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B、N和F共掺杂的新型碳点对硝唑类抗生素的检测
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摘 要：以氟硼酸钠、柠檬酸、乙胺和乙腈为前驱体，通过一步溶剂热法制备了硼、氮、氟共掺杂的蓝色荧光碳点

（Blue Fluorescent Carbon Dots， BNF-CDs），分别利用透射电子显微镜、傅里叶变换红外光谱、X 射线光电子能谱、

紫外可见吸收和荧光光谱等对合成的BNF-CDs进行了结构、形貌及光学性能表征。结果表明，BNF-CDs具有稳定

优异的光学性能，荧光量子产率高达65.9%。基于内滤作用，硝唑类抗生素可有效猝灭BNF-CDs的荧光，为甲硝唑

类抗生素（Metronidazole， MTR）、奥硝唑类抗生素（Ornidazole， ORN）和替硝唑类抗生素（Tinidazole， TIN）的检测

提供了一种新的荧光检测方法，并建立了相应的硝基咪唑类抗生素的检测曲线，线性范围分别为 6 ~250 μmol/L、

3.6 ~189 μmol/L 和 3.6 ~295 μmol/L，检出限分别为 16 nmol/L、35 nmol/L、71 nmol/L。此外，对实际样品中 MTR、

ORN和TIN的测定也取得了满意的回收率（96.4%~105.8%），表明了该方法潜在的应用前景。
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Abstract: Blue fluorescent carbon dots (BNF-CDs) co-doped with boron, nitrogen and fluorine were prepared by a one-step solvo‐

thermal method using sodium fluoroborate, citric acid, ethylamine and acetonitrile as precursors. Herein, the structure, morphology 

and optical properties of BNF-CDs were characterized by transmission electron microscopy, Fourier transform infrared spectrometer, 

X-ray photoelectron spectroscopy, UV-Vis absorption and fluorescence spectroscopy, respectively. The results illustrated that the 

BNF-CDs have stable and excellent optical properties with a high fluorescence quantum yield of 65.9%. Based on the internal filtra‐

tion effect between BNF-CDs and nitroimidazole antibiotics, the fluorescence of BNF-CDs can be effectively quenched. This phe‐

nomenon provides a novel fluorescence method for the determination of metronidazole (MTR), ornidazole (ORN) and tinidazole 

(TIN), and the corresponding detection curves for these nitroimidazole antibiotics were established, with linear ranges of 

6-250 μmol/L for MTR, 3.6-189 μmol/L for ORN and 3.6-295 μmol/L for TIN. The detection limits were found to be 16 nmol/L, 
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35 nmol/L and 71 nmol/L, respectively. In addition, satisfactory recovery rates (rangihg from 96.4% to 105.8%) have been achieved 

for determination of MTR, ORN and TIN in actual samples,which indicates its potential application in the future.

Key words: nitroimidazole antibiotics; carbon dots; internal filtration effect; multifunctional detection

1 Introduction 

Nitroimidazole drugs, a class of synthetic or‐

ganic compounds with a 5-nitroimidazole ring struc‐

ture, are widely used as one of the antibiotics for 

the treatment of bacterial infection caused by human 

and animal protozoa and anaerobic bacteria. As ear‐

ly as 1978, the World Health Organization (WHO) 

listed metronidazole as the first choice of antibiotics 

against anaerobic infections. After over four decades 

of research, nitroimidazole antibiotics have been 

consistently developed and extensively utilized in 

various clinical medical fields, including anti-tuber‐

culosis, antibacterial and antiviral treatments, as 

well as anti-inflammatory and antitumor applica‐

tions[1-2]. In addition, nitroimidazole antibiotics are 

applied as additives to animal feed for preventing 

infection and cosmetics for eliminating inflamma‐

tion and sterilization[3-5]. The high water solubility 

and low biodegradability of nitroimidazole antibiot‐

ics result in the frequent detection of nitroimidazole 

residues in various environments, including surface 

soil, municipal sewage, pharmaceutical waste, aqua‐

culture and livestock effluents, as well as in food 

products such as eggs, milk, and other animal-de‐

rived items[5-6].

