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Ascorbic acid stabilised copper nanoclusters as
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fluorescent sensors for detection of quercetin
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In this report, green-emitting fluorescence copper nanoclusters (Cu NCs) were synthesized using ascorbic
acid as reducing agent and protecting agent. The ascorbic acid capped Cu NCs (AA-Cu NCs) were
characterized using fluorescence spectroscopy, UV-vis absorption spectroscopy, Fourier Transform
Infrared Spectroscopy (FT-IR), Transmission Electron Microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS). The analysis data demonstrated that the AA-Cu NCs were highly dispersed with an

average diameter of 2 nm. The as-prepared Cu NCs possessed good water solubility, excellent

Received 10th February 2020 - ) - - .
Accepted 22nd February 2020 photostability and displayed excitation-dependent fluorescence characteristics. More importantly, the
fluorescence intensity of AA-Cu NCs was linearly quenched in the presence of quercetin from 0.7 to 50

DOI: 10.1039/d0ra01265¢ uM and the detection limit (LOD) was 0.19 pM. Finally, the fluorescence sensor was successfully
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1 Introduction

Quercetin (Que) (Chart 1), a flavonoid with antioxidant prop-
erties, has widely attract a lot of attention for the treatment of
expectorant, coughs, hyperlipidemia, hypertension, coronary
heart disease, chronic bronchitis and cancer.” In addition,
quercetin-containing nutritional supplements are often used to
treat eye diseases, atherosclerosis, which are caused by aller-
gies, diabetes, cataracts or retinal problems. However, it can
easily lead to adverse reactions in the case of excessive dosage.
Therefore, exploring a facile, fast and effective detection
method for the rapid and convenient determination of Que is
a crucial topic in the medical field. So far, various analytical
methods have been applied to determine Que including spec-
trophotometric methods,* Raman scattering spectroscopy,’
high-performance liquid chromatography® and electrochemical
methods.” Although these methods show the advantages of
high sensitivity and reliability, they have some drawbacks,
including long times, high cost and require a professional
operator. Therefore, development of fast, convenient, low cost,
highly selective and sensitive determination methods for Que
measurement is very important.

Recently, fluorescence sensors have attracted more attention
due to their fast synthesis, easy operation, high sensitivity and
selective properties. To date, different types of fluorescent
materials have been developed to determine Que such as
quantum dots,*® carbon-based nanomaterials'® and metal
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employed to detect quercetin in bovine serum samples.

nanomaterials."* For example, Wu et al.® prepared mercapto-
acetic acid modified ZnS quantum dots (ZnS-QDs), which could
be used to determine Que and the detection limit reached 0.571
UM. Gao et al.*® developed nickel-doped carbon nanoflowers (Ni-
CNFWs) for ultrasensitive sensing of Que and the detection
limit reached 0.137 uM. Unfortunately, the preparation condi-
tions of these nanomaterials were harsh, which limited the
rapid and convenient application of this method. Therefore, the
selective and sensitive determination of Que with simple
synthesis methods was a great challenge.

Metal nanoclusters (MNCs) as a novel fluorescent material
have been applied to detect toxic substances owing to excellent
optical properties, stability and biocompatibility.”**® To date,
a variety of metal nanoclusters have been successfully prepared
through an etching synthesis method,"”” phase transfer
synthesis method,'® microwave-assisted synthesis method,*
sonochemical synthesis method* and photoreduction
synthesis method,** using Au, Ag, Pt and Cu NCs.***” Compared
to Ag and Au, Cu is an easily available and low-cost metal. In the
meantime, Cu NCs have been employed to detect Hg*",?® Pb**,>®

OH O
OH

‘OH
OH

Chart1 Chemical structure of quercetin.
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Fe’",* Cu®**' and H,0,.*** To our knowledge, Cu NCs are
rarely utilized for detection of Que in real samples.

Herein, we prepared stable, water soluble copper nanoclusters
(Cu NCs) by using ascorbic acid as the protective agent and
reducing agent under 70 °C for 8 h (Scheme 1). The AA-Cu NCs
were characterized by UV-vis absorbance spectroscopy, fluores-
cence spectroscopy, FT-IR, TEM and XPS. Besides, we investi-
gated the factors for the fluorescence intensity of AA-Cu NCs
including storage time, UV irradiation time, NaCl concentration
and different metal ions. Moreover, the as-prepared Cu NCs show
rapid response to Que, which indicates the feasibility as a sensi-
tive probe to detect Que in real samples.

