ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Hydrothermal synthesis of nitrogen and boron
doped carbon quantum dots with yellow-green
emission for sensing Cr(vi), anti-counterfeiting and
cell imagingf
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Nitrogen and boron doped carbon quantum dots (NB-CQDs) with yellow-green emission were prepared
via hydrothermal method using 2-hydroxyphenylboronic acid and ethylenediamine in aqueous solution.
The as-prepared NB-CQDs exhibited bright yellow-green emission, excellent stability in agueous
solution with high ionic strength and good biocompatibility. We further explored the applications of NB-
CQDs for sensing metal ions in aqueous solution. We found that the NB-CQDs could be utilized to
sense Cr,O,%~ in aqueous solution due to the Cr,O,? -induced fluorescence quenching. In the sensing

] system, as low as 0.5 uM Cr,0,%~ can be successfully detected and a good linear relationship in the
iii:g’ti% érgtﬁesfsgr:ireiglgﬂ range of 0—-250 pM has been obtained. And the NB-CQDs can be also used as ink for writing on paper,
revealing the NB-CQDs can be applied for anti-counterfeiting. Moreover, the NB-CQDs exhibit

DOI: 10.1039/c7ra09785a negligible cytotoxicity and good biocompatibility, which is favorable for bioimaging applications. And the
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1. Introduction

Fluorescent nanomaterials have recently attracted considerable
attention owing to their tremendous potential applications in
various fields including bioimaging,*” chemo/biosensing,**
photocatalysis,>”® optoelectronic devices,>® and so on.
However, the traditional heavy metal-based quantum dots
(QDs), such as CdTe, CdSe and CdS QDs, suffer from the toxicity
of these heavy metal ions. Continuous efforts are thus being
devoted to synthesis of various fluorescent nanomaterials with
low toxicity. Among them, carbon quantum dots (CQDs) have
drawn great interest due to fascinating properties including
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NB-CQDs were successfully applied for fluorescence imaging in Hela cells.

easy fabrication, low-cost, excellent biocompatibility, good
photostability, bright fluorescent properties, good water solu-
bility, low cytotoxicity.* Therefore, considerable efforts have
been dedicated to preparation of various CQDs with different
emission, and conspicuous progresses of these CQDs on diverse
applications including bioimaging, biosensing, photocatalysis,
and optoelectronic devices have been made.*”°

In recent years, heteroatoms-doped CQDs have become
research hot spots because the incorporation of heteroatoms in
the framework of the CQDs can improve or change the proper-
ties of these CQDs, such as optical, electrical and other proper-
ties, resulting into more promising applications. Huang's group
has prepared nitrogen-doped CQDs (N-CQDs) from the hydro-
thermal treatment of citric acid and guanidine hydrochloride.
And they found that nitrogen doping could improve the emis-
sion efficiency and favor excitation-independent emission.' Ma
and co-workers have synthesized N-CQDs from the ultrasonic
reaction between glucose and ammonium hydroxide. And the N-
CQDs showed strong emission in the visible-to-near infrared
range and upconversion photoluminescence properties.
Surprisingly, the N-CQDs displayed good photocatalytic property
for the photodegradation of methyl orange under visible light.**
Citric acid and polyethylenimine have been utilized to prepare
blue-emitting N-CQDs, which can be employed for cell imaging.
Interestingly, the N-CQDs can cross the blood-brain barrier in
a concentration-dependent manner."* Gd(m)-doped CQDs (Gd-
CQDs) have been prepared. The Gd-CQDs displayed strong

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustration for the synthesis of NB-CQDs and the
applications of NB-CQDs for sensing Cr,O,2~, anti-counterfeiting and
cell imaging.

fluorescence, strong T;-weighted MRI contrast and low cytotox-
icity, which indicated that the Gd-CQDs showed potential
applications in biomedical fields.”* We have prepared nitrogen
and phosphorus-doped carbon quantum dots (NP-CQDs) via one
pot hydrothermal method. The NP-CQDs have been utilized to
detect Fe** in aqueous solution with good sensitivity."* Liu and
co-workers have synthesized boron and nitrogen-doped carbon
quantum dots (NB-CQDs) from the hydrothermal treatment of
branched polyethylenimine and 4-formylphenylboronic acid.
The NB-CQDs exhibited excitation-dependent emission behavior
and high quantum yield. And the as-prepared NB-CQDs have
been applied for detecting Fe*" and cell imaging. However, the
NB-CQDs showed blue emission, which is not well suitable for
the biological applications due to the bad tissue-penetrating
ability of blue fluorescence.’ Thus, development of various
CQDs with long-wavelength fluorescence emission is highly
desirable.