Nevertheless, the abuse of nitroimidazoles not 

only brings great risks to the ecological environ‐

ment, but also directly endangers the biological safe‐

ty. Once these drugs and their metabolites are deliv‐

ered and enriched into the human body through the 

food chain, they can lead to serious symptoms such 

as neurotoxicity, anaphylactic shock, hepatotoxicity, 

even mutagenicity and carcinogenesis besides dizzi‐

ness, nausea, insomnia and other symptoms[6-9]. Con‐

sequently, certain countries and regions, including 

China and the European Union, have implemented ex‐

plicit bans on the use of such substances in food prod‐

ucts derived from animals[6,10]. As a result, it is of 

great significance to monitor the contents of these 

drugs in animal tissues, excreta and feed, and the 

residues of nitroimidazole in organisms or environ‐

ment[11-12].

At present, the analytical techniques for the de‐

termination of nitroimidazole residues mainly in‐

clude gas chromatography[13], gas chromatography-

mass spectrometry or tandem mass spectrometry[14], 

liquid chromatography[15], liquid chromatography tan‐

dem mass spectrometry[11], thin layer chromatogra‐

phy[16], enzyme-linked immunosorbent assay[3], capil‐

lary electrophoresis[17], and electrochemical analysis 

methods[18]. Although these methods exhibit the char‐

acteristics of high accuracy, sensitivity and selectivi‐

ty, there are some problems such as cumbersome 

sample preparation, expensive instruments, and high 

detection costs, which limit their further applica‐

tions. Therefore, the development of a nitroimid‐

azole detection method with higher sensitivity, bet‐

ter selectivity, simpler operation and lower cost has 

become an important research topic in the field of 

environmental and food analysis.

Fluorescence analysis method has attracted 

much attention because of its cheap instrument, sim‐

ple operation and high sensitivity and accuracy. Car‐

bon dots (CDs), a novel fluorescent carbon material, 

has being paid more attention in recent years owing 

to their excellent performance and broad application 

prospects. Compared with traditional quantum dots, 

they not only exhibit stable and excellent optical 

properties, but also have favourable biocompatibility 

and environmental friendliness. These advantages 

give them potential applications in detecting[19-22], 

bioimaging[23-24], drug delivery[24-25], photocataly‐

sis[26-27], optoelectronic devices[28-29], anti-counterfeit‐

ing[30], and so on. In terms of detection applications, 

many studies on CDs have focused on using CDs as 
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a fluorescent probe to detect different targets, such 

as metal ions, inorganic anions, pH, temperature and 

organic pollutants based on the mechanism of fluo‐

rescence quenching and recovery[19-22]. Therefore, it 

is a good choice to design a fluorescence probe 

based on the CDs for realizing the sensitive detec‐

tion of nitroimidazole antibiotics.

In this paper, blue fluorescent CDs (BNF-CDs) 

co-doped with boron, fluorine and nitrogen were 

prepared by one-step solvothermal method using so‐

dium fluoroborate, citric acid, ethylamine and aceto‐

nitrile as precursors. As depicted as scheme 1, the 

fluorescence of the BNF-CDs can be effectively 

quenched by nitroimidazole antibiotics. The detec‐

tion method of nitroimidazole was constructed 

based on the internal filtration effect (IFE) using 

metronidazole (MTR), ornidazole (ORN) and Tinida‐

zole (TIN) as models. Compared with other detec‐

tion methods, the method has the advantages of sim‐

ple operation, good selectivity, wide detection ranges

(the linear ranges of MTR, ORN and TIN are 

6-250 μmol/L, 3.6-189 μmol/L and 3.6-295 μmol/L, 

respectively), and high sensitivity (the detection lim‐

its of MTR, ORN and TIN are 16 nmol/L, 35 nmol/L 

and 71 nmol/L, respectively).

