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ABSTRACT

The dual-emissive N, S co-doped carbon dots (N, S-CDs) with a long emission wavelength were synthesized via solvothermal method. The
N, S-CDs possess relatively high photoluminescence (PL) quantum yield (QY) (35.7%) towards near-infrared fluorescent peak up to 648 nm.
With the advanced characterization techniques including X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy
(FTIR), etc. It is found that the doped N, S elements play an important role in the formation of high QY CDs. The N, S-CDs exist distinct
pH-sensitive feature with reversible fluorescence in a good linear relationship with pH values in the range of 1.0-13.0. What is more, N, S-CDs
can be used as an ultrasensitive Ag* probe sensor with the resolution up to 0.4 uM. This finding will expand the application of as prepared N,

S-CDs in sensing and environmental fields.
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1 Introduction

Carbon dots (CDs), a new class of nanomaterials as a replacement
of conventional semiconductor quantum dots, have emerged in the
past decade and attracted extensive attention [1]. Its excellent
properties include low toxicity, simple and low-cost synthesis
process, high biocompatibility, and excellent fluorescent properties.
Since the discovery of CDs, their fluorescent properties have been
widely utilized for detection probes, biomedical imaging, sensing,
catalysis, anti-counterfeiting, drug delivery, photovoltaic devices,
energy conversion, etc. [2-6]. For example, emerging researches have
shown that fluorescence-based nanosensors have become more and
more important in the fields of life sciences and environmental
sciences due to their fast response and high spatial resolution,
which will remain as one of the frontier fields in today's materials
science research. In addition to its important role in environmental
monitoring and in vivo/vitro bioanalysis, CD-based nanosensors
have also been developed for accurate measurement of pH and Ag".
Nie et al. reported a ratio metric pH sensor using CDs with two
emission wavelengths, which is independently referenced and applied
to the measurement of intracellular pH values and cancer diagnosis
[7]. Liu et al. reported a green and convenient anhydrous method for
the synthesis of fluorescent hydrophilic CDs which exhibit excellent
reversible pH-sensitive property between 3.0-13.0 [8]. Gao et al.
synthesized a water-soluble carbon nanodots by simple one-step
heat treatment of ethylene glycol solution and Ag" [9]. The obtained
CDs show much enhanced photoluminescence [10]. However, most

of the reported CDs stay in blue, green or yellow luminescence with
low quantum yield under the excitation of ultraviolet (UV) light [11],
and only a few examples of red-emissive CDs have been reported.
Blue, green or yellow CDs are unfavorable for biological applications
because of the harm of their short wavelength excitation light
to biosystems or living cells [12]. On the contrary, red-emitting
CDs with long wave length can distinctly broaden the applications
ranges, especially in photothermal therapy, fluorescence sensing,
optoelectronic conversion, bioimaging, photocatalysis, etc. Therefore,
it is highly desirable and a great challenge to develop an effective
and straightforward strategy to prepare red-emission CDs with
higher quantum yield.

Recently, there are some reported red emission CDs, for example,
Sun et al. reported a synthesis of multiple-color-emission CDs by
controlled graphitization and surface function, but only obtained a
low photoluminescence QY of 12.9% from the red emission CDs
[2]. Ding et al. produced efficient red emissive CDs with a PL peak
at 625 nm synthesized from urea and p-phenylenediamine through
hydrothermal method followed by column chromatography [13].
Fan et al. successfully improved the red fluorescent CDs QY of
more than 50% [14]. However, those prepared CDs hardly meet the
critical requirements for applications given either having low QY or
requiring ethanol as solvent. Thus, it is very important to continue
effort on the development of water soluble and long wavelength red
CDs which have high quantum yield and can keep their own
properties and advantages when used in different solvents. Xu et al.
has demonstrated the heteroatom doping is an advanced strategy to
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enhance the QY of CDs without changing the sizes of CDs and
retain their PL properties [15].