2 Materials and methods
2.1 Materials

Cupric chloride (CuCl,, 99%), ascorbic acid (AA, 99%) were ob-
tained from Sinopharm Chemical Reagent Co., Ltd, China.
Sodium chloride (NaCl, 99%), potassium chloride (KCl, 99%),
magnesium chloride (MgCl,, 99%), calcium chloride (CaCl,,
99%), sodium nitrate (NaNOj3, 99%), sodium carbonate decahy-
drate (Na,COj3-10H,0, 99.99%), dopamine (DA, 98%), gallic acid
(GA, 98%), glutamic acid (Gla, 99%), proline (Pro, 99%), cysteine
(Cys, 99%), glucose (Glu, 99.8%), bovine serum albumin (BSA,
99%) and quercetin (Que, 98%) were obtained from Aladdin Bio-
Chem Technology Co. Ltd. (Shanghai, China). Ultra-pure water
(18.25 M cm™ ') was purified using a Millipore Milli-Q.

2.2 Instrumentation

The fluorescence analysis was performed through F-7000 fluo-
rescence spectrophotometer (Hitachi, Tokyo Japan) with the Ex/
Em slits of 5.0/5.0 nm and the scanning speed of 1200
nm min~ ', The UV-vis measurements were recorded using
a Shimadzu 2450 UV-visible spectrophotometer (Shimadzu,
Japan). The Fourier transform infrared spectrums were
acquired by a FTIR-8400S (Shimadzu Corporation, Kyoto,
Japan). The transmission electron microscopy (TEM) image was
obtained by using FEI Tecnai G2 F20 (United States). X-ray
photoelectron spectroscopy (XPS) spectrum was gained using
ESCALAB 250XI (United States). The pH values of solution was
measured by pH meter (FE20, Shanghai Mettler Instrument
Company, Ltd., China).

2.3 Synthesis of AA-Cu NCs

The ascorbic acid-templated Cu NCs were established through
a facile, one-pot synthetic method.** In a typical experiment,
cupric chloride solution (3 mL, 0.1 M) was added into 14 mL

390 nm 455 nm

390 nm 455 nm

b

o o AA quercetin
e o 70°C 8h [ 2§ J
Cu** AA-Cu NCs AA-Cu NCs + quercetin

Scheme 1 Schematic illustration of the AA-Cu NCs for quercetin
sensing.
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water. Then, ascorbic acid solution (3 mL, 0.1 M) was gradually
dropped into above solution and reacted under 70 °C for 8 h.
The solutions gradually changed from colorless to light yellow,
implying successful synthesis of Cu NCs. Finally, the AA-Cu NCs
was stored under 4 °C for further use.

2.4 Application as quercetin fluorescent probe

Different concentration of quercetin solutions were dropped
into the AA-Cu NCs solution (final concentrations of quercetin
were 0, 0.2, 0.7, 1, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80 and 90
uM). Then the mixture were incubated at room temperature for
1 min. To explore the selectivity of quercetin, we studied the
effect of other references (Na*, K, Mg**, Ca**, Cu*', NO;~,
CO,*>", dopamine, gallic acid, glutamic acid, proline, cysteine,
glucose and bovine serum albumin) on the fluorescence
intensity of AA-Cu NCs under the same conditions.

2.5 Application in bovine serum sample

To investigate the possibility of AA-Cu NCs as a fluorescent
probe for detection of quercetin, different concentrations of
quercetin were spiked into bovine serum sample. Then, the
spiked samples with quercetin were detected through the above
fluorescent method.

3 Results and discussion
3.1 Characterization of the AA-Cu NCs

The structure, composition and optical performance of AA-Cu NCs
were explored by fluorescence spectroscopy, UV-vis absorption
spectroscopy, FT-IR, TEM and XPS. As revealed in Fig. 1A, the
fluorescence of AA-Cu NCs demonstrated excitation and emission
wavelength around 390 and 455 nm, respectively. In addition, the
Cu NCs solution was brown under visible light and showed green
fluorescence under UV irradiation (365 nm), respectively (inset in
Fig. 1A). Impressively, maximum emission of AA-Cu NCs showed
not constant under the excitation peak change from 340 to
410 nm, implying that AA-Cu NCs displayed the excitation-
dependent characteristics (Fig. 1B). Meanwhile, the fluorescence
emission and UV-vis absorption spectra of AA-Cu NCs and AA were
studied. In Fig. 2A, only AA-Cu NCs displayed strong spectrum
peak, revealing that the fluorescence was derived from Cu NCs
instead of AA. Additionally, UV-visible absorption spectrum of AA-
Cu NCs had an obvious peak around 365 nm.
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25 ~ 0 SERe
-~ S —Ex=370nm
5 2000 & 2000 ——Ex=380 um
~ - ——Ex=390 nm
£ 1500 Z 1500 —Ex=400um
E § ——FEx=410nm
£ 1000 E 1000
= —Ex :
&= 500 ~—Em 500
300 350 400 450 S00 550 600 400 450 500 550 600
Wavelength (nm) ‘Wavelength (nm)
Fig. 1 (A) The fluorescence excitation and emission spectrum of AA-

Cu NCs; (B) The fluorescence emission spectra of AA-Cu NCs under
different excitation wavelength.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The fluorescence emission (A) UV-vis absorption (B) spectra of
AA-Cu NCs and AA.

