-O stretching
vibrations. For the CNPs, the result showed large increase in
absorption of O-H stretching vibrations at 3,369 cm™', C = O
stretching vibration at 1,636 cm ' and C-O stretching vibra-
tions at 1,006 cm compared with glucose, furthermore, the
zeta potential of the CNPs in water was measured to be
—11.2 mV. These data revealed that the obtained CNPs had a
lot of carboxylic groups on their surface. These distinctions
may be caused by the degradation of glucose and the formation
of crosslinked carbon nanodomains through carbonization re-
action. Similar results were also reported in the literature [21].

Effect of quercetin concentration on the fluorescence intensity
of CNPs

Figure 4 illustrates the emission spectra of CNPs in fetal
bovine serum solution and their fluorescence titration with
quercetin. The results indicated that the fluorescence
intensity of CNPs at 438 nm (excitation 370 nm) de-
creased significantly with the increase of quercetin con-
centrations, but there was no emission spectra maximum
shift (Fig. 4). In order to develop a sensitive fluores-
cence method for detection of quercetin in aqueous
solution, which is based on quercetin induced fluores-
cence quenching of CNPs, several parameters such as
pH, ionic strength, and reaction time were evaluated.

Percentage
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Fig. 3 FT-IR spectrum of glucose (a) and CNPs (b)

Effect of pH

The influence of various buffers on the fluorescence
intensity of the system was investigated by using Tris—
HCI, citric acid-sodium citrate, phosphate and NH;z—
NH,4CI buffers at various pH values. Under the same
conditions, the fluorescence intensity of the CNPs was
the highest in phosphate buffer among the 4 buffers
used, a satisfactory result for the detection of quercetin
was obtained in phosphate buffers.

The impact of different buffer pH values on the fluores-
cence intensity of CNPs was also investigated. The results
showed that varying buffer pH values could lead to a drastic
change of fluorescence intensity of CNPs, which could influ-
ence the sensitivity and selectivity towards target materials. In
order to develop a sensitive spectrophotometric method for
determination of quercetin in a fetal bovine serum solution,
the effect of pH values between 4.3 and 9.2 of the solution on
the fluorescence intensity was studied to select the optimum
conditions for the determination and the results were shown in
Fig. 5. Since the fluorescence intensity in phosphate buffer

Fluorescence Intensi

400 500 600

Wavelength (nm)

Fig. 4 Fluorescence emission spectra of CNPs in the absence and pres-
ence of different concentrations of quercetin in fetal bovine serum solu-
tion; Aex=370 nm; concentration of CNPs, 66 uL mL™! (V/V), concen-
tration of fetal bovine serum, 160 puL mL™! (V/V), quercetin from (1) to
(14): 0, 3.30, 6.58, 9.83,13.07, 16.28, 19.45, 22.63, 25.78, 28.92, 32.03,
35.11,38.18 and 41.23x10 ® mol L™

700

600
500 [
400 -
300 [
200 -

Fluorescence Intensity

100 -

4 5 6 7 8 9 10
pH
Fig. 5 The effect of solution pH value on CNPs fluorescence. The error

bars represent standard deviations based on three independent measure-
ments at each pH

solution was the highest at pH 6.0, the optimal pH was chosen
to be 6.0, near the pH value of most neutral samples.

Effect of ionic strength

The effect of different concentrations of phosphate buffer
solution was invested. It exhibited that the fluorescence inten-
sity of the complex decreased significantly with the increase
of phosphate buffer solution concentration from 0.01 to
0.20 mol L™" at pH 6.0. Since the intensity at 0.01 mol L™
was the highest and remained stable, the optimal concentra-
tion of phosphate buffer solution was chosen as 0.01 mol L™".

Effect of reaction time

At room temperature, experiments demonstrated that the fluo-
rescence intensity of CNPs in the absence and presence of
different concentrations of quercetin changed slightly and
tended to be stable after 22 min. Therefore, only 22 min was
required to complete the reaction between CNPs and querce-
tin. We recorded the fluorescence intensity after the system
had reacted for 22 min at room temperature. This system
exhibited rapid reaction rate and good stability.

Study of potentially interfering substances

Many compounds and metal ions have the potential to
quench CNPs fluorescence emissions [31, 32]. In order
to assess the selectivity of the method, the influence of
familiar potentially interfering substances were tested.
As seen in Table S2 (ESM), this method was free from
the interference of some metal ions, glucose, urea and
amino acid as well as ascorbic acid, but other flavo-
noids such as luteolin and kaempferol could change
fluorescence intensity significantly, because their chem-
ical structures are very close to that of quercetin.