Here, we are the first to report the use of N, S co-doping strategy
to prepare red-emission N, S-CDs with high quantum yield on
pH sensor, Ag" detection, and cell imaging. For the synthesis, a
solvothermal route was designed with o-phenylenediamine, L-cystine
and ethanol as raw ingredients. Among them, o-phenylenediamine
is not only the carbon source, but also provides amino functional
species for the fluorescent CDs to achieve excellent photo stability.
The synthesized CDs have small size around 2.97 nm, which show
excitation independent behavior and red fluorescence with the
(maximum) emission peak at 595 and 648 nm, and possess relatively
high quantum yield (35.7%). When used for pH sensing, the N,
S-CDs exhibit excellent pH-responsive and reversible fluorescence
in the wide PH value window of 1.0-13.0, which enables the
application of N, S-CDs as a potential fluorescent pH sensing probe
for environmental samples and living cells. Another exciting finding
is that the red fluorescent carbon dots undergo fluorescence quenching
under the presence of Ag*, which allows the CDs to be used as
rapid and ultrasensitive detector of Ag*. Besides pH sensing and
Ag" detection, it also shows great potential for cell imaging. When
incubated in 293T cells, the N, S-CDs not only exhibited high
biocompatibility, but also largely enhanced the cell imaging quality.
Given the simple synthetic method and excellent performance for
various applications, our findings directly contribute to advancing
the knowledge of both N, S-CDs synthesis and applications.

2 Experimental section

2.1 Materials

o-Phenylenediamine and L-cystine were obtained from Tianjin
Fuchen chemical reagent factory and Energy Chemical Reagent
Co., Ltd., respectively. NaOH, HCI, CuSO,, HgCl,, NaCl, MgCL,
MnClL, AICL;, FeCls, AgNO:; and other metal salts used in the sensing
application section were purchased from Tianjin Guangfu Technology
Development Co., Ltd. All the above reagents are analytical grade and
used without further purification in the experiments. Deionized water
was produced by BK-10B from Dongguanshi Qianjing environmental
equipment Co., Ltd.

2.2 Synthesis of N, S-CDs

In this study, the N, S-CDs were synthesized by solvothermal
method. First, L-cystine (0.125 g) and o-phenylenediamine (0.5 g)
were dissolved in 20 mL of ethanol, and the solution was transferred
into a 50 mL Teflon-lined stainless-steel autoclave. Subsequently, the
autoclave was kept in an oven at 220 °C for 12 h and the autoclave
was cooled down to room temperature naturally. After that, 2 mL
of the original solution of N, S-CDs to 4 mL of NaOH solution
(1.25 mol/L), the mixtures were centrifuged at 10,000 rpm for
10 min, the precipitate was added with ethanol to dissolve, then the
solution was filtered by a cylindrical filtration membrane filter
(0.22 um) for twice. The solution then went through spin dry in a
rotary steaming device to obtain the CDs.

2.3 Characterization of the CDs

The morphology of the as-prepared N, S-CDs was characterized
by transmission electron microscopy (TEM; Model JEM-2100). The
fluorescence measurements were performed with a fluorescence
spectrophotometer (ES5 from Techcomp (China) Ltd.). A fluorescence
spectrometer (FLS980) from Techcomp (China) Ltd. was used to
measure the photoluminescence quantum yield. Rotary steaming
device was from Shanghai Yarong Biochemical Instrument Factory
(RE-5298). First, the sample (10 pL of purified N, S-CDs solution
diluted to 2 mL, with an absorption lower than 0.05 a.u.) was excited
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at 540 nm, and the emission spectrum in the range of 550 to 800 nm
was measured. Then, 2 mL distilled water (blank sample) was
measured under the same conditions. Finally, by comparing the
sample and blank sample, the absolute quantum yield of N, S-CDs
was calculated. The slit width was fixed at 7.5 and 0.75 nm for
excitation and emission, respectively. X-ray photoelectron spectroscopy
(XPS) analysis was carried out using an ESCALAB 250 spectrometer
with a monochromatic X-ray source Al Ka excitation (1,486.6 eV).
Fourier transform infrared spectroscopy (FTIR) spectra were
recorded on a Bruker Vertex 70 v.

