Analytica Chimica Acta xxx (2018) 1-11

journal homepage: www.elsevier.com/locate/aca

Contents lists available at ScienceDirect

Analytica Chimica Acta

Red emission nitrogen, boron, sulfur co-doped carbon dots for “on-off-
on” fluorescent mode detection of Ag™ ions and L-cysteine in complex
biological fluids and living cells

Shan Huang * ", Erli Yang ?, Jiandong Yao ¢, Yi Liu *°, Qi Xiao >~

2 College of Chemistry and Materials Science, Guangxi Key Laboratory of Natural Polymer Chemistry and Physics, Guangxi Teachers Education University,

Nanning 530001, PR China

b College of Chemistry and Molecular Sciences, Wuhan University, Wuhan 430072, PR China

HIGHLIGHTS

GRAPHICAL ABSTRACT

e One-step hydrothermal synthesis of
red emission NBS-CDs is reported.

e NBS-CDs exhibit excellent biocom-
patibility and negligible cytotoxicity
to human cancer cells.

e NBS-CDs-based fluorescent “on-off-
on” sensor was applied for Ag* and L-
Cys determination.

e This fluorescent “on-off-on” sensor
was used for visual detection of Ag™
and L-Cys in living cells.
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Herein, a simple and efficient fluorescent assay for Ag" ions and 1-cysteine (L-Cys) in complex biological
fluids and living cells was first developed based on the fluorescent “on-off-on” mode of red emission
nitrogen, boron, sulfur co-doped carbon dots (NBS-CDs). Red emission NBS-CDs were prepared via one-
step hydrothermal synthesis by using 3-aminobenzeneboronic acid and 2,5-diaminobenzenesulfonic
acid as precursors. Such NBS-CDs exhibited excellent optical properties and relatively high absolute
fluorescent quantum yield compared with some reported NBS-CDs. Due to the strong quenching ability
of Ag" ions on the fluorescence of NBS-CDs, red emission NBS-CDs were used for the determination of
Ag" ions with high sensitivity and excellent selectivity. The fluorescence of NBS-CDs was recovered after
the interaction between Ag™ ions and L-Cys, which realized the specific determination of L-Cys in human
urine samples and human plasma samples. The established NBS-CDs-based fluorescent “on-off-on”
sensor offered a relatively low detection limits of 0.35 uM for Ag* ions and 0.045 uM for L-Cys based on
three times signal-to-noise criteria. Notably, this strategy was applied for the visual detections of Ag™
ions and L-Cys in living human cancer cells (HeLa cells and MCF-7 cells). This method is simple, high
sensitive, and excellent selectivity, which provided a new insight on the potential applications of NBS-
CDs to develop the biosensor in clinical diagnosis and other biologically related areas.

© 2018 Elsevier B.V. All rights reserved.
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As a fascinating type of “zero-dimensional” carbon-based
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nanomaterials, carbon dots (CDs) have drawn huge attentions in
diverse areas due to their easy preparation, unique optical, elec-
tronic, and biocompatible properties [1—3]. In recent years, doped
CDs are recognized as an emerging field of carbon-based nano-
materials, since heteroatoms doping can efficiently tailor the sur-
face defects, tune the electronic energy levels, and modify the
optical properties of CDs [4,5]. Nitrogen (N), sulfur (S), and boron
(B), which are the neighboring atoms with similar atomic radii of
carbon in the periodic table, are the most popular doping atoms in
CDs to efficiently promote their fluorescence properties and pro-
vide available functional groups for target sensing [6—10]. Cheng
et al. reported the synthesis of B, S, and N co-doped CDs as fluo-
rescent probe for selective and sensitive detection of sunset yellow
[7]. Especially, red emission CDs with doping of some special het-
eroatoms exhibit great potential applications in important bio-
related regions. Sun et al. developed a facile route to synthesize S,
N co-doped CDs with red emission for Fe>* and theraonostics [11].
Zhou and co-workers reported a fluorescent probe based on N-
doped CDs with red emission for peculiar detection of Pt>*, Au>",
and Pd%* [12]. Chen’ group synthesized a colorimetric and fluo-
rescent nanosensor based on B, N, S co-doped CDs (BNS-CDs) with
red emission for Fe>* ions in complex biological fluids and living
cells [13]. All these results imply the huge biological applications of
doped CDs with red emission in sensing, target labeling, and cell
imaging.

