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In this study, novel highly fluorescent sulfur, nitrogen, and oxygen co-doped carbon dots (S, N, O-CDs) were
prepared from m-phenylenediamine and sulfamide by using the hydrothermal method. The prepared S, N, O-
CDs show high doping rate and fluorescence yield as well as long-term fluorescence stability. In addition,
S, N, O-CDs show good fluorescence response towards Cu?* over a concentration range of 2-60 uM with
a detection limit of 0.29 uM. Taking advantages of the properties of S, N, O-CDs including high selectivity and
low cytotoxicity, S, N, O-CDs were successfully applied for Cu?* sensing and imaging in the cells and O, -
induced Cu®* increase in the cells was observed. Furthermore, on account of strong complexation between
Cu?* and pyrophosphate ion (PPi) as well as specific hydrolysis ability of alkaline phosphatase (ALP) towards
PPi, PPi and ALP were further detected with high selectivity based on S, N, O-CDs/Cu?* system. The prepared
S, N, O-CDs showed good detection results for PPi and ALP with detection limits of 0.44 uM and 1.03 U L%,
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1. Introduction

Copper ion (Cu®*), as one of the essential trace elements present
in the living body, plays a vital role in physiological and path-
ological processes, including maintaining normal hematopoi-
etic function and neurological health as well as participating in
enzyme catalysed reactions and managing oxidative stress."?
Disruption of Cu** homeostasis is closely related to different
diseases such as Alzheimer's, Menke's, Parkinson's and Wil-
son's diseases.** Thus, the development of analytical methods
for determination of Cu®* levels in biological systems is helpful
for understanding the functions of Cu®>" in physiological
metabolism and disease monitoring.

Several effective methods have been developed for the detec-
tion of Cu**, including inductively coupled plasma mass spec-
trometry (ICP-MS),> atomic absorption spectroscopy (AAS),°
electrochemical methods,” colorimetry, fluorescence spectros-
copy,®*® and so on. Among these methods, fluorescent probes
have attracted great attention due to their noninvasive nature and
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respectively. Moreover, the developed method also realized PPi and ALP detection in real samples.

real-time sensing and imaging capabilities. Several fluorescent
probes have been developed for Cu®** sensing and imaging,
including small organic molecules," semiconductor quantum
dots™ and fluorescent nanomaterial-based probes.'®**** Carbon
dots (CDs) as typical fluorescent nanomaterials have received
extensive attention due to their excellent properties, such as
resistance to photobleaching, low toxicity, good biocompatibility
and long-term stability, which have been extensively applied in
biosensing and bioimaging.’>'® Several CDs-based fluorescent
probes have been developed for Cu®>* determination. However, it
is still challenging to develop CDs-based biosensor because of
poor selectivity of fluorescent CDs. CDs-based inorganic-organic
composite probes can effectively improve the selectivity of
CDs,'""* but these probes require high ability for organic
synthesis and complex modification processes. Moreover, the low
fluorescence quantum yield of CDs further limits their applica-
tions. Heteroatom doping has received extensive attention, which
can improve the fluorescence quantum yield of CDs by intro-
ducing new energy bands."” Furthermore, introducing hetero-
atoms into the CDs improves the selectivity of CDs due to the
interaction between the heteroatoms and the targets.

In this study, novel sulfur, nitrogen, oxygen co-doped carbon
dots (S, N, O-CDs) were synthesized through hydrothermal
method by using sulfamide and m-phenylenediamine as raw
materials (Scheme 1A). The synthesized S, N, O-CDs showed
high fluorescence quantum yield and long-term fluorescence
stability. Taking advantages of the properties of S, N, O-CDs
including high selectivity and rapid response dynamics
towards Cu®', the prepared S, N, O-CDs were successfully

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra09298b&domain=pdf&date_stamp=2018-12-17
http://orcid.org/0000-0002-0063-2724
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09298b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008073

Open Access Article. Published on 18 December 2018. Downloaded on 7/24/2025 8:14:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Scheme 1 (A) Schematic illustration of the preparation of S, N, O-CDs
and their applications in biosensing and bioimaging of Cu®* in cells. (B)
Working Principle of S, N, O-CDs/Cu?®* system for the determination
of PPi and ALP activity. Inset shows the complexation between cu?*
and PPi as well as the hydrolysis of ALP towards PPi.

applied for Cu®* sensing and imaging in living cells. In addi-
tion, we found that the prepared S, N, O-CDs were primarily
located in the cytoplasm and O,  -induced the increase in the
intracellular Cu®*. Furthermore, by using the strong complexing
ability of pyrophosphate ion (PPi) towards Cu®" and specific
hydrolysis ability of alkaline phosphatase (ALP) towards PPi,
a label-free method was developed for the detection of PPi and
ALP activity based on the S, N, O-CDs/Cu®* system (Scheme 1B).

