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Preparation of carbon quantum dot fluorescent
probe from waste fruit peel and its use for the
detection of dopaminef
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Xingqi Li,? Ying Wang*® and Jiajia Ye (2 *2

Carbon quantum dots (CQDs), as a new type of fluorescent nanomaterial, are widely used in the detection
of small molecules. Abnormal dopamine secretion can lead to diseases such as Parkinson's disease and
schizophrenia. Therefore, it is highly significant to detect dopamine levels in the human body. Using
discarded fruit peels to prepare carbon quantum dots can achieve the reuse of kitchen waste, reduce
pollution, and create value. Nitrogen-doped carbon quantum dots (N-CQDs) were prepared using the
hydrothermal method, with orange peel as the raw material. The fluorescence quantum yield of N-CQDs
reached a high value of 35.37% after optimizing the temperature, reaction time, and ethylenediamine
dosage. N-CQDs were characterized using various techniques, including ultraviolet visible (UV-vis)
spectroscopy, fluorescence spectrophotometer (PL), transmission electron microscopy (TEM), and
Fourier transform infrared spectroscopy (FT-IR). These analyses confirmed the successful doping of
nitrogen in the CQDs. The DA concentration ranged from 0 to 300 umol L™, and the linear equation for
fluorescence quenching of N-CQDs was F/Fo = —0.0056¢ + 0.98647, with an R? value of 0.99071. The
detection limit was 0.168 umol L. The recovery and precision of dopamine in rabbit serum were 98%
to 103% and 2% to 6%, respectively. The prepared N-CQDs could be used as a fluorescent probe to

rsc.li/rsc-advances effectively detect DA.

Introduction

With the continuous development of modern science and
technology, people are facing increasing competitive pressure.
Long term exposure to high pressure and regular late nights,
along with other unhealthy habits, can easily lead to cardio-
vascular and cerebrovascular diseases.' Moreover, these habits
can also impact the secretion of the neurotransmitter dopamine
(DA). Modern medicine recognizes that DA plays a crucial role
in the functioning of the kidneys, cardiovascular system, and
other bodily systems. Studies have concluded that excessive
secretion of DA can result in schizophrenia, while insufficient
secretion can lead to depression. Therefore, abnormal DA levels
can significantly impact human nervous system health.” Accu-
rately detecting DA is essential for diagnosing physiological and
neurological diseases.?

The methods for detecting DA include electrochemical
analysis, chemiluminescence, high-performance liquid
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chromatography (HPLC), colorimetric analysis, and fluores-
cence spectrophotometry (PL).* The advantages and disadvan-
tages of different DA detection techniques are listed in Table
S1.§

Zhang et al. synthesized layered double hydroxide (LDH)
nanosheet/graphene oxide nanocomposites through electro-
chemical reduction and evaluated the electrochemical perfor-
mance of the modified electrodes. This resulted in highly
sensitive detection of DA, with a linear range of 0.38-1.06 M
and excellent reproducibility.® Chen et al. utilized five injectable
cardiovascular drugs for their study. These drugs include
dobutamine, phentolamine, furosemide, and aminophylline.
They utilized HPLC with a linear gradient to simultaneously
analyse these drugs. The linear range of detection for dobut-
amine was found to be 12.0-240.0 pg mL™'. The mixture of
dobutamine, phentolamine, furosemide, and aminophylline
with 5% dextrose or 0.9% NaCl injection in a polypropylene
syringe remained stable at 25 °C for 48 hours. The resulting
specimens were both reproducible and quantitatively accurate.
However, the experimental apparatus used was complex, and
the procedure itself was cumbersome.® Lettieri, Mariagrazia
et al. developed a simple colorimetric assay for the detection of
DA in human urine. The assay involved the oxidation of levo-
dopa (LD), DA, and norepinephrine (NE) by soluble melano-
cortin pigment (MC) and 5,6-indolyl quinone (IQ). The linear
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range of DA was 5.0 mg L' to 50.0 mg L', with a relative
standard deviation (RSD) of 3.7% and a detection limit of
3.69 mg L™, This allows for the determination of DA in human
urine. The aforementioned methods typically involve complex
sample pretreatment procedures and necessitate the use of
costly instruments. In contrast, the method described in this
paper utilizes fluorescent carbon quantum dots and is charac-
terized by strong selectivity, high fluorescence quantum yield,
and low cost.”