2.4 Detection of the of Ag*

The process of detecting Ag* using N, S-CDs as a fluorescent probe
was carried out as follows. 50 pL N, S-CDs were diluted to 10 mL
with deionized water, and then the fluorescence intensity of the
solution was measured and defined as the initial fluorescence intensity
(Fo). Subsequently, 50 uL N, S-CDs solution was sequentially added
to 10 mL of different concentrations of Ag* solution and thoroughly
mixed to equilibrate (the concentration of N, S-CDs in the mixed
solution is 25 pg/mL). The fluorescent intensity (F1) of the mixture
were measured after 5 min. The change of fluorescent intensity is
defined as AF (AF = Fo - F).

2.5 Fluorescent assay of pH

N, S-CDs solutions with different pH value were prepared by adding
20 pL of purified N, S-CDs solution into 2 mL phosphate buffered
saline (PBS) with a variety of pH. Then, the fluorescence spectra
were recorded 3 min later in the wavelength range of 500-750 nm
at an excitation wavelength of 600 nm. All the measurements were
repeated three times and then averaged. The fluorescence intensities
of N, S-CDs were used to evaluate the pH value in PBS buffers.

2.6 Cell imaging

To observe the influence of carbon dots on cell imaging, 293 T cells
were seeded into a 6-well plate with a 12 mm cover slide and cultured
at 37 °C for 24 h. Then, different concentrations of N, S-CDs (0, 1,000,
and 2,000 pg/mL) were separately added in each well. After the
incubation for 8 h at 37 °C, the supernatant was removed, and the
cell was washed with PBS for three times and refilled with 4%
paraformaldehyde. Images were captured with a confocal microscope
(Zeiss LSM880 confocal) and 540 nm was used as excitation wavelength
to measure the fluorescence intensity of N, S-CDs. The animal study
protocol was approved by the Institutional Animal Care and Use
Committee at University of Electronic Science and Technology of
China.

2.7 Hemolysis assay

Fresh blood from mice with heparin sodium was taken as anticoagulant
and then diluted with PBS (pH = 7.4) solution. The diluent was
centrifuged at 2,000 rpm for 5 min, then resuspended in PBS. After
centrifugation, the supernatant was removed until the supernatant
became colorless and transparent. The red blood cells were made
into 2% cell suspension with PBS. Different concentrations of N,
S-CDs (0, 1,000, and 2,000 ug/mL) were added to 2% erythrocyte
suspension (ESD) and incubated at 37 °C for 4 h, where 1% Triton
X-100 was used as positive control and PBS as negative control.
Afterward, the centrifugal (EP) tubes were arranged according to the
concentration of N, S-CDs and photographed. The solution without
red blood cells and with N, S-CDs was used as control to eliminate
the interference of the color of the N, S-CDs. The absorption value
of supernatant was measured at 490 nm (BioTek CYT3MFV).

2.8 The cell cytotoxicity of N, S-CDs

293T cells were inoculated into 96 well (104 per well) plates and
cultured under 5% CO; at 37 °C. Different concentration of N,
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S-CDs (0-2,000 pg/mL) was added to each well for 24 h, then 20 uL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution (5 mg/mL) was added to each well for 4 h. The supernatant
was removed, then 150 mL dimethyl sulfoxide (DMSO) was added
into each well. The plate was placed on a bed and shaked for 15 min.
Finally, the absorbance was determined by microplate readers
(BioTek CYT3MFV) at 570 nm.