2. Experimental
2.1 Materials and reagents

Sulfamide and m-phenylenediamine (m-PD) were obtained from
J&K Scientific Ltd. (Beijing, China). Sodium pyrophosphate and
amino acids were obtained from Sangon Biotechnology Co.,
Ltd. (Shanghai, China). Alkaline phosphatase (ALP, EC 3.1.3.1, 2
kU) was purchased from Sigma (USA). Glucose oxidase (GOX),
thrombin, trypsin, pepsin, lysozyme, cysteine and bull serum
albumin (BSA) were purchased from Solarbio (Beijing, China).
Other reagents were purchased from Tianjing Chemical
Reagents Company (Tianjing, China). All chemicals were used
as received without further purification. HEPES buffer (10 mM,
PH 7.4) was used throughout the experiments. Ultrapure water
was obtained from a Milli-Q Plus system (Millipore, Bedford,
MA, USA) and used in all experiments.

2.2 Instruments

UV-vis absorption spectra were obtained by a Lambda 35 UV-vis
spectrometer (PerkinElmer, USA) and a F-2500 fluorescence
spectrophotometer (Hitachi, Japan) was used to record the
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fluorescence spectra. All spectral measurements were conduct-
ed under moderate conditions. Transmission electron micros-
copy (TEM) images were collected from a JEM-2100F
transmission electron microscope (JEOL, Japan). Atomic force
microscopy (AFM) images were obtained from BioScope Resolve
(Bruker, Germany) in the ScanAsyst mode under ambient
conditions. Fourier transform infrared spectrometer (Thermo
Fisher Scientific, USA) was used to record Fourier transform
infrared (FT-IR) spectra of the samples. X-ray photoelectron
spectra (XPS) were obtained on an Escalab 250Xi XPS system
(Thermo Fisher Scientific, USA) with Al Ka radiation. Fluores-
cence lifetime analysis was conducted on a TCSPC module
SyPhotime-64 (Becker & Hickl, Germany). Fluorescence confocal
imaging was performed with a Leica TCS-SP8 confocal scanning
microscope using a 63 oil objective and a numerical aperture
of 1.40 (Leica, Germany).

2.3 Synthesis of N-CDs and S, N, O-CDs

N-CDs and S, N, O-CDs were synthesized by a facile one-step
solvothermal method. For preparing N-CDs, 0.1 g m-phenyl-
enediamine was added to 25 mL ultrapure water with vigorous
stirring. Then, the solution was transferred into a 30 mL Teflon-
sealed autoclave reactor and heated at 160 °C for 10 h. After
that, the product was cooled down to room temperature and
purified by dialysis (molecular weight cutoff: 500 Da) for 24 h to
obtain N-CDs. The synthetic processes for the preparation of
S, N, O-CDs were similar with that for the preparation of N-CDs,
and the raw materials were replaced with a mixture of sulfamide
(0.1 g) and m-phenylenediamine (0.1 g). Both the N-CDs and
S, N, O-CDs were stored at 4 °C away from light until further use.

2.4 Fluorescence sensing of Cu®*, PPi and ALP

The stock solutions of Cu®" (10 mM) were prepared by dissolv-
ing CuCl, in deionized water at room temperature. In a typical
detection procedure, different concentrations of Cu®* were
added to 400 pL S, N, O-CDs solution and diluted with HEPES to
a final volume of 2 mL. The fluorescence spectra were recorded
after the mixtures were blended for different time periods.

In order to realize PPi detection, 20 pL Cu®* (10 mM) was
mixed with 400 pL S, N, O-CDs solution. Then, different
amounts of PPi was added to the mixture and further diluted
with HEPES to a final volume of 2 mL. Fluorescence spectra
were obtained after the mixtures were blended for different time
periods.