Herein, we present a facile method for the synthesis of
nitrogen and boron doped carbon quantum dots (NB-CQDs)
with yellow-green emission through the hydrothermal method
using 2-hydroxyphenylboronic acid and ethylenediamine as the
precursors. The as-prepared NB-CQDs displayed bright yellow-
green emission, excellent stability in aqueous solution with
high ionic strength and good biocompatibility. We found that
the NB-CQDs could be employed to detect Cr,0,>~ in aqueous
solution owing to the Cr,0,*> -caused fluorescence quenching.
In the sensing system, as low as 0.5 uM Cr,O,>~ could be
successfully detected and a good linear relationship in the
range of 0-250 uM has been obtained. And the NB-CQDs could
be also used as ink for writing on different paper, revealing the
NB-CQDs can be applied for anti-counterfeiting. Moreover, the
NB-CQDs exhibited negligible cytotoxicity and good biocom-
patibility, which is favorable for bioimaging applications. And
the NB-CQDs were successfully applied for fluorescence
imaging in HeLa cells (Fig. 1).

2. Experimental section
2.1 Materials

Ethylenediamine (EDA) was bought from Energy Chemical
Company (Shanghai, China). 2-Hydroxyphenylboronic acid (2-
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HPBA), polyvinyl alcohol (PVA) and K,Cr,0; were obtained from
Aladdin Industrial Inc. (Shanghai, China). Other reagents were
all of analytical reagent grade and used as received without
further purification. Double-distilled water was used during the
experiment.

2.2 Characterization

The excitation and emission spectra of NB-CQDs were recorded
on a Cary Eclipse luminescence spectrometer (Varian, USA).
Ultraviolet-visible (UV-vis) absorption spectra were measured at
room temperature on a Lambda 650S UV-vis spectrometer (Per-
kinElmer, USA). Fourier transform-infrared (FT-IR) spectra were
obtained using a Nicolet 5700 FT-IR spectrometer (Thermo-
Electron Corp., USA) with the KBr pellet technique in the range
of 400-4000 cm . X-ray photoelectron spectroscope (XPS) spectra
were carried on an X-ray photoelectron spectrometer (ESCALAB
250Xi, Thermo Scientific). Transmission electron microscopy
(TEM) images were performed on a JEM-2100 transmission elec-
tron microscope operated at an acceleration voltage of 200 kV.
Fluorescence lifetime and quantum yield were measured using
a FLS 980 spectrofluorimeter (Edinburgh Instrument, UK). Pho-
tostability tests were conducted at room temperature using the
light of 365 nm from an ultraviolet lamp (16W, CBIO-UV3A, Bei-
jing CBIO Bioscience Technology Co. Ltd., Beijing, China). And
photographs were gained using a Canon 700D digital camera.

2.3 Synthesis of NB-CQDs

In a typical procedure, 2-HPBA (about 71 mg) was dissolved in
water (10 mL). EDA (70 mL) was then added into the above
solution and stirred for about 10 min. The mixture was sealed
and heated at 180 °C for about 12 hours (h). After cooling to
room temperature, a yellow solution was obtained and dialyzed
in a cellulose ester dialysis membrane with a molecular weight
cut-off of 500 Da against distilled water at room temperature for
about 12 h. Finally, a clean and light yellow solution containing
NB-CQDs was gained and stored at 4 °C. The concentration of
NB-CQDs is about 0.5 mg mL ™" by estimating the weight of
dried NB-CQDs.