2 Experimental Section 

2.1　Chemicals　　

Sodium fluoroborate, citric acid, ethylamine, 

acetonitrile, various metal chloride salts, and various 

antibiotics MTR, ORN, TIN, cefradine (CED), cefo‐

taxime (CTX), penicillin (PEN), amoxicillin 

(AMX), ampicillin (AMP), streptomycin (STR), gen‐

tamicin (GEN), kanamycin (KAN), erythromycin 

(ERY), azithromycin (AZM), clarithromycin (CLR), 

oxytetracycline (CTE), tetracycline(TCY), Lincomy‐

cin (LIN), clindamycin (CLI), sulfadiazine (SDI), 

sulfamethoxazole (SMZ), Trimethoprim (TMP), cip‐

rofloxacin (CIP), norfloxacin(NOR), levofloxacin 

(LVX), chloramphenicol (CHL), thiamphenicol 

(THI), vancomycin (VAN)) were all analytical grade 

and obtained from Aladdin Reagent Co., Ltd. The 

dialysis membrane (MWCO = 500-1 000 Da) was 

acquired from Spectrum Laboratories (Rancho 

Dominguez, CA, USA). The experimental water 

was ultrapure water (≥ 18.25 MΩ·cm).

2.2　Preparation of BNF-CDs　　

The synthesis process is depicted in Scheme 1. 

2.5 g of sodium fluoroborate, 1.0 g of citric acid, 5 

mL of ethylamine and 25 mL of acetonitrile were 

transferred into a 100 mL of beaker. After stirring 

and ultrasonic treatment for 20 minutes, the homo‐

geneous dispersed solution was poured into a 

polytetrafluoroethylene reactor and heated for 10 h 

at 200 ℃ . Next, when cooling to room temperature, 

the solution in the reactor was poured out and filtered 

to remove the filter residue. And then, the filtrate was 

dialyzed by dialysis tube (M 500 -1 000 DA) for 

5 h and recharged the water every one hour. After 

that, the brown solid powder BNF-CDs was ob‐

tained by freeze-drying and stored for following ex‐

periments.

Scheme 1　Illustration for the synthetic procedure of the BNF-CDs using the hydrothermal method and the fluorescent sensing 

method for detection of nitroimidazole antibiotics (MTR, TIN, ORN)
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2.3　Characterization of BNF-CDs　　

The morphology and lattice of BNF-CDs were 

observed by using a JEOLJEM-2100 transmission 

electron microscopy (TEM) (Tokyo, Japan). The 

composition and relative content of BNF-CDs were 

determined by element analyzer and inductively cou‐

pled plasma mass spectrometer (ICP-Mass). The ex‐

isting state of elements in BNF-CDs was character‐

ized by X-ray photoelectron spectroscopy (XPS) 

and Fourier transform infrared spectrometer (FTIR). 

The doping forms of B, N and F and surface func‐

tional groups of BNF-CDs were determined by FT‐

IR and XPS. The optical properties of BNF-CDs 

were characterized by UV and VIS spectrophotome‐

ter. The content of MTR, ORN and TIN was detect‐

ed by fluorescence spectrometer.

2.4　Fluorescence quantum yield of BNF-CDs　　

The relative fluorescence quantum yield of 

BNF-CDs was calculated by the following formula.

Φ S = ΦR(IS/AS) (AR/IR)(η S
2/ηR

2)

Among them, Rhodamine B was used as the 

reference solution. Φ , I, A and η represent fluores‐

cence quantum yield, integral fluorescence intensity 

(fluorescence integral area is 380 nm-600 nm), ab‐

sorbance intensity and refractive index of solvent, 

respectively. Subscripts S and R represent BNF-CDs 

and Rhodamine B reference solution, respectively. 

The excitation wavelength is 363 nm and the emis‐

sion wavelength is 467 nm. To prevent the effect of 

solution re-absorption effectively, the absorbance in‐

tensity was kept less than 0.1.

2.5　Selectivity of BNF-CDs to nitroimidazole anti‐

biotics　　

20 μL of various ions (0.1 mol/L) and antibiot‐

ic drugs (0.01 mol/L) were added to 2.5 mL of 

BNF-CDs solution (24 μg/mL). The fluorescence in‐

tensities were recorded before and after the addition 

of these substances at excitation and emission wave‐

lengths of 363 nm and 467 nm, respectively.

2.6　Detection of nitroimidazole antibiotics　　

For the detection of nitroimidazole antibiotics, 

MTR, ORN, and TIN were applied as the represen‐

tatives of nitroimidazole antibiotics. Appropriate 

amounts of samples were added to 2 mL of BNF-

CDs solution sequentially, and the fluorescence in‐

tensities of the solution were recorded at the excita‐

tion and emission wavelengths of 363 nm and 

467 nm, respectively.

