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A carbon dot/polyacrylamide (CDs/PAM) composite hydrogel film with stable fluorescence performance
was fabricated by merging a hydrogel film and carbon dots (CDs) with blue fluorescence, which were
prepared by hydrothermal synthesis using anhydrous citric acid and acrylamide as carbon sources. The
obtained CDs/PAM composite hydrogel film exhibited a good fluorescence quenching effect on

ornidazole (ONZ), and can be used for the quantitative detection of ONZ. In the ONZ concentration

iizzgﬁ% 2135)1?1 SilzreugrgﬁOZl range of 5-60 uM, a good linear relationship between the fluorescence quenching efficiency of the
CDs/PAM composite hydrogel film and the concentration of ONZ solution was obtained with a low
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1. Introduction

Ornidazole (ONZ) is a 5-nitroimidazole derivative and is
commonly used in the prevention and treatment of infectious
diseases caused by susceptible protozoa and anaerobic
bacteria." ONZ has similar activity to other nitroimidazole
drugs, while ornidazole is more preferred in some clinical
treatments due to its longer half-life and lower dose require-
ment to achieve the same effect. However, ornidazole has
certain side effects, including genotoxicity, genomic instability,
damage to the central nervous system, and autoimmune
hepatitis induced by the drug. Long term use of ONZ will cause
harm to the health of the users.”* The quality control of the
drug and the monitoring of ornidazole residues in the human
body are of great necessity. Thus, detection of ornidazole is
needed. According to the current reports, the methods for
detecting ornidazole mainly include high performance liquid
chromatography, high performance thin layer chromatography,
liquid chromatography-tandem mass spectrometry, etc.>” None
of these methods can achieve wide application due to their high
cost, complex pre-treatment operation and the need of profes-
sional technicians. To overcome the shortcomings above, fluo-
rescence analysis method was applied to detect ONZ with high
sensitivity, good stability, simple pre-treatment process and
convenient operation. The fluorescence detection method has
a good application prospect in the future and great possibility to
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become one of the mainstream method of detecting actual
environment samples. Therefore, it is of great practical value to
detect ONZ by fluorescence analysis.

Hydrogel, a three-dimensional network of hydrophilic poly-
mers, can swell in water and hold a large amount of water while
maintaining the structure due to chemical or physical cross-
linking of individual polymer chains. Hydrogels not only have
certain flexibility, but also have special biocompatibility.*® In
recent years, some nanocomposite hydrogels have been devel-
oped, such as graphene composite hydrogels, carbon nanotube
composite hydrogels, etc., which have improved the poor
mechanical properties in the past.'*** As a new kind of carbon
nanomaterial with fluorescent, carbon dots (CDs) has been
broadly used in the field of chemistry, leading to research
findings that the material show excellent properties, such as
excellent luminescent properties, good water-solubility, fluo-
rescence stability and biocompatibility. CDs has been widely
used in cell imaging, photocatalysis,*® electrocatalysis,
chemical sensor and probes®*>* and other fields.”**”

Same as other nanomaterials such as graphene and carbon
nanotubes, CDs has rich active groups on its surface. There-
fore, based on these similar properties, CDs also have great
potential in preparing composite hydrogels.*® Comparing with
pure carbon dots, one great advantage of carbon dots
composite hydrogel film is that it can be fixed and used
circularly. Thus, it is of great importance to develop a new CDs
composite hydrogel film for fluorescence sensor detection. So
far, no research has reported the application of CDs composite
hydrogel film in ONZ detection. In this work, the CDs/PAM
composite hydrogel film was successfully prepared and used
for detection of ONZ.
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2. Experimental
2.1 Materials and reagents

Ornidazole, 2-methylimidazole, 4-imidazolecarboxaldehyde,
anhydrous citric, glucose, urea were purchased from Aladdin
Reagent Co., Ltd. (Shanghai, China). Acrylamide was received
from Damao Chemical Reagent Co. Ltd (Tianjin, China). r-
Histidine, 1-serine, r-lysine, r-glutamic acid were purchased
from Dalian Meilun Biotechnology Co., Ltd (Dalian, China).
N,N-Methylenebisacrylamide bis-acrylamide, ammonium per-
sulfate were received from Makelin Biochemical Co. Ltd.
(Shanghai, China). N,N,N’,N'-Tetramethylethylenediamine was
obtained from Bailingwei Technology Co. Ltd. (Beijing, China).