2.4 Detection of Cr,0,>~ with NB-CQDs

For the detection of Cr,0,%>", 750 uL phosphate buffer (0.2 M,
PH 8.0), NB-CQDs solution (200 pL) and different concentration
of K,Cr,0, were mixed together. And water was added into the
mixture to keep the total volume of 3.0 mL. After incubation for
about 10 min at room temperature, the fluorescence intensity of
NB-CQDs was recorded on the fluorescence spectrometer.

2.5 Detection of Cr,0,> in tap water with NB-CQDs

Tap water and lake water were collected in our laboratory and
our campus. The real water samples were filtered through
a 0.22 pm filter to remove any suspended particles in water.
60 pL tap water, different concentration of K,Cr,0, and 750 pL
phosphate buffer were mixed together. Then NB-CQDs (200 pL)
were added into the mixture and water was used to dilute the
above mixture to final volume of 3.0 mL. After incubation for
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about 10 min at room temperature, the fluorescence signal of
NB-CQDs was recorded with the fluorescence spectrometer.

2.6 Preparation of NB-CQDs/PVA film

10 mL polyvinyl alcohol (PVA, 5% wt) aqueous solution was first
prepared. And 0.5 mL NB-CQDs solution was added the PVA
solution under magnetic stirring. The mixture was then poured
into a plastic Petri dish and dried in an oven with 60 °C. The
film was peeled off from the Petri dish.

2.7 Cell viability assay of NB-CQDs

HeLa cells were maintained in Dulbecco's modified Eagles
Medium (DMEM) supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin at 37 °C in a humidified
atmosphere 5% CO,. To determine the cytotoxicity, cells were
plated in triplicate at a density of 10* cells per well in 96-well
microplates. After incubation for 12 h, the NB-CQDs ranging
from 5 to 250 pg mL ™" were added into the cells, and further
cultured for about 24 h. The viability of HeLa cells in the culture
environment of NB-CQDs was then analyzed using 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT) cytotoxicity assays.

2.8 Cell imaging with NB-CQDs

HeLa cells were seeded in 35 mm glass-bottomed dishes at
a density of 3 x 10 cells per dish in standard culture media.
After overnight culture, cells were treated with 100 pg mL~" NB-
CQDs for about 20 min, and then fluorescence images were
acquired by confocal microscopy (Leica SP8 Confocal Laser
Scanning Microscope). The cells were excited at 405 nm with
a laser and the emission was collected between 500 and 550 nm.

3. Results and discussions
3.1 Synthesis of NB-CQDs

The NB-CQDs was synthesized from the hydrothermal treat-
ment of 2-HBPA and EDA at 180 °C for about 12 h (Fig. 1). We
first studied the effect of the ratio of 2-HBPA and EDA on the
fluorescence properties of NB-CQDs. The NB-CQDs prepared
from 2-HPBA and EDA with 1:1, 2:1 and 1:2 exhibited
similar fluorescence properties. These NB-CQDs showed the
maximum excitation wavelength at 410 nm and the maximum
emission wavelength centered at 515 nm. And their corre-
sponding UV-vis absorption spectra were also similar. The
maximum absorption wavelength was located at 410 nm
(Fig. S1-S37). To obtain the best NB-CQDs prepared from the
suitable ratio of 2-HBPA and EDA, I5;5/A410 was employed to
compare their fluorescence properties, where I5;5 was the fluo-
rescence intensity of NB-CQDs at the maximum emission
wavelength of 515 nm, A4,,, was the absorbance of NB-CQDs at
410 nm. The A4, standed for the concentration of NB-CQDs,
because the concentration of NB-CQDs is directly proportional
to the 44,0 based on the Beer's law. The greater I5;5/4410 showed
the stronger fluorescence intensity of NB-CQDs. As shown in
Fig. S4,1 we could see that the I5;5/A4,0 of the NB-CQDs prepared
from 2-HBPA and EDA with the ratio of 1:2 was the largest.
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Moreover, the CQDs from 2-HBPA or EDA were also prepared
under the same condition. The CQDs from 2-HBPA showed the
maximum excitation wavelength at about 290 nm and the
maximum emission wavelength at 400 nm, indicating that the
CQDs from 2-HBPA exhibited blue emission. And there is no
obvious absorption peak at 410 nm in the UV-vis absorption
spectrum (Fig. S51). For the CQDs from EDA, the maximum
excitation wavelength at about 320 nm and the maximum
emission wavelength at 390 nm were observed, revealing that
the CQDs from EDA showed violet emission (Fig. S61). The
observations were much different from the NB-CQDs from 2-
HBPA and EDA. Therefore, we chose the ratio of 2-HBPA and
EDA with 1 : 2 for the synthesis of NB-CQDs.