CQDs are a new type of carbon nanofunctional material with
photoluminescent properties. They have a simple synthesis
method and exhibit good optical stability.® The size of the CQDs is
less than 10 nm, and they are primarily composed of sp> hybrid-
ized carbon.® The surface of CQDs is rich in oxygen-containing
functional groups, such as hydroxyl and carboxyl groups, and
they exhibit good water solubility. CQDs are commonly used in the
fields of biosmall molecule detection and bioimaging.” The
methods for synthesizing CQDs include top-down and bottom-up
approaches, such as hydrothermal, microwave, and electro-
chemical methods.” Gopi Kalaiyarasan et al synthesized
phosphorus-doped fluorescent carbon quantum dots (P-CQDs)
using trisodium citrate and phosphoric acid via a hydrothermal
method for the detection of iron. The fluorescence quantum yield
was determined to be 16.1%, and the lower limit of detection was
determined to be 9.5 nmol L. This method has a low limit of
detection, but the fluorescence quantum yield is also low." Guo
et al. used the Passiflora shell as the carbon source and m-phe-
nylenediamine as the nitrogen source.'” They employed a one-step
hydrothermal method to synthesize green fluorescent N-CQDs for
the detection of uric acid. The fluorescence quantum yield of the N-
CQDs produced was as high as 37.6%. The N-CQDs produced by
this method exhibited a high fluorescence quantum yield and
excellent photostability. However, the limit of detection was high,
measuring 0.94 umol L. Moreover, there is little cultivation of
Passiflora in our country, and the availability of raw materials is
limited." Saqib Muhammad et al. developed a sensitive chem-
iluminescence (CL) method by combining tris(2-carboxyethyl)
phosphine (TCEP) with fluorescein. This method allows for the
detection of lower concentrations of DA with a linear range of 0.01-
0.8 uM and a detection limit of 3.0 nM. However, the use of fluo-
rescein can lead to a decrease in human immunity, and tris(2-
carboxyethyl)phosphine is both expensive and slightly water
soluble. Phosphine is expensive and has limited solubility in water,
which limits its usage.”

However, the low fluorescence quantum yield of CQDs limits
their applications. One way to overcome this limitation is by
doping CQDs with heteroatoms, which can alter the elemental
composition of the surface. The use of heteroatom-containing
CQDs for the detection of DA provides an effective method to
achieve efficient DA detection.™

In this experiment, the aim was to reduce food waste pollu-
tion and effectively utilize discarded fruit peels. Banana peels,
orange peels, and dragon fruit peels were used as the carbon
source, while ethylenediamine was used as the nitrogen source.
CQDs and N-CQDs were prepared using a one-step hydro-
thermal method. The fluorescence intensities of these materials
were compared. Subsequently, the optimal conditions for
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preparing fluorescent carbon quantum dots, including the
dosage of ethylenediamine, reaction temperature, reaction
time, and other preparative processes, were determined. The
fluorescent carbon quantum dots, prepared from high-quality
raw materials, were characterized using an ultraviolet visible
(UV-vis) spectrophotometer, fluorescence spectrophotometer
(PL), transmission electron microscopy (TEM), and Fourier
transform infrared spectroscopy (FT-IR). The detection process
of DA was optimized by adjusting the reaction temperature,
reaction time, solution pH, and N-CQDs dosage. The specificity
of the fluorescent carbon quantum dots was then investigated
by selecting the carbon quantum dots that exhibited the most
efficient fluorescence and optimal properties. Detection process
for DA. Fluorescence burst curves of DA on N-CQDs were
plotted. Subsequently, the analysis of DA in the actual samples
was performed, demonstrating the environmentally friendly
utilization of discarded fruit peels.

Experimental
Chemicals and instruments

Pericarp, commercially available; ethylenediamine (C,HgN,,
AR), purchased from Tianjin Fuyu Fine Chemical Co., dopa-
mine (CgH;;NO,, AR) was purchased from Shanghai McLean
Biochemical Technology Co., rabbit serum was purchased from
Nanjing Durai Biotechnology Co.

An UV-wis spectrophotometer, UV-1750,
purchased from Shimadzu Instruments. PL, model F-2700,
Fourier transform infrared spectrometer (FT-IR), model NIC-
OLETiS5; purchased from Agilent, USA. A JEOL2100F field
emission transmission electron microscope (TEM)
purchased from Nippon Electronics Corporation.

model was

was

Preparation of fluorescent carbon quantum dots

Weigh 100 g each of commercially available banana peels,
orange peels and dragon fruit peels and chop them up. These
fragments were then boiled in water that was already boiling for
30 minutes. Afterward, they were dried at a temperature of 110 ©
C to eliminate any remaining moisture. The dried fragments
were subsequently pulverized individually to create raw mate-
rials for fluorescent carbon quantum dots. The carbon quantum
dot raw materials were dissolved in water and mixed with eth-
ylenediamine solution for the preparation of N-CQDs.