In order to detect ALP activity, ALP was first incubated with
40 uL PPi (10 mM) for different time periods in HEPES buffer at
37 °C. Then, the obtained solutions were deactivated at 90 °C for
10 min to terminate the hydrolysis reaction. Subsequently, the
deactivated solutions were added to a mixture of 20 pL Cu®" (10
mM) and 400 pL S, N, O-CDs solution and further blended for 15
minutes. The fluorescence spectra were obtained after the above
system was diluted with HEPES to a final volume of 2 mL.

2.5 HelLa cells culture and MTT assay

HelLa cells were cultured in a 5% CO, incubator at 37 °C with
saturated humidity and grown in high glucose Dulbecco's

RSC Adv., 2018, 8, 42246-42252 | 42247
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Modified Eagle's Medium (DMEM) supplemented with fetal
bovine serum (10%) and penicillin/streptomycin solution (1%).
HeLa cells were transferred to 96-well microliter plates and
incubated for at least 24 h before using. Then, different
concentrations of S, N, O-CDs solution were co-incubated with
cells for 24 and 48 h. Subsequently, 20 pL 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) was
added to each well in the dark. After the mixtures reacted for
4 h, the mixed solution was removed, and 80 uL. DMSO was
added. Next, the mixtures were shaken for 5 min, and then the
absorbance was measured at 490 nm. Cell viability was deter-
mined according to the following formula: cell viability (%) =
absorbance of the experimental group/absorbance of the blank
control group x 100%.

2.6 Fluorescence confocal imaging and fluorescence
analysis of practical samples

Before Cu”* imaging, HeLa cells were transferred to 35 mm Petri
dishes with 20 mm bottom wells and incubated for at least 24 h
before using. Then, S, N, O-CDs solution was added and co-
incubated with the cells for 1 h. After that, the adherent cells
were washed by PBS twice to remove any S, N, O-CDs that were
not taken up by the cells. Next, different concentrations of Cu**
were added and co-incubated with the cells for another 30 min,
the fluorescence images were then collected between 500-
650 nm with an excitation wavelength of 488 nm. For O, -
stimulated cell imaging, exogenous O, was generated by the
enzymatic reaction of the xanthine/xanthine oxidase system and
was introduced directly into the Petri dish.

For fluorescence analysis of PPi and ALP activity in practical
samples, human urine and serum samples were collected from
the affiliated hospital of Shanxi Datong University. The
collected urine samples were first centrifuged at 5000 rpm for
10 min. Then, the supernatant was collected and diluted with
ultrapure water three-fold before using. Meanwhile, the
collected serum samples were first centrifuged at 3000 rpm for
10 min. Then, the supernatant was collected and diluted to 1%
with ultrapure water. PPi and ALP were detected according to
the above detection procedures. In order to evaluate the accu-
racy of the proposed method, quantities of standard PPi and
ALP solutions were added to the sample solutions for recovery
tests.

3. Results and discussion
3.1 Synthesis and characterization of S, N, O co-doped CDs

It has been reported that sulfur, nitrogen as well as oxygen have
strong coordination with Cu®".**%%-22 In order to detect Cu>" with
high selectivity, sulfur, nitrogen, oxygen co-doped CDs (S, N, O-
CDs) were prepared by hydrothermal method using m-phenyl-
enediamine (m-PD) and sulfamide as raw materials. m-PD was
chosen as a carbon and nitrogen source while sulfamide was
selected as a sulfur, nitrogen, and oxygen source. UV-vis
absorption spectra show that the prepared S, N, O-CDs have
a broad absorption band around 450 nm. Meanwhile, the S, N,
O-CDs showed green fluorescence with distinct emission peak
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Fig. 1 (A) UV-vis absorption and fluorescence spectra of S, N, O-CDs
under different excitation wavelengths. (B) High resolution XPS spectra
of the S 2p region of S, N, O-CDs. (C) TEM image of S, N, O-CDs. The
insets show a high resolution TEM image and the particle distribution
of the S, N, O-CDs. (D) AFM image of S, N, O-CDs. Inset shows the
corresponding height distribution of S, N, O-CDs along the axis.

around 520 nm, which was independent of fluorescence exci-
tation. The fluorescence intensity of the S, N, O-CDs increased
with the increase in excitation wavelength from 400 to 460 nm
(Fig. 1A). The fluorescence quantum yield of the S, N, O-CDs was
measured to be 78.6% using rhodamine 6G as a reference
chromophore, which was ~14 times higher than that of the N-
CDs prepared from m-phenylenediamine (5.6%) (Fig. S1, ESIf).
Moreover, the fluorescence quantum yield of the S, N, O-CDs
was also higher than that of previously reported heteroatom
co-doped CDs (Table S1, ESIT). This high fluorescence quantum
yield can be attributed to the co-doping of heteroatoms in the
CDs.

