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Abstract: A novel metal-doped carbon quantum dot, zinc-chlorine co-doped carbon quantum dots
(Zn/Cl-CQDs), has been developed for the fluorescent probe detection of vitamin B2 and the
analysis of the correlation properties of this carbon quantum dot and vitamin B2. Stability
experiments demonstrate that Zn/CI-CQDs possess good fluorescence properties under alkaline
conditions. However, when vitamin B2 is added into Zn/Cl-CQDs, the fluorescence intensity
decreases sharply, indicating that a fluorescence quenching phenomenon occurs between vitamin
B2 and Zn/Cl-CQDs. Lastly, the use of Zn/CI-CQDs in the detection of vitamin B2 tablets and
vitamin B2-rich fruits resulted in recovery rates of 98.2% and 100.6%, respectively. Therefore, this
method can be well applied to the detection and analysis of vitamin B2, and has great development
prospects in the pharmaceutical industry and food monitoring fields.

Keywords: carbon quantum dots; fluorescent probe; vitamin B2; detection

1. Introduction

Fluorescent probes, also known as fluorescent sensors in the field of detection, are fluorescent
substances with characteristic fluorescence properties in the ultraviolet-visible-near infrared region,
which change with the environment, and changes in fluorescence intensity or wavelength shift [1-3].

Vitamin B2, also known as riboflavin, is an important water-soluble vitamin that plays a
significant role in human health [4]. Vitamin B2 cannot be synthesized in the human body and needs
to be obtained from food. The main function of vitamin B2 in the body is to participate in the process
of energy metabolism, promoting the metabolism of proteins, fats, and carbohydrates, and
maintaining healthy skin, eyes, and the nervous system. Vitamin B2 also has antioxidant properties,
as it can eliminate free radicals and protect cells from oxidative damage. Additionally, it promotes
the production of red blood cells and maintains normal growth, development, and immune function.
Therefore, vitamin B2 is essential for the human body, and since riboflavin cannot be produced by
the body itself, it can only be obtained from food or dietary supplements. Hence, the determination
of the vitamin content in the human body and various foods is crucial for ensuring human health [5-
9].

However, traditional detection methods have problems such as complex operations, long
detection times, and high costs [10-12]. Therefore, developing a simple, rapid, and sensitive method
for the detection of vitamin B2 has significant research and application value. As a new type of
fluorescent probe, carbon quantum dots (CQDs), due to their excellent biocompatibility and
fluorescence properties, have been widely used in the preparation of biosensors and in bioanalysis
[13-16]. This article will focus on the preparation methods of carbon quantum dots and analyze the
related properties of carbon dots and their application in the detection of vitamin B2.

The preparation methods of carbon quantum dots are diverse, including hydrothermal method,
arc discharge method, laser ablation method, electrochemical oxidation method, microwave method,
etc [17,18]. Among them, the hydrothermal method is a simple, low-cost, and easy-to-control method,
which refers to a method of preparing carbon quantum dots with excellent fluorescence properties
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by dissolving the preparation materials in water, placing them in a reaction kettle, and reacting under
high temperature and high pressure [19-24]. In the detection of vitamin B2, the fluorescent properties
of carbon quantum dots are widely used. By reacting carbon quantum dots with vitamin B2, the
fluorescence intensity of carbon quantum dots can change, thus achieving the detection of vitamin
B2. Studies have shown that using carbon quantum dots as fluorescent probes to detect vitamin B2 is
rapid, sensitive, and accurate, and can be used for vitamin B2 detection in the fields of food and
medicine. In summary, carbon quantum dots are a new type of nanomaterial with broad application
prospects, various preparation methods, and wide application fields. In the detection of vitamin B2,
carbon quantum dots as a new type of fluorescent probe have important research value and
application prospects.

In recent years, the development of metal-doped carbon quantum dots has attracted widespread
attention and has become an effective strategy for adjusting their surface chemical reactivity and
electronic properties in many applications such as separation science and analytical detection. So far,
there have been some reports on the catalytic properties of metal-doped carbon quantum dots [25—
28]. Guo et al. [29] successfully synthesized nitrogen-doped carbon quantum dots with citric acid as
the carbon source and diethylenetriamine as the nitrogen source using the hydrothermal method.
This doped carbon quantum dot emits blue fluorescence, and its quantum yield reaches 84.79%. It
has been successfully applied to the detection of tannic acid, proving its huge potential in the field of
analytical detection. As a new material in carbon nanomaterials, it provides new research methods
for various related fields, and stands out due to its unique optical properties, and will have huge
potential in the field of future detection.