The mixed solution was dissolved by magnetic stirring and
ultrasonicated for 30 min, transferred to a 100 mL polytetra-
fluoroethylene reactor, and reacted for a period of time under
high temperature conditions. After the reaction, the solution
was subjected to centrifugation, reduced pressure filtration,
and membrane filtration to obtain a clarified solution, which
was then dialyzed for 6 h at room temperature,” and the
deionized water was replaced once every 1 h. The dialyzed
solution was stored in a refrigerator at 4 °C for spare use.

Ethylenediamine dosage. Different dosages of ethylenedi-
amine will greatly affect the fluorescence intensity of the
system. The dosage of ethylenediamine was added as 1.00, 2.00,
3.00, 4.00, and 5.00 mL, 4.00 g of orange peel was added, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the reaction was carried out at 180 °C for 3 hours. The fluo-
rescence intensity was measured.

Reaction temperature. The reaction temperature can directly
determine whether the N-CQDs can be successfully prepared.
Orange peel (4.00 g) and 4.00 mL of ethylenediamine were used,
the samples were reacted at 120, 140, 160, 180, and 200 °C for
3 h, and the fluorescence intensity was measured.

Reaction time. The fluorescence intensity varied with different
reaction times. The dosage of orange peel was 4.00 g, the dosage of
ethylenediamine was 4.00 mL, and the fluorescence intensity was
measured by reacting at 180 °C for 1, 2, 3, 4 and 5 h.

Characterization of fluorescent carbon quantum dots

The N-CQDs were prepared at a reaction temperature of 180 °C
for a reaction time of 3 hours. The dosage used was 4.0000 g of
orange peel and 4.00 mL of ethylenediamine. After dilution, the
N-CQDs were characterized using UV-vis, PL, TEM, and FT-IR.

The usage of UV-vis spectrophotometer. Distilled water was
used as the reference solution, and 100 pL of the prepared N-
CQDs solution was diluted 1000-fold, added to a quartz
cuvette, and scanned in the range of 280-600 nm at a UV lamp
wavelength of 230 nm to obtain the wavelength of 285 nm cor-
responding to the maximum absorbance value of the solution.*®

The usage of PL. 100 pL of the prepared N-CQDs were taken,
diluted and added to a quartz cuvette, and the optical prop-
erties of the N-CQDs were examined by fluorescence
spectrophotometry.’

The usage of TEM. One hundred microlitres of the prepared N-
CQDs solution was diluted 1000 times, sonicated for 5 min, slowly
added dropwise onto the copper mesh of the carbon-supported
film with a capillary glass tube, dried under a baking lamp and
then put under a transmission electron microscope with an
accelerating voltage of 200 kV. Then, the morphology and structure
of the N-CQDs were analysed by TEM.'®

The usage of FT-IR. A drop of N-CQDs solution diluted 1000-
fold was taken with a disposable plastic dropper and mixed with
KBr, and under the irradiation of infrared light, the tablet was
pressed after grinding with an agate mortar and put into the FT-
IR slot for infrared spectroscopy with a wavenumber scanning
range of 300-4000 to analyse the functional groups and bonding
structure of N-CQDs.*

Calculation of fluorescence quantum yield

Quinine sulfate was used as a standard sample to calculate the

fluorescence quantum yield using the following equation:*
S1 Az I’llz
¢1 - ¢2 S2 Al 1’122

where ¢ represents the fluorescence quantum yield. S: fluores-
cence peak area; A: solution absorbance; n: refractive index of
the solvent. The subscript 1 represents the measured distance,
and subscript 2 represents the reference standard.

Feasibility and specificity verification

A total of 1300 uL of N-CQDs solution, 1000 pL of NaOH solu-
tion with pH 9, and 400 pL of different concentrations of DA
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solution were fully reacted in a constant-temperature water bath
at 40 °C for 30 min, and the fluorescence intensity of the solu-
tions was measured with a PL at a maximum excitation wave-
length of 370 nm and a maximum emission wavelength of
445 nm to examine whether the prepared N-CQDs as a fluores-
cent probe to examine whether the prepared N-CQDs were
feasible fluorescent probes for the detection of DA.**

To evaluate whether the fluorescent probes prepared accord-
ing to the principle of DA bursting the fluorescence of N-CQDs
were highly selective for the detection of DA, interference tests
with common substances and ions were performed, and the
interfering factors included urea, K¥, Na*, Cu®", Zn**, Ag®, DA,
Fe’*, and Fe®", keeping the same experimental conditions as
those for the detection of DA, 400 L of each of the 300 pmol L™*
of the above ion solutions and reacting in a constant-
temperature water bath at 40 °C for 30 min to measure the
fluorescence intensity.*

Process optimization for dopamine detection

The fluorescence intensity after bursting was denoted as F,
while the fluorescence intensity before bursting was denoted as
F,. The relative fluorescence intensity values (F/F,) were utilized
to examine the impact of various detection processes, including
reaction temperature, solution pH, reaction time, and the
quantity of N-CQDs, on the detection of dopamine.

