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originated from the effective combination of nitrogen with various functional groups (C=0, N—H,
C—N, COOH and C—0—C). The N-CQDs showed a fluorescence with the wavelength varied from 420 to
500 nm and the maximum emission wavelength being at 440 nm. N-CQDs have been importantly applied
as probe to detect Fe>* and tetracycline (TCs) antibiotics with remarkable performance. Using the linear
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Label-free detection simple, efficient sensor for ultrasensitive Fe>" detection ranging from 3.32 to 32.26 uM, with a limit of
Fe3* and TCs detection detection (LOD) of 0.7462 uM. The N-CQDs showed the applicability to detect TCs. The detection limits
Fluorescent probe of tetracycline, terramycin and chlortetracycline were 0.2367, 0.3739 and 0.2791 uM, respectively. The

results of TC by fluorescence method in real water samples were in good agreement with standard
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Ultraviolet-visible (UV-vis) method. The N-CQDs have various potential applications including sensitive
and selective detection of Fe>* and TCs, and cellular imaging with low cytotoxicity, good biocompatibility

and high permeability.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Carbon quantum dots (CQDs) have attracted remarkable atten-
tion as a novel and promising fluorescent carbon material thanks
to their unique optical properties, good water solubility, high sta-
bility, low toxicity, excellent biocompatibility and low environ-
mental impact [1]. CQDs have shown various applications
including cellular imaging [2], fluorescent ink [3], photocatalysis
[4,5], drug delivery [6], detection of ions (such as Hg?* [7,8], Fe**
[3,9], Zn?* [8], Cu?* [10,11], F~ [12], Eu®** [12], and As>* [13]), and
detection of organics (including pesticides [14], methimazole [1],
glutathione [15], nitro-compounds [16], a-glucosidase [17], chi-
tosan [18], cholesterol [19] and picric acid [20]). In the past few
years, there have been numerous reports of natural biomass being
used as a carbon source for CQD synthesis as an alternative to
chemical carbon sources. Natural biomasses include orange juice
[21], hair [22], sugarcane bagasse pulp [23], walnut shells [24], pet-
roleum coke [25], egg [26] and jinhua bergamot [27], etc. These
carbon sources present to be cheap, green and sustainable. How-
ever, the quantum yield (QY) of natural biomass is low and has
to be improved. The QY is a vital property of CQDs and dictates
the possible applications. Heteroatom doping of CQDs not only
improves the fluorescence efficiency, but also provides active sites
in the CQDs to broaden their potential applications in the analysis
and sensing. Due to the atomic size and chemical valence of nitro-
gen atoms, the nitrogen-doped CQDs (N-CQDs) are of great inter-
ests. For example, Madrakian et al. [28] proposed an isotretinoin
detection system with a 0.03 uM limit of detection (LOD) using
an N-CQD-based fluorescence sensor, which had been applied as
a bio-probe for isotretinoin detection in pharmaceutical prepara-
tions and human serum samples. Niu et al. [29] used a controllable
electrochemical/electroanalytical approach to generate aspartic
acid (Asp) based NCQDs (Asp-N-CQDs), which exhibited the high-
est QY and were applied as probes for the Fe* detection in cells.
The Asp-N-CQDs as nanosensor probes for the Fe3* detection
showed a low LOD of 0.5 uM.

Iron ions (Fe**) play a crucial role in the biological system and
present in all tissues, especially in liver, spleen and lung. An imbal-
ance of Fe>* content regulation can cause diseases such as anemia,
Alzheimer’s disease, Parkinson’s disease, intelligence decline,
hemochromatosis, diabetes and cancer [30,31]. Therefore, the
detection of Fe>" holds a great promise for the early diagnosis of
these diseases. The typical Fe** detection techniques include
plasma-optical emission spectrometry [32] and colorimetry [33].
However, these methods are complex and expensive, and the
detection is limited by the precision of the instruments. Optical
method shows a more cost-effective way due to its relatively low
cost compared with instrumental methods. Among these, fluores-
cence spectrometer is a novel method with good selectivity, high
sensitivity and wide linear range for rapid and simple testing of
metal ions. The fluorescence sensor can be used not only in the
detection of some heavy metal ions but also in the study of protein
and other researches.