@ Springer
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Table 1 Figures of merits of comparable methods for determination of quercetin
Methods Linear range LOD Comments Reference
Voltammetric determination 1.0x 107" 3.0x10°% M Specific detection of quercetin; Detection in aqueous solution, [35]
-1.0x10°M in the diluted blood serms and urine
CE-ED 0.5x10°° 225x107 M Expensive, time-consuming, Insensitive; Detection in [36]
-1.0x10> M organic solvents
MIP-FI-CL 1.4x107° 93x107 M  High sensitivity and selectivity; Time-consuming; Detection [38]
-1.6x10*M in drugs samples in aqueous solution
IDLLME-HPLC-UV 0.5 0.26 ng mL™"  High specificity, sensitivity and simplicity; Detection in [37]
-1,000 ng mL ™" organic solvents
TLC-HPLC 0.01-0.12 pg - Simple, accurate and specific; Detection in organic solvents [39]
MIP-fluorescence method ~ 0.02 5ugL! High sensitivity and selectivity; Time-consuming, low cost; [40]
-0.80 mg L' Detection in urine and onion skin samples in organic solvents
LC-ESI-MS/MS 328 0.76 ng mL™"  Selective, rapid, sensitive; Higher cost; Detection in organic solvents [41]
—328.0 ngmL "
Quantum dots- 2.65%x107° 5.71x1077 M Use organic solvent to prepare, high cost, toxic; Detection in [42]
fluorescence —-75x10°M aqueous solution
Fluorescence of carbon 33%10°° 175107 M Easy synthesis and low cost; sensitive; interferents: other flavones; This method
nanoparticles —412x10°M Detection in aqueous solution

Calibration curves and sensitivity of the method

Figure 4 shows a gradual decrease in PL intensity of the CNPs at
438 nm with an increase of quercetin concentration in fetal
bovine serum solution. The binding of quercetin to the CNPs
changes the surface of the particles and facilitates nonradiative
CNPs/quercetin combination annihilation which induced the
quenching of CNPs fluorescence [33]. The PL quenching data
followed the Stern—Volmer equation, via a static mechanism [34]:

Fo/F =1+ Kg|S]

F and F are the fluorescent intensities of the CNPs in the
presence and absence of quercetin in fetal bovine serum
solution respectively. [S] is the concentration of quercetin,
and Kgy is the quenching constant of the quencher.

The calibration for quercetin was constructed from the results
obtained under the optimal conditions. The equation, limit of
detection and precision were calculated according to the general
procedure. The linear regression equation was as follows:

Fo/F =1+ 4.34 x 10*[S]

The good linear relationship of the values of (Fy/F) with the
concentration of quercetin was observed ranging from 3.30 to
41.23x10° mol L™" with a correlation coefficient of 0.9931.
Quenching constant of the quencher Kgy was found to be
4.34x10% L mol . The detection limit (S/N = 3) was found to
be 1.75x107 mol L™".

Precision and accuracy

To assess the precision and accuracy of this method, determi-
nations were carried out for a set of 10 measurements of 8.27 x
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107, 2.15x107° and 2.81x107° mol L™ quercetin in fetal
bovine serum solution under optimal condition respectively.
Table S3 (ESM) shows that the quantification results of quer-
cetin were in good agreement with the declared values, and the
RSD were 2.8 %, 2.7 % and 2.3 %. These values indicated that
this method was accurate and precise. Table | summarizes the
detection limit, linear range and comments using different
methods for the determination of quercetin. Our method was
comparable with voltammetric determination [35], electro-
phoresis with electrochemical detection [36], chemilumines-
cence sensor [38] and Quantum dots-fluorescence [42]. The
results demonstrated that this method offers an easy and
sensitive approach for the detection of quercetin in
aqueous solution.

Conclusion

In summary, fluorescent CNPs were prepared by self-
promoted and self-controlled method without any external
heat. Therefore, the carbonization reaction was an automatic
synthesis of CNPs. The obtained dark brown mixture was
centrifuged and dialyzed to remove ions and residual glucose.
Finally, a clear yellow—brown aqueous solution containing
CNPs was obtained. The synthesized CNPs showed some
benign properties such as strong fluorescence, monodispersity
and excellent stability, their luminescence intensity was also
stable within the physiological and pathological ranges for
ionic strength or pH. The strong fluorescence and excellent
water dispersion can be attributed to the abundant surface
traps and functional groups. Such CNPs had been further used
as a novel sensing probe for label-free, sensitive detection
with a low detection limit. Under the optimum conditions, a
good linear relationship between fluorescence intensity of the
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CNPs and concentration of quercetin in fetal bovine serum
solution was observed in wide linear response range. This
sensing system had been successfully used for the analysis
of quercetin in fetal bovine serum solution. Combining their
low cytotoxicity, low cost, stability, convenient and large-
scale synthesis, CNPs could provide promising applications
in biological labeling and analysis in aqueous media.
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