Reaction temperature. The reaction temperature greatly
affects the detection of DA. At Ae/Aem: 370 nm/445 nm, the
amount of N-CQDs solution, NaOH solution with a pH of 9, and
300 pmol L™ ! DA solution were fixed. The fluorescence intensity
was measured by reacting in a constant-temperature water bath
at 20, 30, 40, 50, and 60 °C for 30 minutes.

Solution pH. At Aey/Aem: 370 nm/445 nm, a fixed amount of N-
CQDs solution (300 pmol L' DA solution) was used. A certain
amount of NaOH solution with pH values of 7, 8, 9, 10, and 11
was added. The mixture was then reacted for 30 minutes in
a constant-temperature water bath at 40 °C, and the fluores-
cence intensity was measured.

Reaction time. The reaction time has a great influence on the
detection of DA. At Acx/Aem: 370 Nnm/445 nm, the dosages of N-
CQDs solution, NaOH solution with pH 9, and 300 umol L™*
DA solution were fixed, and the fluorescence intensities were
measured by reacting for 10, 20, 30, 40, and 50 min at 40 °C in
a constant-temperature water bath, respectively.

N-CQDs dosage. At Acx/Aem: 370 nm/445 nm, fix the dosage of
NaOH solution with pH 9, DA solution with 300 pmol L™*, add
500, 700, 900, 1100, 1300, 1500, 1700 pL of N-CQDs solution,
respectively, and react for 30 min in a constant-temperature
water bath at 40 °C. The fluorescence intensity was measured.

Results and discussion
Design principles

CQDs absorb photon energy under the excitation of UV light to
produce electrons, which jump from the ground state to the
excited state, generating hole pairs.”

RSC Adv, 2024, 14, 1813-1821 | 1815
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In an alkaline solution, the hydroxyl functional group of
dopamine (DA) can undergo oxidation to produce dopamine
quinone. Dopamine quinone has the ability to accept electrons
from CQDs. When dopamine quinone interacts with CQDs,
electron transfer occurs, altering the recombination kinetics of
electron and hole pairs in photoexcited CQDs.** This leads to
the bursting of the fluorescence of CQDs, as shown in Fig. 1.
Based on this phenomenon, CQDs can be utilized as a fluores-
cent probe for detecting DA.*

Effect of carbon source type on the fluorescence intensity of
CQDs and N-CQDs

The choice of carbon source is a crucial factor in determining
the successful synthesis of CQDs. Additionally, doping CQDs
with nitrogen can enhance electron transitions and improve
their fluorescence effect. The fluorescence intensity was used to
measure the influence of different carbon source species and
nitrogen doping on the fluorescence effect of the N-CQDs. The
fluorescence intensity of N-CQDs, as shown in Fig. 2(a), is
significantly higher than that of simple CQDs. This is because
the doping of N atoms alters the bonding structure of CQDs and
enhances their fluorescence intensity.” The corresponding
normalized graph of Fig. 2(a) is provided in Fig. S1 in the ESL¥
Additionally, the fluorescence intensity of N-CQDs made from
orange peel (OP) is significantly higher than that of those made
from banana peels (BP) and pitaya peels (PP). This is because
the carbonization degree of OP, BP and PP had a greater effect
on the fluorescence intensity of the prepared N-CQDs, and the
high degree of carbonization resulted in a better lattice struc-
ture of the generated N-CQDs, which had a stronger electron
gain/loss ability than amorphous carbon and was more stable,
as shown in Fig. 2(b). N-CQDs made from orange peel and
ethylenediamine (OPE), banana peel and ethylenediamine
(BPE), pitaya peel and ethylenediamine (PPE), respectively,
showed ID(PPE)/IG(PPE) > ID(BPE)/IG(BPE) > ID(OPE)/IG(OPE),
and thus, the order of carbonation of N-CQDs was PPE < BPE <
OPE. Therefore, orange peel was chosen to make N-CQDs for the
subsequent preparation process. The amount of ethylenedi-
amine added is an important factor for successfully doping
nitrogen elements in CQDs. The factors of reaction temperature
and reaction time affect the fluorescence effect of N-CQDs to
some extent.

