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In this paper, Cu-doped carbon quantum dots (Cu-CQDs) were prepared by carrying out
thermolysis of Na,[Cu(EDTA)] and hydroxylamine hydrochloride at 300 °C for 2 h. The as-
prepared Cu-CQDs were characterized by UV-Vis, Fourier transform infrared (FTIR) spectroscopy,
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD). The Cu-CQDs exhibited good fluorescence property, high stability, excitation-
dependent emission behavior and a quantum yield of 9.8%. More significantly, the synthesized
Cu-CQDs were developed for sensing rutin (RT) based on the fluorescence quenching of the
prepared Cu-CQDs. A good linear relationship between the fluorescence quenching of Cu-CQDs
and different concentrations of RT was obtained in the range of 0.1-15 ug mL"! with a correlation
coefficient of 0.9959. The detection limit was as low as 0.05 ug mL! (signal-to-noise ratio, S/N = 3).
The possible mechanism of fluorescence quenching was explored, which was proved to be inner
filter effect. Importantly, the proposed method was successfully applied in the detection of RT
tablet samples and with satisfactory results, showing the practical applications.
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Introduction

As a novel fluorescent carbon nanomaterial with
size below 10 nm,"? carbon quantum dots (CQDs) have
attracted more and more attention in recent years owing to
low cost, green synthesis, good biosafety, environmental
friendliness as well as excellent optical properties such
as excitation-dependent emissions behavior and tunable
photoluminescence (PL).>* CQDs provided an exciting
opportunity as alternative to heavy metal (e.g., Hg, Cd, Pb)-
based semiconductor quantum dots,”'* and were applied
in biological imaging,'"'? fluorescent sensors'*"
catalysis.'® The optical and fluorescence properties of CQDs
arise from quantum confinement and edge effects, and also
depend upon functional groups on the surface of CQDs."”
More interestingly, due to the modulation in the band
structure, metal atom doping can not only ameliorate the
optical properties but also increase the electron donating/
accepting abilities, and the surface charges of CQDs could
be changed.!®?! Ethylenediaminetetraacetic acid (EDTA) is

and
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one of common starting materials for CQDs, which with
a saturated Schiff-base-like structure could form EDTA
chelate such as (Na,[Cu(EDTA)]), and the Na,[Cu(EDTA)
pyrolyzed to form a flaky graphite conductive structure
CQDs.?2

Rutin (RT) (quercetin-3-ehamnosylglucoside, Figure 1)
is a kind of flavonoid glycoside.” Many studies have
revealed that rutin is good for human health, such as
antibacterial, antiulcer, anti-inflammatory, antiarrhythmia,
antitumor, protective and expanding blood vessel.>*? Up to
now, lots of analytical methods have been applied for the

Figure 1. The molecular structure of rutin.
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determination of rutin, including chemiluminescence,??’
high-performance liquid chromatography (HPLC),?%
capillary electrophoresis spectrophotometry,*3! UV-Vis
spectrophotometry3? and electrochemical methods.?*3%

In this work, Cu-doped carbon quantum dots (Cu-CQDs)
were prepared by a facile one-step pyrolytic synthesis
using Na,[Cu(EDTA)] as precursor. The saturated
Schiff-base-like structure transforms into a Cu coordination
complex chelated with graphene matrices during pyrolysis,
which is confirmed by Fourier transform infrared (FTIR)
spectroscopy, transmission electron microscopy (TEM),
X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). The formed Cu-CQDs were bluish
green luminescence under 365 nm and showed emission
maximum at 412 nm when excited at 354 nm. With the
addition of rutin, the emission intensity at 412 nm of
Cu-CQDs decreased. Based on the phenomenon, the
method was established to determinate concentration of
rutin.

Experimental
Materials and apparatus

Na,[Cu(EDTA)], baicalin, chlorogenic acid, quercetin
and hydroxylamine hydrochloride were all provided by
Aladdin Chemistry (Shanghai, China). Rutin, Fe(NO,),,
Hg(Ac),, MgCl,, Mn(NOs;),, Pb(NO,),, Zn(NO,), and
CdCl, were purchased from Damao Chemical Corp
(Tianjin, China). Stock solution of 1.0 mg mL™! rutin was
prepared in methanol and stored below 4 °C. Rutin tablets
(Shanxi Yunpeng pharmaceutical Co. Ltd., BO80302) and
compound rutin tablets (Shanghai Zhaohui pharmaceutical
Co. Ltd., 090904) were used as samples. All of the reagents
were used without further purification. Ultra-pure water
was used during the all experiment.