In recent years, the investigations of biologically crucial cations
and thiol-containing amino acids have attracted great attentions
due to their unique and important functions in wide range of bio-
logical processes [14—18]. Particularly, silver(I) ions (Ag™), which is
one of the most toxic and dangerous heavy metal ions, can pose
severe threats to environment and living organisms due to its wide
employment in industry [14,19]. Especially, Ag" can bind to various
metabolites and inactivate sulfhydryl enzymes, causing significant
cytopathogenic effects on many kinds of cell types [20,21]. On the
other hand, r-cysteine (L-Cys), which is an important biological
thiol-containing amino acid, plays an essential and crucial role in
maintaining the physiological redox homeostasis [15—17].
Abnormal level of L-Cys in living systems has been correlated with
many disease including developmental retardation, encephale-
dema, liver injuries, and Alzheimer's disease [22,23]. In view of the
significances and the considerable concern of Ag* and L-Cys, it is of
particular interest and great importance to exploit relatively inex-
pensive, sensitive, and selective approaches for trace amount of
Agt and L-Cys in environmental and human samples.

In recent years, several traditional analytical methods have been
exploited for Ag® and L-Cys, including atomic absorption spec-
trometry [24], electrochemical technique [25], high performance
liquid chromatography [26], and mass spectrometry [27]. However,
in general, some of the above methods need time-consuming
pretreatments, sophisticated operations, relatively expensive in-
struments, and relatively poor sensitivity for rapid on-site analysis.
Alternatively, a sensitive and specific fluorescence “on-off-on”
mode strategy has received considerable attentions and attracted
widespread interests. Such fluorescence “on-off-on” mode has
been explored to realize simple and sensitive determination of
various metal cations and L-Cys. Zong et al. developed a fluorescent
CDs probes for “off-on” detection of Cu?* and L-Cys in aqueous
solution [16]. Li et al. constructed a fluorescent switch by graphene
quantum dots for rapid and label-free dual detection of Hg>* and L-
Cys [17]. Huang and co-workers reported a N-doped CDs fluores-
cent probe for “off-on” detection of Hg?*, L-Cys, and iodide ions
[28]. Our group also reported the graphene quantum dot coupled
with gold nanoparticle based “off-on” fluorescent probe for L-Cys
[29]. Quietly recently, Liao et al. achieved a fluorescence “on-off-on”
sensor for Agt and L-Cys based on N-doped CDs [19]. Due to the

excellent selectivity in specific targets detection of such “on-off-on”
fluorescent sensor, it should be further studied to exploit their
potential application in biochemical and biomedical detections.
Herein, we innovatively designed a simple and rapid fluores-
cence “on-off-on” sensor for Ag" and L-Cys in complex biological
fluids and living cells based on red emission NBS-CDs. These NBS-
CDs were synthesized by a one-step hydrothermal method by us-
ing 3-aminobenzeneboronic acid and 2,5-diaminobenzenesulfonic
acid as precursors. Due to the co-doping of N, B, and S atoms,
these NBS-CDs exhibit excellent optical properties, good biocom-
patibility, and negligible cytotoxicity on human cells. Moreover, it
can be used for the efficient detection of intracellular Ag* and L-Cys
with excellent biocompatibility and cellular imaging capability,
which is regarded as a potential candidate in clinical diagnosis.

2. Experimental section
2.1. Reagents and materials

3-Aminobenzeneboronic acid and 2,5-diaminobenzenesulfonic
acid were purchased from Makclin Biochemical Co., Ltd
(Shanghai, China). L-Cys and all other biological reagents were
obtained from Sigma Reagents Company (St. Louis, MO, USA). Silver
nitrate (AgNOs) and all other chemicals were obtained from
Aladdin Chemical Reagent Co., Ltd (Shanghai, China). Human cer-
vical carcinoma Hela cells and human breast carcinoma MCF-
7 cells were obtained from Gaining Biological Co., Ltd (Shanghai,
China). All other biological reagents for cell culture were purchased
from Thermo Fisher Instrument Co., Ltd (Suzhou, China). All re-
agents were of the highest commercially available purity and were
used as received. Ultrapure water with resistivity of 18.2 MQ cm
was produced by passing through a RiOs 8 unit followed by a
Millipore-Q Academic purification set (Millipore, Bedford, MA,
USA) and was used throughout the whole experiments.

2.2. Synthesis of NBS-CDs

Red emission NBS-CDs were synthesized by the modified hy-
drothermal = methods [13].  Firstly, 0108g of  3-
aminobenzeneboronic acid and 0.150¢g of 2,5-
diaminobenzenesulfonic acid were dissolved in 20 mL of ultra-
pure water, and then the mixture was sonicated for 10 min. The pH
of the mixture was mediated to 3.0 by addition of HCI solution
(0.1 M). Then, the homogeneous solution was transferred into the
Teflon-lined autoclave chamber and heated at 180°C for 8h
(Figs. S1 and S2). After the reaction, the solution was filtered with
0.22 um cellulose filter paper to remove large precipitates. The pH
of the mixture was mediated to around 7.0 by addition of NaOH
solution (0.1 M). Crude product was firstly dialyzed against ultra-
pure water for 24 h in a dialysis bag with a cut-off molecular weight
of 500 Da (Shanghai Green Bird Science & Technology Development
Co., China). Then, the solution inside the dialysis bag was further
dialyzed against ultrapure water for 48 h through a cut-off molec-
ular weight of 1000 Da (Shanghai Green Bird Science & Technology
Development Co., China). The final solution outside the dialysis bag
was collected and concentrated to be about 50 mL by rotary evap-
oration at 65 °C. The final solid NBS-CDs were obtained after vac-
uum freeze-drying for 48h and stored at 4°C for further
applications.