In addition, XPS data confirmed that the as-prepared S, N, O-
CDs consisted of different chemical elements including C, N, O,
and S. The contents of C, N, O, S in the prepared S, N, O-CDs
were 67.3%, 5.6%, 23.6% and 3.5%, respectively (Fig. S2A,
ESIT). The content of the doped S was higher than those in the
previously reported literatures.>** In addition, high resolution
XPS spectrum of S 2p shows three peaks at 167.8, 168.3 and
169.5 eV, which arise from -C-SO,-, -C-SO;- and -C-SO,-,
respectively (Fig. 1B).>>*¢ XPS spectrum of C 1s (Fig. S2B, ESIt)
exhibits five peaks at 284.57 eV (C-C/C=C), 285.37 eV (C-N),
286.3 eV (C-0), 288.5 eV (C=0/C=N) and 289.0 eV (COOH).
Meanwhile, XPS spectrum of N 1s indicates that the prepared
S, N, O-CDs contain pyridinic N, pyrrolic N and amino N
(Fig. S2C, ESIf), and XPS spectrum of O 1s shows two typical
peaks at 531.8 eV (C=0) and 533.2 eV (C-O) (Fig. S2D, ESI¥).
XPS results were further confirmed by FT-IR spectra (Fig. S3,
ESIT). In addition, an FT-IR spectrum of S, N, O-CDs shows
significant peaks at 3218 cm ' and 1448 cm™’, which corre-
spond to the » (N-H). Meanwhile, the peaks around 3453 cm ™'
and 1632 cm™ " correspond to the » (C-OH) and » (C=0),
respectively.’*” All these results suggest the presence of
-COOH, -NH, and/or -OH groups in the S, N, O-CDs, which

This journal is © The Royal Society of Chemistry 2018
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improves the water solubility of the S, N, O-CDs as well as the
complexing ability of S, N, O-CDs towards Cu®>".

TEM and AFM were further used to characterize the
morphology of S, N, O-CDs. As shown in Fig. 1C, TEM image
shows that the as-prepared S, N, O-CDs were monodispersed
with a size of 2.7 & 0.9 nm. Besides, HR-TEM image shows that
the apparent lattice spacing of S, N, O-CDs was 0.23 nm, which
is consistent with the diffraction lattice of graphene (100).2® The
typical AFM image shows the topographic morphology of S, N,
O-CDs with a height of ~3 nm (Fig. 1D), indicating that the
prepared S, N, O-CDs consist of several atomic layers, which is
comparable to our TEM data.

3.2 Stability of as-prepared S, N, O-CDs

In order to realize good applications of S, N, O-CDs, a series of
experiments was further conducted to investigate the stability of
the prepared S, N, O-CDs. As shown in Fig. 2A, the fluorescence
intensity of S, N, O-CDs showed no significant decrease (<7%)
after exposure to a 20 W Xe lamp for 1 h, indicating the excellent
resistance to photobleaching. In addition, the fluorescence
intensity of the prepared S, N, O-CDs remained stable (<4%)
even after the S, N, O-CDs were stored at 4 °C for three months
(Fig. 2B). Moreover, considering the high salt concentration in
living cells, the effect of different concentrations of NaCl on the
fluorescence of S, N, O-CDs was further researched. No signifi-
cant difference was observed after S, N, O-CDs were added to
various concentrations of NaCl at pH 7.4, even in 2 M NacCl
solution (Fig. 2C), proving that the as-prepared S, N, O-CDs were
quite stable toward highly ionic conditions. The high stability of
the prepared S, N, O-CDs under various conditions endow them
with promising applications. Furthermore, different pH solu-
tions (4-8) had no apparent influence on the fluorescence of
S, N, O-CDs (Fig. 2D).
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Fig. 2 (A) Fluorescence intensity of S, N, O-CDs as a function of time

under a 460 nm excitation. (B) The fluorescence intensity at 510 nm
(excitation at 460 nm) of S, N, O-CDs after stored at 4 °C for different
times. (C) Fluorescence intensity of S, N, O-CDs after adding various
concentrations of NaCl at pH 7.4. (D) Fluorescence intensity of S, N, O-
CDs at different pH.
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3.3 Fluorescence sensing of Cu”* by using S, N, O-CDs

