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Abstract
A dual-emission ratiometric fluorescent sensing system based on boron-doped carbon quantum dots (B-CQDs) and gold 
nanoclusters (AuNCs) has been developed for the determination of xanthine. The blue fluorescence of B-CQDs at 445 nm 
is then reduced by the AuNCs through the inner filter effect (IFE) under a single excitation wavelength of 370 nm. By the 
catalysis of xanthine oxidase (XOD), xanthine is oxidized by oxygen dissolved in the solution to produce  H2O2. The horserad-
ish peroxidase (HRP) catalyzes  H2O2 to generate hydroxyl radicals, which can quench the fluorescence of AuNCs, leading to 
the recovery of the fluorescence of B-CQDs. Based on the relationship between the fluorescence intensity ratio (F445/F665) 
and the concentration of xanthine, the designed method exhibits a good linearity range of 1.2–500.0 μmol L −1 and a limit 
of detection of 0.37 μmol L −1. The ratiometric fluorescent is applied to determine xanthine in human urine samples. Good 
recoveries of spiked samples in the range 99.2–105.0% are obtained by the proposed assay, with relative standard deviations 
(RSD) ranging from 0.9 to 2.6%.
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Introduction

Xanthine (3,7-dihydropurine-2,6-dione) is a purine deriva-
tive produced during the degradation of adenosine triphos-
phate [1]. It is converted into uric acid under the action of 
xanthine oxidase (XOD) and widely distributed in the organs 
and body fluids of humans and other organisms [2]. When 
there is a lack of XOD, xanthine cannot be converted, result-
ing in a dramatic increase in the concentration of xanthine 
in the blood and urine, which can lead to various diseases 
such as gout, hyperuricemia, and xanthinuria [3–5]. There-
fore, the accurate and timely determination of xanthine is 
of great significance for the diagnosis and monitoring of 

clinically related diseases. To date, a series of analytical 
methods have been employed for the detection of xanthine, 
including electrochemical method [6], colorimetric assays 
[7], voltammetry [8], high-performance liquid chromatogra-
phy (HPLC) [9], and fluorimetric method [10, 11]. Among 
all those methods, as a better method with comparatively 
low cost, rapid, technical simplicity, and on-site analysis, the 
fluorimetric method based on luminescent materials serves 
as a great alternative to detect xanthine.

Because of their excellent properties, such as high light 
stability, easy synthesis and surface functionalization, 
adjustable composition and fluorescence emission, good bio-
compatibility, and low cytotoxicity [12–15], carbon quantum 
dots (CQDs) are considered to be a promising nanomaterial 
in chemical and biological sensing, cell imaging, drug deliv-
ery and photocatalysis, etc. [16–19]. Benjamin et al. synthe-
sized CQDs using citric acid as a carbon source by hydro-
thermal method for solar light–driven hydrogen production 
in aqueous solution [20]. However, the quantum yield of 
carbon dots synthesized from a single carbon source was 
low, only 1.4%. Heteroatom doped (nitrogen, sulfur, phos-
phorus and boron, etc.) can adjust the carbon frameworks 
and their surface chemical structures to create new excited 
energy potentials, thus improving the fluorescence quantum 
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yields and inherent properties of the CQDs. In particular, 
the doping of CQDs with B atom effectively regulates the 
electronic and optical properties of the CQDs because the 
vacant p-orbital of B atom can effectively conjugate with 
C=C, thus decreasing the distance between B(III) and the 
 sp2 clusters of CQDs, which could enhance the electronic 
delocalization in the carbon matrix [21, 22]. For example, 
Ma et al. used citric acid and sodium tetraphenylborate as 
raw materials to synthesize boron-doped carbon quantum 
dots (B-CQDs) (quantum yield 42%) by the hydrothermal 
method as a fluorescent probe, achieving the ultrasensitive 
sensing of catechol and glutathione [23].

However, the quantitative analysis of targets using fluo-
rescent probes with a single emission characteristic will be 
interfered by various factors unrelated to the analyte (such 
as instrumental parameters, the microenvironment surround-
ing and local concentration of probe molecules, and pho-
tobleaching) [24]. In order to overcome these problems and 
ensure reliability, an effective strategy is to design a dual-
emission ratiometric scheme by introducing another fluo-
rescence spectrum peak. Ideally, a ratiometric fluorescence 
probe harvests the target-induced fluorescence intensity 
changes from two or more emission bands at different wave-
lengths. The obtained signal ratio can reduce the interference 
with environment/background factors to the greatest extent, 
so as to realize the reliable detection of specific targets [25]. 
Zhao et al. designed a ratiometric fluorescence probe based 

on CQDs and gold nanoclusters (AuNCs) for the sensitive 
detection of hydrogen peroxide  (H2O2). The change of the 
ratiometric fluorescence signal depends on how ferrous ion 
reacts with  H2O2 to produce hydroxy radicals (·OH) and 
hydroperoxy radicals (·OOH) [26].