3.2 Optical properties of NB-CQDs

The native NB-CQDs solution showed yellow in visible light.
However, bright yellow-green fluorescence was observed under
a 365 nm UV light (Fig. 2A), indicating the formation of NB-
CQDs. The NB-CQDs were purified through dialysis. The puri-
fied NB-CQDs showed three peaks centered at about 225 nm,
270 nm and 410 nm in the excitation spectrum (Fig. 2A). The
excitation spectrum of NB-CQDs was similar with the UV-vis
absorption spectrum (Fig. S71). We then studied the fluores-
cence emission behavior of NB-CQDs at different excitation
wavelengths. The NB-CQDs exhibited dual emission behavior
when the excitation wavelength was in the range of 300-350 nm.
The two maximum emission wavelengths were 400 nm and
515 nm, respectively. When the excitation wavelength shifted
longer wavelength, the NB-CQDs showed single emission
behavior and the emission peak was located at about 515 nm.
Surprisingly, the NB-CQDs exhibited excitation-independent
emission behavior, and the maximum emission wavelength
was about 515 nm. When the excitation wavelength was about
410 nm, the fluorescent intensity of NB-CQDs at 515 nm was the
largest (Fig. 2B). We thus selected 410 nm as the maximum
excitation wavelength in the following experiments. Moreover,
the absolute quantum yield of the NB-CQDs was measured to be
about 6.59%.

3.3 Characterization of NB-CQDs

We tried to characterize the surface structure and composition
of the NB-CQDs with different methods. In the FT-IR spectrum
of the NB-CQDs, the peak at about 3300 cm ™" could be attrib-
uted to the stretching vibration of O-H or N-H groups.” The
peaks at 2940 cm ™' and 2820 cm™ ' were assigned to the
stretching and bending vibrations of C-H groups.™ The peak at
1660 cm ' resulted from the stretching vibration of C=0
groups.” The bending vibrations of N-H groups could be
observed at 1520 cm™'. The weak peak at about 1458 cm™*
could be attributed to the stretching vibration of C-N groups.*
And the sharp peaks at about 1343 cm™ " and 1090 cm™ " could
be assigned to the stretching vibrations B-O and C-B groups
(Fig. 3A).* The surface composition and elemental analysis for
the NB-CQDs were characterized by XPS. The XPS survey spec-
trum of the NB-CQDs revealed four peaks at about 190.8, 284.6,
398.8, and 531.0 eV, which were ascribed to B 1s, C 1s, N 1s and

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) FT-IR spectrum of NB-CQDs. (B) XPS survey spectrum of NB

O 1s, respectively (Fig. 3B). In the high resolution C 1s spec-
trum, the C 1s peaks at 283.8, 284.5, 285.3, 287.6 and 290.2 eV
could be assigned to carbon in the form of C-B, C-C/C=C, C-O/
C-N, C=0 and O-C=0, respectively (Fig. S8At).***” The N 1s
peaks at 398.5, 399.7 and 401.5 eV showed that nitrogen existed
mostly in the form of N-B, N-C and N-H, respectively
(Fig. S8Bt)."*" The O 1s spectrum could be deconvoluted into
two peaks at 530.5 and 531.8 eV, which were corresponding to
C=0 and C-OH/C-0O-C, respectively (Fig. S8Ct)."> And the B 1s
spectrum could be separated into two peaks at 191.1 and
191.8 eV, indicating that the presence of B-N and B-C
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(Fig. S8D¥)."**® These results were corresponding to the FT-IR
results. And the above results also verified the as-prepared
CQDs were nitrogen and boron-doped CQDs. The morphology
and particle size of NB-CQDs were investigated by TEM. The NB-
CQDs were well-dispersed and nearly spherical, and the diam-
eter was about 2.32 nm in average (Fig. 4).