2.3. Instruments and characterizations of NBS-CDs
UV-vis absorption spectra were recorded on Shimadzu UV-3600

Plus UV-VIS-NIR spectrophotometer (Shimadzu, Japan). Fluores-
cence spectra were recorded on Thermo Scientific Lumina
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fluorescence spectrometer (Thermo Fisher Scientific, USA). Time-
resolved fluorescence spectra were obtained using the time-
correlated single-photo counting (TCSPC) system on Horiba Sci-
entific QM-8075 high sensitivity steady state transient fluorescence
spectrometer (HORIBA, Japan). Fourier transform infrared spec-
troscopy (FT-IR) spectrum was recorded on Thermo Nicolet iS10
spectrometer (Thermo Fisher Scientific, USA). Transmission elec-
tron microscopy (TEM) images were taken on Tecnai G2 F20S-
TWIN field emission microscope (FEI, USA). X-ray diffraction (XRD)
was recorded on Brucker D-8 Advance Powder X-ray diffractometer
(Brucker, Germany). X-ray photoelectron spectroscopy (XPS) data
were measured on ESCALAB 250Xi X-ray Photoelectron Spectros-
copy (Thermo Fisher Scientific, USA). Elemental analysis was
measured on Vario EL/Micro Cube organic element analyzer (Ele-
mentar Analysensysteme GmbH, Germany). Confocal fluorescence
microscopy images were taken using Nikon A1 confocal laser
scanning microscope (Nikon, Japan). The pH values were measured
using Sartorius PB-10 pH meter (Sartorius, China).

2.4. Calculation of fluorescent quantum yield and fluorescent
lifetime of NBS-CDs

Absolute fluorescent quantum yield (QY) of NBS-CDs was
measured using Horiba Scientific QM-8075 high sensitivity steady
state transient fluorescence spectrometer (HORIBA, Japan) with
excitation wavelength of 520 nm. The absolute fluorescent QY is
represented simply by the following equation: QY = [Lemission/
([Esolvent - [Esample) [30]. In this equation, Lemission is the photo
numbers of the emission spectrum of NBS-CDs, collected using the
sphere; Esample and Esolvent are the photo numbers of the excitation
light used to excite the sample and the solvent (ultrapure water),
respectively, collected using the sphere.

Fluorescent lifetime of NBS-CDs was obtained using the time-
correlated single-photo counting (TCSPC) system on Horiba Sci-
entific QM-8075 high sensitivity steady state transient fluorescence
spectrometer (HORIBA, Japan) with excitation wavelength of
520 nm. Decay traces for the samples were well fitted with the
biexponential function based on nonlinear least-squares, according
to the reported equations [31].

2.5. Detection of Ag™ and L-Cys in complex biological fluids

In a typical Agt detection experiment, 100 pL of Ag™ solution
with a concentration ranging from 1 to 1500 pM was added into
HEPES buffer (0.02 M, pH 7.0) containing 100 pug/mL of NBS-CDs.
The mixture was incubated at room temperature for 3 min. For L-
Cys detection, 100 uL of L-Cys solution with a concentration ranging
from 0.1 to 500 uM was added into HEPES buffer (0.02 M, pH 7.0)
containing 100 pg/mL of NBS-CDs and 400 uM of Ag' at room
temperature for 2min. Then, the fluorescence spectra were
measured within the wavelength range of 550—750 nm under
520 nm excitation. The band-slits of excitation and emission were
all set as 10.0 nm. The fluorescence intensity of NBS-CDs at 605 nm
was used for the quantitative analysis of Ag™ and L-Cys.

For L-Cys detection in real samples, human urine samples and
human plasma samples were provided by healthy male and female
adult volunteers in our laboratory. All experiments were performed
in compliance with the relevant laws and institutional guidelines.
Informed consent was obtained from all subjects for all experi-
mentations with human subjects. Informed consent was obtained
from all subjects and the experiments were approved by the cor-
responding Institutional Committee of Guangxi Teachers Education
University. Human urine samples were firstly centrifuged at 2000 g
for 10 min, and then the filtrate was diluted for a hundred times
with HEPES buffer and stored at 4°C before detection. Human

blood samples (1 mL) were centrifuged at 8000 g for 6 min to get
rid of blood cells and blood platelet. Then 0.3 mL of acetonitrile was
added into plasma solution to precipitate proteins with vigorous
stirring. After incubation for 20 min, the solution was centrifuged at
8000 ¢g for 20 min, and then supernatant was transferred into a
2 mL Eppendorf tube. The pretreated human plasma samples were
diluted for fifty times with HEPES buffer and stored at 4 °C before
detection [32]. The concentrations of L-Cys in human urine samples
and human plasma samples were calculated using the calibration
curve obtained in aqueous buffer.