Tetracyclines (TCs) are widely used as antibiotics in veterinary
and human medicine and tend to accumulate in food products
because of their excessive abuse as growth promoters, and pose
serious risk to human health [34]. The damages arising from the
abuse of TCs include yellowing of teeth, liver damage and allergic

reactions. The methods used for detecting TCs are capillary elec-
trophoresis, colorimetry [35], immunoassays and high-
performance liquid chromatography [36,37]. However, most of
these methods involve sophisticated instrumentation, which limit
their LOD, sensitivity and selectivity, and introduce high instru-
ment maintenance costs. Fluorescence technologies are considered
as a simple, rapid, economical, sensitive and selective method of
TCs detection, especially when a larger number of samples must
be processed. N-CQD application as a fluorescent probe, observed
using a fluorescence microscope, can provide information on cellu-
lar pools of metal ions and TCs and their responses to changes in
biological stimuli and environment. In the processing of rice, a
lot of produced rice residue are used as fodder and cannot reflect
its real value. Rice residue contains rich protein and carbohydrates
that can serve as carbon and nitrogen sources for CQDs. The appli-
cation from rice-residue derived CQDs to detect both Fe3* and TCs
has not been reported yet.

In this work, a facile method for synthesizing highly fluorescent
N-CQDs via a one-step thermal treatment of rice residue was
reported. Highly selective and sensitive detections of Fe** and
TCs were investigated by fluorescent quenching. N-CQDs served
as a crucial fluorescent probe for the detection of Fe3* and TCs,
and for the cellular imaging. The practical application of Fe** and
TCs in tap water and river water was studied by fluorescent
method, atomic absorption spectroscopy (AAS) and UV-vis as
comparisons.

2. Materials and methods
2.1. Materials

Rice residue was collected by a local factory (Harbin, China).
Fetal bovine serum (FBS) was purchased from BI (Israel). Other cell
culture reagents were purchased from HYCLONE Co. (USA). Chem-
ical reagents were purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd. (Tianjin, China). All reagents were analytical grade
and used without further purification.

2.2. Characterization

X-ray photoelectron spectroscopy (XPS) of N-CQDs was carried
out using K-Alpha with Al X-rays at 140 W (THERMO, USA).
Fourier-transform infrared spectroscopy (FT-IR) was performed
using an iS 10 FT-IR spectrometer (Thermo Nicolet Co., MA, USA).
Ultraviolet-visible (UV-vis) absorption spectroscopy was carried
out using a TU-1950 spectrophotometer (Beijing Purkinje General
Instrument Co., Ltd. China). Transmission electron microscopy
(TEM) images and high resolution TEM (HRTEM) images were
acquired using a JEM-2100 transmission electron microscope (LJE-
MOC, Japan). Fluorescence was measured using a LS-55 fluores-
cence spectrophotometer (Perkin-Elmer, USA). The fluorescence
microscope used was a DeltaVision™ Elite Cell Imaging System
(GE, USA). An ultraviolet fluorescence analyzer was used to observe
fluorescence phenomena (Shanghai Jingke Industrial Co., Ltd.
China). The details of the instruments are described in Supplemen-
tary information (S1).
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2.3. Synthesis of N-CQDs

The N-CQDs were prepared using a previously reported
hydrothermal method [3]. Briefly, rice residue and lysine were
mixed in deionized water at a mass ratio of 4:1. After dispersion
by stirring (20 min), the mixture was transferred to a 50 mL
Teflon-lined stainless-steel autoclave and heated at 200 °C for
12 h in an air oven. After cooling down to room temperature and
centrifugation to remove large particles and impurities, the pro-
duct was purified using a 0.22 pm filter membrane and stored at
4 °C for future use.

2.4. Fluorescence quantum yield (QY)

The QY of N-CQDs was tested as previously reported [38]. The
QY was calculated according to Eq. (1) using quininesulfate
(QY =54% in 0.1 M H,SO,4 at 350 nm) as the standard sample:

ISAR(HS)2

QY (%) = QY eAs ()’

(M
where [ is the fluorescent emission intensity, n is the refractive
index of the solvent, and A is the absorbance. The subscripts R
and S denote known fluorescent standard samples and experimen-
tal samples, respectively.