Therefore, in this experiment, the principle of fluorescence quenching is utilized to detect
vitamin B2. When vitamin B2 undergoes fluorescence quenching with carbon dots, the fluorescence
intensity of CQDs is inversely proportional to the concentration of vitamin B2. Based on the linear
relationship, the concentration of vitamin B2 can be easily determined using standard curve.

2. Experimental section
2.1. Reagents and instruments

2.1.1. Reagents and materials

Vitamin B2 standard, zinc gluconate granules, hydrochloric acid, acetic acid, sodium hydroxide,
sodium carbonate, ultrapure water, and so on were all analytically pure for this experiment. The
apples juice and vitamin B2 tablets were purchased from nearby pharmacies and markets.

2.1.2. Experimental Instruments

The required instruments for the experiment were Electric Blast Drying Oven (101-2AB, Tianjin),
UV-Visible Spectrophotometer (cary50, Japan), Fluorescence Spectrophotometer (F98, Shanghai),
Fourier Transform Infrared Spectrometer (WQF-5304, Beijing North Rui Li Analytical Instruments
Group Co., Ltd), Electronic Analytical Balance (SYU-200 Shimadzu, Japan), Desktop High-Capacity
Centrifuge (TG16), Ultrasonic Cleaner (KH600KDE, Kunshan) and so on.

2.2. Synthesis of Zn/CI-CQDs

A novel carbon quantum dot (Zn/Cl-CQDs) doped with zinc and chlorine, both metallic and
non-metallic elements, was prepared by reacting zinc gluconate and hydrochloric acid in a reaction
vessel. In simple terms, 1g of zinc gluconate was accurately weighed and added to 10mL of ultrapure
water, followed by stirring for 10 minutes. Then, the pH of the mixture was adjusted to around 4
using hydrochloric acid solution. The solution was heated in an oven at a temperature of 160°C for
10 minutes. Finally, the color of the solution turned orange, confirming the formation of Zn/Cl-CQDs.
The final solution was neutralized to an appropriate pH and stored at 4°C for further use.
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2.3. Detection and analysis of Vitamin B2

2.3.1. Preparation of Vitamin B2 standard solution

Prepare a standard solution of vitamin B2 with a concentration of 100 pg/mL. Accurately weigh
10 mg of vitamin B2 (powder) and dissolve it in 100 mL of a 0.2 mol/L acetic acid solution in a 50 mL
beaker. Use ultrasound to facilitate the dissolution of vitamin B2, with an ideal ultrasound time of
10-20 minutes until complete dissolution. Filter the solution using filter paper to obtain the filtrate.
Centrifuge the filtrate at 4000 rpm for 10 minutes to remove any undissolved substances. Transfer
the solution to a 100 mL volumetric flask, dilute with a 0.2 mol/L acetic acid solution to the mark, and
mix well. Transfer the solution to a light-protected reagent bottle to minimize exposure to light.

2.3.2. Measurement of fluorescence intensity

Take 12 groups of 100 uL solutions of CQDs with the same concentration. Adjust the pH of each
solution using hydrochloric acid and sodium hydroxide to prepare a pH gradient solution ranging
from 1 to 12 with a pH interval of 1. Dilute each solution to 5 mL and measure the fluorescence
intensity (Fo) of the carbon quantum dots in each solution. Measure the fluorescence intensity (Fo) of
blank carbon quantum dots corresponding to each pH value. Calculate the corresponding F/Fo ratio
for each pH value and observe the fluorescence quenching effect. Based on the best quenching
condition, continue with the spiked recovery experiment.

2.4. Spiked recovery experiment

2.4.1. Preparation of solution and determination of content

Take 5 vitamin B2 tablets (5 mg each) from Dajin Guangji Pharmaceutical Co., Ltd. in Wuxue
City, Hubei Province, weigh them, and calculate the average tablet weight. Precisely weigh about 5
mg of finely ground vitamin B2 and dissolve it in 100 mL of a 0.2 mol/L acetic acid solution in a 100
mL beaker. Use ultrasound to facilitate the dissolution of any remaining undissolved vitamin B2 for
10 minutes. After complete dissolution, filter the solution using filter paper and centrifuge the filtrate
at 4000 rpm for 10 minutes to remove any undissolved substances. Transfer the solution to a 100 mL
volumetric flask and dilute with a 0.2 mol/L acetic acid solution to the mark. Mix well and transfer
100 uL of each sample to separate vials. Add 100 pL, 200 puL, 300 uL, etc., of standard solution at
different concentrations, as well as 100 pL of carbon quantum dots at different concentrations, and
dilute each sample to 5 mL. Measure the fluorescence intensity (F) of the sample solution and the
blank carbon dot solution (Fo). Calculate the concentration of vitamin B2 in the sample solution and
the spiked recovery rate based on the standard curve obtained in section 2.3.