2.6. Detection of Ag* and L-Cys in living cells

Firstly, the cytotoxicity of NBS-CDs on HeLa cells and MCF-7 cells
were investigated by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetra-zolium bromide] assay. All cells were seeded in 96-
well plates in Dulbecco's modified eagle medium (DMEM) me-
dium (10% FBS and 1% penicillin-streptomycin) and cultured at
37°C in a humidified 5% CO, for 24 h. Then, different concentra-
tions of NBS-CDs (0, 20, 30, 60, 100, 200, and 300 pg/mL) were
added into the cells for further incubation at 37 °C for 24 h and 48 h,
respectively. Then, 20 pL of MTT (5 mg/mL) was added into each
well and the cells were incubated for additional 4 h. The culture
medium was removed, and the mixtures were dissolved in 200 puL
of dimethyl sulfoxide (DMSO) with continuous shaking for 10 min.
The optical density (OD) of the purple formazan in each well at
490 nm was measured using an enzyme-linked immunosorbent
assay (ELISA) plate reader with pure DMSO as the blank. The
cytotoxicity is calculated by this equation: cell viability
(%) = ODtreated/ODcontrol X 100, where ODcontrol and ODyreated are the
OD of the cells before and after the treatment with NBS-CDs,
respectively. Results were expressed as their mean standard de-
viations of six replicate experiments.

For detection of Ag™ and L-Cys in living cells, HeLa cells and
MCF-7 cells were seeded onto 35 mm glass bottom culture dishes
and grown in DMEM medium (10% FBS and 1% penicillin-
streptomycin) with a humidified atmosphere containing 5% CO,
at 37 °C for 24 h. Then, the culture medium was discarded and the
cells were incubated with 2 mL of NBS-CDs (100 pg/mL) for another
6 h. For imaging of living cells treated with Ag™, the cells were
incubated with 2mL of NBS-CDs (100 pg/mL) before or after
treating with different concentrations of Ag* for 5 min. For imaging
of living cells treated with Ag"™ and L-Cys, the cells were incubated
with 2 mL of NBS-CDs (100 pg/mL) and Ag™ (400 uM) before or after
treating with different concentrations of L-Cys for 8 min. After the
incubation, the cells were washed with HEPES buffer (0.02 M, pH
7.0) for three times. Confocal microscopy images were immediately
captured at room temperature on a laser scanning confocal mi-
croscopy (Nikon A1, Japan) using a digital camera.

3. Results and discussions
3.1. Characterization of NBS-CDs

As shown in Fig. 1a, NBS-CDs are almost spherical in shape and
monodisperse in water without apparent aggregation. As further
shown in the insert of Fig. 1a, high resolution TEM image taken
from one particle dot shows an obvious lattice spacing of 0.21 nm,
which is attributed to the in-plane lattice spacing of graphene
structure (100 facet) [33]. Based on the statistical analysis of more
than one hundred particles, these NBS-CDs displays the size dis-
tribution between 1.5nm and 4.0 nm with an average size of
2.84 nm (Fig. 1b). Further shown in Fig. 1c, NBS-CDs exhibits broad
20 patterns at around 24.1° and 42° which are ascribed to disor-
dered carbon atoms with the lattice spacing of 002 facet and 100
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Fig. 1. (a) Typical TEM images of NBS-CDs. Insert: magnification of a single nanoparticle. (b) Diameter size distribution curve of NBS-CDs. (c) XRD spectrum of NBS-CDs. (d) FT-IR

spectrum of NBS-CDs.

facet for the high degree graphitization of NBS-CDs [9,34]. The XRD
peak at 24.1° of NBS-CDs is corresponding to an interlayer spacing
of 0.37 nm that is a little larger than the interlayer spacing in
graphite of 0.34nm, attributing to the introduction of more
surface-attached amine or amido moieties [35]. Such NBS-CDs can
be used as fluorescent probes for transporting the efficient and
therapeutic moieties for targeted drug delivery.