Taking advantages of the prepared S, N, O-CDs with high fluo-
rescence intensity and good stability, this probe was further
used for Cu”®* sensing. As shown in Fig. 3A, the fluorescence
intensity of S, N, O-CDs decreased with the increase in the
concentration of Cu?’, and the fluorescence of S, N, O-CDs was
almost quenched completely in the presence of 140 uM Cu>".
Meanwhile, the fluorescence images of the S, N, O-CDs solution
revealed a gradual quenching with the increase in Cu®*
concentration (insets of Fig. 3A). The fluorescence quenching
efficiency displayed good linearity over a Cu®** concentration
range of 2 uM to 60 uM (Fig. 3B). The detection limit was esti-
mated to be 0.29 uM (S/N = 3), which is comparable with the
previously reported CDs-based probes (Table S2, ESIf). The
response time of the Cu**-induced fluorescence quenching of
the S, N, O-CDs was less than 1 min (Fig. S4, ESI}), suggesting
rapid response dynamics of S, N, O-CDs towards Cu”".

In order to understand the mechanism of the Cu**-induced
fluorescence quenching of the S, N, O-CDs, UV-vis absorption
spectra of S, N, O-CDs were measured before and after the
addition of Cu". After S, N, O-CDs complexed with Cu**, a new
absorption peak appeared at 425 nm (Fig. S5, ESIt). No signif-
icant absorption peak was observed for m-PD or Cu®’. As
a result, this new peak can be attributed to the complex nano-
composite formed between the S, N, O-CDs and Cu?*. Moreover,
after Cu®>* complexed with the S, N, O-CDs, the fluorescence
lifetime of the S, N, O-CDs shortened from 5.68 ns to 4.85 ns,
implying that Cu®>*-induced fluorescence quenching of S, N, O-
CDs obeys a dynamic quenching mechanism (Fig. 3C). It has
been reported that Cu®" is a paramagnetic ion with an unfilled
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Fig. 3 (A) Fluorescence spectra of S, N, O-CDs upon addition of
various concentrations of Cu?*™ from 0 to 140 uM. Insets represent
green fluorescence changes of S, N, O-CDs in the presence of
different concentrations of Cu®*. (B) Plots of (Fo — F)/Fo with different
concentrations of Cu?*. Inset: linear calibration curve between (Fy —
F)/Fo and various concentrations of Cu®*. Fy and F represent the
fluorescence of S, N, O-CDs in the absence and in the presence of
Cu?*, respectively. (C) Fluorescence lifetime decay of S, N, O-CDs in
the absence and in the presence of Cu?*. (D) Comparison of S, N, O-
CDs after addition of various metal ions at a concentration of 100 uM.
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d shell; the fluorescence of the S, N, O-CDs could be quenched
through electron or energy transfer.*®**

In addition, the selectivity of S, N, O-CDs towards Cu>" was
estimated. Potential interferences including Fe*', Fe**, Co*",
Ni*, Pb**, Hg*", Zn**, Cr**, A", K", Na*, Ca®>" and Mg>* had no
significant influence on the fluorescence of S, N, O-CDs
(Fig. 3D). Furthermore, anions including Cl~, CO;>~, HCO;",
PO,*”,HPO,*”, H,PO,~, SO, ,F ,Br ,I and common amino
acids also showed no significant effect on the fluorescence of
the S, N, O-CDs (Fig. S6 and S7, ESIT). All of these results prove
the high selectivity of S, N, O-CDs towards Cu®**.

3.4 Fluorescence sensing and imaging of Cu®" in cells

Based on the good detection results and high selectivity of S, N,
0-CDs towards Cu®*, we further applied S, N, O-CDs for Cu®>*
sensing in living cells. The cytotoxicity of the S, N, O-CDs was
first estimated. The cell viability was higher than 85% even at
S, N, O-CD concentrations of 3 mg mL~" (Fig. S8, ESIf). This
concentration was 3 times higher than the concentration used
in cell imaging, demonstrating the low cytotoxicity of the
prepared S, N, O-CDs. Then, co-localization imaging experi-
ments were carried out. As shown in Fig. 4A, the fluorescence of
the prepared S, N, O-CDs merged well with the fluorescence of
the Cellview Orange CMTMR (a commercial cytoplasm-targeted
probe), the Pearson's correlation coefficient was calculated as
0.95. This result suggested that our prepared S, N, O-CDs were
mostly located in the cytoplasm. Next, the prepared S, N, O-CDs
were used for Cu®>" imaging in cells. As shown in Fig. 4B, with
the increase in Cu** concentration, the fluorescence of S, N, O-
CDs gradually decreased, proving that our prepared S, N, O-CDs
can be used for Cu®" sensing and imaging in cells.

