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Abstract A rapid, green synthesis strategy assisted by a self-exothermic reaction was designed to

prepare highly luminescent carbon dots (CDs) from Ganpu tea infusion (G-CDs) within 5 min using

H2O2 and diethylenetriamine (DETA) as the exothermic reactants. G-CDs were successfully

obtained through a self-exothermic reaction The prepared G-CDs exhibited clear excitation-

dependent characteristics and displayed a strong ultraviolet fluorescence emission (385 nm) at the

excitation wavelength of 320 nm. The fluorescence of G-CDs was quantitatively quenched by para-

nitrophenol (p-NP) with a concentration range of 0.05–50 mM through inner filter effect (IFE).

Since p-NP is one of the hydrolysates of the substrate pNPG under the action of Beta-

glucosidase (b-Glu), a new fluorescence assay was developed for the indirect determination of b-
Glu activity. The detection limits of G-CDs based fluorescence assays are 14.6 nM for p-NP and

0.074 U�L-1 for b-Glu activity, respectively. The developed fluorescence assays were successfully

applied to the detection of p-NP in water and human urine samples and b-Glu activity in fruit sam-

ples with satisfactory results.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Para-nitrophenol (p-NP) is an important synthetic intermediate for

manufacturing textiles, rubber, leather, pesticides, medicines, explo-

sives, plastics, and dyes (Tan et al., 2019; Huang et al., 2019; Xiong
et al., 2019; Tiwari et al., 2019). However, as a widespread contami-

nant in industrial and agricultural wastewater, p-NP exhibits high sta-

bility, high water solubility, and poor biodegradability, resulting in its

gradual accumulation in environmental water (Mei et al., 2019). Stud-

ies have shown that human exposure to p-NP can cause damage to the

central nervous system, cardiovascular system, and mucous membrane

(Fatima et al., 2019), due to which water contaminated with p-NP has

become an increasingly serious environmental pollution problem

nowadays. Therefore, p-NP has been listed as a priority pollutant by

the U.S. Environmental Protection Agency (USEPA), and the maxi-

mum allowable limit of p-NP in drinking water is approximately

0.43 lM (Zhu et al., 2017). Furthermore, p-NP has been used as an

effective biomarker for parathion and methyl parathion exposure

(Rubin et al., 2002), and it is one of the most frequently detected
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exogenous metabolites in human urine (Kutz et al., 1992). Therefore, a

simple method for the selective, sensitive monitoring of p-NP is highly

desired.

To date, various traditional analytical techniques, such as chro-

matographic techniques (Kumar et al., 2015; Li et al., 2020a; Du

and Fung, 2018), electrochemical methods (Huang et al., 2021a), and

chemiluminescence method (Dı́az et al., 1998), have been applied to

monitor p-NP in different real samples. However, these methods suffer

from drawbacks such as the requirement of complicated and expensive

instruments, unstable electrodes, and time-consuming sample pretreat-

ment (Tian et al., 2019). On the contrary, fluorescence assays for p-NP

have attracted extensive attention due to their excellent sensitivity,

rapid response, and simple operation (Zhang et al., 2019b; Zhai

et al., 2020; Ding et al., 2021; Liu et al., 2021). A variety of fluorescent

materials with excellent luminescence properties, such as metal–or-

ganic frameworks (MOFs) (Zhang et al., 2019a), quantum dots

(Geng et al., 2016; Zhang et al., 2019b; Tian et al., 2019; Ding et al.,

2021; Ning et al., 2020; Peng et al., 2021), organic fluorescent dyes

(Dai et al., 2020), and metal nanoclusters (Li et al., 2020b) have been

applied for the determination of p-NP in different kinds of samples.

Among these fluorescent probes, CDs have attracted more attention

due to their excellent characteristics, such as low toxicity, easy prepa-

ration and modification, good biocompatibility and adjustable lumi-

nescence properties (Li et al., 2019, 2021). For the preparation of

CDs, solvothermal (hydrothermal)-assisted strategy is widely accepted

because of its simplicity, environmental friendliness, and high effi-

ciency. However, the solvothermal procedure is time consuming and

energy-intensive. Therefore, the development of facile, rapid, and

low-energy-consumption approaches for the synthesis of CDs with

high fluorescence quantum yields is still a significant challenge (Deng

et al., 2021; Thangaraj et al., 2021; He et al., 2022).