2.2 Equipment

The drying oven (DHG-9070A) was purchased from Shanghai Yiheng
Scientific Instrument Co., Ltd. The analytical balance (FA2004B) was
purchased from Techcomp Precision Balances (Shanghai) Co., Ltd.
The fluorescence spectrophotometer (FL-4600) was purchased from
Hitachi, Japan. The magnetic stirrer (JK-MSH-Pro) and the pH meter
(PHS-3C) were purchased from Shanghai Jingke Scientific Instrument
Co. Ltd. The 50 pL/100 pL/1000 pL/5 mL pipette gun were purchased
from DLAB Scientific Co., Ltd. The microfiltration membrane (0.22
pm) was purchased from Jinteng microfiltration membrane.

2.3 Synthesis of CDs

The CDs were prepared by a modified hydrothermal carbonization
method.”*" In brief, 1 g acrylamide (AM) and 0.5 g anhydrous citric
were dissoved in 10 mL of deionized water, and stirred for 5 min to
form a homogeneous solution. Then the above solution was transferred
into a 25 mL poly-tetrafluoroethylene stainless steel reactor, and heated
in an oven at 180 °C for 6 h. After cooling to room temperature natu-
rally, the CDs containing suspensions was filtered with a 0.22 um filter
membrane to remove the large particles. Subsequently, the filtrate was
dialyzed for roughly 24 h through a dialysis bag with MWCO of
1000 Da, which can purify the CDs solution. Finally, the pure CDs
solution was stored in the refrigerator for future use.

2.4 Preparation of CDs/PAM composite hydrogel films

The CDs/PAM composite hydrogel films were synthesized based on
the previously reported procedures,*>* and the preparation process
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is shown in Scheme 1. Firstly, 1 g acrylamide (AM) and 30 mg N,N-
methylenebisacrylamide bis-acrylamide (MBA) were dissoved in
10 mL deionized water, then 300 pL pure CDs solution were added
in the solution. After ultrasonic dispersion for 15 min, 12 mg
ammonium persulfate (APS) and 10 pL N,N,N N -tetramethylethy-
lenediamine (TMEDA) were added to the mixture and continuously
stirred for another 5 min. Then the reaction solution was quickly
poured into the 1 mm gap between a piece of glass (1.3 cm width x
5 cm length) and a piece of polyethylene terephthalate (PET) film
(1.3 cm width x 3 cm length). Placed at room temperature for 2 h,
the CDs/PAM composite hydrogel films were prepared on the quartz
glass slide by radical polymerization. In order to remove the
unreacted molecures, the composite hydrogel films were washed
with deionized water. Finally, the product was further immersed in
phosphate buffer solution of pH 7 to achieve swelling equilibrium.

2.5 Procedure for fluorescence detection of ONZ

The CDs/PAM composite hydrogel film in aquous solution with
a certain concentration of ONZ was placed in the cuvette and
aligned with the excitation beam. The fluorescence spectra were
recorded by the Hitachi FL-4600 fluorescence spectrophotom-
eter with the excitation wavelength being set at 320 nm. The
emission slits and excitation slits were set at 10 nm, the voltage
of the photomultiplier was set at 400 V.

2.6 Detection of ONZ in real samples

In order to verify the applicability of the proposed method in
real sample analysis, we further applied the method to detect
ONZ in human urine samples and ONZ tablets. The human
urine samples were filtered and spiked with a series concen-
trations of ONZ. The ornidazole dispersible tablets were
purchased from local pharmacies. They were sonicated in an
appropriate amount of absolute ethanol before testing. Finally,
8 uM ONZ solution was prepared and determined directly and
by standard addition recovery method, seperately.

3. Results and discussion
3.1 Characterization

3.1.1 Characterization of CDs. In order to characterize the
morphology, structure and composition of the synthesized CDs,
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Scheme 1 Schematic diagram of CDs/PAM composite hydrogel film preparation.
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Fig. 1 Morphological characterization of CDs ((a): TEM image of the CDs; (b): size distribution of CDs).