Ultraviolet-visible (UV-Vis) absorption spectrum was
performed on a UV-2550 spectrophotometer (Shimadzu,
Kyoto, Japan). The fluorescence spectrum was recorded
using molecular fluorescence spectrometer (Agilent
Technologies, California, USA). The morphologies of
the samples were characterized using a transmission
electron microscope (Philips-FEI, Eindhoven, Holland).
FTIR spectroscopy was performed on a TENSOR27
FTIR spectrometer (Bruker, Karlsruhe, Germany). XPS
analyses were carried out on an X-ray photoelectron
spectrometer (Kratos, Manchester, UK). XRD was
recorded using a D8-advance X-ray diffractometer
(Bruker, Karlsruhe, Germany), and a vortex mixer (Hanuo
Instrument Co., Ltd., XH-B, Shanghai, China) was used in
the experiment.
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Synthesis of Cu-CQDs

3 g of Na,[Cu(EDTA)] and 2 g of hydroxylamine
hydrochloride were put into the center of a quartz tube, and
calcined at 300 °C for 2 h at a heating rate of 5 °C min’'
under N, atmosphere. Then the product was ground
and dissolved in 100 mL water, and the suspension was
treated with ultrasound (300 W, 40 kHz) for 15 min at
room temperature. After centrifugation for 20 min at
10000 rpm, the upper brown solution was filtered with
0.22 um membrane to remove the non-fluorescent deposited
Na-salts. The solution was dialyzed with MD34 (3500 Da)
dialysis tube for 48 h to remove the remaining salts and
small fragments. The concentrated solution was dried at
60 °C for 24 h, and Cu-CQDs powder was obtained. The
amount of carbon dots obtained after purification was
about 0.4-0.5 g.

Measure of fluorescence quantum yield

In general, quantum yield (QY) is measured by a
standard fluorophore solution which shows a well-known
quantum yield (Q). The QY of the Cu-CQDs was measured
using quinine sulfate (QY of 54% at 360 nm, n = 1.33) as
a reference, which was dissolved in a 0.1 mol L' H,SO,
aqueous solution. The QY of the as-prepared Cu-CQDs
was calculated according to equation 1:

I Apng

(1)
L Ay

Q=Qyx

where Q represents QY, A represents the absorbance at the
excitation wavelength, I represents the integrated emission
intensity, n represents the solvent refraction index. The
subscript ‘S’ and ‘R’ refer to the samples and quinine
sulfate, respectively.

Rutin tablet samples pretreatment

10 pieces of rutin tablets were ground to powder in a
mortar, and 10 mg of the powder was dissolved in 25 mL of
ethanol. Recovery experiments were performed by adding
different concentrations of rutin to the treated samples.
Results and Discussion
Characterization of Cu-CQDs

The optical properties of the Cu-CQD were investigated

by UV-Vis absorption and fluorescence emission spectra.
The UV-Vis spectrum (Figure 2a) showed two shoulders at
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269 and 321 nm. The absorption at 269 nm corresponded
to *-n* of C=C/C=N and the absorption at 321 nm was
ascribed to n-m* transition of the C=0/C-NH, bond.? In
addition, the color of the Cu-CQD solution was brown,
and exhibited strong blue fluorescence (Figure 2a inset)
when excited with a UV lamp (365 nm). As it can be
seen in Figure 2b, the maximum emission wavelength
of the Cu-CQDs solution was located at 412 nm with
the excitation wavelength of 354 nm. Therefore, 354 nm
was fixed as the optimal excitation wavelength for all
the fluorescence measurements. Figure 2¢ exhibited the
relationship between excitation and emission wavelength
at room temperature. When excited Cu-CQDs by different
wavelength at 314, 324, 334, 344, 354, 364, 374, 384 and
394 nm, the corresponding photoluminescence (PL) emission
peak located at 398, 400, 404, 410, 412, 416, 426, 438 and
446 nm, respectively. Obviously, the emission wavelength
was red-shifted with gradual lowering of PL intensity and
with the increasing excitation wavelength. This excitation
wavelength-dependent PL. behavior could be contributed
to the surface state of Cu-CQDs, which affected the band
structure, and this phenomenon can be resulted by the
different sizes, complex Cu doping or diverse surface
emissive trap sites.’” Moreover, the fluorescent quantum yield
(QY) of the Cu-CQDs in aqueous solution was measured to
be ca. 9.8% using quinine sulfate as reference. The QY of
the Cu-CQDs is higher when compared with the result that
was reported in other literatures for carbon dots.