Functional groups of NBS-CDs were further characterized by FT-
IR spectrometry. As shown in Fig. 1d, the absorption peaks from
3500cm~! and 3000 cm™~! are attributed to the characteristic vi-
bration bands of O—H and N—H bonds on the surface of the NBS-
CDs [36]. Broad absorption peaks at 2881.10cm~! and
2591.81 cm ™! are assigned to the bending and stretching vibrations
of C—H and S—H bonds, respectively [37]. A new obvious peak
appeared at 2084.80 cm~! is assigned to the —SCN— group [11].
Three sharp and distinct absorption peaks at 1582.62cm™},
1517.23 cm ™}, and 1442.99 cm™! are resulted from the stretching
vibrations of C=0, C=C, and C—N bonds, respectively [11,13]. The
absorption peak at 1358.51 cm™! is ascribed to the stretching vi-
bration of C—C, C-S, C—0-C, and B—O bonds, respectively [9,38].
Three tight absorption peaks at 1134.52 cm™~', 1084.95 cm™, and
1025.45 cm™! are assigned to the B—O—H bending vibration, C—B
stretching vibration, and the B-O-H deformation vibration,
respectively [13,39]. All these absorption peaks suggest the suc-
cessful doping of N, B, and S atoms in the prepared NBS-CDs.

More detail elemental contents and surface composition of NBS-
CDs were investigated by XPS spectra. As shown in Fig. 2a, the full
survey XPS spectrum of NBS-CDs clearly exhibits five typical peaks

at 168.19 eV, 191.24 eV, 284.82 eV, 401.32 eV, and 531.36 eV, which
are attributed to the characteristic binding energy signals of S 2p, B
1s,C1s,N 1s,and O 1s, respectively. EDS spectrum further confirms
the existences of S, B, C, N, and O elements (Fig. S3). The elemental
analysis indicates the composition of NBS-CDs as C 35.38 wt %, H
512wt %, N 11.47 wt %, B6.25 wt %, S 10.15 wt %, and O (calculated)
31.63 wt % (Table S1a). According to the results of elemental anal-
ysis, the empirical formula of NBS-CDs is calculated to be approx-
imately C37HgaN19B7S4025 (Table S1b). The high-resolution C 1s
spectrum indicates the presence of C—B (283.89eV), C—C/C=C
(284.78 eV), C-0/C-S (285.55eV), and C—N/C-O (286.00eV),
respectively (Fig. 2b) [34,40]. The high-resolution N 1s spectrum
shows three dominant peaks at 401.95 eV, 401.20 eV, and 399.48 eV
which are assigned to N—H, C—N, and C—N-C, respectively (Fig. 2c)
[9,41]. The high-resolution B 1s spectrum shows three peaks at
192.23 eV,191.10 eV, and 190.43 eV, assigned to B—S, B—0, and B-C,
respectively (Fig. 2d) [9]. The high-resolution S 2p spectrum shows
three peaks (Fig. 2e): the peaks at 167.90 eV and 168.45 eV corre-
spond to S 2p>/2 and S 2p!/? spectra of the C—S—C covalent bond
[11], another peak at higher energy (167.9eV) is assigned
to —C—SOx— (x = 2, 3, and 4) species [42]. The high-resolution O 1s
spectrum also shows three peaks at 532.93 eV, 532.08 eV, and
531.15 eV, assigned to O=C-0, C-0, and C=0, respectively (Fig. 2f)
[43]. The results of FT-IR and XPS spectra confirm that N, B, and S
atoms are perfectly co-doped in CDs, and some related functional
groups (hydroxyl, carboxyl, and amino groups) are existed on the
surface of NBS-CDs.
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Fig. 2. XPS survey spectrum (a), C 1s XPS spectrum (b), N 1s XPS spectrum (c), B 1s XPS spectrum (d), S 2p XPS spectrum (e), and O 1s XPS spectrum (f) of NBS-CDs.

3.2. Optical properties of NBS-CDs

Optical properties of NBS-CDs were investigated by UV-vis ab-
sorption spectrometry and fluorescence spectrometry. As shown in
Fig. 3a, NBS-CDs exhibit two typical absorption peaks at 234 nm
and 286 nm, respectively, resulting from the = — #™* electronic
transition of the aromatic sp? carbon in NBS-CDs [33]. Furthermore,
the maximum excitation and emission peaks of NBS-CDs are
located at 520 nm and 605 nm, respectively. Under the excitation of
a hand-held UV lamp with 365 nm, the light red NBS-CDs aqueous
solution emits a bright red fluorescence (insert in Fig. 3a). The
Commission International d’Eclairage (CIE) 1931 2° chromaticity
diagram [44] shows that these NBS-CDs emit red light with CIE
color coordinates of CIE 1931: (X, y)=(0.6027, 0.3966) and CIE 1976:
(u, v')=(0.3678, 0.5446) (Fig. S4). However, unlike most reported
CDs, these NBS-CDs shows an excitation wavelength-independent
feature during the range of the excitation wavelength. As shown
in Fig. 3b, when the excitation wavelength increases from 410 nm to
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530 nm, the emission wavelength of NBS-CDs is independent of the
excitation wavelength. It can be speculated that the doping of N, B,
and S atoms can mediate both the sizes and the surface states of
CDs, resulting in the relative uniform size distribution and surface
state of NBS-CDs [13].