As shown in Fig. 2(c) and (d), the fluorescence intensity of the
N-CQDs produced is the largest when the volume of
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Fig. 1 The mechanism of dopamine quenching the fluorescence of
carbon quantum dots under alkaline conditions.
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Fig. 2 Optimization of the N-CQDs preparation process. (a) Effect of
carbon source type on the fluorescence intensity of N-CQDs. N-
CQDs were prepared by mixing ethylenediamine with OP, BP and PP.
(b) Influence of carbon source type on the degree of carbonization.
(The Raman spectrogram of carbonization degree was completed in
Jinan Fine Research Testing Co., Ltd.) (c) Effect of the amount of
ethylenediamine doping on the fluorescence intensity of N-CQDs.
(The values are means + SD of three replicates.) (d) Effect of time on
the fluorescence intensity of N-CQDs. (The values are means + SD of
three replicates.) (e) Effect of temperature on the fluorescence
intensity of N-CQDs. Effect of reaction temperature on the degree of
carbonization of N-CQDs. (The values are means + SD of three
replicates.) (f) The effect of temperature on the degree of
carbonization.

ethylenediamine is 4 mL and the reaction time is 3 hours. The
reason for this was that N-CQDs were not easily generated with
areaction time that was too short, while a reaction time that was
too long increased the occurrence of carbonization particle
agglomeration, resulting in a decrease in fluorescence intensity.
As shown in Fig. 2(e), the fluorescence intensity of the N-CQDs
reached a maximum at a reaction temperature of 180 °C. The
reason is that if the temperature is too low, the carbon source
carbonization is incomplete, generating less graphitized carbon
and more amorphous carbon, and the electron gaining and
losing ability is relatively weak, affecting the fluorescence
intensity.>” As shown in Fig. 2(f), when the hydrothermal reac-
tion temperature is 110 °C, the D peak Raman light intensity is
Ip10 oc) = 10 398, the G peak Raman light intensity is Ig(110 oc) =
10 062.5, and the degree of carbonization is In(1¢ oc)/Ig(10 °c) =
1.033. The hydrothermal reaction temperature is 180 °C, the D
peak Raman light intensity is Ipggo oc) = 7687.43, the G peak
Raman optical intensity is I(150 «c) = 8050.08, and the degree of
carbonization is In(1so oc)lg(so oc) = 0.955. In1s0 oc)/Iso oc) <
Ip10 °c)la(10 oc), Which indicates that a higher temperature is
favorable for the carbonization degree of the feedstock during

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization diagram of N-CQDs. (a) The UV-vis absorp-
tion spectrum analysis of N-CQDs was determined using a UV-1750.
(b) The maximum excitation wavelength and maximum emission
wavelength of N-CQDs were determined using an F-2700 PL. (c) TEM
image of N-CQDs. The inset graph is a high-power transmission
electron microscopy (HRTEM) image of N-CQDs. (TEM characteriza-
tion was completed at Jinan Jingyan Testing Co., Ltd.) (d) Particle size
distribution of N-CQDs was measured using ps software, and the
particle size distribution map was generated using origin. (e) FT-IR of
N-CQDs. (f) EDS diagram of N-CQDs provided by Jinan Jingyan
Testing Co., Ltd for testing.

the hydrothermal reaction. On the other hand, the N element
exists on the surface of carbon quantum dots in the form of an
amino group. Because the amino group is unstable, it is easy to
leave the surface of carbon quantum dots when the temperature
is too high, which affects the doping of N and thus affects the
fluorescence intensity of carbon quantum dots.?®

Characterization of fluorescent carbon quantum dots

To characterize the valence electron transitions in N-CQDs,
which in turn helps determine the structural and optical prop-
erties of N-CQDs, the N-CQDs were analysed using a UV-visible
spectrophotometer. As shown in Fig. 3(a), an absorption peak
appeared at 285 nm, which was presumed to be caused by —*
transitions due to C=C bonding.>® There was also a sudden drop
in absorbance at 300 nm, which might be attributed to intrinsic
impurities in the raw material of orange peels. Additionally,
a small cluster of absorption peaks appeared at approximately
360 nm, possibly indicating that the electronic structure in the
CQDs had been altered by N doping through C=N bonding,
resulting in the generation of n-7* transitions and the observed
absorption peaks.*® One hundred microliters of the prepared N-
CQDs were taken and diluted for the measurements. A PL was
used to measure the maximum excitation and emission

© 2024 The Author(s). Published by the Royal Society of Chemistry
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wavelengths of the samples. As shown in Fig. 3(b), the maximum
Aex Of the N-CQDs solution was 370 nm, and the maximum Aep,
was 445 nm. Illustration A indicates that the N-CQDs do not emit
light under daylight, and illustration B indicates that the N-CQDs
emit blue light when irradiated by UV lamps. Afterward, the
fluorescence intensity of the solution was measured at the
maximum excitation and emission wavelengths. The size,
morphology, and other characteristics of the material can be
obtained through TEM characterization. The lattice information
of the material can be obtained through HRTEM
characterization.

