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Abstract. In this paper, novel fluorescent carbon quantum dots (CQDs) were successfully prepared from
pig liver by a simple one-step hydrothermal method. The prepared CQDs were characterized using TEM,
XRD, XPS, FT-IR, UV-Vis, and fluorescence spectroscopy. It was found that the CQDs were uniformly
distributed in size and exhibited good excitation dependence and excellent photostability. Fluorescent
probe was used for detection of permanganate. This paper also studied the fluorescent staining
performance of pig liver-based CQDs on four live/dead bacteria to evaluate the low toxicity and
application prospects of the CQDs. Under the optimum experimental conditions, the probe showed a good
linear range (R? = 0.9967) and a low detection limit (0.06 uM) in the concentration range of 0.1-50 pM.
The pig liver based-CQDs were proved to be a low toxicity fluorescent dye. These attractive properties
indicated that the new CQDs could adapt to various complex pH environments, and thus had extensive
prospect and promising application for detection of permanganate in complex environmental samples.
Keywords: carbon quantum dots, pig liver, bacterial staining, in vivo bio-imaging, MnOy

Introduction

Manganese is an essential trace element of human body. Too much or too little
manganese in the body can cause adverse consequences (Teo and Chen, 2001).
Manganese deficiency affects the body’s reproductive function, lipid metabolism (da
Silva et al., 2006), glucose metabolism (Doroschuk et al., 2004) and immune function
(Rask et al., 2015), thus causing mental retardation, dysmotility and balance disorders
(Gunter et al., 2010), and skeletal dysfunction (Liang et al., 2006). It can also deform
the next generation. The excessive amount of manganese in the body can lead to mental
symptoms (Zeng et al., 2017). Therefore, the analysis of manganese in food and
environment samples is of important practical significance, and it is highly necessary to
monitor the level of manganese in body fluids or environmental samples.

Permanganate is usually oxidable, hazardous explosion chemicals, precursor
chemicals, and easy to decompose by heating because they all have the same anions-
permanganate ions. Permanganate ion has strong oxidation in acidic solution (acidic
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KMnO4 (potassium permanganate)). It also has certain oxidation in alkaline solution,
which is purple red in solution. The oxidation of potassium permanganate can be found
in both acidity and alkalinity, but it is more obvious in acidity. In recent years, many
methods of manganese detection have been developed, including catalytic kinetic
spectrophotometric for the determination of trace manganese, but there are few methods
for the determination of permanganate ions. A new fluorescence method for the
determination of trace manganese was established (Xu et al, 2004), where the
concentration range of MnOy4™ is 1.0~2.4 mg/L, the maximum excitation wavelength is
278 nm, the maximum emission wavelength is 616 nm, and the fluorescence intensity
and concentration show a good linear relationship by transforming the manganese into
MnOy". The results obtained in this method were satisfactory.

Carbon quantum dots (CQDs) are one of the most popular carbon nanomaterials after
fullerene, carbon nanotubes and graphene. They were first discovered in 2004 (Wang
and Hu, 2014) when electrophoresis was used to purify single-walled carbon nanotubes.
They have attracted great attention due to their excellent optical properties, such as
water solubility, chemical inertia, low toxicity, easy functionalization (Li et al., 2012)
and high fluorescence intensity, photobleaching resistance and adjustable luminescence
color. They have been widely used in detection of metal ions (Lu et al., 2012), anions
(Zhao et al., 2011), small organic molecules (L1 et al., 2013) and biological molecules
(Deng et al, 2014). The method of detecting metal ions or other environmental
pollutants using CQDs as a fluorescent probe has received extensive attention due to its
excellent sensitivity and selectivity (Clarkson and Magos, 2006). Zhang and Chen
(2014) used folic acid as carbon source and nitrogen source to trace mercury ions by
nitrogen-doped carbon dots, and the detection limit was 0.23 mol/L.