To evaluate the optical stability of NBS-CDs, the influences of
longtime irradiation by UV light, pH value, and ionic strength on
their fluorescence intensity were investigated. The preliminary
experimental results showed that the fluorescence intensity of
NBS-CDs was not significantly changed even under continuous
irradiation of 365 nm UV light for 90 min (Fig. S5), wide range of pH
values from 3 to 8 (Fig. S6), and ultrahigh concentration of NaCl
solution (1.5M) (Fig. S7). According to the TCSPC system, the
average fluorescence lifetime of NBS-CDs (excited at 520 nm) was
calculated to be around 1.35 ns (Fig. S8). The absolute fluorescence
QY of NBS-CDs (excited at 520 nm) was calculated to be 11.6% by
using the integrating sphere, which was two times higher than the
reported NBS-CDs by using 4-aminobenzeneboronic acid as the
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Fig. 3. (a) UV-vis absorption spectrum of NBS-CDs, excitation spectrum of NBS-CDs at Aery, = 605 nm, and emission spectrum of N,B-CDs at Aex = 520 nm. Insert: Photograph of NBS-
CDs under the excitation of white light (Left) and UV lamp with 365 nm (Right). (b) Fluorescence spectra of NBS-CDs with the excitation wavelength increasing from 410 nm to

530 nm.
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reactant [13]. Therefore, the as-prepared NBS-CDs with excellent
fluorescence property even under extremely harsh conditions fa-
cilitates their potential biological applications in sensing, analysis,
and cells imaging.

3.3. Detection mechanism of Ag™ and L-Cys

Such NBS-CDs are found to display an interesting “on-off-on”
three-state emission with the stepwise addition of Ag* and L-Cys.
As illustrated in a proposed sensing process of Scheme 1, the
fluorescence of NBS-CDs can be quenched by Ag™ due to its che-
lation with NBS-CDs, which facilitates the charge transfer from the
excited state of NBS-CDs to Ag" [32]. Due to the stronger binding
interaction of Agt with L-Cys, Ag"™ can be taken away from the
surface of NBS-CDs after the addition of L-Cys [15,32]. During this
process, the fluorescence of NBS-CDs changes from “on” to “off” and
then “on” again. The interactions among NBS-CDs, Ag™, and L-Cys
were confirmed by UV-vis absorption spectrometry and the fluo-
rescence lifetime experiment. As shown in Fig. 4a, the absorption
peaks of NBS-CDs shift to the longer wavelength (from 520 nm to
655 nm) after the addition of 400 uM of Ag™, which proves that Ag™
indeed complexes with NBS-CDs (insert in Fig. 4a). When 400 pM of
L-Cys is present, the absorption peaks of NBS-CDs shift to its former
position again. Further shown in Fig. 4b, the average fluorescence
lifetime of pure NBS-CDs is calculated to be 1.35 ns, consisting of a
short lifetime component of 1.24 ns (86.88%) and a long lifetime
component of 3.53 ns (13.12%). However, the presences of 400 M
of Ag* and 400 pM of L-Cys can not vary the average fluorescence
lifetime of NBS-CDs significantly (insert in Fig. 4b). Since the
average fluorescence lifetime of NBS-CDs remains almost constant
before or after the addition of Ag™, the fluorescence quenching
mechanism of NBS-CDs/Ag™ system is static fluorescence quench-
ing process [29]. All these findings make the as-prepared NBS-CDs
behave as a potentially bifunctional sensor for the recognition of
Ag" and L-Cys.

3.4. Detection of Ag™ and L-Cys in complex biological fluids

Based on the fluorescence “on-off-on” mode of NBS-CDs/Ag™"/L-
Cys system, NBS-CDs can be used as the fluorescent sensor for the
determination of Ag™ and L-Cys with good selectivity and high
sensitivity. In order to obtain the best sensing response, some
analytical parameters were optimized systematically: (a) Amount
of NBS-CDs; (b) Concentration of Ag*; (c) pH value of HEPES buffer;
(d) Reaction time of NBS-CDs/Ag™ system; (e) Reaction time of NBS-
CDs/Ag"/L-Cys system. As shown in Figs. S9 and S10, the below
optimal analytical parameters are found to get the best result: (a)
Amount of NBS-CDs of 0.1 mg/mL; (b) Concentration of Ag™ of
400 puM; (c) HEPES buffer with pH 7.0; (d) Reaction time of NBS-

520 nm 520 nm

605 nm

605 nm

CDs/Ag™ system of 3 min; (e) Reaction time of NBS-CDs/Ag*/L-Cys
system of 2 min.