3.4 Stability of NB-CQDs

The stability of NB-CQDs is of great importance for the wide
applications of NB-CQDs. We first studied the effect of ionic

%

Fig. 4 (A) TEM image of NB-CQDs. (B) Size distribution of NB-CQDs.
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strength on the fluorescent intensity of NB-CQDs in the pres-
ence of different concentrations of NaCl. When the concentra-
tion of NaCl was as high as 1.2 M, the fluorescent intensity of
NB-CQDs was little affected, revealing the excellent stability of
the NB-CQDs in high-salt conditions (Fig. 5A). The photo-
stability of NB-CQDs was also tested through the continuous
irradiation of 365 nm UV light. The fluorescent intensity
decreased slightly with the increase of irradiation time, and
only 17% decrease in fluorescent intensity was observed after
continuous irradiation for 30 min (Fig. 5B). The influence of
scanning times on the fluorescent intensity was also investi-
gated. The fluorescent intensity of NB-CQDs remained
unchanged after scanning for 30 times (Fig. S91). We also
studied the temperature effect on the fluorescent intensity of
NB-CQDs. Surprisingly, we noticed that the increase in
temperature could result in a red shift of the fluorescence
emission spectrum and a slight reduction in fluorescence
intensity (Fig. S107), revealing that the NB-CQDs may be con-
structed into nano-thermometers. These results revealed that
the good stability of NB-CQDs. Moreover, the pH effect on the
fluorescent intensity of NB-CQDs was also measured. The pH of
the solution exhibited great influence on the fluorescent
intensity of NB-CQDs. In the pH range of 1-8, the fluorescence
intensity increased with the increase in the pH value, and the
fluorescence intensity was the highest at pH 8. Further increase
of the pH value could result in a gradual decrease in

View Article Online
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fluorescence intensity (Fig. 6A). The pH-responsive properties
showed NB-CQDs the potential application in pH sensing. We
thus chose pH 8.0 for the following experiments.

3.5 Effect of metal ions on the fluorescence intensity of NB-
CQDs

Due to the presence of rich functional groups on the surface of
NB-CQDs, metal ions may greatly affect the fluorescence
intensity of the NB-CQDs. For the test, 14 metal ions, including
Al3+, Ba2+, Caz+’ Cd2+, C02+, Cr3+’ Cu2+, Fes+, Hg2+’ ng, an+’
Pb*", Zn>*, and Cr,0,>", were chosen to study the influence on
the fluorescence intensity of the NB-CQDs at 515 nm. Their
concentrations were 200.0 pM. As shown in Fig. 6B, only
Cr,0,%~ could cause the significant decrease of the fluorescence
intensity, and other metal ions showed slight impact on the
fluorescence intensity of NB-CQDs. The results demonstrated
that the as-prepared NB-CQDs could be utilized for sensing
Cr,0,% in aqueous solution.