Beta-glucosidase (b-Glu, EC 3.2.1.21) is a hydrolase that can

specifically cleave the glycosidic bond, and it plays crucial roles in a

variety of biological processes (Bi et al., 2019; Liu et al., 2022). In addi-

tion to being an essential indicator for medical diagnosis, b-Glu acts as

a vital flavor enzyme in foods and beverages (Lee et al., 2016; Liu et al.,

2022). Many flavor compounds in fruits and plant tissues are glycosy-

lated and accumulate as non-volatile and tasteless glycoconjugates that

can be released by acid or enzymatic hydrolysis. Volatile flavor com-

pounds (monoterpenes and vanillin) can be liberated from b-D-

glycosides by b-Glu, and b-Glu activity is an important factor affecting
Scheme 1 A schematic of the synthetic strategy for G-
the flavor of grapes, apricots, peaches, tea, wines, etc. (Whitaker et al.,

2003). Therefore, the development of reliable and sensitive analytical

methods for monitoring b-Glu activity is significant. The conventional

method for b-Glu activity monitoring was proposed by Tabatabai and

Eivasi, and it is based on the conversion of the substrate p-nitrophenyl-

b-D-glucopyranoside (pNPG) to p-NP with the spectrophotometric

quantitation of p-NP concentrations (Trasar-Cepeda et al., 2008). For-

tunately, many reported fluorescence assays based on different fluores-

cent nanomaterials for p-NP gave constructive reference to the

development of fluorescence methods for the determination of b-Glu

activity with the advantages of simplicity, fast response, and high sen-

sitivity (Kong et al., 2020; Ma et al., 2020; Peng et al., 2022).

Herein, fluorescent G-CDs were prepared through a self-

exothermic reaction assisted green procedure using Ganpu tea infusion

as the carbon source. The G-CDs possesses strong fluorescent emission

peak at 385 nm, which overlaps greatly with the absorption peak of p-

NP (400 nm). This spectral overlap gives p-NP a distinct IFE on the

fluorescence of G-CDs. Based on this IFE, a sensitive and selective flu-

orescence assay for p-NP was developed. Furthermore, this fluores-

cence assay was also applied to the indirect determination of b-Glu

activity in fruits based on the conversion of the substrate pNPG to

p-NP under the action of b-Glu. The G-CDs were successfully applied

as a fluorescent probe for the sensitive and quick detection of p-NP in

water and human urine samples and b-Glu activity in fruit samples

(Scheme 1).

2. Experimental

2.1. Apparatus and reagents

Transmission electron microscopy (TEM) images of G-CDs

were obtained by a Tecnai G2 F30 transmission electron
microscope (FEI, USA). The elemental composition of G-
CDs was measured with an Escalab 250Xi X-ray photoelec-

tron spectrometer (Thermo, USA). A fluorescence spectrome-
ter (Shimadzu, Japan, RF-6000) was employed to obtain the
excitation and emission spectra. A time-correlated single-

photon counting (TCSPC) fluorescence lifetime spectrometer
(Horiba Jobin Yvon, France) was used to measure the fluores-
CDs and the sensing principles for p-NP and b-Glu.
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cence lifetime of G-CDs. The Fourier transform infrared
(FTIR) absorption spectra were recorded on a WQF-510
FTIR spectrometer (Beijing Beifen-Ruili Analytical Instru-

ment (Group) Co. Ltd., Beijing, China) using KBr pellets.
The absorption spectra were obtained by using a UV–Vis spec-
trophotometer (Shimadzu, UV-2450).

p-NP, H2O2 (30%), diethylenetriamine (DETA), b-Glu (100
U�g�1), polyvinyl pyrrolidone (PVP) and p-nitrophenyl-b-D-g
lucuronide (pNPG) were obtained from Shanghai Aladdin Bio-

chemical Technology Co., Ltd. (Shanghai, China). Sugars,
amino acids (including glucose (Glc), lactose (Lac), fructose
(Fru), D-mannose (Man), sucrose (Suc), lysine (Lys), glutamic
acid (Glu), and cysteine (Cys)), and metal salts were purchased

from Sangon Biotech (Shanghai) Co. Ltd. (Shanghai, China).
Britton-Robinson (BR) buffer solutions were used to adjust
the pH of the testing solutions. All the chemical reagents were

of analytical grade and used without further purification.
Ganpu tea with a storage time of three years was obtained from
Chakeng village (Xinhui city, Guangdong province, China).