3 Results and discussion

The synthesis routes of CDs are mainly divided into two types, top
down approach which downsizes bulk materials into small pieces
and bottom up which builds up structure from carbon-containing
precursors. In this study, the solvothermal treatment, L-cystine and
o-phenylenediamine (mass ratio of 1:4) were dissolved in ethanol
and kept at 220 °C for 12 h. The reaction yielded a dark red-colored
solution, which implied the production of N, S-CDs. The product
was filtered using a cylindrical filter membrane filter (0.22 pm)
to obtain purified N, S-CDs (Fig. 1(a)). Figures S1 and S2 in the
Electronic Supplementary Material (ESM) show the contour plot
and three-dimensional (3D) map of corresponding photoluminescence
spectrum of N, S-CDs. Figure S3 in the ESM shows the results of
UV-visible (UV-vis) spectra, photoluminescence (PL) emission, and
PL excitation spectra taken along the horizontal and vertical dash
line in the corresponding excitation-emission matrix in Fig. S1 in
the ESM. In the process of research, we found that the fluorescence
intensity decreases as the pH value of the solution increases, which
indicates that the synthesized N, S-CDs possess good pH response
property. As shown in Fig. 1(d), the excitation intensity at 560 nm
decreases notably as the pH value increases from 1 to 13, and there
is a linear relationship when pH is less than 3. In other words, it
means the high sensitivity of N, S-CDs towards pH value, as the
fluorescent intensity is significantly reduced when the pH changes
from 1.0 to 13.0 with NaOH, and it can be restored when reverting
the pH from 13.0 to 1.0 with HCI. More strikingly, we can not only
observe the linear change of fluorescence intensity at different pH
value under the excitation of 600 nm, but also observe the color
change of the solution at different pH under UV light (Fig. S8 in the
ESM). Notably, the PH value between 1.0 and 2.0, the fluorescent
intensity is very strong, however, at the pH of 3, it suddenly reduces
and shows almost no fluorescence in the pH range of 8.0 to 13.0,.
After 10 times of changing the pH from 1.0 to 13 and then back to
1.0 again, the fluorescent intensity does not change much from the
origin value under at the same conditions (Fig. 1(e)), which shows
the synthesized N, S-CDs have excellent reversible pH performance
and the N, S-CDs can be used in the detection of extreme acid.
The steady and robust fluorescence of N, S-CDs in extreme acid
solution shows promising material candidates for biomedicine
and environmental applications. Figures 1(b) and 1(c) display the
PL emission spectra of N, S-CDs dispersed in ethanol solution and
acid solution (pH = 1).

The fluorescence spectra of CDs in ethanol show a typical
excitation independent PL behavior, with a maximum at 595 and
648 nm, respectively, while in acid it shifts towards read at 625 and
675 nm. This suggests that different environmental conditions have
an important influence on the optical properties of CDs. Fluorescence
spectra of the N, S-CDs at different precursor ratios of L-cystine
and o-phenylenediamine were summarized in Fig. S9 in the ESM.
More detailed comparison of the PL properties of N, S-CDs in water,
ethanol and acid is available in Fig. S10 in the ESM. It was found
that the PL intensity of the N, S-CDs decreases from ethanol, acid
to water. It also shows that the emission position of the N, S-CDs is
highly sensitive to solvent polarity, which can be attributed to their
small size in Fig. S5 in the ESM. We can obviously see that the PL
characteristics of N, S-CDs remain almost unchanged, indicating
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Figure 1 (a) Schematic of the synthesis of N, S-CDs with red luminescence
(excited by the light of 540 nm); (b) photoluminescence spectra of the N, S-CDs;
(c) photoluminescence spectra of the N, S-CDs in acidic solutions; (d) a linear
relationship between the fluorescent intensity and pH (1.0-3.0) (excitation at
600 nm); (e) the reversible pH-response of the fluorescence behavior of N,
S-CDs between pH 1.0 and 13.0 (excitation at 600 nm).