As shown in Figure 3a, TEM image clearly revealed
the uniform morphology and narrow size distribution
of the synthesized Cu-CQDs. The prepared Cu-CQDs
exhibited good dispersion and were uniform in shape with
an average diameter of 4 nm. The high-resolution TEM
image (Figure 3a, inset) revealed the crystallinity of Cu-
CQDs with a lattice parameter of ca. 0.21 nm, which is
consistent with the basal spacing of graphite. Obviously,
its dispersion and uniformity were in agreement with the
fact that it actually dissolves. As shown in Figure 3b,
XRD of the Cu-CQDs showed a strong peak at around
20 =27.7°, which corresponds to the graphitic structure.*!
The thermal stability of synthesized Cu-CQDs was
analyzed by thermogravimetry analysis (TGA), which
was shown in Figure 3c. The TGA of Cu-CQDs showed a
H,O0 evaporation weight loss below 100 °C and other sharp
weight loss at around 350-600 °C, which is presumably
due to the loss of CO and CO, from the oxygen-containing
functional groups. Figure 3d showed the FTIR spectrum of
the as-prepared Cu-CQDs. The broad band in the region
of 3100-3500 cm™' was assigned to stretching vibrations of
C-H and N-H. The peak at 2939 cm™' could be identified
as the stretching vibrations of C—H. The peaks at 1662,
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Figure 2. (a) UV-Vis absorption spectra (abs), inset: photographs of the
solution of the Cu-CQDs taken under visible light (left) and 365 nm UV
light (right); (b) fluorescence excitation (A.,) and emission (A,,,) spectra of
the Cu-CQDs; (c) fluorescence emission spectra of Cu-CQDs at different
excitation wavelengths from 314 to 394 nm in 10 nm increments.

1404 and 1296 cm were attributed to the stretching
vibrations of C=0, C—N and C-O, respectively. The full
XPS scan of Cu-CQDs was shown in Figure 3e, indicating
that the synthesized Cu-CQDs contains C, O, N and Cu
elements with the content ratios of 46.31, 27.14, 4.26 and
0.98%, respectively. In detail, Figure 3f shows the high
resolution Cls spectrum of Cu-CQDs, the three peaks
at 284.5, 285.7 and 287.6 eV could be assigned to C=C,
C-N and C=O0. Figure 3g shows the high resolution Ols
spectrum of Cu-CQDs, the three main peaks at 530.5,
531.7 and 535.2 eV could be attributed to C=0, C-O-C
and C—O-H. The detailed high resolution Cu 2p spectrum
(Figure 3h) shows the existence of Cu in Cu-doped CQDs
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(932.3, 933.3, 952.4 eV) corresponding to the spin Cu-doped CQDs.*># The results from XPS analysis
orbit splitting of Cu 2p3/2 and Cu 2p1/2, respectively, were in good agreement with FTIR. XPS and FTIR data
indicating the presence of Cu! and Cu® in as-prepared demonstrated that the surface of Cu-CQDs were rich in
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Figure 3. (a) TEM image; (b) XRD pattern; (c) TGA curves of CQDs (A) and Cu-CQDs (B); (d) FTIR spectrum; (e) full-scan XPS spectrum of the
Cu-CQDs; (f-h) high-resolution C1s, Ols and Cu2p XPS spectrum of the synthesized Cu-CQDs.
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water-soluble groups, such as hydroxyl groups, amino
groups and carboxyl groups.

Mechanism of Cu-CQDs quenching

Inner filter effect (IFE) would occur when the absorption
spectrum of quencher in the detection system overlapped
with the excitation or emission spectra of CQDs. Generally,
highly effective IFE requires that the absorption band of the
absorbent should overlap sufficiently with the excitation of
the fluorophore and/or the emission band. Therefore, it is
important to choose an appropriate absorber and fluorophore
pair in the IFE-based fluorescence nano-probe.* Figure 4a
showed the UV absorption spectrum of RT. It could be
observed that there were two wide absorption peaks at 265
and 362 nm. The as-prepared Cu-CQDs were chosen as
the fluorophore because of the large overlap between the
excitation and emission spectra of the prepared Cu-CQDs and
UV absorption of RT. The overlap would cause RT to shield
excitation and emission light from Cu-CQDs. Therefore, the
fluorescence of Cu-CQD could be successfully quenched
by the absorbance enhancement of RT, which assures that
the IFE occurs in a highly efficient way. Furthermore,
fluorescence lifetime was considered to explore the possible
mechanism of RT quenching the fluorescence of Cu-CQDs.
As shown in Figure 4b, the average fluorescence lifetime
of Cu-CQDs almost had no significant change after the
addition of RT. The results indicated that the main possible
mechanism is IFE.* Besides, the essentially unchanged
fluorescence lifetime of the system before and after the
addition of RT also indicated that the fluorescence quenching
is static quenching.*® The possible mechanism is shown in
Scheme 1.