In this study, fluorescent carbon quantum dots (CQDs) were successfully prepared
by simple one-step hydrothermal method using pig liver as a carbon source. Since pig
liver is a complex that contains a number of organics and biomolecules including fat,
proteins, vitamin B, vitamin C, vitamin E, carbohydrates, cholesterol and minerals, it
can be useful for doping of multiple hetero atoms in the CQDs without addition of any
additives. In the experiment, we found that MnO4 could quench the fluorescence of
CQDs, and the quenching degree was related to the concentration of MnO4~. To our
knowledge, there is no report used CQDs fluorescent probe from pig liver for detection
of MnO4 yet, which provides a new method for sensitive detection of MnO4". In
addition, this method has been successfully applied to detecting MnOs in
environmental water and soil samples.

Experiment
Instruments and reagents

Pig liver was purchased from a local supermarket in Kunming (Yunnan, China); all
analytical reagents, including potassium permanganate (KMnOs), citric acid, disodium
hydrogen phosphate (Na2HPO4), FeCl3*6H>0 and FeCly*4H>O, sodium nitrite, sodium
nitrate, KI, NaCl, NaF, copper sulfate, aluminum sulfate, calcium chloride, MnSOs,
BaClL,, MgCl, and sodium sulfide (NaS) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China); and all solutions were prepared
from Milli-Q system ultrapure water (18.2 MQ.cm, 25 °C).

G9800A fluorospectrophotometer (Agilent Technologies, USA) was used to
determine the fluorescence spectrum and its intensity; UV-2600 spectrophotometer
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(Shimadzu, Japan) was used to determine UV spectra; Tecnai G2 F30S-Twin high
resolution field emission transmission electron microscope (FEI, Netherlands) was used
to detect the particle size and morphology of fluorescent quantum dots; TENSOR 27
Fourier transform infrared spectrometer (Bruker, Germany) was used to determine the
infrared spectrum and the structure of the material; D8-advance X-ray powder
diffractometer (Bruker, Germany) was used to determine the crystal structure
morphology; Thermo Scientific K-Alpha X-ray photoelectron spectrometer (Thermo
Fisher Scientific Inc. U.S.A.) was used to analyze the elemental composition ratio and
chemical oxidation state; XH-B vortex instrument (Shanghai Hanuo Instrument Co.,
Ltd., China) was used for vortex mixing; and 80-2 high speed centrifuge (Shanghai
Surgical Instrument Factory, China) was used for centrifugal filtration.

Preparation of pig liver-based CQDs

The pig liver was dried naturally at room temperature and grinded into powders in a
mortar. The CQDs of pig liver were prepared by simple hydrothermal method using pig
liver powder as carbon source. Five grams of pig liver powder was dispersed in 150 mL
deionized water. Then, the mixture was transferred into a high-pressure autoclave
(200 mL) lined with polytetrafluoroethylene (PTFE), heated at 180 °C for 10 h, cooled
naturally to room temperature, and centrifuged at 13,000 rpm for 20 min to obtain
bright yellow solution, and filtered to remove insoluble substances. In order to obtain
pure pig liver-based CQDs, the solution was filtered by 0.22 um membrane. Finally, the
obtained pig liver CQDs were stored at 4 °C for further use. Compared with other
synthetic methods, the hydrothermal synthesis of pig liver CQDs is simpler and more
feasible. In addition, pig liver as raw material for synthesis is cheap and easily available,
and this method is greener and more environmentally friendly.

Fluorescence quenching test for permanganate

Typically, 50 pL of prepared pig liver-based CQDs solution and 1 mL of pH 7.0
citric acid-disodium hydrogen phosphate buffer solution mixed and diluted to 3.0 mL
with deionized water were placed in a 10 mL glass centrifuge tube. Then, 2mL
permanganate solution or sample with a different concentration was added to the
centrifuge tube and the vortex was mixed with 30 s. After 3 min, the fluorescence
intensity was measured at excitation wavelength 278 nm and emission wavelength
616 nm on the fluorescence spectrophotometer, and the fluorescence intensity was
recorded. The slit width of excitation and emission was 5 nm. In order to evaluate the
effect of coexisting interfering substances on the fluorescence intensity of pig liver-
based CQDs and the selectivity of permanganate and other substances or ions (including
FeCl3;*6H>0 and FeCl»*4H>0, sodium nitrite, sodium nitrate, KI, NaCl, NaF, copper
sulfate, aluminum sulfate, calcium chloride, MnSQOs, BaCl,, MgCl, and sodium sulfide),
the fluorescence quenching test was carried out under the same experimental conditions.
The schematic diagram of detection of MnO4 with pig liver-based CQDs was shown in
Figure 1.
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Figure 1. Processing diagram for the synthesis and application of CODs

Collection and pretreatment of environmental samples

In this study, water samples were collected directly from our laboratory, Laoyuhe
Lake and the domestic wastewater of the community next to a school. All water samples
were filtered by simple centrifugal filtration to remove solid particles and suspended
solids and then by 0.22 pum microporous membrane, and stored at 4 °C. The
permanganate ion was added to the samples at a concentration of 0.01 mg/mL for
spiked fluorescence analysis.