Deionized water (18 MX�cm�1) obtained from a Millipore sys-
tem was used in all the experiments.

2.2. Fabrication of G-CDs from Ganpu tea infusion

Based on our previous works on the rapid preparation of CDs
(Su et al., 2023), a self-exothermic reaction assisted procedure
was used to fabricate G-CDs within 5 min between H2O2 and

DETA using Ganpu tea infusion as the carbon source. First,
Ganpu tea (10.0 g) was placed into a beaker (250 mL) and
then, 100 mL of boiling water was added. The mixture turned

dark brown; after cooling naturally and filtration, Ganpu tea
infusion was obtained. The self-exothermic reaction assisted
procedure is as follows: 1.75 mL of Ganpu tea infusion and

5 mL of H2O2 were placed into a glass tube (50 mL). After
homogeneous mixing, DETA (0.6 mL) was added dropwise
to the resulting mixture. Along with DETA drops, H2O2

immediately undergo a violent decomposition reaction in the
alkaline medium, resulting in a large number of bubbles and
even white smoke. At the same time, a large amount of heat
is released, so that the temperature of the reaction mixture

reaches 100 �C in 30 s, and the color of the mixture gradually
changes from dark brown to light yellow. When the solution
was free of bubbles (about 2 min), it was cooled naturally to

room temperature. The resulting G-CDs solution (about
6.50 mL) was collected and diluted 20 times with deionized
water as a stock solution for the subsequent experiments.

The possible formation mechanism of G-CDs is as follows:
phenolic hydroxyl groups on tea polyphenols are oxidized by
H2O2 to quinones. The C‚N bond was formed by the reaction
of quinone with amino group. The formed N-containing mole-

cules form G-CDs by polymerization.

2.3. Fluorescence sensing procedure for p-NP

First, 200 lL of G-CDs stock solution and 2 mL of BR buffer
(pH 4.0) were placed into a series of graduated tubes (5 mL). A
certain amount of the p-NP standard solution (or the sample

solution) was added to the test tube, and the solution was
diluted to the required volume with deionized water. After vig-
orously shaking for 1 min, the fluorescence intensities (k = 3

85 nm) of the test solutions were measured at the excitation
wavelength of 320 nm with a slit width of 10 nm. lg(I0/I)
was calculated for the quantitative analysis of p-NP, where I
and I0 are the fluorescence intensities with and without p-NP

in the test solutions, respectively.

2.4. Determination of b-Glu activity in fruits

Different amounts of b-Glu were dissolved in BR buffers at
pH 5.0 to obtain a series of b-Glu standard solutions with var-
ious activities (0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 15.0, and 20.0

U�L-1). Then, we added 0.5 mL of G-CDs stock solution,
enzyme solutions with different activities (0.5 mL), and pNPG
solution (1 mL, 1.0 mM) into a 10 mL colorimetric tube and

diluted to volume with a BR buffer of pH 5.0; the solution
was shaken well and incubated at 50 �C for 5 min. Finally,
Na2CO3 solution (0.65 mL, 1.0 M) was added to stop the reac-
tion. At the same time, a blank test was performed (without

adding the b-Glu solution). After the solution was cooled to
room temperature, the intensity of the fluorescence emission
peak (k = 385 nm) was measured at the excitation wavelength

of 320 nm; the fluorescence intensities of the blank solution
and the test solution are I0 and I, respectively. The lg(I0/I)
value was calculated and quantitatively analyzed.

2.5. Sample preparation

2.5.1. Water and human urine sample pretreatment

Lake water and tap water samples were collected from the
campus (Henan University of Technology, Zhengzhou,
China); the water samples were analyzed after filtration.