2.4.2. Extraction and determination of Vitamin B2 content in apples

Weigh 100 g of clean, fresh apples, crush them to obtain a solution, and filter the solution.
Centrifuge the filtrate at 4000 rpm for 10 minutes to remove any undissolved substances. Add 10 mL
of a 0.5 mol/L hydrochloric acid solution and transfer the solution to a 100 mL volumetric flask, filling
it to the mark. This is because vitamin B2 is relatively stable in an acidic environment and less prone
to oxidation and degradation. In addition, Chai Yingying also demonstrated the optimal extraction
solvent to be hydrochloric acid when analyzing the influence of different solvents on vitamin
extraction. Take 100 pL of each sample and add 100 pL, 200 pL, 300 uL, etc., of standard solution at
different concentrations, as well as 100 pL of carbon quantum dots at different concentrations, and
dilute each sample to 5 mL. Measure the fluorescence intensity (F) of the sample solution and the
blank carbon dot solution (Fo). Calculate the concentration of vitamin B2 in the sample solution and
the spiked recovery rate based on the standard curve.
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3. Results and Discussion

3.1. Characterization of Zn/CI-CQDs

TEM images could be used to observe the morphology and structure of CQDs, as shown in
Figure 1(a). It was observed that CQDs exhibited monodisperse and uniform spherical distribution.
Through statistical software Image] analysis, the average size of 100 CQDs particles was 5.0 nm, as
shown in Figure 1(b), indicating that CQDs had very small nanoparticle sizes.
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Figure 1. (a) TEM and (b) particle size distribution maps of CQDs.

The infrared spectrum of Zn/Cl-CQDs were obtained by FT-IR, as shown in Figure 2. Based on
the FT-IR analysis, a peak was observed around 3300 cm, indicating the presence of O-H stretching
vibration. A broad absorption peak was observed in the range of 1680~1630 cm?, indicating the
presence of C=O stretching vibration. A weak absorption peak was observed around 1040 cm,
indicating the presence of C-Cl stretching vibration. Typically, FT-IR spectra revealed the presence
of functional groups such as C=0, -COOH and -OH on the surface of CQDs [30]. The CQDs were
mainly composed of core-shell structure, the abundant hydroxyl, carbonyl and carboxyl groups on
the carbon core confer excellent water solubility. The surface functional groups enhanced their optical
properties, stability, targeting ability, and biocompatibility.
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Figure 2. The FT-IR spectra of CQDs.
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The fluorescence detection was performed, and the obtained fluorescence emission spectrum of
the prepared Zn/Cl-CQDs, with an excitation wavelength of 367 nm, as shown in Figure 3. The
maximum emission was observed at wavelength of 734 nm.
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Figure 3. The optimal fluorescence excitation emission spectrum of CQDs.
3.2. Optimization of detection conditions for Vitamin B2

3.2.1. Effect of preparation temperature on the fluorescence intensity of CQDs

The fluorescence intensity of CQDs prepared at different temperatures (60°C, 100°C, 160°C and
200°C) were shown in Figure 4. From Figure 4, it was evident that the CQDs prepared at 160°C
exhibited the highest fluorescence intensity. At 160~200°C, the fluorescence intensity was
significantly reduced, indicating that both excessively high and low temperatures could affect the
formation of the core of CQDs. Therefore, the prepared CQDs with excellent fluorescence properties,
it was necessary to control the appropriate preparation temperature.
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Figure 4. Optimization of preparation conditions for CQDs.


https://doi.org/10.20944/preprints202401.0582.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2024 do0i:10.20944/preprints202401.0582.v1

3.2.2. Effect of different pH on fluorescence intensity

The influence of different pH on the fluorescence intensity of blank CQDs, 12 of 100 pL solutions
of CQDs at the same concentration were prepared, and the pH values were adjusted using buffer
solutions with different pH values to create pH gradient solutions ranging from pH 1 to 12. The
solutions were diluted to 5 mL, and the fluorescence intensity (F) of each solution containing CQDs
was measured, as shown in Figure 5. From the graph, it could be seen that the CQDs had excellent
stability at different pH values, and was also stable under acidic and alkaline conditions.
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Figure 5. The effect of different pH values on the fluorescence intensity of CQDs.