Soil samples were collected from the road outside the school after rain and dried
under suitable environmental conditions (final moisture content 0.32%). One milliliter
of methanol solution containing different concentrations of permanganate ions was
added to 200 mg soil, mixed for 1 h on a 50 rpm shaker, and then allowed to stand
overnight at room temperature (RT). On the second morning, the mixture was again
vortexed and centrifuged for 2 min at 5,000 rpm and the supernatant was used for
fluorescence detection.

Results and discussion
Characterization of the CQDs

The transmission electron microscopy (TEM) technique was used to explore the
morphology and particle size distributions of CQDs. As shown in Figure 2, the CQDs
present high dispersity, uniform spherical shapes, and a size distribution within the
range of 3—10 nm and an average diameter of about 5.0 nm. The surface chemistry of
CQDs was studied using Fourier transform infrared (FT-IR) spectroscopy. As shown in
Figure 3, the strong absorption peak at 1469 cm™ reveals the existence of -COOH
stretching vibrations; the peak at 1652 cm™ reveals the existence of O =C-NH
stretching vibrations; and the absorption peak at 3190 cm™ displays O-H stretching
vibrations. As shown in Figure 4, the full scan XPS spectra present distinct peaks at
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287.3 and 532.7 eV, which are attributed to Cls and Ols, respectively. The result of
XPS diagram was consistent with that of FT-IR analysis. Therefore, there should be
hydrophilic groups on the surface of pig liver-based CQDs, such as -COOH, -OH, etc.,
which have good water solubility and broad application prospects.

Figure 2. TEM image (inset: HR-TEM image) of the synthesized CODs
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Figure 3. FT-IR spectrum of pig liver-based CQDs
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Figure 4. XPS spectra of pig liver-based CQODs

In order to study the optical properties of pig liver-based CQDS, the pig liver-based
CQDs were characterized by UV-vis absorption spectrum and fluorescence emission
spectrum. The UV-vis absorption spectrum (UV-vis) of pig liver-based CQDs is shown
in Figure 5. The prepared pig liver-based CQDs had a weak absorption peak around
258 nm and an excitation wavelength of 278 nm at the maximum emission wavelength
of 616 nm, as shown in Figure 6, a fluorescence spectrum (FS) and an excitation-
dependent emission spectrum of pig liver-based CQDs. The results showed that when
the excitation wavelength was changed from 300 to 360 nm in increments of 10 nm, the
emission peak shifted toward the long wavelength direction.
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Figure 5. UV-Vis absorption spectra of the synthesized pig liver-based CQDs. (Inset:
photographs of pig liver-based CODs under daylight (left) and UV (365 nm) irradiation (right))
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Figure 6. Fluorescence emission spectra of pig liver-based CQDs at different excitation
wavelengths

Light stability test of pig liver-based CQDs

In order to study the stability of pig liver-based CQDs in detecting permanganate,
the fluorescence intensity of pig liver-based CQDs at different storage time was studied.
As shown in Figure 7A4, the fluorescence intensity of the pig liver based-CQDs is
substantially constant. In addition, the reaction time increased while the fluorescence
intensity of the experimental system remained constant, indicating that the storage time
had no effect on the fluorescence intensity of pig liver-based CQDs. The effects of ionic
strength and pH on the fluorescence intensity of pig liver-based CQDs were also
studied, as shown in Figure 7B and C. It is observed from the figures that with the
gradual increase of the concentration of NaCl solution, the fluorescence intensity only
slightly fluctuated without significant change; the pH of the citric acid-dibasic sodium
phosphate buffer changed from 2.0 to 8.0; and the fluorescence intensity of pig liver-
based CQDs remain unchanged, this demonstrates that pig liver-based CQDs can be
used as fluorescent nanoprobe in any environmental conditions.
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Figure 7. Effects of various conditions on the fluorescence intensity of pig liver-based CQDs:
(A) storage time; (B) NaCl concentration; (C) pH, (D) the Fluorescence lifetime decay curve
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Selectivity