Here, we reported a ratiometric fluorescent sensing sys-
tem based on B-CQDs and AuNCs for the determination 
of xanthine (Scheme 1). Firstly, AuNCs quenched the blue 
fluorescence of B-CQDs through the inner filter effect (IFE) 
under a single excitation wavelength of 370 nm. Then, xan-
thine oxidase (XOD) catalyzed xanthine to produce  H2O2 
and uric acid. Furthermore,  H2O2 was catalyzed by horse-
radish peroxidase (HRP) to generate ·OH that quenched the 
red fluorescence of AuNCs, leading to recovery of the blue 
fluorescence of B-CQDs. This method was also success-
fully applied to the determination of xanthine in human 
urine samples.

Experimental section

Materials

Xanthine, horseradish peroxidase (HRP), bovine serum 
albumin (BSA), and polyethyleneimine (PEI, M.W.600) 
were purchased from Aladdin Chemistry Co. Ltd. (Shanghai, 
China). Chloroauric acid was gained from Nanjing reagent 

Scheme 1  Schematic diagram of the mechanism of xanthine detection in B-CQDs and AuNCs sensing system.
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(Nanjing, China). Xanthine oxidase (XOD) was obtained 
from Macklin Biochemical Co. Ltd. (Shanghai, China). 
Citric acid monohydrate and boric acid were gained from 
Oriental Reagent Factory (Chongqing, China). All reagents 
were of analytical grade and the water used in the work was 
deionized water.

Instruments

The UV-2700 spectrophotometer (Hitachi, Tokyo, Japan) 
was used to measure the absorption spectra and absorbance. 
The F-2500 spectrofluorometer from Hitachi was used to 
obtain fluorescence spectra and intensity. Transmission elec-
tron microscope (TEM) images of B-CQDs and AuNCs were 
obtained using a Hitachi S-4800 scanning electron micro-
scope (Tokyo, Japan). Fourier transform infrared spectrum 
(FI-TR) was conducted on a FTIR-8400S FTIR spectrom-
eter. The X-ray diffraction (XRD) patterns were given from 
a X-ray diffractometer (Rigaku D/MAX 2550). The chemical 
composition of the products was examined with X-ray pho-
toelectron spectrometer (XPS) from Escalab 250Xi (Thermo 
Fisher Scientific, USA). Zeta potentials were measured by 
dynamic laser light scattering (ZEN3690, Malvern).

Synthesis of B‑CQDs and AuNCs

The B-CQDs and AuNCs were prepared according to pre-
viously reported study with minor modifications [23, 27]. 
Specific synthesis methods were described in the Supporting 
information.

Detection of xanthine

Typically, 100.0 μL of phosphate buffer (0.2 mol  L−1, pH 
6.4), 100.0 μL of xanthine at varying concentrations, 50.0 
μL XOD (100 μg/mL), and 30.0 μL HRP (50 μg/mL) were 
mixed to produce ·OH. After that, 100.0 μL of AuNCs, 50.0 
μL B-CQDs, and 570.0 μL of deionized water were added 
into the mixture and incubated for 50 min at 37 °C. Finally, 
the fluorescence emission spectrum of the whole solution 
was measured under the excitation wavelength of 370 nm. 
The fluorescence intensity at the emission wavelengths of 
445 nm and 665 nm was recorded.

Real sample assay

The human urine samples were obtained from three healthy 
volunteers in the Chengdu Second People’s Hospital. The 
sample analysis experimental protocol was approved by the 
institutional committee of Chengdu Second People’s Hospi-
tal (approval number 2021088), and all the guidelines were 
followed throughout the present study. These samples were 
first treated by adding  BaCl2 (0.1 mol  L−1) and  ZnSO4 (0.1 

mol  L−1) and centrifuged at 10,000 rpm for 5 min to remove 
protein. Then, the supernatants were filtered through a 0.22-
μm membrane, and the filtrates were collected for determi-
nation. Different concentrations of xanthine were spiked into 
the urine sample and recovery experiments were performed. 
The specific method was as follows: 500.0 μL of sample 
solution was mixed with 100.0 μL of standard xanthine solu-
tion at different concentrations (2.0, 250.0, and 400.0 μmol 
L −1). Finally, the treated sample was added into 100.0 μL 
of phosphate buffer (0.2 mol  L−1, pH 6.4), and was detected 
by the method described above.