Human urine samples were obtained from three volunteers
(males) from different chemical laboratories (Henan Univer-
sity of Technology, Zhengzhou, China). The pH of the col-

lected urine samples (50 mL each) was adjusted to 2 with
HCl (1.0 M), and the samples were hydrolyzed for 1 h in a boil-
ing water bath. The hydrolyzed samples were cooled to room

temperature; then, the extraction of p-NP from the urine sam-
ples was performed using dichloromethane as the extraction
solvent. After dichloromethane was removed by nitrogen
blowing, the resulting extract was diluted to 50 mL with deion-

ized water for further detection.

2.5.2. Extraction of b-Glu from fruits

First, 10.0 g of fruit pulp was accurately weighed and placed
into a pre-cooled mortar. After the addition of PVP (0.2 g)
and a pre-cooled BR buffer (pH 5.0), the mixture was ground
evenly to homogenize in an ice bath. Then, the homogenate

was centrifuged at 11,000 r�min�1 at 4 �C for 20 min, and
the obtained supernatant was diluted to 25 mL with the BR
buffer (pH 5.0) to obtain a crude enzyme solution. The crude

enzyme solution was stored in a refrigerator at 4 �C for the
subsequent experiments.

3. Results and discussion

3.1. Characterization of G-CDs

G-CDs obtained from Ganpu tea infusion were well character-
ized by different techniques. The morphology and particle size

of G-CDs were determined by TEM image (Fig. 1A), which



Fig. 1 Characterization of G-CDs. TEM image of G-CDs (A), FTIR spectrum of G-CDs (B), XPS spectrum of G-CDs (C), High-

resolution XPS spectra of C1s (D), N1s (E), and O1s (F).
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indicates that G-CDs are spherical with an average diameter of
4.5 nm. Clear lattice fringes with a lattice fringe spacing of

0.37 nm (inset of Fig. 1A) may be attributed to the crystalline
spacing of graphite (002), which indicates that G-CDs have a
graphite-like structure (Liu et al., 2020). The surface groups of

G-CDs were explored by FTIR spectroscopy. As shown in
Fig. 1B, the peaks at 1267 cm�1 correspond to the bending
vibrations of the C-O. The absorption peaks at 1379 cm�1

and 1668 cm�1 were attributed to the bending vibrations of
C-N and C = O, respectively. The absorption peak at
3431 cm�1 corresponded to the O–H stretching vibration (Qi
et al., 2019).

The elemental composition and chemical bonds of G-CDs
were characterized by XPS. Fig. 1C exhibits the survey scan
of G-CDs, where three major peaks are observed at

284.8/287.3, 399.0, and 530.6 eV; these peaks can be attributed
to C1s, N1s, and O1s with the atomic percentages of 60.35%,
19.87%, and 19.78%, respectively. The high-resolution C1s

spectrum (Fig. 1D) shows three peaks at 284.2, 285.3, and
287.3 eV, corresponding to the CAN/C‚C, CAC, and
C‚O groups (Zhang and Chen, 2014; Atchudan et al.,

2018). In the high-resolution N1s spectrum (Fig. 1E), the
two peaks at 399.0 and 400.9 eV can be assigned to the
CAN and NAH groups, respectively (Zhang and Chen,

2014; Li et al., 2015). The O1s spectrum (Fig. 1F) shows two
fitted peaks at 530.1 and 530.6 eV, which can be attributed
to the C‚O and C-O groups, respectively (Zhang and Chen,
2014; Kumar et al., 2017; Atchudan et al., 2018). The elemen-

tal information obtained from XPS analysis was consistent
with that obtained from FTIR analysis.

UV–Vis and fluorescence spectra were recorded to investi-

gate the optical properties of G-CDs. Fig. 2A shows that



Fig. 2 UV–Vis absorption spectrum of G-CDs (A), Fluorescence emission spectra of G-CDs with excitation wavelengths ranging from

300 nm to 370 nm (inset: images of G-CD solutions under daylight (left) and 365 nm UV irradiation (right)) (B), Effect of pH on the

fluorescence intensity of G-CDs (C), Effect of temperature on the fluorescence intensity of G-CDs (D).
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G-CDs exhibit a typical absorption peak at 325 nm, which can

be ascribed to the n-p* transition of the C‚O and NAH
groups (Deng and Wu, 2014).