As shown in Fig. 3(c), the N-CQD particles can be approxi-
mated to be spherical with a more uniform size and distribu-
tion; moreover, the inset of Fig. 3(c) shows that the lattice
spacing of the N-CQD is 0.215 nm, which is close to the (100)
diffraction plane of graphitic arbon,* indicating that the as-
prepared N-CQD has a more egular lattice structure.* As
shown in Fig. 3(d), the particle size ranges from 1.5-13.5 nm.
The number of N-CQDs with particle sizes between 3.5 and
5.5 nm is predominant. Characterization of N-CQDs by FTIR
spectroscopy enables the identification of characteristic
absorption peaks of the functional groups present in the
material, thereby facilitating structural and material charac-
terization. As shown in Fig. 3(e), the vibrational peak at
3556 cm™ " corresponds to the stretching vibration of the O-H
bond. The vibrational peak at 3412 cm™" corresponds to the
stretching vibration of the N-H bond. The vibrational peak at
2298 cm ™! corresponds to the stretching vibration of the C=N
bond.*® The vibrational peak at 1640 cm ™' corresponds to the
stretching vibration of either the C=0 or C=N bond. The
vibrational peak at 1146 cm ™" corresponds to the stretching of
the C-O bond vibration. The IR spectra indicate the successful
introduction of nitrogen atoms into the CQDs.** The elemental
composition and content of the material can be obtained
through EDS characterization. From Fig. 3(f), it can be observed
that the N-CQDs. Containing elements C, N, and O, the mass
fraction of carbon is remarkably high at 97.69%. The mass
fraction of nitrogen is equal to 0.25%, indicating successful
synthesis of CQDs and successful nitrogen doping into the
carbocyclic structure.

Fluorescence quantum yield calculations

The fluorescence quantum yield is a measure of the efficiency of
fluorescence in a material. It is determined by the ratio of the
number of fluorescence photons emitted by N-CQDs after
absorbing light energy to the number of photons of the absor-
bed excitation light. Since the concentration of the samples to
be measured and the standard samples used in the experiment
is very low, the effect of solute can be neglected. Therefore, the

Table 1 Fluorescence quantum yield data

Name Aex Aem A S ]
Quinine sulfate 313 420 0.0377 218415 0.54
N-CQDs 370 445 0.047 178 352.9 0.3537
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concentrations in the range of 0-300 pumol L) (b) Influence of
common interfering substances in serum on DA detection. (The
effects of common metalions and small biological molecules in serum
were investigated.) 1-Blank, 2-K*, 3-Zn2*, 4-Ca®*, 5-triglyceride, 6-
urea, 7-phenylalanine, 8-DA, 9-tyrosine, 10-Fe®*, 11-EDTA + tyrosine,
12-EDTA + Fe?*, 13-EDTA. (The values are means + SD of three
replicates.)

refractive index of water, the solvent, is taken as 1.33. The
experimental data are shown in Table 1. Through calculation,
the fluorescence quantum yield of the experimentally prepared
N-CQDs is determined to be 35.37%.

Haitao Ren utilized peach cotyledon (PC) biomass waste as
a raw material to prepare CQDs using the hydrothermal method,
resulting in a fluorescence quantum yield of 7.71%.*® Juri Gos-
wami utilized banana stem (BS) biomass and phosphoric acid as
raw materials to synthesize CQDs through the hydrothermal
method, achieving a maximum fluorescence quantum yield of
15.1%.% Qianghua Ye et al. used eggs (E) as a raw material to
synthesize nitrogen and sulfur codoped CQDs through a one-pot
method, resulting in a fluorescence quantum yield of 17.48%.%”
Anusuya Boruaha et al. prepared CQDs from taro peel (TB),
a biomass waste, and achieved a fluorescence quantum yield of
13.80%.%® Kaiming Kang et al. prepared a new type of green
carbon quantum dot using grape skin (GS) as a carbon source
through the hydrothermal method, resulting in a quantum yield
as high as 26.7%.*° Abbas et al. prepared CQDs using the
hydrothermal method and black tea (BT) as the raw material. The
fluorescence quantum yield of the CQDs reached 21% (Fig. 4).*°