2.5. N-CQD Detection of ions

The detection of Fe** was conducted in a phosphate buffer solu-
tion (pH = 4) with a fluorescence excitation wavelength of 360 nm
at room temperature. The concentrations of N-CQDs were
200 ugmL~! for selectivity study and 50 pg mL™' for sensibility
study. The sensibility study was carried out using fluorescence
spectroscopy to measure different concentrations of Fe** (0-
250 uM). The selectivity study was performed with various ions
(Ni?*, Ag®, Cd?*, La®*, Pb?*, Co?*, Ce**, K*, Na*, Ca?*, Y**, Zr*, A3,
Mg?*, Cu®*, Hg?*, Fe3*, Fe?*, PO3~, Cl-, SOZ~, CO%~ and NO3) with
a concentration of 62.5 uM. Following 2 min reaction period at
room temperature, the fluorescence emission response was
recorded under consistent conditions.

2.6. N-CQD Detection of tetracycline antibiotics

3 mL N-CQDs (200 pg mL~!, pH = 4) and 200 pL 0.1 mM organics
(Lysine, BSA, EDTA, Tetracycline (TC), Chlortetracycline (CTc), Ery-
thromycin, Cysteine, Terramycin (OTc), Glycine, Glucose and Vita-
min C) were mixed and transferred to a cuvette. The selectivity was
demonstrated against 11 different organics. The sensibility study
was carried out using fluorescence spectroscopy and different con-
centrations of TC, CTc and OTc (0-250 uM) with a fixed concentra-
tion (50 uM) of N-CQDs. After reaction at room temperature for
10 min, the measurements were recorded under consistent condi-
tions at a fluorescence excitation wavelength of 360 nm.

2.7. Cytotoxicity assay

Cell culture. Human hepatoma HepG2 liver cells were main-
tained in RPMI 1640 medium supplemented with 10% fetal bovine
serum and 100 mg mL~! penicillin G-streptomycin, at 37 °C in 5%
CO, humidified environment. At confluence, the cells were washed
with phosphate buffered saline and treated with trypsin/EDTA to
release into suspension. Finally, the cells were washed and re-
suspended with fresh medium to achieve the desired cell density.

Cellular toxicity test. The cellular toxicity test was carried out
according to a previously reported method [39]. The cytotoxicity of
as-prepared CQDs was investigated using the CCK-8 assay with

HepG2 cells. The HepG2 cells were seeded in a 96-well plate
(100 puL per well). The CQD and N-CQD solutions with different
concentrations (0, 10, 25, 50, 100, 200 ug mL~!) were then added
in triplicate and the cells were incubated for 24 h at 37°C in a
humidified CO, environment. Each cell was incubated with 10 uL
CCK-8 solution for 2 h away from light, before measuring the
absorbance at 450 nm with a microplate reader (Sunrise™, Tecan,
Madnnedorf, Switzerland). The cell survival rate was calculated by
eqn (2):

Cell survival rate(%) = M x 100% (2)
withoutCQDs — 41blank

where A itn cops i the absorbance of the solution in the well with
HepG2 cells, CCK-8 solution and CQDs, Apjank is the absorbance of
the solution in the well with culture medium, and CCK-8 solution,
and Auwithour cops 1S the absorbance of the solution in the well with
HepG2 cells and CCK-8 solution.

Fluorescence microscopy cell imaging. The bio-imaging test
for the as-prepared N-CQDs was performed using HepG2 cells.
Staining was achieved by cultivating the cells in the presence or
absence of the respective N-CQDs in a humidified chamber at
37 °C for 24 h. The cells were washed and fixed with 1 mL 4% (w/
v) paraformaldehyde for 0.5 h at room temperature. The fluores-
cence of the stained cells was observed and imaged using an
appropriate filter (blue, green and red) on a fluorescence micro-
scope (DeltaVision™ Elite Cell Imaging System, GE, USA).

2.8. Determination of real samples

River water and Tap water were collected from Songhua River
(Harbin, China) and Mao Er Mountain natural mineral water (Har-
bin, China). All the raw samples were pretreatment, the samples
were centrifuged (14800 g, 20 min) and filtered through a
0.22 ym membrane to remove the suspended particles. The Fe**
and TC concentrations in real water samples were evaluated by
Fluorescence spectroscopy and UV-—vis absorption spectroscopy
(UV—vis).