TEM image, Fourier transform infrared (FTIR) spectrum and X-
ray powder diffractometry (XRD) were used. The results show
that the CDs are approximately round shape, and appear
uniform morphology (Fig. 1a). The average particle size of the
CDs counted by particle size distribution software are about
2.75 nm (Fig. 1b).

The Fourier transform infrared (FTIR) spectrum was used for
the analysis of CDs, on the surface of which the existence of
bonded hydrophilic functional groups is to be determined. The
spectra is recorded in the range of 4000-1000 cm . The results
(Fig. 2a) show that the broad peaks at 3197 cm™ " and 2935 cm ™"
are caused by the stretching vibration of N-H and C-H,
respectively,® and the broad peaks at 1694 cm ™" and 1543 cm ™"
are attributed to the asymmetric stretching of C=0 and N-H,
respectively. Peaks at about 1445 cm ' and 1163 cm ' also
indicate the existence of C-N and C-0.*® The existence of these
absorption peaks indicates that the surface of CDs contains
a large number of hydrophilic active groups such as carboxyl
and amino groups.

To explore the surface element composition of the CDs, the
structure of CDs was characterized by X-ray powder diffrac-
tometer (XRD). The results are shown in Fig. 2b. A broad
diffraction peak appeared near 22.8°, proving that the carbon in
the quantum dots are mainly amorphous.

The CDs powder was prepared by freeze-drying the purified
CDs and then characterized by XPS. The full-spectrum scanning
was shown in Fig. 3a. It can be clearly seen that the elemental

240 -

220 -

t
ator
2935

180 t

200 -

Transmittance (%)

3000 2000 1000

Wavenumber(cm™')

4000

peaks appear at 288.68 eV, 399.88 eV, and 531.68 eV, corre-
sponding to C 1s, N 1s, O 1s, and the contents are 62.96%,
6.57%, and 30.48%, respectively.’” The high resolution C 1s
spectrum in Fig. 3b exhibits three peaks at 284.7 eV, 285.3 €V,
and 288.5 eV, corresponding to C-C/C=C, C-N, C=0, respec-
tively.*® The N 1s spectrum in Fig. 3¢ shows 2 peaks at 399.8 eV
and 401.1 eV, revealing that nitrogen exists in the forms of
pyrrolic-like N and N-H.*® The peaks observed at 531.6 and
533.0 eV in the O 1s spectrum (Fig. 3d) demonstrate that oxygen
atoms are present in the forms of C=0O and C-O, respec-
tively.*>** This further proves that the surface of CDs is rich in
active groups such as carboxyl and amino groups.

The quantum yield (QY) is calculated by the equation @, =
Do(As/Ax)(Fx/Fsr)(nx/ms)®, where @ is the QY, 4 is the absorbency,
F is the integal area of the fluorescence spectra, and 7 is the
refractive index of the solvent. The subscrip “st” and “x” refers
to standard that has known QY value and the sample to be
tested, respectively. Using quinine sulfate (QY = 54%) as the
reference, the QY of the synthesized CDs was calculated to be
23.27%, which is higher than most of the reported CDs.

3.1.2 Characterization of CDs/PAM composite hydrogel
film. The results indicate that the prepared CDs/PAM composite
hydrogel film was transparent under natural light (Fig. 4a) and
emitted bright blue fluorescence under the ultraviolet light of
365 nm(Fig. 4b), which showed that the CDs were successfully
compounded in the PAM hydrogel film. The freeze-dried CDs/
PAM composite hydrogel film were observed by SEM. As
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Fig. 2 Characterization of CDs by (a) FT-IR spectrum and (b) XRD pattern.
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Fig. 3 Entire XPS scanning spectra of CDs (a); XPS high resolution survey scan of C 1s (b); XPS high resolution survey scan of N 1s (c); XPS high

resolution survey scan of O 1s (d).

shown in Fig. 4c, the CDs/PAM composite hydrogel film
exhibited a porous structure, indicating that water, ions and
molecules can pass through the composite film freely.