It has been reported that Cu®* has close relationship with
oxidative stress, which also participate in the transformation of
reactive oxygen species (ROS) in living cells.”**" Since the
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Fig. 4 (A) Co-localization imaging of S, N, O-CDs with CellView
Orange CMTMR (a commercial cytoplasm-targeted probe). (B)
Confocal fluorescence microscopic images of Hela cells collected
from different channels treated with S, N, O-CDs in the presence of
different concentrations of Cu?*.
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Fig. 5 Confocal fluorescence microscopic images of Hela cells
collected from different channels treated with S, N, O-CDs after the
cells were stimulated by O, in the absence and in the presence of
GSH. Scale bar = 25 um.

superoxide anion (O, ") is the primary ROS in cells,**>* the
effect of O,"~ on intracellular Cu®* was further investigated. As
shown in Fig. 5, after the cells were stimulated by O,"~ for
30 min, the fluorescence of the S, N, O-CDs distinctly decreased,
suggesting the increase in the Cu®** concentration in the cells.
More importantly, after the cells were stimulated by O," ™ in the
presence of glutathione (GSH), a scavenger of O,'~, no marked
variations were observed in the fluorescence of S, N, O-CDs. This
result further confirmed that the increase in intracellular Cu**
was induced by O, .

3.5 Fluorescence sensing of PPi and ALP by the S, N, O-CDs/
Cu** system

Pyrophosphate ions (PPi) and alkaline phosphatase (ALP) play
an indispensable role in various metabolic processes. The
concentration of PPi in living bodies implies the process of
cellular physiological changes, enzyme-related reactions and
even the occurrence of diseases such as arthritis and chon-
drocalcinosis.*® Alkaline phosphatase (ALP) is a vital hydrolase
enzyme in the process of human phosphate metabolism,
participates in cell signaling, cell growth and apoptosis.***” The
level of ALP is closely related to many diseases, such as diabetes,
liver dysfunction, dynamic bone disease as well as breast and
prostate cancer.***° Thus, it is quite important to monitor the
level of PPi and ALP in living bodies.

Taking advantages of the good selectivity of the S, N, O-CDs
towards Cu** and the strong complexing ability of PPi with Cu*",
we then conducted an assay for PPi based on the S, N, O-CDs/
Cu”" system. As shown in Fig. 6A, with the increasing concen-
tration of PPi, the fluorescence of the S, N, O-CDs/Cu®* system
gradually recovered. Meanwhile, the green fluorescence in the
images gradually became brighter. This PPi-induced fluores-
cence recovery of the S, N, O-CDs can be attributed to the
complexing of PPi with Cu®", which disturbed the electron
transfer or energy transfer between S, N, O-CDs and Cu®". The
fluorescence recovery rate displays a good linearity with PPi

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (A) Fluorescence spectra of S, N, O-CDs upon addition of

various concentrations of PPi from O to 300 uM in the presence of 100
uM Cu?*. Insets represent the green fluorescence changes of S, N, O-
CDs versus different concentrations of PPi in the presence of 100 uM
Cu?*. (B) Plots of (F — Fo)/Fo with different concentrations of PPi. Inset:
linear calibration curve between (F — Fg)/Fg and various concentrations
of PPi. Fo and F represent the fluorescence of S, N, O-CDs in the
absence and presence of PPi, respectively. (C) Fluorescence spectra of
S, N, O-CDs upon addition of various concentrations of ALP from O to
300 uM in the presence of 100 pM Cu?* and 200 pM PPi. Insets
represent the green fluorescence changes of S, N, O-CDs versus
different concentrations of PPi in the presence of 100 pM Cu?* and
200 puM PPi. (D) Plots of (Fg — F)/Fo with different concentrations of
ALP. Inset: linear calibration curve between (Fo — F)/Fg and various
concentrations of ALP. Fg and F represent the fluorescence of S, N, O-
CDs in the absence and presence of ALP, respectively.

concentration in the range of 2-100 uM (Fig. 6B). The detection
limit for PPi was calculated as 0.44 uM (S/N = 3), which is
comparable with that of the previously reported literatures.*-**