Results and discussion

Characterization of B‑CQDs and AuNCs

Fig. 1a revealed that the B-CQDs were uniform spheres 
with an average diameter of ~3.73 nm. Besides, HR-TEM 
image disclosed its good crystallization nature, showing a 
lattice spacing of ~0.25 nm, corresponding to the in-plane 
lattice spacing of graphene (100). The AFM image (Fig. 1b) 
also gave the spherical morphologies of the B-CQDs par-
ticles, where the heights were in the range of −1 to 3nm. 
Other characterization results of B-CQDs were described 
in detail in the Supporting information. The XRD, FRIT, 
and XPS characterizations of B-CQDs are displayed in 
Supplementary Fig. S1. All the results illustrated the suc-
cessful synthesis of B-CQDs. As is illustrated in Fig. 1c, 
the modality and the average particle size of AuNCs were 
characterized by TEM, indicating that as-prepared AuNCs 
were uniformly spherical with the sizes ranging from 0.52 to 
3.19 nm, together with an average size of 1.42 nm. Besides, 
the HR-TEM image disclosed the crystal lattice fringes with 
an interplanar spacing distance of 0.24 nm corresponding 
to the (1 1 1) crystal planes of the face-centered cubic Au 
[28]. The XRD and XPS characterizations of AuNCs are 
displayed in Supplementary Fig. S2. Moreover, the optical 
properties of the B-CQDs and AuNCs have been described 
in Supplementary Fig. S3.

Feasibility analysis and mechanism discussion

As is illustrated in Fig. 2a, the fluorescence of B-CQDs at 445 
nm was reduced after adding AuNCs. The ratiometric fluo-
rescence of the system did not have an obvious change in the 
presence of xanthine and HRP individually. However, with 
the addition of xanthine, XOD, and HRP at the same time, the 
fluorescence intensity of AuNCs decreased, while the fluores-
cence intensity of the B-CQDs recovered. In addition, it can 
be seen from the UV-Vis absorption spectrum in Fig. 2b that 
AuNCs reduced the absorbance of B-CQDs at 360 nm. When 
xanthine, XOD, and HRP were added to the fluorescence 
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Fig. 1  a TEM image of 
B-CQDs (inset: HR-TEM image 
and particle size distribution 
histogram). b AFM image of 
B-CQDs. c TEM image of 
AuNCs (inset: HR-TEM images 
and particle size distribution 
histogram).

Fig. 2  a The fluorescence 
spectra of B-CQDs, AuNCs, 
B-CQDs + AuNCs, B-CQDs 
+ AuNCs + xanthine, B-CQDs 
+ AuNCs + HRP, B-CQDs+ 
AuNCs + xanthine + XOD 
and B-CQDs + AuNCs + 
xanthine + XOD + HRP. b The 
UV-Vis absorption spectrum of 
B-CQDs, AuNCs, B-CQDs + 
AuNCs, B-CQDs + AuNCs + 
xanthine + XOD and B-CQDs 
+ AuNCs + xanthine + XOD + 
HRP. c The fluorescence spectra 
of B-CQDs and the UV-Vis 
absorption spectra of AuNCs. d 
The fluorescence decay curves 
of B-CQDs and B-CQDs + 
AuNCs.
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system, the absorbance of the B-CQDs was recovered obvi-
ously. These results demonstrated that the designed ratiometric 
fluorescent sensing system was feasible.

Actually, xanthine was catalyzed by XOD to produce  H2O2 
and uric acid (Eq. (1)) [7, 10]. Then, HRP catalyzed  H2O2 to 
generate ·OH that quenched the fluorescence of AuNCs. As 
shown in Supplementary Fig. S4, the fluorescence quenching 
of AuNCs was more obvious after adding HRP, because ·OH 
can afford stronger oxidation capacity than  H2O2. The possible 
reason for fluorescence quenching of AuNCs was assigned 
to the powerful oxidation ability of ·OH [26, 29]. As shown 
in Fig. 2b, after the addition of xanthine, XOD, and HRP to 
produce ·OH, the weak absorption peaks of AuNCs at about 
420 nm disappeared. Therefore, ·OH could partially dissolve 
the AuNCs and lead to the recovery of the fluorescence of 
B-CQDs.