The selectivity of pig liver based-CQDs was investigated by monitoring the
fluorescence intensity of different possible interfering substances such as MnOxs”, Fe**,
Fe’", NOy, NOs, I, CI', F-, Na®, K', Cu**, AP*, Ca**, Mn**, Ba*, Mg?" and S in the
presence of different concentrations or ions. As shown in Figure 8, only permanganate
ion can effectively quench the fluorescence intensity of CQDs in pig liver, while the
quenching effect of other possible interfering substances is negligible. The results show
that there may be some quenching relationship between pig liver-based CQDs and
permanganate ions, which is worthy of further study. Therefore, there is a high
selectivity between permanganate ions and pig liver-based CQDs. This demonstrates
that pig liver-based CQDs can be used to detect permanganate ions.
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Figure 8. Evaluation of method selectivity against possible interferents

Optimization of experimental conditions

PH affects not only the fluorescence intensity of pig liver-based CQDs, but also the
fluorescence quenching effect of permanganate ions on pig liver-based CQDs.
Therefore, the effect of pH from 2.2 to 8.0 on the experimental system was investigated.
As shown in Figure 94, the fluorescence intensity of pig liver-based CQDs is related to
pH. In the range of pH2.0-7.0, the fluorescence intensity increased gradually and the
fluorescence quenching efficiency reached its maximum, but after pH 7.0, the
fluorescence intensity decreased gradually. The results show that the fluorescence
quenching response of the system is the largest at pH 7.0, according to which pH 70 is
the optimum pH value of citric acid-disodium hydrogen phosphate buffer.

In order to study the stability of pig liver-based CQDs in detecting permanganate
ions, the fluorescence intensity of pig liver-based CQDs in the presence of
permanganate ions at the same concentration under different reaction time was studied.
As shown in Figure 9B, the fluorescence intensity of pig liver based-CQDs decreased
sharply within 0-1 min and gradually within 1-10 min, then tended to be stable, and
reached the lowest fluorescence intensity in 2 min. Therefore, the reaction time of 2 min
was chosen as the optimal fluorescence quenching response time.
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Figure 9. Effect of pH (A) and (B) reaction time on the fluorescence intensity of the pig liver-
based CQDs

Method performance study

Under the optimal experimental conditions, the relationship between the fluorescence
quenching intensity of pig liver-based CQDs and the concentration of MnOs~ was
studied, and the quantitative analysis method for fluorescence quenching of MnO4 was
established. As shown in Figure 10, the fluorescence intensity of pig liver-based CQDs
decreases gradually with the addition of MnOjs™ of different concentrations, and shows
regular changes. As shown in Figure 11, the ratio of fluorescence intensity of the
system was linear with the concentration of MnO4™ in the range of 0-50 uM both before
and after addition of pig liver-based CQDs. The regression equation is F/FO=0.0151C
—0.0112 (R?=0.9967), where F and FO are the fluorescence intensity of pig liver-based
CQDs in the presence or absence of MnO4™ respectively and C is the concentration of
MnOy4. The detection limit of MnO4 was 0.06 uM and the signal-noise ratio was
3(S/N).
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Figure 10. Fluorescence response of pig liver-based CQDs upon addition of different
concentrations of MnOy (concentration gradient of pig liver based-CQDs under ultraviolet
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Figure 11. Linear correlation of FO/F values versus the concentration of MnOy over the range
from 0.1 to 50 uM

Possible fluorescence quenching mechanism

In recent years, many sensors have been established based on the fluorescence
variation of carbon quantum dots. These sensors were primarily analytes that quenched
or increased the fluorescence of the carbon dots (Mariappan et al., 2017). Theoretically,
this fluorescence phenomenon is related to different mechanisms. For fluorescence