Under the different excitation wavelength (300–370 nm),

the fluorescence emission spectra showed apparent excitation
wavelength dependence (Fig. 2B). The fluorescence emission
wavelength redshifts with the increase of excitation wave-

length; while the fluorescence intensity increases first and then
decreases with the increase of excitation wavelength. When the
excitation wavelength is 320 nm, the strongest fluorescence

emission peak of G-CDs appears at 385 nm. The fluorescence
quantum yield of G-CDs was measured to be 14.9% in solu-
tion (BR buffer, pH 4.0) against quinine sulfate standard.

The effect of pH on the fluorescence of G-CDs was then

studied, and the results are presented in Fig. 2C. The fluores-
cence intensity of G-CDs decreased considerably in strongly
acidic or alkaline media. At the same time, the fluorescence

intensity was relatively stable in weakly acidic or alkaline
media. The effect of temperature on the fluorescence of G-
CDs was also investigated. As evident from Fig. 2D, on

increasing the temperature (30–80 ℃), the fluorescence inten-
sity of G-CDs gradually decreases, which is completely consis-
tent with other reports. The stability of G-CDs was

investigated, and the effects of NaCl, storage time and irradi-
ation time (365 nm) on the fluorescence intensity were studied.
It can be found from Fig.S1 (Supplementary information) that
the fluorescence emission of G-CDs has good stability in the

range of 0–2.0 M NaCl concentration. The fluorescence of
G-CDs stored for 10 days did not change significantly. Under

UV irradiation, the fluorescence of G-CDs did not change sig-
nificantly within 24 h. These indicate that G-CDs have excel-
lent fluorescence stability.

3.2. Fluorescence sensing of p-NP and b-Glu activity by G-CDs

As shown in Fig. 3A, the fluorescence intensity of G-CDs con-

tinuously decreasedwith the increase in the p-NP concentration.
A calibration curve (Fig. 3B) was then constructed by plotting
fluorescence quenching efficiency (lg(I0/I)) versus p-NP concen-

tration (from 0.05 to 50 lM), and a good linear fitting was
obtained (R2 = 0.9997) for the equation lg(I0/I) = 0.0096C +
0.0035. The detection limit for p-NP was estimated to be
14.6 nM according to the 3r (IUPAC) rule. The relative stan-

dard deviation (RSD) was 1.2% (c = 10 lM), indicating that
the method has good repeatability. The detection limit of this
method for p-NPwas lower than those of most of the previously

reported methods based on different fluorescent probes
(Table 1).Here, it should be noted that these previously reported
fluorescent probes for p-NP were synthesized through compli-

cated, time-consuming, and energy-intensive procedures. How-
ever, G-CDs were fabricated by a self-exothermic reaction
assisted green procedure within 5 min using inexpensive and

abundant tea as the rawmaterial. The excellent fluorescence sta-
bility of G-CDs also makes the analysis method have good
repeatability and reproducibility. Thus, this study provides a
simple, rapid, sensitive, and low-cost method for p-NP sensing.



Fig. 3 Fluorescence responses of G-CDs in the presence of different concentrations of p-NP (A) and b-Glu with different activities (C).

Linear relationships between lg(I0/I) and concentration of p-NP (B) and b-Glu activity (D).

Table 1 Comparison of the analytical performance for p-NP sensing using different fluorescent probes.