3 Results and Discussion 

3.1　Structural characterization of BNF-CDs　

The elemental analysis results are presented in 

Table S1, showing that the BNF-CDs consisted of C 

7.99, H 1.26, O 9.85, N 1.38, B 2.01, and F (calcu‐

lated) 77.51%, respectively. And the empirical formu‐

la of a BNF-CD is C13H13O6NB2F41 (Table S2).

The size and morphology of BNF-CDs are ex‐

hibited in Fig. 1, which indicates that BNF-CDs are 

uniform and mono-disperse spherical shape. And the 

average particle size is 3.97 nm with a narrow parti‐

cle size distribution range of 1.75-7.00 nm (middle 

illustration in Fig. 1). Furthermore, the crystal struc‐

ture of BNF-CDs is observed obviously, and the lat‐

tice spacing is about 0.21 nm consistent with the 

(100) surface of graphite carbon [31-32] (upper right il‐

lustration in Fig. 1) of BNF-CDs.

The composition and surface functional groups 

of the BNF-CDs were investigated by FTIR and XPS. 

As shown in Fig. 2(a), there is a broad characteristic 

absorption peak from 3 195 to 3 300 cm -1, which 

is attributed to the stretching vibration of O−H and 

N−H[32-33]. The sharp absorption peaks at 3 100 cm-1, 

Fig.  1　The image of TEM (inset: the size distribution)
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2 979 cm-1 and 1 690 cm-1 are corresponded to =C−H, 

C−H and C=O bands, respectively[33]. The peak at 

1 407 cm-1 manifests the existence of aromatic C−N 

stretching vibration, and the absorption peaks at 

1 050-1 119 cm -1 is ascribed to C−F/C−O/C−B 

bonds[34-38].

The surface elemental contents and states for 

the prepared BNF-CDs were investigated by XPS 

(Fig. 2(b)). The full XPS spectra contain five char‐

acteristic peaks located at 285.0, 400.0, 195.0, 532.0 

and 687.0 eV, corresponding to C1s, N1s, B1s, O1s 

and F1s, respectively. High resolution C1s spectrum 

is attributed to C−B/C−C/C−N (284.7 eV), C−O 

(285.3 eV), C=O (286.4 eV) and C−F (288.4 eV), 

respectively (Fig. 2(c)) [34-35,39]. The deconvoluted 

high-resolution N1s spectrum is divided into two 

peaks at 400.0 and 401.6 eV, indicating the exis‐

tence of N−C and N−H (Fig.2(d)) [36]. B1s spec‐

trum is assigned to B − C (193.0 eV) and B − O 

(195.5 eV), respectively (Fig. S1(a)) [34-36]. O1s spec‐

trum exhibits two peaks at 531.9 and 533.3 eV, im‐

plying the existence of C−O and C=O, respective‐

ly (Fig. S1(b)) [37]. Moreover, the F1s spectrum in‐

cludes a single peak at 687.3 eV corresponding to 

C−F (Fig. S1(c)) [31,34]. Based on the above results, 

B, N and F had been successfully doped into the 

CDs. These results are consisted with the results of 

element analyser and ICP-Mass, and the surface of 

BNF-CDs features rich heterocycles with conjugated 

structures and hydrophilic groups, which facilitate 

interactions between the BNF-CDs and nitroimid‐

azole antibiotics.

3. 2　Optical properties of BNF-CDs　　

To investigated the optical property of the 

BNF-CDs, the UV-Vis absorption and fluorescence 

spectra were performed. As seen from Fig.3(a), the 

UV absorption spectrum of BNF-CDS has three ab‐

sorption peaks at 235 nm, 365 nm and 460 nm, re‐

Fig.  2　The composition and surface functional groups of the BNF-CDs

(a) FTIR, (b) XPS spectrum, (c) C1s, and (d) N1s High resolution XPS spectra of BNF-CDs
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spectively. The absorption peak at 235 nm may be 

ascribed to the π - π* transition of C=C bond[31,40]. 