3.6 Detection of Cr,0,>~ with NB-CQDs

Cr(vi) is highly toxic and carcinogenic to humans, and cause
different disorders and severe environmental problems.* It is
thus essential to develop a new method for selectively deter-
mination trace levels of Cr(vi). Cr,0,>~ is the dominant form of
Cr(vi) in nature. Thus, the detection of Cr,0,”  is of great
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importance. The fluorescent detection of Cr,0,>  could be
realized by using NB-CQDs. Different concentration of Cr,0,>~
was added into the NB-CQDs solution, and the corresponding
fluorescent spectra were recorded. With the increase of
Cr,0,°~ concentration, the fluorescence intensity of NB-CQDs
continuously decreased. And the shape and position of the
fluorescence spectra did not changed obviously (Fig. 7A). A
plot about the fluorescence intensity ratio (I/I,) against
Cr,0,>~ was obtained. Notably, a good linearity (R = 0.995)
between I/I, and the concentration of Cr,0,>" in the range of
0-250 uM was established, revealing that the as-prepared NB-
CQDs have the potential to detect Cr,0,>~ in aqueous solution
(Fig. 7B). Moreover, the lowest detection concentration of
Cr,0,°~ was 0.5 uM, which was not comparable to that of the
reported nanosensors for Cr,O,> (Table S1t).2°-2* However,
the value was much below the allowed lowest concentration in
drinking water set by the US Environmental Protection
Agency.”>*> Most importantly, the linear range is much wider
than those reported results (Table S11), revealing that the NB-
CQDs have the potential to detect Cr,0,>  in some practical
samples.

3.7 Practical application of NB-CQDs for the detection of
Cr,0,> in real water samples

The applicability of the NB-CQDs-based fluorescent sensor
was validated by the detection of Cr,0,*" in tap water and lake
water. The real water samples were diluted to 50 times. The
analysis results were shown in Table S2.f Cr,0,>~ was not
determined in tap water and lake water, indicating that
there was no Cr,0,>~ or the Cr,0,>~ concentration in the two
real water samples was lower than the lowest detection
concentration of NB-CQDs. Then, different concentration of
Cr,0,%>~ was added into the NB-CQDs solution and the cor-
responding fluorescent intensity was recorded. Compared
with the initial addition of Cr,0,%", the final recoveries were
determined between 102.0% and 113.4%, revealing that the
NB-CQDs could be applied to detect Cr,0,2 in some real
water samples.
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3.8 Detection mechanism of Cr,0,>~ with NB-CQDs

The fluorescence quenching mechanism of NB-CQDs against
Cr,0,°" is still a matter of current debate and requires further
elucidation. The UV-vis absorption spectra were first utilized to
elaborate the fluorescence quenching mechanism of NB-CQDs.
As indicated in Fig. S11,f the maximum absorption spectrum of
K,Cr,0, partially overlapped with the excitation spectrum of
NB-CQDs, suggesting that the Cr,0,* -caused fluorescence
quenching of NB-CQDs was ascribed to the inner filter effect.”
Moreover, the addition of NB-CQDs could enhance the absor-
bance of K,Cr,0- at 370 nm. And the addition of K,Cr,0O- could
change the absorption spectrum of NB-CQDs, demonstrating
that the fluorescence quenching mechanism was static
quenching mechanism (Fig. S121).>*** And the fluorescence
lifetime test can be utilized to reveal the fluorescence quench-
ing mechanism because the static quenching process is related
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Fig. 8 Handwritten letters, number and Chinese characters using NB-
CQDs as ink on Xuan paper (A and B) and weighing paper (C and D)
under visible light (A and C) and 365 nm UV light (B and D).
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Fig. 7 (A) Fluorescence emission spectra of NB-CQDs in the presence of different concentration of Cr,0,2~. (B) The plot of /Iy versus of the
concentration of Cr,O,2~, inset: the linear relationship between I/lo and the concentration of Cr,O,2~ in the range from 0 to 250 pM (performed
in pH 8.0, 50 mM phosphate buffer; excitation wavelength is 410 nm, | and /o were the fluorescence intensity of NB-CQDs in the presence and

absence of Cr,0,°", respectively).
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(A) Cell viability of Hela cells after 24 h incubated with NB-CQDs by MTT assay. (B) Confocal fluorescence images of Hela cells labeled

with NB-CQDs (100 pg mL™%) excited with a 405 nm laser and bright field (C), the scale bar is 25 pm.

to the unchanged fluorescence lifetime of NB-CQDs.>*** The
lifetime of NB-CQDs was about 3.3581 ns. However, in the
presence of 100 and 500 uM, the lifetime of NB-CQDs was
3.3857 ns and 3.3708 ns, respectively (Fig. S131). The altered
lifetime indicated the fluorescence quenching mechanism of
NB-CQDs by Cr,0,°~ was dynamic quenching.?® These results
could effectively confirm the inner filter effect contributed the
fluorescence quenching of NB-CQDs. And static and dynamic
quenching also caused the fluorescence quenching mechanism.