that their unique PL characteristics can be used in a variety of
applications in these solvent systems. The UV-vis absorption spectra
of the as-obtained mixture in Fig. S7 in the ESM display a noticeable
peak at 273 and 385 nm, respectively, which is usually assigned to
the m—m* transitions of the C=C bonds and the n-m* transition of
conjugated C=0 and C=N. However, in the lower-energy region
from 500 to 650 nm, some new absorption bands appear at 530 and
571 nm in ethanol solution and three more absorption peaks appear
at 510, 590 and 630 nm in acidic solutions. The band at 571 nm is
mainly assigned to the n—n* transition of the conjugated C=S bond.
These new peaks are attributed to n-7* transitions of the aromatic
sp” system containing C=0 and C=N bonds, the C=C bonds, and the
n-7* transition of conjugated C=0 and C=N [13]. Additionally, in
the lower-energy region from 500 to 650 nm, some new absorption
bands appear at 530 and 571 nm in ethanol solution and three more
absorption peaks appear at 510, 590 and 630 nm in acidic solutions.
The band at 571 nm is assigned to the n—m* transition of the conjugated
C=S bond. These new peaks are attributed to n-n* transitions of
the aromatic sp” system containing C=0O and C=N bonds. The PL
excitation spectra of CDs show that the emission was mainly
generated by the absorption bands from the n-n* transition of
the aromatic sp? system containing C=0 and C=N bonds [2, 4].
The emission peaks of N, S-CDs are centered at 595 and 628 nm,
respectively. Especially, the self-absorption of N, S-CDs in both
solutions is quite small as indicated by the small overlap between
excitonic absorption and emission spectrum, which is advantageous
for efficient fluorescence emission. The hypothesis can be further
confirmed by the PL decay measurement (Fig. S4 in the ESM). The
results show that the PL decay curves of N, S-CDs in both
environments are very similar. The resultant lifetimes are 6.25 and
3.08 ns for N, S-CDs in ethanol and acid solution, respectively. The
decrease of lifetime of the N, S-CDs treated at acidic conditions
can be correlated with the nature of the doped elements at that
corresponding environment.
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The particle size and structure analysis of the as-prepared CDs
were investigated using both transmission electron microscopy (TEM)
and atomic force microscopy (AFM). A dilute aqueous solution of N,
S-CDs was drop-casted on mica substrates for AFM investigation and
on a carbon coated copper grid for TEM measurement (Fig. 2(a)).
The N, S-CDs in ethanol solution show a spherical morphology and a
narrow size distribution from 2 to 5 nm with the average around
2.97 nm (Fig. 2(b)). About 80% of the N, S-CDs are between 2.5 and
3.5 nm, indicating the high level of size selectivity of the synthetic
process. Figure S5 in the ESM shows that the N, S-CDs diameter is
less than 1 nm in the acidic solution. The AFM images (Fig. 2(d) and
Fig. S13 in the ESM) further demonstrated that the N, S-CDs are
quasi-spherical in different solvents, which provide a relatively precise
thickness. The thickness distributions indicate that the average
thicknesses of N, S-CDs in ethanol and acid solution are 2.69 and
1.83 nm, respectively.

To obtain details about the surface chemistry and collect insights
on robust mechanisms, N, S-CDs were analyzed using FTIR (Fig. 2(c))
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Figure2 (a) TEM image of N, S-CDs; (b) the diameter distribution of N,
S-CDs calculated from TEM image; (c) FT-IR spectra of N, S-CDs in different
solvents; (d) AFM image of the N, S-CDs.
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and XPS (Fig. 3). As seen in Fig. 2(c), the bonds of N, S-CD in ethanol
and acidic solution in the FTIR spectra are very similar, except the
vibrational intensity of the peak is different. The FTIR spectra of N,
S-CDs in both ethanol and acid solutions have obvious characteristic
peaks between 3,000-3,500 cm™', which can be attributed to H-O
and N-H bonds, indicating that there are plenty of hydroxyl groups
on the surface of CDs.