As displayed in Fig. 3A, AA-Cu NCs were well dispersed and
had spherical nanostructure with a size of 2 nm. The surface
structure of AA-Cu NCs were also studied through FTIR spec-
troscopy. Some functional groups of AA were found on the
surface of the Cu NCs (Fig. 3B). XPS spectra showed that the AA-
Cu NCs had C, O, N and Cu elements (Fig. 3C). As illustrated in
Fig. 3D, two binding energy peaks around 932.28 and 952.2 eV
was corresponded with the Cu 2p;,, and Cu 2p,, electrons of Cu
atom from the XPS spectrum. Moreover, there was no binding
energy peak observed at 942 eV, illustrating that Cu®* was
completely reduced. The above characterization results
confirmed that the AA-Cu NCs were successfully synthesized
through a simple strategy.

3.2 Stability of Cu NCs

As is known to all, the stability of Cu NCs is a vital factor in
many practical applications. Thence, the effects of storage time,
UV irradiation time, concentrations of sodium chloride and
metal ions on the stability of AA-Cu NCs were studied in this
paper. As shown in Fig. 4A, AA-Cu NCs were stable under 4 °C
for 10 d. Meanwhile, the fluorescence intensity of AA-Cu NCs
still maintained constant with UV light irradiation for 60 min at
room temperature (Fig. 4B). The effect of concentrations of
sodium chloride and different metal ions on fluorescence
intensity were also discussed in subsequent trials. There was no
obvious change under 0.25 M NaCl and different metal ions
(Fig. 4C and D).
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Fig. 3 TEM image of AA-Cu NCs (A); FT-IR spectrum of AA-Cu NCs
and AA (B); XPS spectrum of AA-Cu NCs (C) and Cu 2p (D).
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Fig. 4 Effect of storage time (A), UV irradiation time (B), different
concentrations of NaCl (C) and different metal ions (D) on stability of
AA-Cu NCs.

3.3 Determination of quercetin through the fluorescence of
the AA-Cu NCs

To investigate possibility of the AA-Cu NCs for detection of
quercetin, the fluorescence intensity of AA-Cu NCs with
different concentrations of quercetin were recorded at excita-
tion wavelength of 390 nm. The final amounts of quercetin
were 0, 0.2, 0.7, 1, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80 and 90
M,
increased, the fluorescence intensity at 455 nm gradually
decreased (Fig. 5A). The linear relationship of Fy/F and quer-
cetin amounts was studied (from 0 to 90 uM). The linear fitting
equations were Fy/F = 0.0122[Q] + 1.041 (R> = 0.9917) from 0.7
to 50 uM (Fig. 4B) (Q represents the concentrations of quer-
cetin). The corresponding detection limit (LOD) was 0.19 uM
(S/N = 3). Compared with other sensing platforms for quer-
cetin detection, as shown in Table 1, our probe obtained better
linear ranges or LOD.

respectively. With the concentration of quercetin

3.4 Selectivity

To study the selectivity of AA-Cu NCs for quercetin detection, we
evaluated the effect of other references including Na*, K*, Mg”",
Ca®", Cu®", NO;~, CO;>", DA, GA, Gla, Pro, Cys, Glu and BSA on
AA-Cu NGCs. As displayed in Fig. 6, no obvious fluorescence
intensity changes were found in the presence of other references,

R’=0.9917

FL Intensity (a.u.)

450 500 550 600 o 10
Wavelength (nm)

20 30 40 50
¢ (Quercetin) / pM
Fig.5 (A) The fluorescence emission spectrum of AA-Cu NCs with the
increasing concentration (0, 0.2, 0.7, 1, 5, 10, 15, 20, 25, 30, 40, 50, 60,
70, 80 and 90 uM) of quercetin at 390 nm excitation. (B) The cali-
bration curve with quercetin concentration from 0.7 to 50 pM.
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Table 1 A comparison of different methods for the detection of quercetin

Method Probe Linear range (uM) LOD (uM) Ref.
HPLC — — 0.67 6
Spectrophotometric — — 2.52 4

Raman spectroscopy — — 50 5
Ratiometric electrochemical GCE 0.1-15 0.0031 7
Fluorescence ZnS-QDs 2.65-7.50 0.571 8
Fluorescence CNPs 3.3-41.2 0.175 39
Fluorescence Cu NCs 0.7-50 0.19 This work

while quercetin could obviously quench the fluorescence of AA-
Cu NCs under the same conditions. It indicated that the fluo-
rescent probe model were selective for the determination of
quercetin over other references. Therefore, the AA-Cu NCs
possessed excellent selectivity for detection of quercetin.