There is a wide absorption band at 300-400 nm, 

which is due to the π - π* transition of C=C bond, 

n- π* transition of C=O bond and surface defect 

states caused by the nitrogen-doped conjugate struc‐

ture[31]. The absorption peak at 460 nm may contrib‐

ute to various functional groups on the surface of 

BNF-CDs[41]. The fluorescence excitation and emis‐

sion spectra of the BNF-CDs aqueous solution in 

Fig. 3(a) indicates that there is a maximum emis‐

sion peak at 467 nm under 363 nm excitation. In ad‐

dition, as exhibited in Fig. 3(b), when the excitation 

wavelength increases from 320 nm to 400 nm, the 

emission of BNF-CDs only has a slight red shift, 

showing its non-excitation dependent characteristics. 

Three-dimensional (3D) fluorescence of BNF-CDs 

aqueous solution were also performed (Fig. 3(c)), 

and BNF-CDs exhibit the strongest excitation and 

emission peaks at 363 nm and 467 nm, respectively, 

which may be caused by narrow size distribution 

and homogeneous species. Furthermore, the quan‐

tum yield of BNF-CDs was also measured using 

rhodamine B as reference, which is up to 65.9% 

(Fig. S2).

The optical stability of BNF-CDs was exam‐

ined and its results demonstrated in Fig. 4. After 180 

minutes of continuous exposure Xenon lamp, the flu‐

orescence intensities of BNF-CDs only changed 

slightly (Fig. 4(a)), indicating its excellent photo‐

bleaching resistance. Moreover, the fluorescence in‐

tensities of BNF-CDs were relatively strong and 

changed little in the range of pH 4.00-10.00 (Fig. 4

(b)), implying that BNF-CDs can be applied in a 

wide pH range. Furthermore, the impact of ionic 

strength on the fluorescence of BNF-CDs was also 

discussed, and it proved that high ionic strength had 

little effect on the fluorescence property of BNF-

CDs (Fig. 4(c)). As mentioned above, the BNF-CDs 

has good optical stability, and the external environ‐

mental factors such as the illumination, pH and the 

high ion strength have negligible influence on the 

BNF-CDs optical properties. Therefore, the prepared 

BNF-CDs have a wide range of applications.

3.3　 Detection of nitroimidazole antibiotics by 

BNF-CDs　

  Based on the previous analysis results, there 

are many active functional group structures on the 

surface of BNF-CDs, and it would be applied as a 

potential fluorescence probe. A certain concentration 

of 28 antibiotics, 19 cations and 14 anions were add‐

ed into the BNF-CDs aqueous solution with a con‐

centration of 0.24 mg/mL, and the results were dis‐

played in Fig. 5. It can be quenched by three nitro‐

imidazole antibiotics. Meanwhile, other antibiotics 

and other common ions have a low or a negligible 

effect on fluorescence of BNF-CDs. Moreover, the 

BNF-CDs shown in Fig. S3 detected the anti-inter‐

ference ability of the three nitroimidazole antibiot‐

ics, showing that there was no significant change in 

the degree of fluorescence quenching when other an‐

tibiotics coexisted with MTR, ORN, and TIN, re‐

Fig.  3　Optical characterizations of BNF-CDs

(a) UV-Vis absorption image of BNF-CDs and its excitation/emission spectra; (b) Fluorescence emission spectra of BNF-CDs under 

different excitations wavelengths (320-400 nm) in 10 nm increments; (c) 3D fluorescence plots of aqueous BNF-CDs
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spectively. In addition, reaction time between the 

BNF-CDs and the three antibiotics was also studied 

(Fig. S4), they reacted rapidly and no more than 15 

s. All these indicate that BNF-CDs can specifically 

and quickly identify nitroimidazole antibiotics from 

relatively complex environments.

Thereafter, the sensitivity of BNF-CDs to nitro‐

imidazole drugs was evaluated using MTR, ORN 

and TIN as representatives. As shown in Fig. 6 and 

Fig. S5, the fluorescence intensities of BNF-CDs 

gradually decrease with the continuous addition of 

the three kinds of nitroimidazoles. Additionally, 

the ratio of fluorescence intensities of (F0/F) ex‐

hibits a significant linear correlation with the con‐

centration of antibiotics within a certain range. 