These functional groups directly contribute to the highly hydrophilic
nature of N, S-CDs [16-18]. Compared to ethanol solution, the
spectrum of the N, S-CDs in the acid solution shows that the stretching
vibrations at 1,513 cm™ and the intensity of C-O, C-S vibrations
at 1,060 cm™ are enhanced, while the intensity of H-O and N-H
vibrations are reduced. This result implies that N, S-CDs in acid
have relatively more C=C and C-N bonds and fewer O—H bonds.
The strong bands at 1,513 cm™ is ascribed to the C=C, C-N, N-H
and COO stretching vibrations [19, 20]. The distinct absorption
bands located at 1,589 and 1,563 cm™ can be attributed to the
vibration of C=0 and C-N, respectively [21, 22]. The difference
of FTIR spectra between ethanol and acid was resulted from the
solvent effect. N, S-CDs exhibited higher solubility in ethanol than
acid aqueous solution. Due to the stronger interaction between
ethanol molecule and CDs by polar-polar or van der Waal force,
ethanol has higher affinity towards CDs surface, which broadens
the peaks in the FTIR. In acid solution, due to the lower solubility,
the solvent effect was not found to have less impact on the FTIR
spectrum, which leads to the observation of the subtle structure of
C-H stretch at 2,750 cm™. It can be concluded that the size of N,
S-CDs decreased, and the number of N-H bonds reduced in acidic
solutions. Figure S7 in the ESM shows the UV-vis absorption
spectra of N, S-CDs in ethanol and acid solution, respectively, the
absorption of N, S-CDs in acid is larger than that in ethanol in
the band of 400-650 nm, which should also be attributed to the
protonation and deprotonation of surface groups. The acid is
positively charged, so at lower pH, the protonation of the CDs is
more electrophilic, hindering the CDs from growing further, and
the strong vibrational coupling of the OH functional groups, caused
by H-bonding effects, can lead to the energy level broadening and
increase the conformational rigidity of CDs, thereby affecting the
size and fluorescence properties of N, S-CDs [3, 23].

The presence of C-N, N-H, C-S, S-H, C=C, C=0, and C-N was
also confirmed by XPS spectra (Fig. 3). Figure 3 illustrates the high-
resolution C 1s, N 1s, O 1s and S 2p XPS spectra of CDs dissolved
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Figure 3 High-resolution XPS C 1s, N 1s, and S 2p spectra of the two selected samples. N, S-CDs in different solvents.
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in different solutions. The full spectra presented in Fig. S6 in the
ESM show four typical peaks: C 1s (285 eV), O 1s (531 eV), S 2p
(168 €V), and N 1s (400 eV). The content of C, N, S, and O elements
in N, S-CDs was surveyed from the XPS spectrum (Table S1 in the
ESM). It is clearly shown the presence of C (43.03 %), N (0.51%), S
(3.69%) and O (52.78%) in the ethanol and the presence of C (51.09%),
N (14.87%), S (7.16%) and O (26.88%) in the acidic solution of N,
S-CD, respectively. In the Fig. 3(b), the C 1s band of the CDs that
used ethanol as a solvent, can be deconvoluted into four peaks,
corresponding to sp* carbons (C-C/C=C, 284.77 eV), carbonyl
carbons (C=0, 287.82 eV), sp® carbons (C-O/C-N, 286.43 eV),
and carboxyl carbons (COOH, 289.26 eV). The XPS intensity at
286.43 eV gradually increases and at 289.26 eV disappears from
ethanol to acid indicating a corresponding increase C-O/C-N bonds
reduce in the content of carboxyl groups in the CDs, which consistent
with the FTIR results. The N 1s spectrum has one distinct peak
located at 398.99 eV, representing the pyridinic N. The S 2p band can
be deconvoluted into peak at 168.7 eV and assigned to —-C-SO.-C-
sulfone bridges (Fig. 3(d)) [24]. The O 1s band contains two peaks
at 531.16 and 531.59 eV for C=0 and C-O, respectively (Fig. S6 in
the ESM). The XPS spectrum of N, S-CD under acidic conditions is
like that of ethanol diluted N, S-CD. Figure 3(b) show that when acid
is used as solvent, the C 1s band can be deconvoluted into three
peaks, corresponding to sp> carbons (C-C/C=C, 284.8 eV), carbonyl
carbons (C=0, 286.63 eV), and sp* carbons (C-O/C-N, 285.59 V).
The N 1s spectrum has one distinct peak located at 401.13 eV,
representing pyridinic N. The O 1s band and S 2p band in both
environments are the same [25]. The atomic ratio between oxygen
and carbon decreases from 1.21 to 0.52 as the O content decreases
from 52.78% to 26.88% for ethanol to acid (Tables S1 in the ESM),
reflecting the same tendency in the degree of oxidation reduced of
the CDs, consistent with the FTIR results. Meanwhile, the N peak
shift from pyrrolic N to graphic N in acid condition, indicating
the H* can form electronic interaction with CDs. This interaction
especially occurred in the N atom, rather than S atom, due to nitrogen
lone pairs. There is possibility that the interaction exists between
neighboring nitrogen atom and incorporates the conjugated system
of graphic N-C on the CDs’ surface, which is one of reasons for the
photoluminescence red shift (Figs. 1(b) and 1(c)).