To investigate the mechanism of the fluorescence of 
B-CQDs quenched by AuNCs, the relevant experiments were 
carried out. It can be seen from Fig. 2c that the fluorescence 
spectra of the B-CQDs were effectively overlapped by the 
UV-Vis absorption spectrum of AuNCs. Additionally, no new 
absorption peak appeared in the UV-Vis absorbance spectrum 
of the B-CQDs-AuNCs system, indicating that a new complex 
was not formed in Fig. 2b. Therefore, the mechanism by which 
the fluorescence of B-CQDs was quenched by AuNCs may be 
fluorescence resonance energy transfer (FRET) or inner filter 
effect (IFE). As can be seen from Fig. 2d, the fluorescence 
lifetimes of the B-CQDs and the B-CQDs-AuNCs were calcu-
lated to be 3.97 ns and 3.90 ns, respectively. According to the 
well-known equation for evaluation of FRET efficiency [30]:

Here, E is the energy transfer efficiency, τD and τD-A are 
fluorescence lifetimes of the donor and the donor-acceptor 
pair, respectively. The FRET efficiency of the B-CQDs-
AuNCs composite was calculated to be 1.7%. The calculated 

(1)

(2)E = 1 − �
D−A∕�D

FRET efficiency was in disagreement with the observed flu-
orescence quenching efficiency (61.3%, Fig. 2a). Besides, 
as shown in Supplementary Fig. S5, the Zeta potentials of 
B-CQDs, AuNCs, and the mixture were −0.46, −1.91, and 
−5.31 mV, all of which were negatively charged, indicating 
that there was electrostatic repulsion between B-CQDs and 
AuNCs. Therefore, B-CQDs and AuNCs cannot be close to 
produce FRET [31]. Above all, the possible mechanism for 
the fluorescence of B-CQDs quenched by AuNCs could be 
primarily owing to IFE.

Optimization of experimental parameters

Firstly, the ratiometric fluorescence of CQDs-AuNCs sys-
tem was barely affected by different concentrations of NaCl 
solution, radiation time, and pH (Fig. S6), which proved that 
the system was relatively stable. Furthermore, in order to 
achieve better experimental result, the incubation time, pH, 
and the concentration of XOD and HRP were optimized. 
Respective data and figures are given in Supplementary 
Fig. S7. It was found that the following experimental condi-
tions got the best results: (a) the reaction reached equilib-
rium after 50 min; (b) pH 6.4; (c) 50.0 μL of 100 μg  mL−1 
XOD; (d) 30.0 μL of 50 μg  mL−1 HRP.

Ratiometric fluorescence detection of xanthine

The feasibility of the detection system was studied by 
the fluorescence enhancing of B-CQDs and quenching of 
AuNCs, with different concentrations of xanthine under 
optimum experimental conditions. Fig. 3a clearly showed 
that the blue fluorescence of the CQDs at 445 nm gradually 
increased, whereas the red fluorescence of AuNCs decreased 
at 665 nm under the 370-nm excitation wavelength with the 
increase of the concentrations of xanthine from 0 to 500 
μmol  L−1. As shown in Fig.3b, a good linear relationship of 
F445/F665 with concentration of xanthine was obtained. The 
linear regression equation was F445/F665 = 0.0034C + 1.04 
(R2 = 0.997). The limit of detection (LOD) was evaluated to 
be 0.37 μmol  L−1 based on the formula LOD = 3σ/k and the 

Fig. 3  a Ratiometric fluo-
rescence spectra of various 
concentrations of xanthine from 
0 to 500.0 μmol  L−1. b The 
linear of F445/F665 with differ-
ent concentrations of xanthine 
(0.5–500.0 μmol  L−1).
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limit of quantitation (LOQ) was calculated to be 1.2 μmol 
 L−1 based on the formula LOQ = 10σ/k. Thus, this method 
had a linear range of 1.2–500.0 μmol  L−1. Table 1 exhib-
ited a ratiometric fluorescence probe based on CQDs and 
AuNCs and other probes for the determination of xanthine. 
Compared with colorimetry [7] and voltammetry [8], the 
ratiometric fluorescence probe manifested a relatively wide 
detection range and the low LOD. Compared with single-
signal electrochemical [6] and fluorescence method [11], 
etc., a dual-emission fluorescent probe could decrease or 
eliminate the errors caused by the fluctuations in environ-
mental/testing conditions. Additionally, compared with other 
methods, the proposed method had the widest linear range.

In order to evaluate the anti-interference ability of the 
present method towards xanthine, the fluorescence response 
of the system after the addition of possible interfering sub-
stances was recorded. Furthermore, it was mainly to select 
inorganic salts, amino acids, uric acid, and urea, as well as 
substances similar in structure to xanthine as interferences. 
The concentration of the interferences was selected based 
on the concentration ratio of the main interferences and the 
target analyte in human urine sample [32]. As depicted in 
Table 2, interferences could be able to co-exist with xanthine 
with a relative error under 5.0%. The results confirmed that 
the established method possessed good selectivity and strong 
anti-interference capability for the detection of xanthine.