3.5 Determination mechanism

The possible mechanism of fluorescence quenching in the
presence of quercetin was investigated. We first investigated the
fluorescence spectrum of the AA-Cu NCs and the UV-visible
spectrum of the quercetin. As displayed in Fig. 7A, a clear
absorption peak was found at 355 nm, and the AA-Cu NCs
demonstrated the maximum excitation and emission peaks at
390 and 455 nm, respectively. The above results indicated that
the absorption peak of quercetin obviously overlapped with the
fluorescence excitation peak of the AA-Cu NCs. This could
provide some evidences for the occurrence of internal filter
effects (IFE).**?¢ In addition, to further verify the possibility of
the IFE mechanism, the fluorescence lifetimes of AA-Cu NCs
was analyzed in the absence and presence of quercetin,
respectively. As Fig. 7B revealing, the fluorescence lifetimes of
AA-Cu NCs and AA-Cu NCs-quercetin system were 2.43 ns and
2.39 ns, indicating no dramatically change. Thence, the
possible quenching mechanism of AA-Cu NCs-quercetin system
was static quenching. To further confirm the quenching
mechanism, the fluorescence quenching experimental data
were studied through Stern-Volmer equation.

FolF =1+ Ksv[Q] = 1 + Kq70[Q]

251
201
=
= 1.5
1.0
0.5
FELIIOGTTICETIFS

Fig. 6 Relative fluorescence intensities (Fo/F) of AA-Cu NCs solution
with addition of Na*, K*, Mg?*, Ca®*, Cu?*, NOs~, COs2~, DA, GA, Gla,
Pro, Cys, Glu, BSA and Que (the concentration was 100 uM).
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where, F, and F are the fluorescence intensity of AA-Cu NCs in
the absence and presence of quercetin, respectively. Kgy is the
Stern-Volmer quenching constant. [Q] is the concentration of
quercetin, 7, is the lifetime of the AA-Cu NCs (2.43 ns). As we can
see from Fig. 5B, Ksy and K are equal to 1.22 x 10" Lmol ' and
5.02 x 10" L mol ' s™*, respectively. The K, value was greater
than the maximum scatter collision quenching constant (2 x
10" L mol " s "), implying that the quenching mechanism was
static quenching.?”*® Therefore, after the addition of quercetin,
the quenching mechanism of AA-Cu NCs was IFE and static
quenching.

3.6 Application of AA-Cu NCs in bovine serum sample

The promising approach for detection of quercetin by using AA-
Cu NCs as fluorescent sensor was employed to the determina-
tion of quercetin in bovine serum sample. As illustrated in
Table 2, the analysis results of quercetin detection were very
close to the spiked concentrations. In addition, the recovery
experiments were also conducted and satisfactory recoveries of
quercetin for measuring bovine serum sample were obtain from
95.5% to 106%. These results demonstrated that this proposed
fluorescence sensor had promising application for quercetin
determination in bovine serum sample.

2.0 3000

Ei
A Ex " 2500 B 2000 —_AA-CuNCs
— —_ E — AA-Cu NCs-
. 15 2000 2 1500 AA-Cu NCs+Que
H snE ¢
£10 "5 51000
2 100E S
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0.0 0 0
) 350 400 450 500 550 600 10 20 30 40 50 60
Wavelength (nm) Time (ns)
Fig. 7 (A) UV-vis absorption spectra of quercetin, the fluorescence

excitation and emission spectrum of AA-Cu NCs; (B) The fluorescence
lifetime of AA-Cu NCs and AA-Cu NCs-quercetin system.

Table 2 Results of the quercetin recoveries in bovine serum sample

Quercetin spiked Recovery
Sample (nM) Found (uM) (%)
Bovine serum sample 5 4.88 97.6

15 14.32 95.5

25 26.5 106.0

This journal is © The Royal Society of Chemistry 2020
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4 Conclusions

In conclusion, water soluble, green fluorescence AA-Cu NCs was
synthesized by using chemical reduction method at 70 °C for
8 h. To be specific, the AA-Cu NCs showed better fluorescence
intensity, high dispersion and excellent stability. Interestingly,
we made use of AA-Cu NCs for simple, sensitive and selective
detection of quercetin. The relative fluorescence intensity of AA-
Cu NCs had a well linear relationship with quercetin amounts
from 0.7 to 50 uM and the detection limit reached 0.19 puM.
Finally, the AA-Cu NCs as a fluorescent probe could be
successfully used to detect quercetin in bovine serum sample.
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