3.2 Detection of ONZ with CDs/PAM composite hydrogel
film

The preliminary experiment results indicate that the fluores-
cence of CDs/PAM composite hydrogel film can be quenched by
ONZ aqueous solution. In order to further discuss the fluores-
cence quenching efficiency and optimize the sensor response to
ONZ, test conditions including excitation wavelength, pH value,
ion strength were investigated as followed.

3.2.1 Optimization of excitation wavelength. The fluores-
cence quenching efficiency equals (Fy, — F)/F,, in which Fj is the
original fluorescence of the system, F is the fluorescence of the
system after adding the substance to be measured. In order to
maximize the ONZ's quenching efficiency to the CDs/PAM
composite hydrogel film, the optimum excitation wavelength
in the range of 300-370 nm was studied. As shown in Fig. 5a, the
highest quenching efficiency was observed at the excitation
wavelength of 320 nm. Therefore, 320 nm was selected as the
optimal excitation wavelength for the following experiments.

3.2.2 Effects of pH value of solution on the detection of
ONZ. The pH value of solution is an extremely important factor

Fig. 4 Morphological and fluorescent characterization of CDs/PAM composite hydrogel film ((a): digital photos under natural light; (b): digital

photos under 365 nm UV light; (c): SEM image).
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Fig. 5 Optimization of the experimental conditions for determination of ONZ (a): the quenching efficiency (Fo — F)/Fo of CDs/PAM composite
hydrogel film for detection of ONZ at different excitation wavelengths; (b): effects of pH value of solution on the fluorescence intensity of blank
composite hydrogel film and ONZ-composite hydrogel film; (c): effects of ionic strengths on fluorescence intensity of blank composite hydrogel

film and ONZ-composite hydrogel film.

on the fluorescence quenching effects. Under the wavelength of
320 nm, the fluorescence intensity of the film was investigated
in the blank and the ONZ contained test solution of a series of
different pH value (1-10). As can be seen from Fig. 5b, the
fluorescence intensity of the CDs/PAM composite hydrogel
film, both in the blank and the ONZ contained test solution,
tends to be stable after pH = 4, indicating that the suitable
condition of solution for ONZ detection is from weakly
acidic to alkaline. For stable detection of real samples and
maximize the fluorescence quenching efficiency, pH of the
solution is set as 7.

3.2.3 Effect of ionic strength on the detection of ONZ. The
ionic strength is an important factor in the swelling process of
the hydrogel film and fluorescence intensities of carbon
dots.*> The effect of ionic strength of solution on the
detection of ONZ was investigated at room temperature. As
shown in Fig. 5¢, the fluorescence intensity of the composite
hydrogel film in both blank and 80 uM ONZ test solution
was slightly affected even when the concentration of NacCl
increased to 200 mM. The result indicated that the CDs/
PAM composite hydrogel film exhibited enough anti-
interference capability against ions, suggesting that the
CDs/PAM composite hydrogel film have certain advantages
in further application.

© 2021 The Author(s). Published by the Royal Society of Chemistry

3.2.4 Selectivity of CDs/PAM composite hydrogel film for
detection of ONZ. The selectivity of CDs/PAM composite
hydrogel film to ONZ is of great importance because of the
complex components content and the diversity of the real
environmental samples. Therefore, under the optimal
detection conditions, the effect of cations (1.5 times of ONZ
equivalents) such as Ca*", Cu®", Fe**, Fe**, Hg*", K, Na“,
Mg?*, Zn>*; anions (5 times of ONZ equivalents) such as F~,
Cl~, SO,>7, CO;*7; amino acid molecules (5 times of ONZ
equivalents) such as serine, lysine, histidine, glutamic acid;
urea (5 times of ONZ equivalents) and glucose (5 times of
ONZ equivalents) on the fluorescence intensity were inves-
tigated in detail. As can be seen from Fig. 6a, the existence
of other interferents in blank aqueous solutions contributes
slight change to the fluorescence intensity, while evident
fluorescence quenching effect appears when ONZ exists in
the solution, with and without other interferents, indicating
that the fluorescence of CDs/PAM composite hydrogel film
has good selectivity to ONZ.