Optimization of conditions for detecting VB2, the pH gradient solutions of blank CQDs prepared
in the previous step were supplemented with 200 pL solutions of standard vitamin B2 at different
concentrations, and the fluorescence intensity was measured and recorded. From Figure 6, it could
be observed that the fluorescence intensity decreased after adding vitamin B2, indicating fluorescence
quenching. When the vitamin B2 molecules interact with the functional groups on the CQDs surface,
their excited-state energy could be transferred through the interaction with the surface functional
groups, resulting in quenching of the fluorescence emission of the vitamin B2 molecules. This
phenomenon might be attributed to the static quenching mechanism. Notably, at pH 10, the
quenching effect was more pronounced compared to other pH conditions.
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Figure 6. Optimization of pH conditions for CQDs detection of VB2.
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3.2.3. Effect of light exposure on the stability of vitamin B2

Light exposure is one of the significant factors affecting the stability of vitamin B2. According to
relevant literature [4], vitamin B2 is susceptible to decomposition and inactivation under strong light,
leading to a decrease in its content. Weaker light exposure has a lesser impact. To maintain the
stability of vitamin B2, it is advisable to store it under dark conditions or in opaque containers,
avoiding exposure to strong light sources such as sunlight.

3.2.4. Effect of ultrasound time on detecting vitamin B2

To enhance the dissolution of vitamin B2, ultrasonication was employed in this experiment. The
ultrasound time was an important factor influencing the extraction yield of vitamin B2. Generally,
longer ultrasound time resulted in higher extraction yield of vitamin B2. However, the experiments
had shown that excessively long ultrasound time could lead to the decomposition and loss of vitamin
B2, thereby affecting the extraction efficiency. During ultrasonic extraction of vitamin B2, the highest
extraction yield was achieved when the ultrasound time was around 10~20 min. When the ultrasound
time exceeded 20 min, the extraction yield of vitamin B2 began to decrease. This was because
prolonged ultrasound time could cause the decomposition and loss of vitamin B2, as well as the
precipitation and denaturation of other organic substances, thereby affecting the extraction efficiency.
Therefore, it was necessary to choose an appropriate ultrasound time based on the characteristics of
the sample and experimental conditions to obtain optimal extraction efficiency. Additionally, it was
important to exercise caution as excessively long ultrasound time might have detrimental effects on
the sample and should be appropriately controlled.

3.3. Standard curve and linearity

100 pL, 200 pL, 300 pL, 400 pL, and 500 pL of the standard solution were separately diluted to
5 mL, pH was adjusted to 10, and the fluorescence intensity (F) values was measured. By calculating
the ratio of F to the fluorescence intensity (Fo) of the blank Zn/CIl-CQDs solution, the F/Fo values was
obtained. Plotting F/Fo as the ordinate and concentration (C) as the abscissa, the standard curve
shown in Figure 7 was obtained. Within the concentration range of 2~10 ug/mL, a good linear
relationship was observed between the fluorescence ratio and concentration. The regression equation
was y=-0.04941x+0.77976, with an R? value of 0.9919.
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Figure 7. The standard curve of VB2.

3.4. Analysis of real samples

Based on the results of the spiking experiments, the data presented in Table 1 were obtained.
The average recovery rates for the vitamin B2 tablets and apple juice were found to be 98.2% and
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100.6%, respectively. RSD% were 1.8~2.1% and 2.5~3.3%, which indicated that this method had high
sensitivity and accuracy. Therefore, this method could be well applied to the detection of VB2
concentration in actual samples.

Table 1. Actual samples spiked recovery rates (n=3).

Measurement  Spiked Detected Recovery Average

Actualsample " 1) (ugmD)  (ugml)  Rate(%) Recovery (%) oD
- 2.00 3.65 97.5% 18
Vlg;ﬁfz 17 4.00 5.79 101% 98.2% 2.0
6.00 752 96.2% 21
2.00 3.01 98.0% 3.1
Apple Juice 1.05 4,00 5.22 1042%  100.6% 25
6.00 7.02 99.5% 33

4. Conclusions

This study presented the synthesis of a novel carbon quantum dots (Zn/Cl-CQDs) doped with
zinc and chlorine, and their application in the detection of vitamin B2. Vitamin B2 is an important
nutrient with significant roles in human health. Traditional methods for vitamin B2 detection suffer
from long detection times and complex procedures. Carbon quantum dots, with their advantages of
rapid response, high sensitivity, and good selectivity, offer a promising approach for the detection of
vitamin B2.

The properties of the synthesized carbon quantum dots were analyzed and discussed, including
the fluorescence intensity variation at different pH values and temperatures, providing a theoretical
basis for the preparation, storage, and development of carbon quantum dots. The extraction
conditions and stability of Vitamin B2 were also analyzed and discussed, creating favorable
conditions for the detection and quantification of Vitamin B2. Finally, the average recovery rates of
Vitamin B2 tablets and Vitamin B2-rich apple juice using Zn/Cl-CQDs as the detection method were
98.2% and 100.6%, respectively.
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