Probes Mechanism Detection limit

(nM)

Linear range

(lM)

Ref

S quantum dots IFE 70 0.2–30

30–90

(Peng et al., 2021)

CeO2 quantum dots FRET 1.5 0.005–75 (Xu et al., 2021)

Gold nanoclusters IFE 90 0.1–100 (Li et al., 2020b)

b-cyclodextrin-capped ZnO quantum dots Electron transfer 670 1.0–40 (Geng et al., 2016)

B, N-doped CDs IFE 200 0.5–60

60–200

(Xiao et al., 2018)

N, S-doped CDs IFE and photoinduced electron transfer 39 0.05–125 (Huang et al., 2021b)

N-doped CDs IFE and static quenching 400 1–250 (Das and Dutta, 2021)

N-doped CDs FRET 201 0.5–70 (Liao et al., 2021)

N-doped oxidized CDs Electron transfer 2000 2.0–2000 (Bogireddy et al., 2020)

N, P-doped CDs IFE 74.35 0–37.5 (Tu et al., 2020)

N-doped CDs Static quenching 50 0.1–39 (Tian et al., 2019)

Cu-doped CDs IFE 80 0.5–50 (Fang et al., 2019)

N, Si-doped CDs IFE 11 0.025–80 (Wang et al., 2021)

N-doped CDs IFE 14.6 0.05–50 This study
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Since p-NP is the hydrolysate of pNPG under the action of
b-Glu and there is a linear correlation between the concentra-

tion of p-NP and b-Glu activity, the fluorescence quenching of
G-CDs by p-NP can be applied for indirectly sensing b-Glu
activity. As shown in Fig. 3C, the fluorescence of G-CDs in

the presence of pNPG decreases gradually with the increase
in b-Glu activity. A good linear relationship between fluores-
cence quenching efficiency lg(I0/I) and b-Glu activity was
achieved in the b-Glu activity range of 0.1–20 U�L-1

(Fig. 3D). Based on the 3r (IUPAC) rule, the detection limit
for b-Glu activity was calculated to be 0.074 U �L-1. Compared
with the detection limits of previously reported fluorescence

methods for b-Glu activity determination (Table.S1, Supple-
mentary information), the detection limit of this method was
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the lowest (Liu et al., 2019a; Liu et al., 2019b; Kong et al.,
2020; Gong et al., 2019). Similarly, G-CDs obtained within
5 min are greener and more efficient compared with CDs

obtained from solvothermal methods. Therefore, this indirect
analytical method is simple and rapid with high sensitivity.

3.3. Selectivity of fluorescence assay

To evaluate the selectivity of the fluorescence assay for p-NP,
metal ions, amino acids, and sugar compounds were chosen as

the potential interfering substances; and their effects on the flu-
orescence intensity of G-CDs were investigated. The fluores-
cence intensities for the sensing system containing p-NP

(10 mM) and potential interfering substances were recorded
according to the procedure in section 2.3. As shown in
Fig. 4A, 10 mM p-NP and other organic compounds (Suc,
Lac, Glc, Fru, Man, Lac, Lys, Glu, and Cys) were selected

to investigate the fluorescence performance of G-CDs. The flu-
orescence quenching of G-CDs by p-NP in the presence of
competitive compounds (100 mM) remained similar to that

observed for the control group, indicating the high selectivity
of the sensor for detecting p-NP.

Metal ions were also used to investigate the selectivity of

the sensor for p-NP detection (Fig. 4B). None of the metal ions
(100 mM) had any effect on the fluorescence intensity of G-
CDs in the presence and absence of p-NP. Therefore, high tol-
erance to metal ions could be the basis for detecting p-NP in

water samples.

3.4. Fluorescence quenching mechanism

To elucidate the possible fluorescence quenching mechanism of
G-CDs by p-NP, the spectral overlap between the absorption
spectrum of p-NP and the fluorescence emission spectrum of

G-CDs was first considered (Fig. 5A). Clearly, there was con-
siderable spectral overlap between the absorption spectrum of
p-NP (kmax = 400 nm, e = 1.87 � 104 L�mol�1�cm�1) and the

fluorescence emission spectrum of G-CDs (Em = 385 nm),
which suggested that the possible quenching mechanism was
IFE or FRET. In order to further verify the fluorescence
quenching mechanism of G-CDs, the fluorescence lifetime of

G-CDs in the presence and absence of p-NP was measured.
Fig. 4 Fluorescence responses of G-CDs at 385 nm to different in

(10 lM) (I0 is the fluorescence intensity of G-CDs at 385 nm when o

group.).
As shown in Fig. 5B, the fluorescence lifetime of G-CDs
(3.09 ns) is almost the same as that of G-CDs-p-NP (3.09 ns)
sensing system. Therefore, FRET can be excluded as the

quenching mechanism, and the possible quenching mechanism
is IFE.