Silver is one of the trace elements in human tissues and is usually
present Ag' in an aqueous solution. The solution is colorless
and transparent without any solid particles. Trace amount of silver
is harmless to the human body, and silver ions have a strong
antibactericidal effect. However, Ag* metabolites may cause a series
of side effects such as silver poisoning and silver accumulation [26].
For our environment and health, we need to find an easy way
to detect silver ions. Compared with colorimetry, electrochemical
methods and so on [11, 27], using CDs to detect Ag" has the
advantages of quick response and simplicity. To evaluate the response
speed of the Ag" sensor, time-dependent fluorescence quenching
of N, S-CD in the presence of Ag* (50 uM) at different times was
compared, and fluorescence intensity decreased by 56.5% after
quenching. It shows that the fluorescence of as-prepared N-CDs
has incredibly fast response on Ag" (Fig. 4(a)). The influence of Ag*
with different concentrations on the fluorescence intensity of N, S-CDs
was also investigated. As shown in Fig. 4(c), the concentration of
Ag* in the range of 0 to 100 uM had a good linear relationship with
the fluorescence quenching degree of N, S-CDs (AF = 0.01149C +
0.0843, R* = 0.9913).

To evaluate the selectivity of the proposed Ag* sensor, the detection
of Ag" was carried out in the presence of various mono, di, and
trivalent ions. In detail, 50 pM of various metal ions, including Na*,
Mn*, K, Cu*, Fe**, Ag*, Cu*, AI** and Zn** were added to the N,
S-CDs solution, and the changes of fluorescence intensity (AF) at
540 nm for N, S-CDs in the presence of various metal ions were
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Figure 4 (a) Time-dependent fluorescence changes of N, S-CDs in the
presence of Ag* (50 uM); (b) emission spectra of the CDs solution with different
concentrations of Ag* (0-100 uM); (c) the change of fluorescence intensity of N,
S-CDs solution vs. the concentration of Ag®; error bars in (c) represent the
standard deviations of three independent measurements; (d) the change of
fluorescence intensity at 595 nm for N, S-CDs in the presence of the various
metal ions; (e) decay before and after quenching of N, S-CDs; (f) absorption
before and after quenching of N, S-CDs.

recorded. As demonstrated in Fig. 4(d). The presence of Ag" ions in
N, S-CDs leads to a significant decrease in fluorescence intensity.
But if there are other metal ions in the N, S-CDs, the fluorescence
doesn’t change significantly. Therefore, it can be concluded that silver
ions have a certain selective quenching effect on N, S-CDs. The
synthesized N, S-CDs demonstrate obvious fluorescence quenching
within a short time, namely, rapid response. This apparent fluorescence
intensity change can be attributed to the fact that Ag* can facilitate
the electron/hole recombination annihilation through an alternative
and efficient electron-transfer process, similar to reports by previous
research [28]. This electron/hole recombination can lead to the change
of morphology and electronic state on the surface of the CDs.
Different from the photoluminescence shift induced by H*/CDs
interaction, no shift and peak shape change are observed, which may
be due to the weak interaction between Ag* and the CDs surface, in
accordance with the results of fluorescence life time. The lifetime
and absorption of N, S-CDs before and after quenching are almost
the same, the results show that the addition of Ag* has no effect on
lifetime absorption (Figs. 4(e) and 4(f)).