Optimum condition of sensitivity for the RT sensor

Effect of pH and ionic strength
To evaluate the stability of the Cu-CQDs, the effects of
pH and ionic strength on the fluorescence intensity were
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Figure 4. (a) The absorption (abs: A) of RT and emission (A,: B) spectra
of the Cu-CQDs; (b) fluorescence emission decay curve of Cu-CQDs
and Cu-CQDs + RT.

further examined. As shown in Figure S1a (Supplementary
Information (SI) section), the fluorescence intensity was
obtained under different pH conditions. As the results
suggested, the intensity of fluorescence of the prepared
Cu-CQDs was increasing as the pH value rose from 2.0 to
5.0. Then the intensity was almost unaltered with the change
of pH values in the range of 5.0-8.0. The pH owned a small
impact on the fluorescence of prepared Cu-CQDs under
weak acidic or alkaline condition, which may be due to the
protonation or de-protonation of the functional groups on
the surface of Cu-CQDs. Accordingly, it was demonstrated
that the structure of Cu-CQDs was relatively stable and not
simply ruined within the pH range of 5.0-8.0.

OH HO'Z,, 3‘SNH2
RT
HoN /o
COOH
R
Hooot S b COoH

Scheme 1. Schematic illustration of the sensitive fluorescence detection of RT based on Cu-CQDs.
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We also have investigated the influence of ionic strength
on the fluorescence of the Cu-CQDs. As shown in Figure S1b
(SI'section), different concentrations of NaCl solutions range
from 0 to 2 mol L! were added into the Cu-CQDs. The
fluorescence intensity maintained almost unchanged with
the increasing NaCl concentrations, implying high stability
of the Cu-CQDs even under high ionic strength environment.
The stability of the effective fluorescence is conducive to the
application of the Cu-CQDs.

Stability of Cu-CQDs for the detection of RT

Stability is an important point for Cu-CQDs to detect
the RT. To confirm the fluorescence intensity of Cu-CQDs
in the process of detecting RT, different incubation time
was investigated. As shown in Figure 5a, the fluorescence
intensity of Cu-CQDs decreased after the addition of
RT, and maintained basically unchanged after 2 min.
In addition, the fluorescence intensity could remain
unchanged for 30 min. These results showed that the
proposed method was fast and stable for the detection of
RT. Therefore, the reaction time for the RT determination
was set to 2 min. Moreover, Figure 5b showed the long
stability of the as-prepared Cu-CQDs. It can be observed
that the Cu-CQDs had good long stability. The Cu-CQDs
still exhibited strong fluorescence intensity after 3 months
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Figure 5. (a) Fluorescence intensity of Cu-CQDs with RT at different
reaction time and (b) fluorescence intensity of Cu-CQDs storage times.
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storage at 4 °C. Meanwhile, Cu-CQDs could be re-dispersed
in water for using after being dried to powders in vacuum
oven. The result showed that the fluorescence intensity had
no obvious decrease.

Selectivity of RT detection

To evaluate the selectivity of Cu-CQDs as a fluorescent
probe for the detection of RT, the fluorescence intensity
of Cu-CQDs was examined in the presence of different
possible interfering substances, including urea, Fe(NO,),,
FeSO,, Hg(Ac),, MgCl,, Mn(NO,),, Pb(NO,),, CdCl,,
Zn(NQO,),, baicalin, chlorogenic acid and quercetin. As
shown in Figure 6, RT and quercetin could efficiently
quench the fluorescence intensity of the Cu-CQDs, while
the influence of the other possible interfering substances on
the fluorescence intensity of the Cu-CQDs was negligible.
However, the interference of quercetin against rutin
would be avoided in the practical rutin detection in tablets
samples. In following studies, the analytical capability
of this fluorescence probe would be evaluated in rutin
tablets without the potential coexistence of quercetin. As
discussed in the characterization of prepared Cu-CQDs, the
surface of the as-prepared Cu-CQDs was rich in hydroxyl
groups, amino groups and carboxyl groups. The selectivity
of Cu-CQDs towards RT is mainly due to the hydrogen
bonding between the hydroxyl groups of RT and amine,
amide and carboxyl groups of Cu-CQDs in addition to 7T-1
interaction of the aromatic stack of Cu-CQDs with RT.
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FIF,
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Figure 6. Selectivity of the Cu-CQDs to different possible interfering
substances.