Under the optimal conditions, the Ag™ solution with different
concentrations was added into the NBS-CDs solution and then the
fluorescence spectra were recorded to investigate the sensitivity of
this sensor. As exhibited in Fig. 5a, the fluorescence intensity of
NBS-CDs decreases dramatically with the increasing concentration
of Ag™. The relationship between the relative fluorescence intensity
of NBS-CDs and the concentration of Ag™ was also investigated
(Fig. 5b). It is obvious that the relative fluorescence intensity of
NBS-CDs displays a good linear relationship to the concentration of
Ag" in the range from 1pM to 300 uM with a good correlation
coefficient of 0.9987. The fitted linear regression equation is I/
1=5.13 x 103 x [Ag*] (uM) + 1, where Iy and I are the fluorescence
intensities of NBS-CDs in the absence and presence of AgT,
respectively. The limit of detection for Ag' is calculated to be
0.35 uM according to the three times signal-to-noise criteria.

This fluorescent sensing assay can be further applied to detect L-
Cys. When L-Cys is added into the NBS-CDs/Ag" system, the level of
the fluorescence quenching of NBS-CDs is limited in proportion to
the concentration of L-Cys. As shown in Fig. 6a, it is clear that the
fluorescence of NBS-CDs is recovered gradually with increasing
concentration of L-Cys. Fig. 6b shows the relationship between the
relative fluorescence intensity of NBS-CDs and the concentration of
L-Cys. It is obvious that the relative fluorescence intensity of NBS-
CDs shows a good linear relationship to the concentration of L-
Cys in the range from 0.1 pM to 20 pM with a good correlation
coefficient of 0.9974 (insert in Fig. 6b). The fitted linear regression
equation is I/lo=4.30 x 10* x [L-Cys] (uM) + 1.16, where Iy and I
stand for the fluorescence intensities of NBS-CDs/Ag ™" system in the
absence and presence of L-Cys, respectively. The limit of detection
for L-Cys is calculated to be 0.045 uM according to the three times
signal-to-noise criteria, suggesting the ultrahigh sensitivity of this
fluorescent sensing assay. Comparing the performance of the pre-
pared NBS-CDs with the previously reported probes for L-Cys
(Table S2), the sensitivity of this sensor was superior. To further
evaluate the practical application of this fluorescent sensing assay,
this NBS-CDs-based fluorescent sensor was applied for the deter-
mination of L-Cys in human urine samples and human plasma
samples. As shown in Table S3, good recoveries and high analytical
precision were obtained in the diluted samples with various con-
centrations of standard L-Cys solution. These results confirm the
reliability and the feasibility of such NBS-CDs-based fluorescent
sensor for monitoring L-Cys in biological samples.

To evaluate the selectivity of the proposed method, the effects of
some potential interferences from common ions for Ag" detection
were investigated. As exhibited in Fig. 7a, most common ions,
except Fe3*, can hardly cause significant alteration on the fluores-
cence intensity of NBS-CDs. It has been reported that tartaric acid

520 nm 605 nm

ey
X

Scheme 1. Schematic illustration of Ag* and L-Cys determinations.
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and ascorbic acid are widely used as the masking agent for Fe3*
[45]. Herein, the interference from Fe3* on the fluorescence in-
tensity of NBS-CDs was effectively eliminated by the addition of
tartaric acid and ascorbic acid (line M-Fe3* in Fig. 7a). Moreover,
Cr(VI) exhibits almost no interference on the fluorescence intensity
of NBS-CDs. Therefore, this method can realize the selective
determination of Ag™. On the other hand, the interferences of some
biological substances in organisms including common ions, car-
bohydrates, and some important amino acids, were investigated. It

can be seen from Fig. 7b that none of these interferents cause
obvious fluorescence alterations. Although higher concentrations
of other thiol-containing molecules, such as glutathione (GSH) and
homocysteine (Hcy), can actually induce a certain amount of fluo-
rescence restoration of the NBS-CDs/Ag™" system, the levels of L-Cys
in human plasma are much higher than those of GSH and Hcy (ca.
20- to 50-fold) [46]. Therefore, the ensemble of NBS-CDs and Ag™
can be implemented as a selective sensing platform for L-Cys in
human plasma samples. All these results demonstrate that the NBS-
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Influences of common ions, carbohydrates, and some important amino acids on the fluorescence intensity of NBS-CDs/Ag" system. Concentrations of GSH and Hcy were 5 uM;
Concentrations of AA, N-L-Cys, and glucose were 100 uM; Concentrations of others were 1 mM.

CDs are potentially employed as a high selective sensor for Ag* and
L-Cys.