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(4): 7249-7263.
http://www.aloki.hu e ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOL: http://dx.doi.org/10.15666/acer/1704_72497263
© 2019, ALOKI Kft., Budapest, Hungary



Tu et al.: High-sensitivity and selectivity detection of permanganate ions based on pig liver-based carbon quantum dots
-7260 -

quenching, the mechanism is usually divided into dynamic quenching and static
quenching, caused by the collision between fluorescent materials and quencher and the
formation of ground state complexes respectively (Kaviyarasu et al., 2017). In case of
dynamic quenching, the Stern-Volmer equation can be used for analysis (Guo et al.,
2015) with the following formula:

FO/F =1+ Kqo[Q] = 1 + Ksv[Q]

where: FO and F indicate the fluorescence intensity before and after the addition of
MnOy respectively, Kq is the bimolecular quenching constant, t0 is the average lifetime
of CQDs, generally 10® s, KSV is the Stern-Walmer quenching constant, and [Q] was
the concentration of MnO4. Therefore, the fluorescence quenching process may be
caused by static quenching, i.e. the formation of ground state complexes in the reaction
system (Lakowicz, 2006; Sun et al., 2015; Formica et al., 2012). The absorption
strength of CQDs increased and the peak shifted to blue after addition of MnOy,
indicating that the interaction between MnO4 and CQDs produced the ground state
complex. According to almost constant fluorescence lifetime, the fluorescence
quenching caused by MnO4 may be static quenching due to the formation of stable non-
fluorescent complexes (Zuo et al., 2016; Sun and Lei, 2017; Wu et al., 2011; Liu et al.,
2017, 2014). FT-IR and XPS confirmed the presence of -COOH, -OH, etc. on the
surface of CQDs, indicating good water solubility and good application prospect of the
synthesized CQDs.

Analysis of MnOy in real samples

The above mentioned environmental water and soil samples were pretreated, and
then MnOy4 ™ in environmental water and soil samples was detected by prepared pig liver-
based CQDs. The environmental water samples and soil samples were spiked and
recovered using different concentrations of MnO4™ and pretreated according to the same
procedure. As shown in Table I, the recovery of MnO4 in water samples is
94.2~102.5% and the relative standard deviations (RSD) of all samples are less than
5.8%. As shown in Table 2, the recovery of MnOs™ in soil samples is 90.5 to 99.5% and
the relative standard deviations (RSD) of all samples are below 4.7%. Therefore, this
method has the potential for detecting MnO4™ in environmental water samples and soil
samples.

Table 1. Analytical results of MnOy in the water samples (n = 3)

Samples Spiked Found Recovery RSD
(ng/mL) (ng/mL) (%) (%, n=3)
0 ND - -
Tap water 5 4.71 94.2 4.3
20 19.3 96.5 3.6
0 ND - -
Lake water 5 4.92 98.4 5.8
20 20.5 102.5 2.5
0 ND - -
Waste water 5 5.10 102.0 5.3
20 20.05 100.3 4.7

ND = not detected
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Table 2. Analytical results of MnOy in the soil samples (n = 3)

Samples Spiked Found Recovery RSD
(ng/mL) (ng/mL) (%) (%, n=3)

0 ND - -
Sample 1 5 4.97 99.5 4.5

20 18.1 90.5 2.8

0 ND - -
Sample 2 10 9.58 95.8 3.5

20 18.34 91.7 3.1

ND = not detected

Conclusion

In summary, novel fluorescent CQDs were prepared from pig liver by hydrothermal
synthesis method and the fluorescence intensity of CQDs could be quenched by MnOy,
so the CQDs were used as nanosensors for the sensitive and selective detection of
MnOy™ in environmental samples. For instance, morphology, particle size, crystal form,
chemical element composition and optical properties of the prepared pig liver-based
CQDs were characterized by TEM, FT-IR, XPS, UV-Vis and FS. The results showed
that it had good stability and fluorescence characteristics. In addition, a good linear
relationship was achieved between the fluorescence response of CQDs and the
concentration of MnO4™ in the range from 0.1 to 50 uM. The detection limit was
0.06 uM under optimized conditions. The developed method has been successfully
applied to the determination of MnOs™ in water samples and soils of environmental
samples. This method is green, environmental friendly, simple and easy to operate, and
shows great potential for application.
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