3. Results and discussion
3.1. Structural characterization of the N-CQDs

The FT-IR spectra have been first employed to characterize the
N-CQDs (Fig. 1a). The characteristic peaks at 3200 and 3441 cm™!
represent the stretching vibrations of N—H and O—H. Moreover,
the small peaks at 2921 and 2863 cm™! are the stretching vibration
band of -CH, groups [25]. The peaks at 1641 cm~! and 1581 cm™!
are consistent with the bending vibrations of the CO-NH group
[28]. The characteristic peaks at 1448, 1767, 1136 and 1033 cm™'
are attributed to C—N, C=0, C—0—C and C—O, respectively [40].
XPS analysis shows the surface composition and chemical environ-
ment of the N-CQDs. The XPS survey spectrum of N-CQDs shows
the peaks at 284.51, 406.99 and 532.44 eV, corresponding to C1s,
N1s and O1s electrons, respectively (Fig. 1b). The high-resolution
spectrum of the Cls signal shows five peaks at 284.59, 284.9,
285.6, 286.4and 287.3 eV, representing the C—C /C=C, C—H, C—0,
C—0—C and C=O groups, respectively [3,8]. In the high-
resolution N1s spectrum (Fig. 1d), the three peaks at 399, 399.7
and 400.7 eV could be assigned to the C=N, N—H and C—N groups,
respectively [8,41]. The O1s spectrum (Fig. 1e) shows three fitted
peaks at 530.5, 531.4 and 532.6 eV, attributing to the HO-C=0,
C=0 and C-OH/ C—0—C groups, respectively [3,8,42,43]. The XPS
analysis results of the C1s, N1s and O1s spectra are consistent with
the FT-IR analysis.
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Fig. 1. (a) FT-IR spectra of the N-CQDs; (b) XPS survey spectrum; (c¢) High-resolution C1s peaks and fitting curves; (d) High-resolution N1s peaks and fitting curves; (e) High-

resolution O1s peaks and fitting curves.

3.2. TEM analysis

The morphology and microstructure of N-CQDs dispersed in
water were characterized by HRTEM (Fig. 2a and 2b). The HRTEM
images indicate that N-CQDs were spherical, well dispersed and
uniform with an average diameter of 2.70 nm. The HRTEM image
shows that most particles are amorphous carbon without obvious
lattice fringes [8,44].

3.3. Optical properties of N-CQDs

Optical properties of N-CQDs were studied using UV-vis and
fluorescence spectroscopies. The N-CQDs showed bright blue fluo-
rescence under 365 nm UV irradiation (Fig. S1, supporting informa-
tion). The strong blue fluorescence is visible with the naked eye.
However, the solution showed no perceptible PL without UV irra-
diation and remained transparent, pale yellow and transparent
under daylight. This behavior suggested that the surface groups

and size of the N-CQDs were important factors in their blue PL
emission [45]. The UV-vis spectra of N-CQDs showed the peaks
at 340 and 280 nm (Fig. S1). The peak at 280 nm is ascribable to
the m-mt* transition for the C=C bond, in which the orbital was
sp? hybridized clusters [22]. The absorbance at 340 nm corre-
sponds to the n-w* transition of the C=0 and N—H groups. The
spectra show that the intensity and peak positions of the FL emis-
sions depend on the excitation wavelength (Fig. 2c). The fluores-
cence study was carried out at different excitation wavelengths.
The emission wavelength was shown to increase with increasing
the excitation wavelength. As the excitation wavelengths varied
from 280 to 400 nm, the maximum intensity of the emission peak
decreased, and the peaks shifted to longer wavelengths (red shift),
owing to the difference in particle size of the N-CQDs and in the
distribution of emissive trap sites. The optical excitation
(hex =360 nm) and emission wavelengths (Aeny, =440 nm) of N-
CQDs were obtained from the fluorescence emission and excitation
spectra, respectively.