Meanwhile, the response time of the S, N, O-CDs/Cu**
system towards PPi was also measured. The fluorescence
intensity of S, N, O-CDs/Cu®* system gradually increased with
the prolongation of the incubation time, and the fluorescence
intensity of the solution reached a maximum after 10 min
(Fig. S9, ESIf). Then, the selectivity of the S, N, O-CDs/Cu**
system towards PPi was further investigated. No significant
interferences were observed from the potential interferences,
including HPO,>~, H,PO, , CO;*>", HCO; , F, and CI~
(Fig. S10, ESIT). However, ATP and PO,*" resulted in partial
fluorescence recovery because of the similar structure of ATP or
PO,>" as that of PPi. However, the fluorescence recovery rate of
the S, N, O-CDs/Cu** system induced by PPi was 3.5 times
higher than that induced by ATP and 7 times higher than that
induced by PO4*>". Thus, the effect of ATP and PO,>~ can be
ignored.

By using the specific hydrolysis ability of ALP towards PPi, we
further conducted experiments for the detection of ALP activity
based on S, N, O-CDs/Cu®" system in the presence of 200 pM
PPi. Considering that the enzymatic hydrolysis process usually
takes a long time, thus, the reaction time for the detection of
ALP activity was first optimized. The fluorescence intensity of
S, N, O-CDs/Cu® system gradually decreased with the

This journal is © The Royal Society of Chemistry 2018
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prolongation of reaction time in the presence of PPi (200 uM)
and ALP (160 U L") at 37 °C (Fig. S11, ESIT). After the solution
reacted for 60 min, the fluorescence of the S, N, O-CDs/Cu®*"
system was almost completely quenched; thus, a reaction time
of 60 min was chosen in the following experiments. As shown in
Fig. 6C, the fluorescence of the S, N, O-CDs/Cu®** system
evidently decreased with the increasing concentration of ALP.
The fluorescence quenching efficiency displayed good linearity
with the ALP concentration in the range of 10-160 U L'
(Fig. 6D), and the detection limit for ALP was calculated as 1.03
UL " (S/N = 3). This result was comparable with the previously
reported works.'»**** It should be noted that the normal level of
ALP in human blood is about 30-120 U L™ *.** Therefore, the
developed probe can be used for ALP detection in practical
samples. Furthermore, the developed probe also showed high
selectivity, and no significant influence was observed from
potential interferences such as GOX, BSA, trypsin, Cys, pepsin,
thrombin, lysozyme, Tyr, Glu and GSH (Fig. S12, ESI¥).

3.6 Detection of PPi and ALP in human urine or serum
samples

Based on the excellent specificity combined with high sensi-
tivity of S, N, O-CDs/Cu*" system to PPi and ALP activity, we
further applied our method for the detection of PPi and ALP in
real samples. Human urine was used as the real sample for the
detection of PPi while human serum was selected as the real
sample for the detection of ALP activity. A standard addition
method was used in the experiments. Three different concen-
trations of the PPi (20, 40 and 80 uM) were spiked into the
diluted human urine samples. The recovery values were
107.84%, 97.28% and 104.54%, respectively (Table S3, ESIt).
Meanwhile, four different concentrations of ALP (20, 60, 100
and 140 U L") were added to the diluted human serum
samples. The recovery values were 94.73%, 104.02%, 104.72%
and 105.40%, respectively. All these results indicated that our
proposed method could potentially be applied in complex
realistic samples.

4. Conclusion

In this study, highly fluorescent sulfur, nitrogen, oxygen co-
doped carbon dots (S, N, O-CDs) were prepared with high
doping rate and fluorescence quantum yield as well as long-
term fluorescence stability. In addition, the prepared S, N, O-
CDs probe shows good fluorescence response and high selec-
tivity towards Cu**. Taking advantages of the properties of S, N,
0-CDs like low cytotoxicity, Cu®* sensing and imaging in living
cells were realized and O, -induced Cu®" increase in the cells
was observed. Furthermore, by using the strong interaction
between Cu”* and PPi as well as hydrolysis of ALP towards PPi,
a label-free method was successfully developed for the deter-
mination of PPi and ALP with high selectivity based on the
fluorescence quenching system of S, N, O-CDs/Cu”". This study
expands the application of CDs and provides new insights for
the development of CDs-based biosensors.
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