3.9 Anti-counterfeiting of NB-CQDs

We further investigated the application of NB-CQDs for anti-
counterfeiting. We first found that the NB-CQDs could be
used as ink for writing letters, number and Chinese characters
Xuan Paper and weighing paper. With the decrease of the
concentration of NB-CQDs, these letters, number and Chinese
characters gradually changed from light yellow to colorless
under visible light. However, upon the irradiation of 365 nm UV
light, they were clearly observed with blue color (Fig. 8). And the
blue fluorescence still retained after three months, revealing
that the NB-CQDs could be utilized for anti-counterfeiting. The
NB-CQDs could be mixed with PVA solution to fabricate NB-
CQDs/PVA film, which was transparent and exhibited light
yellow under visible light. However, the film showed blue
emission in 365 nm UV light (Fig. S141). In the excitation
spectrum of NB-CQDs/PVA film, the maximum excitation
wavelength was located at about 420 nm, which showed a weak
red shift when compared with the NB-CQDs in solution
(Fig. S15A1). And the emission spectra of NB-CQDs/PVA film
excited with different wavelengths were shown in Fig. S15B.1
The NB-CQDs/PVA film displayed wavelength-independent
emission and the maximum fluorescence emission at about
450 nm with excitation wavelength of 420 nm. Surprisingly, the
maximum fluorescence emission wavelength exhibited a large
blue shift when compared with NB-CQDs in aqueous solution,
which may be attributed to the alteration of average NB-CQDs: -
NB-CQDs distance.””*® The compactness of the NB-CQDs/PVA
film induced the interaction between these NB-CQDs, thus
increasing the average NB-CQDs:---NB-CQDs distance, resulting
into the blue shift in the fluorescence emission.”

48392 | RSC Adv., 2017, 7, 48386-48393

3.10 Cell imaging with NB-CQDs

In order to evaluate the cytotoxicity of the as-prepared NB-CQDs,
MTT assays were carried out.*>***® Therefore, HeLa cells were
selected as representative cell lines to incubate with NB-CQDs at
different concentrations for 24 h. As shown in Fig. 94, the cell
viability decreased by 17% when the concentration of N-CQDs
reached up to 100 ug mL ™. These results clearly revealed that
the as-synthesized NB-CQDs showed low cytotoxicity to living
cells when compared with those semiconductor QDs.** The good
water solubility and low cytotoxicity of the NB-CQDs could be
applied for cell imaging with confocal microscopy. And HeLa
cells were incubated with NB-CQDs (100 pg mL ™) for 20 min at
37 °C. As shown in Fig. 9B and C, a bright blue-green fluores-
cence was observed inside the cells, indicating that the NB-CQDs
were quickly internalized by the HeLa cells. The above results
suggested that the NB-CQDs exhibited good biocompatibility,
low cell cytotoxicity, and could be used for cell imaging.

4. Conclusions

In summary, we have presented a method for the synthesis of
NB-CQDs through the hydrothermal method using 2-HPBA and
EDA in aqueous solution. The as-prepared NB-CQDs exhibited
bright yellow-green emission, excellent stability in aqueous
solution with high ionic strength and good biocompatibility. The
NB-CQDs could be utilized to sense Cr,0,>~ in aqueous solution
due to the Cr,O,> -induced fluorescence quenching. In the
sensing system, as low as 0.5 uM Cr,0,”~ can be successfully
detected and a good linear relationship in the range of 0-250 uM
has been obtained. And the NB-CQDs can be also used as ink for
writing on different paper, revealing the NB-CQDs can be applied
for anti-counterfeiting. Moreover, the NB-CQDs exhibited low
cytotoxicity and good biocompatibility, which is favorable for
bioimaging applications. And the NB-CQDs were successfully
applied for fluorescence imaging in HeLa cells. Therefore, the
NB-CQDs exhibit great potential applications in various fields.
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