—280

Intensity(a.u)

1 L 1
450 500 550 600

Wavelength(nm)

1
350 400

Fig. 2. (a-b) HRTEM images of N-CQDs with different magnification (Insert in (a) was size distribution (statistics: 100 measurements from TEM image) of N-CQDs). The
fluorescence properties of N-CQDs solutions, (c¢) Excitation dependent fluorescence emission spectra of N-CQDs.
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3.4. Detection of Fe**

Selectivity and sensitivity studies. Selectivity plays a critical
role in establishing the sensing properties of QD detection meth-
ods. The fluorescence quenching performance has been studied
in the presence of 17 cations and 5 anions in 0.1 M solutions using
an excitation wavelength of 360 nm. Fig. 3a shows the images of N-
CQDs in blank solution and with different metal ions including,
Ni?*, Ag*, Fe?*, cd®*, La®>*, Pb**, Co?*, Ce®*, K*, Na*, Ca?*, Y**, Zr*",
APP*, Mg?*, Cu?*, Hg?*, PO3~, Cl-, SOZ~, CO% and NO3 under UV
irradiation (A = 365 nm). The corresponding fluorescence emission
spectra are shown in Fig. S2. The Fe*" ion demonstrated the marked
fluorescence quenching compared with other ions tested. The flu-
orescence of N-CQDs is quenched by Fe3* ions because of the spe-
cial coordination between Fe>" ions and phenolic hydroxyl groups
on the surface of N-CQDs. The fluorescence quenching of N-CQDs
in Fe** ion solution may contribute to nonradiative electron-
transfer, in which partial electrons were transferred to the d-like
states of Fe* ions [45]. The fluorescence quenching was also fast,
occurring ~ 1 min after adding the Fe3* solution to the cuvette,
and remained constant over a period of 20 min (Fig. 3d). The rapid
fluorescence quenching might be due to the efficient energy trans-
fer between Fe3* and the groups on the surface of the N-CQDs [45].

H. Qi et al./Journal of Colloid and Interface Science 539 (2019) 332-341

It becomes obvious that N-CQDs are applicable as a fluorescent
sensor for sensitive and selective detection of Fe>* ions.

The fluorescence could be quenched gradually with increasing
the concentration of Fe?* (Fig. 3b). Accordingly, I/l decreased with
increasing the concentration of Fe>* ions and displayed a good lin-
ear relationship in the range of 3.32-32.26 uM with a linear corre-
lation coefficient (R?) of 0.987 (Fig. 3c). The LOD of 0.7462 uM was
established for this system according to Eq. (3) [3]:

LOD:ﬁ
S

3)
where ¢ is the standard deviation of the signals and s is the slope of
straight line. Furthermore, the analytical performances such as the
sensitivity and linear range are comparable or even better than
those reported previously (Table S3), showing their promising
applications in biomedical and environmental systems.

Possible Quenching Mechanism. Fluorescence quenching is
caused by the interaction between fluorescent molecules and inhi-
bitory molecules and is usually divided into static quenching and
dynamic quenching. The fluorescence was quenched dramatically
with increasing the Fe** concentration. The fluorescence quench-
ing was fitted using the Stern-Volmer equation by Eq. (4) [46,47]:
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Fig. 3. (a) Influence of different ions on the fluorescence of N-CQDs; (b) Fluorescence intensity dependence on concentration of Fe3*; (c) Fluorescence intensity ratio (I/Io) of
N-CQDs with various concentrations of Fe**(Insert in (c) was linear relationship between I/l and the concentration of Fe** in the range of 3.32-32.26 uM); (d) Time-
dependent fluorescence signal of N-CQDs based on the quenching time; (e) Linear relationship of I/, with concentration of Fe* in the range of 3.32-32.26 uM. (The number of

repeat experiments was five times).
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ITO =1+Ky[Q](R* = 0.9722)