3.2.5 Anti-interference capacity of CDs/PAM composite
hydrogel film. To further investigate the anti-interference
capacity of the CDs/PAM composite hydrogel film in the detec-
tion of ONZ, a series interference experiments were conducted to

RSC Adv, 2021, 11, 22993-23001 | 22997
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Fig.6 Investigation of anti-interference capacity for detection of ONZ
with CDs/PAM composite hydrogel film ((a): fluorescence spectra of
ONZ and interferents detected by CDs/PAM composite hydrogel film;
(b): effects of interferents on the fluorescence intensity of ONZ-
composite hydrogel film).

explore the influence of various interferents towards the detection of
ONZ. Under the optimal detection conditions, the fluorescence
intensity of the CDs/PAM composite hydrogel film with interferent
solution, with and without ONZ, were determined. The interferents
includes cations (1.5 times of ONZ equivalents) such as Ca**, Cu®",
Fe**, Fe*', Hg”", K, Na', Mg>*, Zn>"; anions (5 times of ONZ equiv-
alents) such as F~, Cl~, SO,>~, CO,>~; amino acid molecules (5 times
of ONZ equivalents) such as serine, lysine, histidine, glutamic acid;
urea (5 times of ONZ equivalents) and glucose (5 times of ONZ
equivalents). As shown in Fig. 6b, the results indicate that the exis-
tence of ONZ in all interferent solutions have obvious fluorescence
quenching effect on the CDs/PAM composite hydrogel film. This
result clearly shows that the established method for detection of ONZ
exhibits strong anti-interference capacity and high accuracy, which
can be used for the detection of ONZ in complex matrix samples.
3.2.6 Quantitative detection of ONZ by CDs/PAM
composite hydrogel film. In order to explore the possibility of
quantitative detection of ONZ by using CDs/PAM composite
hydrogel film, a series of ONZ solution with different concen-
tration (0, 5, 10, 15, 20, 30, 40, 60, 80, 100, 120, 150, 200 uM)
were prepared and the fluorescence emission spectra of the film
were recorded. As can be seen from Fig. 7a, the fluorescence
intensity of CDs/PAM composite hydrogel film decreased gradually
with the increase of ONZ concentration. And in Fig. 7b, the linear
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Fig. 7 Quantitative detection of ONZ by CDs/PAM composite
hydrogel film (a): fluorescence spectra of different concentrations of
ONZ detected by CDs/PAM composite hydrogel film; (b): the cali-
bration line of quantitative detection of ONZ by CDs/PAM composite
hydrogel film.

relationship (y = 0.01097 + 0.008760x) between the fluorescence
quenching efficiency ((F, — F)/F,) and the concentration of ONZ was
good (R* = 0.9950) in the ONZ concentration range of 5-60 uM, with
the LODs of 2.35 uM (3a/k).

3.2.7 Investigation of repeatability and stability of CDs/
PAM composite hydrogel film. In order to explore the reus-
ability of CDs/PAM composite hydrogel film for the detec-
tion of ONZ, the same CDs/PAM composite hydrogel film
was used in this study for repetitive experiments. Firstly, the
fluorescence of CDs/PAM composite hydrogel film with
blank solution and 100 uM ONZ solution were measured
subsequently. And then the CDs/PAM composite hydrogel
film was immersed in a 20% ethanol aqueous solution to
remove the ONZ and then subjected to spectral test. As
shown in Fig. 8a, the CDs/PAM composite hydrogel film
exhibited good responsiveness to ONZ after repeating 6
cycles. It can be seen that the CDs/PAM composite hydrogel
film prepared by this method has the characteristics of
recycling and reuse.

Meanwhile, to explore the stability performance of the
obtained CDs/PAM composite hydrogel film, the CDs/PAM
composite hydrogel film was refrigerated for 0, 5, 10, 15,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Investigation of repeatability (a) and preservation stability (b) of CDs/PAM composite hydrogel film.

20 and 25 days, and the fluorescence intensity of the film
was measured by fluorescence emission spectroscopy. As
shown in Fig. 8b, the fluorescence intensity of CDs/PAM
composite hydrogel film remained almost unchanged
during storage, indicating that the CDs/PAM composite
hydrogel film possesses sufficient stability.