Determination of xanthine in real samples

In order to verify the actual availability of the ratiometric 
fluorescent probe, different concentrations of xanthine were 
spiked into the human urine samples and recovery experi-
ments were performed. The concentration of xanthine in 
the urine sample was measured by HPLC method [33]. The 
ratiometric fluorescence method was used to measure the 
total concentration in the real sample with addition of the 
standard solution of xanthine. The choice of the analyte 
concentrations referred to an official website (https:// www. 
fda. gov/ home). Official guidelines suggested that the con-
centration of analyte added to the real sample depended on 
the linear range. The upper limit, lower limit, and middle 
value close to the linear range were selected as the analyte 
concentrations. Hence, 2.0, 250.0, and 400.0 μmolL−1 were 
selected as the concentrations of xanthine in the spiked 
experiment. Comparisons of the determination results by 
our method and the HPLC method are shown in Table 3. 
The concentration of xanthine was found to be 1.7±0.2 μmol 
 L−1 in human urine sample by the HPLC method. In addi-
tion, good recoveries of spiked experiment in the range of 
99.2–105.0% were obtained by the proposed assay, with the 
relative standard deviations (RSD) ranging from 0.9 to 2.6%. 
These results indicated that the determination results of 
established method were very close to the value through the 

Table 1  Comparison of linear 
range and detection limit of 
various methods for xanthine 
detection.

Analytical methods Materials Linear range
(μmol  L−1)

Detection limit
(μmol  L−1)

Reference

Electrochemistry Chitosan/PPy/Au-NPs 1.0–100.0 0.10 [6]
Colorimetry WO3 nanosheets 25.0–200 1.24 [7]
Voltammetry Pt@MIL-101(Cr) 0.5–162.0 0.42 [8]
Fluorescence SiNPs 0.3–200.0 0.11 [11]
Fluorescence AuNCs/B-CQDs 1.2–500.0 0.37 This work

Table 2  Effects of coexisting 
substances (Cxanthine 
= 2.0 μmol  L−1 = 0.3 μg  mL−1).

Species Concentration
(μg  mL−1)

Relative 
error (%)

Species Concentration
(μg  mL−1)

Relative 
error 
(%)

NaCl 212.8 −3.3 Uric acid 7.1 1.2
MgCl2 5.1 −2.6 Dopamine 3.1 -2.1
CaCl2 1.2 −0.4 Adenosine 5.4 1.2
KCl 126.7 −1.0 Theophylline 3.6 2.3
FeSO4 0.6 0.6 Sucrose 6.8 1.7
CuSO4 0.3 3.7 Guanine 0.3 -0.2
Glucose 3.6 −3.1 Urea 1.5 2.6
Glutathione 6.3 −1.1 Oxalic acid 1.5 -3.6
Cysteine 2.4 −1.8 Alanine 1.9 3.0
Ascorbic acid 3.5 −1.9 Glycine 22.8 0.7
6-Mercaptopurine 2.4 −0.1 DL-Lysine 2.8 -1.5
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HPLC method. Therefore, this method may be potentially 
applied for the screening and determination of xanthine in 
human urine sample.

However, this established method had some limitations in 
a real assay. One disadvantage of the method was working 
in the UV made the probe prone to interferences by biomol-
ecules. The UV absorption and fluorescence signals may be 
interfered with by blood, serum, cells, seawater, etc. There-
fore, the urine sample was centrifuged to remove protein and 
further purified through the filter membrane to reduce the 
interference on working in the UV.

Conclusion

In this work, a ratiometric fluorescent probe based on 
B-CQDs and AuNCs was designed for sensitive and selec-
tive the determination of xanthine. The functionalized 
boron-doped CQDs were successfully prepared by the one-
pot hydrothermal method. The B-CQDs emitting blue light 
at 445 nm were quenched by the AuNCs due to IFE. By 
the catalysis of XOD, xanthine was oxidized by oxygen dis-
solved in the solution to produce  H2O2. Then,  H2O2 was 
catalyzed by HRP to generate ·OH, which could quench the 
fluorescence of the AuNCs, thus recovering the fluorescence 
of B-CQDs. According to the change of the ratiometric fluo-
rescence signal, the quantitative determination of xanthine 
was finally realized. Because of the specific combination of 
xanthine and XOD, the selectivity of this probe was greatly 
improved. In addition, this method had been successfully 
used for the determination of xanthine in human urine sam-
ples, indicating its potential application prospects in clinical 
testing.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00604- 021- 05139-8.
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