The linear ranges of MTR, ORN and TIN are 

6-250 μmol/L (n=3), 3.6-189 μmol/L (n=3) and 3.6-

295 μmol/L (n=3), and the detection limits (LODs) 

are 16 nmol/L (2.74 ng/mL), 35 nmol/L (7.69 ng/mL) 

and 71 nmol/L (17.56 ng/mL), respectively. There‐

fore, BNF-CDs demonstrate a wide detection range 

and a low LOD for nitroimidazole antibiotics. This 

indicates that BNF-CDs have promising potential 

for application in detecting nitroimidazole antibiot‐

ics in complex environments. Furthermore, a com‐

parison of the proposed work with other reported lit‐

erature on the determination of nitroimidazoles is re‐

vealed in Table S3, highlighting the clear advantag‐

es of the established analytical method.

3.4　The Interaction mechanism of BNF-CDs and 

nitroimidazoles antibiotics　　

To further explore the fluorescence quenching 

mechanism of BNF-CDs by nitroimidazole antibiot‐

ics, FL, UV-vis absorption, and fluorescence life‐

time were studied. As shown in Fig. 7(a), the excita‐

tion spectrum of BNF-CDs partially overlaps with 

the absorption spectra of MTR, ORN and TIN. This 

overlap causes the nitroimidazoles to preemptively 

Fig.  4　Fluorescence intensity of BNF-CDs under different

(a) illumination time, (b) pH (2. 00-12. 00), and (c) ionic strength

Fig.  5　Relative fluorescence intensity of BNF-CDs after adding different

(a) antibiotics and (b) metal ions and anions
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absorb the energy from the excited BNF-CDs, 

which in turn quenches the fluorescence of BNF-

CDs. In addition, from Fig. 7(b), the fluorescence 

lifetime of BNF-CDs was hardly variable after 

MTR, ORN and TIN introduction. Therefore, inter‐

nal filter effect (IFE) or static quenching (SQ) may 

be responsible for the fluorescence change of BFD-

CDs before and after the addition of nitroimidazoles. 

However, as can been seen from Fig. S6 and Fig. 6, 

after the addition of MTR, ORN and TIN, the peaks 

of UV absorption and fluorescence emission of BNF-

CDs had no shift, inferring that no new fluorescent 

substances were generated in the mixture of BNF-

CDs/nitroimidazoles[28], suggesting that static quench‐

ing mechanism could be ruled out. Therefore, the 

continuous addition of nitroimidazole further pro‐

motes the fluorescence quenching, which based on 

the IFE between BNF-CDS and nitroimidazoles.

3.5　Detection in real samples　　

The established method was applied for the de‐

tection of three antibiotics in milk, and none of 

them was detected. Then the spiked addition recov‐

Fig.  6　The fluorescence quenching curve of BNF-CDs by (a) MTR, (c) ORN, and (e) TIN, and the linear fitting curves between 

the concentrations of (b) MTR, (d) ORN, and (f) TIN with F0/F
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ery experiments were carried out in the linear range, 

and the results were shown in Table S4. It can be 

seen from the Table S4 that the standard addition re‐

covery rate is within (100±10)% , and the standard 

deviation is less than 5%, so the established analyti‐

cal method is practical.

4 Conclusion 

Bright blue fluorescent BNF-CDs were synthe‐

sized using a one-step hydrothermal method with so‐

dium fluoroborate, citric acid, ethylamine, and aceto‐

nitrile as precursors. The synthesized BNF-CDs ex‐

hibit a high quantum yield and excellent optical sta‐

bility under prolonged illumination, across a pH 

range of 4.00 to 10.00, and in high ion concentra‐

tions. Furthermore, the fluorescence of BNF-CDs 

can be quenched by nitroimidazole antibiotics. Con‐

sequently, based on the IFE, a fluorescence method 

for detecting nitroimidazole antibiotics using BNF-

CDs was developed, demonstrating significant selec‐

tivity and high sensitivity. Additionally, this method 

was applied in standard addition recovery experi‐

ments, achieving satisfactory results. This indicates 

that it offers a low-cost and convenient approach for 

determining nitroimidazole residues in complex en‐

vironmental samples.
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