4)
where I, and I are the fluorescence intensities at emission wave-
length 440 nm in the absence and presence of Fe3*, respectively.
[Q] is the concentration of Fe3*, and K, is the Stern-Volmer quench-
ing constant. The Ky, was 6.8 x 10°M~' ranging from 3.32 to
32.26 uM for a linear regression equation (Fig. 3e). According to
the double molecular quenching constant (Kq) KqTo = Ksy, To Was
already known, thus Kq was 1.8256 x 10'? L mol~! s7!, which was
much larger than the reported maximum collision quenching con-
stant (2.0 x 10!° L mol~! s71) for the quenching fluorescence mole-
cules. The observed quenching could be static quenching [48], and
was caused by the formation of non-fluorescent complexes when
the quenching agent was combined with the fluorescent material
molecules in the ground state. The fluorescence lifetime study is a
useful method for distinguishing between dynamic quenching and
static quenching. Fluorescence lifetime was tested for the N-CQDs
in the absence and presence of Fe*" (Fig. S3). By adding Fe**, the flu-
orescence lifetime of the N-CQDs exhibited almost no change,
extending from 3.7248 to 3.9119ns (Table S1). The t/t9 value
tended to 1, indicating that the fluorescence quenching caused by
Fe®* addition was probably static quenching.

3.5. Tetracycline analog sensitivity and selectivity

Selectivity and sensitivity studies. The selectivity study was
carried out using different organic molecules and an excitation

Intensity(a.u.)

450 500
Wavelength(nm)

400

I,

337

wavelength of 360 nm. As shown in Fig. 4a, tetracycline analogs
such as TC, CTc, and OTc were used. Fig. 4b presents fluorescence
images of N-CQDs in blank samples and with different organic
molecules under UV irradiation (A =365 nm). By adding TCs, the
fluorescence significantly decreased. The fluorescence quenching
is visible with the naked eye. The chemical structures of TC, CTc
and OTc are shown in Fig. S4. Because of their structural similarity
to TC, both OTc and CTc could also access the recognition sites and
quench the fluorescence of the sensor. The fluorescence intensity
of N-CQDs (50 ug mL~!) decreased when the concentration of TC
(0-250 uM) increased (Fig. 4d). Calibration plots were generated
under the established optimum experimental conditions. Accord-
ingly, 1/lo decreased with increasing the concentration of TC and
displayed a good linear relationship in the range of 3.32-
32.26 uM with a linear correlation coefficient (R?) of 0.983
(Fig. 4d). In addition, OTc and CTc showed good fluorescence
responsiveness. The outcomes for OTc and CTc held good linear
correlation of 0.9950 and 0.9869, respectively (Fig. S5). According
to Eq. (2), the detection limits of OTc, CTc and TC were 0.3739,
0.2791 and 0.2367 uM, respectively. N-CQDs have shown to be a
selective and eco-friendly sensor for detecting tetracycline analogs,
indicating great promise for applications in environmental
monitoring.

3.6. In vitro cytotoxicity and cell imaging of N-CQDs in HepG2 cells

Cell cytotoxicity. To evaluate the cytotoxicity of N-CQDs and
establish their potential as bio-imaging materials, CCK-8 assays
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Fig. 4. (a) PL intensity of N-CQDs in aqueous solution when different organic molecules were introduced; (b) Fluorescence images of N-CQD solutions with various organic
molecules under UV irradiation (A = 365 nm); (c) Fluorescence intensity dependence on conentration of TC; (d) Fluorescence intensity ratios (I/lp) after addition of TC to
different concentrations of N-CQDs (insert in (c) was linear relationship of /I, with concentration of TC in the range of 3.32-32.26 uM). (The number of repeat experiments

was five times).
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Fig. 5. (a) Cell viability of the HepG2 cells after incubation with the photoluminescent N-CQDs and CQDs for 24 h. (b) Fluorescence fluorescent microscopy images of HepG2
cells treated with 200 ug mL~!N-CQDs for 2 h at three different excitation wavelengths including 435 (Blue), 525 (Green) and 597 nm (Red). (The number of repeat
experiments was three times). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table1

Test results of fluorescence probe method applied for TC in tap water and river water samples (n =5).