Feasibility and specificity verification

The detection of DA was based on the effective fluorescence
quenching of N-CQDs by DA. As shown in Fig. 5(a), the higher
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the concentration of DA added, the lower the fluorescence
intensity of the system. This finding demonstrates the feasi-
bility of using the prepared N-CQDs as fluorescent probes for
detecting DA. A significant number of heteroionic or biosmall
molecules affect the DA assay on real rabbit serum samples. To
investigate the specific response of N-CQDs to DA, we con-
ducted fluorescence intensity measurement experiments using
various metal elements, including Ca>*, K", Zn>*, and Fe’*, as
well as small molecules, such as phenylalanine, triglyceride,
urea, tyrosine, and DA (which is present in high concentrations
in human serum). As shown in Fig. 5(b), triglycerides and
phenylalanine slightly reduced the fluorescence intensity of the
system. However, tyrosine and Fe®" significantly reduce the
fluorescence intensity. If EDTA is added first, the effect of
tyrosine and Fe*" on the fluorescence intensity of N-CQDs can
be avoided by masking the interaction of tyrosine and Fe**" with
N-CQDs. EDTA had no bursting effect on the N-CQDs. Addi-
tionally, DA significantly reduces the fluorescence intensity of
the system. This demonstrates that common interfering
substances have minimal impact on the established fluorescent
probe method, making it highly selective for DA.

Process optimization for dopamine detection

The reaction temperature, solution pH, reaction time, and the
amount of N-CQDs added are important factors that affect the
effectiveness of DA detection. As shown in Fig. 6(a), the degree
of DA bursting on the N-CQDs increased significantly with
increasing reaction temperature. The best effect of DA on N-
CQDs fluorescence bursting was achieved when the reaction
temperature was 40 °C. The reason is that DA is easy to poly-
merize at 25-40 °C, and a higher temperature is favorable for
increasing the activity of dopamine, thus promoting the poly-
merization of dopamine. Dopamine polymers have more
conjugated structures and aromatic rings, which enhance -7

0.68 11
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Fig. 6 DA testing process optimization. (The values are means + SD of
three replicates.) (a) The effect of temperature on the performance of
N-CQDs for DA detection. (b) Effect of pH on the performance of N-
CQDs for DA detection. (c) Effect of time on the performance of N-
CQDs DA detection. (d) Effect of N-CQDs dosage on the performance
of N-CQDs in DA detection.
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quenching of fluorescence intensity of the N-CQDs system by DA
concentration, the inset picture shows the linear relationship of fluo-
rescence quenching of N-CQDs by DA concentration. (The values are
means + SD of three replicates.)

interactions between intermolecular molecules, enhance energy
transfer with carbon quantum dots and are more effective in
fluorescence bursting of N-CQDs.**

As shown in Fig. 6(b), the effect of the DA burst becomes
stronger as the pH of the solution increases. When the pH of the
solution exceeds 9, DA readily polymerizes to produce poly-
dopamine.*> However, the fluorescence intensity of the solution
is still reduced due to the pH of the solution affecting the charge
transfer of the functional groups on the surface of the N-CQDs.
This leads to the deprotonation of the groups, which reduces
the density of free electrons on the top of the functional groups.
Consequently, the fluorescence intensity is reduced, which
affects the detection of DA. DA detection, so pH 9 was chosen for
subsequent experiments.

As shown in Fig. 6(c), under alkaline conditions and in the
presence of oxygen, a longer reaction time will lead to a sudden
increase in the probability of DA polymerization. The nitrogen
atoms doped on the surface of the CQDs will undergo an
autooxidation reaction, resulting in the loss of functional
groups and a modification of the energy level structure. This
process will enhance the fluorescence bursting effect of DA on
the N-CQDs. However, a reaction time that is too long will result
in a significant deviation in DA detection. In this study, a reac-
tion time of 30 minutes was chosen, as shown in Fig. 6(d). The
fluorescence intensity of the reaction system increased as the
amount of N-CQDs increased. The detection of DA was
successfully achieved when the amount of N-CQDs reached
1300 pL. Considering the cost of the materials, 1300 pL of N-
CQDs was selected to conduct the subsequent experiments.
The amount of N-CQDs was chosen to be 1300 pL for con-
ducting the subsequent experiments.