Then, the fluorescence of G-CDs was corrected according

to the reported mathematical model, and combined with the
absorption curve of the sensor system, the IFE mechanism
was further confirmed (Das and Dutta, 2021; Liao et al.,

2021; Bogireddy et al., 2020). The corrected fluorescence inten-
sities of G-CDs were calculated, and it was found that the
computed values remained almost unchanged when G-CDs
were mixed with different concentrations of p-NP. This result

illustrates that the fluorescence quenching mechanism of G-
CDs by p-NP is mainly IFE rather than static quenching.
Finally, absorption curves of G-CDs, p-NP, and the G-CDs-

p-NP mixture were carefully recorded to confirm the IFE
mechanism. From Fig. 5C, it can be inferred that the absorp-
tion curve of the G-CDs-p-NP mixture almost coincides with

the sum curve of G-CDs and p-NP. This result indicated that
no G-CDs-p-NP complex generated, which ruled out the pos-
sibility of static quenching and thus confirmed the IFE

quenching mechanism.

3.5. Real sample analysis

3.5.1. Determination of p-NP in environmental water and human
urine samples

The feasibility of the IFE-based fluorescence assay was verified

by analyzing environmental water and human urine samples.
The analytical results and spiking recoveries are listed in
Table 2. The spiking recoveries were in the range of 96.7–

108.4%, indicating that this fluorescent assay possesses high
accuracy, sensitivity, and precision.

3.5.2. Determination of b-Glu activity in fruits

To further verify the practicality of this method, the b-Glu in
jujubes, pears, and red grapes was extracted, and the resulting
crude enzyme solution was measured by this method. The

results are shown in Table 3. The unique and persistent flavor
of pears is related to their high b-Glu activity. This is because
the flavor substances in this fruit are present in two states: free
terfering substances (A-B) in the absence and presence of p-NP

nly G-CDs and p-NP (10 lM) were added, recorded as the blank



Table 3 Determination of b-Glu activity in fruits.

Samples Found (U�g�1) RSD (%)

Pears 12.98 4.47

Red grapes 3.36 2.23

Jujubes 5.80 4.07

Fig. 5 Fluorescence emission spectra of G-CDs and UV–Vis absorption spectra of p-NP (A), Fluorescence decay curve of G-CDs in the

absence and presence of p-NP (B), UV–Vis absorption spectra of G-CDs, p-NP, G-CDs-p-NP mixtures and the sum value of absorptance

of G-CDs and p-NP (C).

Table 2 Determination of p-NP in environmental water and

urine samples.

Samples Spiked

amount (lM)

Detection

quantity (lM)

Recovery

(%)

RSD

(%)

Lake water 0 not detected – –

10 10.83 108.3 3.20

20 20.19 101.0 1.80

Tap water 0 not detected – –

10 9.77 97.7 4.20

20 20.81 104.1 1.10

Urine-1 0 33.55 – –

20 52.47 98.0 2.70

40 72.76 98.9 3.10

Urine-2 0 25.74 – –

20 44.22 96.7 1.10

40 67.87 103.2 1.60

Urine-3 0 0.11 – –

10 10.42 103.1 1.20

20 20.34 101.1 0.90

8 B. Li et al.
state and bound state. Most bound flavoring substances exist
in the form of glycosides, which have no aroma but can be bro-
ken down by the corresponding enzymes to release free flavor-

ing substances; among these enzymes, b-Glu is a crucial
enzyme for the release of bound aroma.
4. Conclusions

Fluorescent G-CDs were fabricated within 5 min by a self-exothermic

reaction strategy. A sensitive and selective fluorescence assay for p-NP

based on G-CDs was developed, and the fluorescence quenching was

ascribed to IFE mechanism. In addition, a fluorescence assay for the

indirect determination of b-Glu activity was designed based on the

hydrolysate p-NP of the substrate pNPG under the action of b-Glu.

The assays developed in this study for p-NP and b-Glu activity are

simple, rapid, and sensitive and therefore, these fluorescent assays

are excellent candidates for environmental and biological applications.
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