Samples TC (uM) Recoveries (%) RSD (n=5, %)
Added Found
River water 5 4.9363 +0.0531 98.73 £1.06 1.26
15 15.642 +0.0231 104.28 £0.15 1.22
25 25.8553 +0.1205 103.42 +0.48 1.32
Tap water 5 4.8497 +0.1231 96.99 + 2.46 0.89
15 14.497 £ 0.5417 96.65 +3.61 0.95
25 24.2384 +0.6872 96.95 +2.75 0.84

were carried out (Fig. 5a). The cell viability of the HepG2 cells after
incubation with N-CQDs and CQDs for 24 h at concentrations
including 0, 10, 25, 50, 100 and 200 ug mL~! has been assessed.
The cytotoxicity of N-CQDs was lower than that of CQDs
(*p<0.05, **p<0.01, Student’s t-test). The cell survival viability
of N-CQDs and CQDs at 200 pg mL~! was 56.47% and 79.11%,
respectively. The cell viability remained greater than 85% at
100 pg mL~!, indicating the low toxicity and excellent biocompat-
ibility of the N-CQDs. Consequently, N-CQDs could be employed in
cell imaging due to their low toxicity and good cellular
compatibility.

Cell imaging. To demonstrate the feasibility of using N-CQDs in
fluorescent cell imaging, HepG2 cells were incubated with N-CQDs
at the concentration of 200 pg mL~! and observed using fluores-
cence microscopy. At different wavelengths of 435, 525 and
597 nm, the cells emitted multicolored fluorescence such as blue,
green and red, respectively (Fig. 5b). The intracellular regions of
N-CQDs-treated HepG2 cells exhibited strong green fluorescence,
demonstrating that the N-CQDs penetrated the cell membranes
or translocate into cells by endocytosis. However, the bright N-
CQDs were added in the Fe3* and TC, the cells showed noticeably
weaker intracellular fluorescence (Fig. 5b N-CQDs + Fe3*, N-CQDs
+TC). Subsequently, the surface functional groups of N-CQDs com-
bined with Fe**and TC to form the complex compounds. The com-
plex compounds could transfer charge and energy to show the
fluorescence quenching behavior. Meanwhile, the cell morphology
had no important change and showed good biocompatibility of N-
CQDs. It thus indicates that the N-CQDs can be applied for effective
imaging of Fe** and TC in live cells.

3.7. Determination of real samples

To check the application for N-CQDs in the real water samples,
different concentrations of TC were added into the real sample and
measured by different methods (Fluorescence spectra and
UV — vis) to determine the TC concentrations. The value was based
on the previously obtained regression curve. The recoveries for
detecting TC in real water samples ranged from 96.65% to
104.28% (Table 1).

To confirm the accuracy of our experiment, different concentra-
tions of TC in those water samples were measured by UV-vis. The
concentrations of TC were compared for different measurement
modes (Table S2). The data of TC in real water were in accordance
by UV-vis and fluorescence method. The comparing values were
almost similar. These values demonstrated that the fluorescence
method test is feasible for quickly and accurately detecting the
TC in practical applications.

4. Conclusion

In summary, N-CQDs (QY =23.48%) were successfully synthe-
sized using rice residue and glycine via a facile, ecofriendly and
repeatable one-step hydrothermal method. XPS and FT-IR analysis
supported the successful doping of nitrogen into the framework of
the CQDs. The N-CQDs with an average size of 2.70 nm exhibited
excellent solubility, high stability, high fluorescence intensity and
excitation-dependent PL behavior. HRTEM images of N-CQDs
showed that most particles were amorphous carbon without
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obvious lattice fringes. The broad application capability of N-CQDs
has been demonstrated: (i) a fluorescent probe for Fe3* with
demonstrated high selectivity and sensitivity; (ii) detection of
TCs such as TC, OTc and CTc. The LODs of TC, OTc, and CTc were
0.2367, 0.3739 and 0.2791 uM, respectively; (iii) because of their
good stability and low biotoxicity, the multicolored N-CQDs were
used in vitro in fluorescent bioimaging. The fluorescent images
demonstrated that the probe was cell-permeable and could effec-
tively detect Fe>* and TC in the living cells. Eventually, compared
with heavy weight of metals or ceramics [49-55] and relatively
poor thermal stability of polymers and their nanocomposites
[53,56-69], the N-CQDs have an appealing potential for bioimaging,
pollution detection, polluted water treatment [70-83], photocat-
alytic degradation, energy storage/conversion (such as supercapac-
itors, fuel cells, solar cells etc.) [84-89], electromagnetic
interference (EMI) shielding [58,90-96] and drug delivery.
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