3.5. Detection of Ag" and L-Cys in living cells

To evaluate the potential applications of NBS-CDs for intercel-
lular detection of Ag™ and L-Cys, the cytotoxicity and biocompati-
bility of these NBS-CDs were investigated through their incubation
with Hela cells and MCF-7 cells by MTT assays. It seemed that over
80% cell viability was observed after incubating HeLa cells and MCF-
7 cells with NBS-CDs (from 0 to 300 pug/mL) even for 24 h and 48 h
(Fig. S11), so these NBS-CDs exhibit negligible cytotoxicity and good
biocompatibility to living cells. Furthermore, in order to investigate
the influence of these NBS-CDs on the cellular morphology, the
images of HeLa cells and MCF-7 cells pre-incubated with NBS-CDs
were taken by laser scanning confocal microscopy. When Hela
cells and MCF-7 cells were incubated with 300 pg/mL of NBS-CDs at
37°C for 4h, the shape and the structure of these cells were
remained and a significant red emission from the intracellular re-
gion was observed (Fig. S12), demonstrating the feasibility of these

(¢) HeLa cells

20 pm 20 pm

NBS-CDs NBS-CDS/AgJr

(50 uM)

NBS- CDs/Ag
(10 pM)

20 pm

NBS-CDs in living cells imaging.

To further investigate the applicability of these NBS-CDs for
intracellular monitoring Ag™ and L-Cys levels, Ag™ and L-Cys so-
lution with different concentrations were introduced into the NBS-
CDs pretreated cells. The cells were washed with HEPES buffer
(0.02 M, pH 7.0) for three times and then the confocal microscopy
images were immediately captured using a digital camera. It is
observed that NBS-CDs exhibit strong red emission in the inside of
these two cells (Fig. 8a, 8a’, 9a, and 9a’). As further shown in Figs. 8
and 9, the red emission of NBS-CDs is weakened gradually with the
increase of the Ag" concentration. The red fluorescence of NBS-CDs
decreases obviously even in the present of small concentration of
Ag™ (10 uM), suggesting the high sensitivity of these NBS-CDs for
Ag™ detection. On the other hand, L-Cys can efficiently recover the
fluorescence of NBS-CDs. As shown in Figs. 10 and 11, with the
increasing concentration of L-Cys, the red fluorescence of NBS-CDs
is restored to the control emission. The red fluorescence of NBS-CDs
increases distinctly even in the present of 1 uM of L-Cys, further
implying the good sensitivity of these NBS-CDs/Ag™ system for L-
Cys determination. All these results suggest that the as-prepared

20 pm

20 pm 20 pm

" NBS-CDs/Ag"
(500 M)

" NBS- CDs/Ag™
(100 uM)

NBS- CDs/Ag
(200 uM)

Fig. 8. Confocal fluorescence images (a—f) and bright fields images (a’-f') of HeLa cells incubated with NBS-CDs (100 pug/mL) before or after the addition of Ag* with different

concentrations at 37 °C for 5 min.
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Fig. 9. Confocal fluorescence images (a—f) and bright fields images (a'-f') of MCF-7 cells incubated with NBS-CDs (100 ug/mL) before or after the addition of Ag* with different
concentrations at 37 °C for 5 min.
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Fig. 10. Confocal fluorescence images of HeLa cells incubated with NBS-CDs (100 pg/mL) and Ag™ (500 uM) before or after the addition of L-Cys with different concentrations at
37 °C for 8 min.
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Fig. 11. Confocal fluorescence images of MCF-7 cells incubated with NBS-CDs (100 pg/mL) and Ag™ (500 uM) before or after the addition of L-Cys with different concentrations at
37°C for 8 min.
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NBS-CDs can be used for intracellular determinations of Ag™ and L-
Cys with the naked eyes. Therefore, these NBS-CDs are promising
low cytotoxicity, super biocompatibility, and excellent fluorescent
labeling agents for cellular imaging in the optical window.

4. Conclusions

In summary, NBS-CDs-based fluorescent “on-off-on” sensor for
Agt and L-Cys in complex biological fluids and living cells was
developed. Due to co-doping of N, B, and S atoms, NBS-CDs show
excellent optical property, good fluorescent stability, favorable
biocompatibility, and low cytotoxicity on HelLa cells and MCF-
7 cells. These red emission NBS-CDs were used for highly selective
and sensitive detections of Ag* and L-Cys with detection limits as
low as 0.35 uM and 0.045 puM, respectively. Especially, some com-
mon ions, carbohydrates, and important amino acids did not affect
the detections of Ag™ and L-Cys. The proposed NBS-CDs-based
sensing strategy was proven to be a simple and efficient method
for fluorescent “on-off-on” determination mode, which provided
an efficient platform for desirable biological applications in
analytical areas.
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