To explain the high yield of the red/orange dual-emissive N,
S-CDs, the electronic structure as a function of the dopant in carbon
quantum dots was analyzed (Fig. 5(a)). One can see that the S, or N,
S-dopants lead to more electronic states, and the creation of in-gap
trap states that could act as nonradiative and the creation of
recombination centres. This is in line with the trend that is found in
the photoluminescence quantum yield (PLQY) as a function of
heteroatom doped CDs.

Moreover, to confirm the C-N bonding, the difference effective
charge is calculated for the nearest carbon and nitrogen atoms in N,
S-CDs, which is shown in the Table S2 in the ESM. For N, S-CDs,
one can see that C gets 0.765 electron (e) charges from atoms around.
It is notable that, carbon gets a much more charges (0.765 e) compared
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to its in S-monodoped CDs (0.561 e), indicating that there are some

electron transferred from the nearest nitrogen atom to carbon atom.

This agrees well with the experimental observation.

To investigate the cytotoxicity of the N, S-CDs probe toward
living cells, 293T cells were selected as a model system to incubate
with N, S-CDs, and then the fluorescence of 293T cells at different
concentrations were determined (Fig. 6). The red fluorescence is
captured under 540 nm excitation wavelengths. The first column is
bright field image, and the second and third columns show the
images with excitation wavelengths at 500-560 nm and the merged
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Figure 5 (a) Electronic structure of a CDs, S-monodoped CDs, and N, S-codoped
CDs. (b) Relaxed structure, computed at the density functional theory (DFT)/
Perdew-Burke-Ernzerhof (PBE) level of theory, for bare CDs, S-monodoped
CDs, and N, S-codoped CDs.

Figure 6 Confocal fluorescence images of 293T cells incubated with different
concentrations N, S-CDs at 37 °C for 4 h. (a) Control group; (b) 1,000 pg/mL N,
S-CDs; (¢) 2,000 ug/mL N, S-CDs; the scale bar is 20 um.
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images of the first and second columns, respectively. From Fig. S11
in the ESM, it could be seen that the cell viability was estimated
to be more than 80% upon the addition of N, S-CDs probe with a
wide concentration range of 0-1,000 pg/mL. Hereafter, cell imaging
experiments were conducted to further demonstrate the availability
of the as-prepared N, S-CDs probe for imaging living 293T cells
[29, 30]. With the increase of N, S-CDs concentration in the culture
medium, gradual increases in the brightness or the intensity of
fluorescence images are observed. The comparison chart in Fig. S12
in the ESM shows that the N, S-CDs have only minimal hemolysis
behavior. These observations illustrated a close correlation of the
fluorescence images intensity with N, S-CDs concentration in the
culture medium, which indicate that CDs probes have broad application
in biological imaging and Ag* detection.

4 Conclusion

In conclusion, N, S-CDs were synthesized through a facile
hydrothermal method. Our CDs show rare red/orange dual-emission
and have the advantage of easy preparation, low toxicity, and high
yield. The as-prepared N, S-CDs with dual emission peaks (595 and
648 nm) under a single excitation without any further modification
can be used as fluorescent probe for strong acid sensing and Ag*
detection. N, S-CDs have excellent reversible pH performance
and the N, S-CDs can be used in the detection of extreme acid. In
addition, the as-prepared N, S-CDs with a quasi-spherical shape, an
average size of 2.97 nm, narrow size distribution and high solution
dispersibility demonstrated strong excitation independent emission
at 595 nm with a 35.7% quantum yield. The CDs shows excellent
detection capability towards Ag* over a wide concentration range of
0-100 pM. Hence, the work presents a readily adaptable fluorescence-
based protocol which could be applied in environmental, energy,
and biomedical fields.
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