Sensitivity of RT detection
To estimate the sensitivity of Cu-CQDs toward RT,

the fluorescence spectra were recorded with the addition
of different concentrations of RT. Figure 7a showed
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that the fluorescence intensity centered at 412 nm of
Cu-CQDs decreased gradually with the addition of various
concentration of RT. It is discussed previously that this
fluorescent quenching of Cu-CQDs after the addition of
RT is owing to the inner filter effect (IFE). That is to say,
the absorption of RT shields the excitation or emission
wavelengths of Cu-CQDs, and lead to the fluorescence
quenching. Additionally, this trend is in agreement with the
fluorescence quenching photographs (insets in Figure 7b),
in which the color of the solution gradually changes from
bright blue to dark blue under the same conditions. A good
linear relationship was obtained between the fluorescence
quenching and different concentration of RT in the
range of 0.1 to 15 pg mL"' with a regression equation of
F/F, = 0.059C + 0.0283 (correlation coefficient
(R*») = 0.9959) (insets in Figure 7a), where F, and F
represent the fluorescent intensities of Cu-CQDs in
the absence and presence of RT, and C is the different
concentration of RT. The detection limit of RT is estimated
to be 0.05 ug mL™' at a signal-to-noise ratio of 3 (S/N = 3).
The Cu-CQDs prepared in the work showed a relatively
lower limit of detection when compared with other reported
literatures which detected RT (Table 1).

Determination of RT in drug samples

To assess the practicality of the method, medicinal rutin
tablets were chosen as real sample, which was ground by a
mortar and dissolved in absolute ethanol to get the sample
solutions. The sample solutions were diluted 50 times before
using. Then the sample solutions were measured according
to the as-proposed method with the data shown in Table 2.
The recoveries were in the range of 97.5-102.5% and relative
standard deviation (RSD) values were below 2.21%. The
results indicated the reliable and efficient application of
Cu-CQDs as fluorescent sensors for rutin determination.

Table 1. Comparison of different methods for the detection of RT
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Figure 7. (a) Fluorescence emission spectra of Cu-CQDs by treating
with various RT concentrations (0.1-15 ug mL™") (inset: the relationship
between the (F, — F)/F, and the RT concentrations) and (b) absorption
spectra with various RT concentrations (inset: photographs under ambient
daylight (top) and UV light (bottom)).

Conclusions

In summary, highly fluorescent Cu-CQDs were
synthesized by a green and low cost route from
Na,[Cu(EDTA)] and hydroxylamine hydrochloride. The
prepared Cu-CQDs showed good fluorescence properties
and water solubility. Based on the phenomenon that the
fluorescence intensity of Cu-CQDs could be selectively

Method Linear range / (ug mL™") Limit of detection / (ug mL™") Reference
Fluorescence 0.31-9.15 0.06 47
Electrochemistry 0.14-1.53 x 10° 0.07 48
Sequential injection analysis 0.3-24 0.13 49
Fluorescence 0.1-15 0.05 this work

Table 2. Determination of RT in real samples (n = 3)

Sample Found / (ugmL"')  Added/(ugmL"')  Total / (ug mL") RSD (n=3)/ % Recovery / % HPLC / (ug mL")
B080302 7.9 4.0 1.80 102.5 11.8
090904 8.0 4.0 2.21 97.5 12.0

RSD: relative standard deviation; HPLC: high-performance liquid chromatography.
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quenched by rutin, the Cu-CQDs were used as nano-sensors
for the sensitive and selective detection of RT. This novel
proposed method provided good linear RT detection in the
range of 0.1-15 ug mL! with a detection limit of 0.05 ug mL".
The possible mechanism of fluorescence quenching was
discussed, which was proved to be inner filter effect and static
quenching. The successful application of the Cu-CQDs in the
detection of RT in pharmaceutical products demonstrated the
proposed method have great application prospect.

Supplementary Information

Supplementary information (the effects of pH and ionic
strength on the fluorescence intensity of Cu-CQDs) is
available free of charge at http://jbcs.sbq.org.br as PDF file.
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