View Article Online
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Plotting fluorescence intensity curves of DA on N-CQDs

The DA solution was prepared in the concentration range of 0-
300 pmol L™, Accurately, 1300 uL of N-CQDs solution, 1000 pL
of NaOH solution at pH 9, and 400 pL of different concentra-
tions of DA solution were added using a pipette gun at Aex/Aem:
370 nm/445 nm. The reaction was carried out for 30 minutes at
40 °C in a constant-temperature water bath, and the degree of
fluorescence intensity burst was measured using a PL, as
depicted in Fig. 7(a). The fluorescence intensity burst degree
was measured using a PL, as shown in Fig. 7(a). The fluores-
cence intensity of the system gradually decreased with
increasing DA concentration. The strong linear relationship
between the concentration of DA and the degree of fluorescence
burst on N-CQDs is crucial for accurately detecting the content
of DA. As shown in Fig. 7(b), when the concentration of DA was
in the range of 0.5-30 umol L™, there was a linear relationship
between the concentration of DA and the fluorescence intensity.
The linear equation was F/F, = —0.00589c¢ + 0.98441, with an R?
value of 0.9945. The limit of detection (LOD) was determined by
dividing the slope of the standard curve by the 3-fold standard
deviation of the blank. For the present experiment, the LOD was
calculated to be 0.16 pmol L™*. The LOD was 0.16 pumol L™ for
the current experiment.

Detection of dopamine in serum

The N-CQDs prepared in this experiment were used as a fluo-
rescent probe for the analysis and detection of DA in rabbit
serum, and their use as a fluorescent probe for the determina-
tion of real samples was analysed for its better accuracy by
spiked recoveries as well as precision measurements.*

Sample treatment. 30 mL of rabbit serum solution was taken
and heated in a constant-temperature water bath at 56 °C for 30
minutes for inactivation treatment. It was filtered through
a 0.45 pum microporous filter membrane, and the filtrate was
collected and stored for future use.

Recovery and precision experiments. 1300 pL of N-CQDs
solution, 1000 pL of NaOH solution at pH 9, and 400 pL of
rabbit serum solution were added accurately with a pipette gun
and then mixed and reacted for 30 min at 40 °C in a thermo-
static water bath to measure the fluorescence intensity. To verify
the accuracy and precision of the method, recovery experiments
were carried out by adding another 400 pL of DA standard
solution with concentrations of 5 and 20 umol L™ to the above
solutions with a pipette gun and reacting in a constant-
temperature water bath at 40 °C for 30 min, and each concen-
tration sample was measured three times in parallel.** As shown
in Table 2, the spiked recoveries were in the range of 98-103%,
and the RSDs were in the range of 2-6%. The recoveries and

Table 2 Determination of DA spiked recovery and precision in actual samples (n = 3)

Detected quantity Additive quantity

Total amount Standard recovery

Sample (umol L™ (umol L) detected (umol L) (%) RSD (%)
Rabbit serum 5.05 5 10.21 102.9 5.07
20 24.74 98.4 2.47

© 2024 The Author(s). Published by the Royal Society of Chemistry
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precision indicate that the prepared N-CQDs can be used as
fluorescent probes for detecting DA.

Conclusion

In this paper, CQDs and N-CQDs were prepared by a one-step
hydrothermal method using banana peel and orange peel as
carbon sources and ethylenediamine as a nitrogen source, and
N-CQDs prepared from orange peel and ethylenediamine were
finally selected as fluorescent probes for the analysis and
detection of DA through the comparison of fluorescence
intensity. After that, Aex was 370 nm, and A.,, was 445 nm. The
optimal preparation conditions of N-CQDs were explored: the
reaction temperature was 180 °C, the reaction time was 3 hours,
the dosage of orange peel was 4.0000 g, and the dosage of eth-
ylenediamine was 4.00 mL. Then, it was used to characterize
UV-vis, PL, TEM, and FT-IR and subsequently explore the
optimal conditions for detecting DA. After that, the optimal
conditions for the detection of DA were explored: 1300 pL of N-
CQDs solution, pH 9 of the solution, a reaction temperature of
40 °C, and a reaction time of 30 min. The specificity test was
then conducted, revealing that the prepared fluorescent probes
exhibited high selectivity in detecting DA. The fluorescence
burst curves of N-CQDs were plotted by preparing different
concentrations of DA solutions ranging from 0-300 umol L.
There was a linear relationship between the concentration of DA
and the fluorescence intensity within the range of 0.5-30 pmol
L. The linear equation describing this relationship was F/F, =
—0.00589¢ + 0.98441, with an R value of 0.9945. The detection
limit for DA was determined to be 0.16 pmol L™'. The DA
standard was added to the actual samples. The DA standard was
added to the actual sample of rabbit serum for the spiked
recovery experiment. The spiked recoveries ranged from 98% to
103% with RSDs between 2% and 6%. This demonstrates that
the data are reliable and indicates that utilizing discarded fruit
peels is a practical and effective method for accurately detecting
DA.
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