1.6 1.6 =
a Ex(CDs) =
1.44 —— Abs(ONZ) 11.4 %
~ 4 — ONZ+CDs) 4 o=
3 1.2 g::((cn‘*s; Ds)41.2 z
& 1.01 11.0 &
3 /\ £
g 1 0.8:
£ 10.6 =
) <
2 404 8
<
10.2 £
s
\J J L] Ll L] L ] 0.0 Z
280 320 360 400 440 480 520
Wavelength(nm)
b
0.9} ——CDs
£ —— CDs+ONZ
=
S
= 0.6
o
N
=
E 0.3f
z
0.0 -'J
20 0 20 40 60 80 100
Time (ns)
Fig. 9 Investigation of the quenching mechanism (a): the fluores-

cence excitation spectrum, emission spectrum of CDs, and the UV-vis
absorption spectrum of ONZ; (b): fluorescence decay of CDs without
and with ONZ.
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Table 1 Recoveries of detection of ONZ in ONZ dispersible tablets
and urine

Concentration
Sample taken/uM Found/uM Recovery/% RSD/%
Urine 0 — — —

15 14.18 94.53 6.2

25 24.28 97.12 1.7

50 50.87 101.7 2.1
Ornidazole 0 7.41 — —
dispersion tablets 7 14.46 96.40 1.4

17 25.57 102.3 2.0

42 46.12 92.24 2.7

3.2.8 Possible quenching mechanism of ONZ towards CDs/
PAM composite hydrogel film. In order to explore the possible
quenching mechanism of ONZ towards CDs/PAM composite
hydrogel film, the ultraviolet absorption spectra of ONZ, the
fluorescence excitation and emission spectra of CDs were
investigated in detail. As shown in Fig. 9a, the UV adsorp-
tion peak of ONZ was at 318 nm and remained almost
unchanged when the CDs were added, indicating that no
new complex was formed between CDs and ONZ. And the
excitation peak of the CDs has some part overlapped with
the ultraviolet absorption peak of ONZ. Based on these
results, we speculated that the quenching mechanism may
be caused by the internal filtration effect (IFE) between CDs
and ONZ. To verify the conjecture, the fluorescence lifetime
of CDs with or without ONZ was measured. As shown in
Fig. 9b, the fluorescence lifetime after fitting is at 8.38 ns
and 8.31 ns, respectively, which suggested that the fluo-
rescence lifetime remain unchanged. Therefore, it was
further proved that the quenching mechanism was caused
by IFE.*-*

3.2.9 Application in actual samples detection. In order to
explore the feasibility of the method in practical applica-
tion, a recovery experiment was carried out using the human
urine and dispersible tablets. As shown in Table 1, the

RSC Adv, 2021, 11, 22993-23001 | 22999



RSC Advances

recoveries of ONZ detected by the CDs/PAM composite
hydrogel film was between 92.24% and 102.3% and the
relative standard deviation was below 10%. Therefore, the
obtained CDs/PAM composite hydrogel film provided a fast
and accurate method for detection of ONZ in a certain
concentration range.

4. Conclusion

In this study, a novel CDs/PAM composite hydrogel film with
good fluorescence performance was successfully prepared by
using anhydrous citric acid and acrylamide as carbon sources
and PAM hydrogel as the precursor liquid crosslinker. The ob-
tained CDs/PAM composite hydrogel film exhibited good fluo-
rescence quenching effect with high selectivity on ONZ. The
prepared CDs/PAM composite hydrogel film show good
performance in quantitative detection of ONZ, with a good liner
relationship between the fluorescence quenching efficiency and
the concentration of ONZ in the ONZ concentration range of 5-
60 uM, with the LODs of 2.35 uM (3a/k). The prepared CDs/PAM
composite hydrogel film was also applied to detect ONZ in real
samples such as ONZ dispersible tablets and urine with satis-
factory recoveries. Furthermore, the CDs/PAM composite
hydrogel film exhibited good stability, and can be recycled and
reused for many times. Therefore, the obtained CDs/PAM
composite hydrogel film is an environment-friend material for
repeatable, high-efficient and sensitive detection of ONZ.
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