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Nitrogen-doped carbon dots for sensitive detection
of ferric ions and monohydrogen phosphate by the
naked eye and imaging in living cellst
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Nitrogen doped carbon dots (N-CDs) have been prepared via a one-pot hydrothermal method by using
formamide and o-phenylenediamine as the carbon precursors. The as-fabricated N-CDs display
excellent water dispersibility, good biocompatibility and anti-photobleaching properties. A strong
emission band with an emission maximum (1%..,) of 556 nm is observed under 450 nm excitation, and
a large Stokes shift of 106 nm is presented. However, the fluorescence is quenched by the addition of
Fe®*; a good linearity is shown in the range of 0-65 pM with a detection limit as low as 0.85 uM.
Fortunately, the quenched fluorescence could be recovered rapidly by the addition of monohydrogen
phosphate (HPO,427) due to the formation of the stable [N-CDs—Fe3*—~HPO4%"] complex, and a good
linearity is exhibited in the range of 0-60 pM with a low detection limit of 0.80 uM for HPO4%~. A novel
“on-off-on” fluorescence response is seen with an obvious color change from yellow-crimson-yellow
by the naked eye. In addition, the confocal microscopy images suggest that the as-synthesized N-CDs
could serve as a sensitive nanosensor for Fe** and HPO,2~ detection, implying the diverse potential
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Introduction

Fe®" ions as essential transition metal ions for basic life activi-
ties play vital roles in many physiological and pathological
processes, such as oxygen transport, enzyme catalysis," cellular
metabolism,” and gene expression.>* The deficiency of iron will
cause iron deficiency anemia and related diseases.> However,
excess of body iron has potential hazards of generation of free
radicals that would result in cell damage and oxidative stress,®
and further lead to metabolism disorder and cancer,’ liver and
kidney damage,® and Huntington's, Parkinson's and Alz-
heimer's diseases.”'® Therefore, it is urgent to develop an effi-
cient method to monitor the change of Fe*" concentration in
vivo for better understanding its regulation mechanism and
physiological process.

On the other hand, phosphorus as a control element
participates in many vital processes, such as signal trans-
duction and energy storage."™" In body fluids, phosphorus is in
the form of dihydrogen phosphate/monohydrogen phosphate
(H,PO, /HPO,>") with a ratio of 1:4,"® and they could be
transformed into each other at different physiological pH from
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application of N-CDs in the biomedical field.

5.0 to 9.0. Deficiency of phosphate may induce many serious
problems, such as growth retardation, rickets and osteoma-
lacia,** metabolism disorder, and Parkinson's and Alzheimer's
disease.'®"® Herein, an important problem is that both Fe** and
phosphate could lead to the same diseases, including metabo-
lism disorder, and Parkinson's and Alzheimer's disease. Thus
the design strategy is to explore a sensitive sensor to monitor
both Fe** and HPO,”>~ in living systems for further under-
standing their interaction and relevant pathogenesis. However,
it is a great challenge for us due to the high stability of Fe** and
specific tetrahedral structure of phosphate ions.

Nowadays many methods based on fluorescence assay are
designed for Fe’" sensing. Compared to organic dyes and heavy
metal based quantum dots, carbon dots exhibit many distinct
advantages, such as excellent biocompatibility, high photo-
stability, good water dispersion and environmental friendli-
ness.”*® These special superiorities make them worthy candidates
for their potential application in biomedical fields. Recently some
carbon-dot based Fe®* sensors have been reported.’>* Unfortu-
nately, due to the intrinsic drawbacks of carbon dots, these carbon
dots need UV excitation and their Stokes shifts are small,*3°
which seriously restrict their application in living systems. As for
HPO,>™, there is little information based on carbon dots for
phosphate anion (H,PO, /HPO,>") detection so far.

Herein, novel carbon dots have been developed via a one-pot
hydrothermal method by using formamide and o-phenyl-
enediamine as carbon precursors. The nitrogen-doped carbon
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Scheme1l Schematic illustration of the N-CDs as a nanosensor for the
detection of Fe>* and HPO,2~ with obvious “on—-off-on” fluorescence
behaviour in aqueous solution.

dots (N-CDs) exhibit a large Stokes shift (more than 100 nm)
under 450 nm excitation. With the addition of Fe**, a very
obvious color change is observed from light yellow to crimson
under daylight by the naked eye with distinct fluorescence
quenching. While the fluorescence can be rapidly recovered
after HPO,>~ is added into the complex of N-CDs-Fe’", a sensi-
tive “on-off-on” fluorescence response is presented with the
color restoration (Scheme 1). Moreover, the confocal micros-
copy images suggest that the as-prepared carbon dots have the
ability to monitor the changes of Fe** and HPO,>~ concentra-
tions in living cells.

Experimental
Materials

Formamide and o-phenylenediamine were purchased from
Shanghai Aladdin Reagent Co., Ltd. The solutions of metal ions
were prepared from their chloride salts of analytical grade apart
from 0.10 M Hg*>" and Pb*" solutions were prepared from their
nitrates. Moreover, Fe*" solution (0.10 M) was prepared just
before use. Ultrapure water was acquired from a Heal Force
SMART-N ultrapure water system (Heal Force, China). Human
laryngeal epidermoid carcinoma (HEp-2) cells were obtained
from Shanxi Medical University. Dulbecco's modified eagle
medium (DMEM) and fetal bovine serum (FBS) were purchased
from Gibco.

Apparatus

UV-vis absorption spectra were obtained on a UH4150 spectro-
photometer (Hitachi, Japan). All fluorescence measurements
were recorded on an F7000 spectrofluorometer (Hitachi, Japan)
at room temperature. The FT-IR spectrum was obtained on
a Nicolet NEXUS 670 spectrophotometer (USA). The X-ray
photoelectron spectra (XPS) were obtained on a Thermo ESCA-
LAB 250XI (Thermo Fisher Scientific, USA). Transmission elec-
tron microscopy (TEM) images were taken by using a Tecnai G2
F20 S-Twin (FEI, USA) with an accelerating voltage of 200 kV.

Cell cytotoxicity assay

The MTT assay was employed to assess the cytotoxicity of the N-
CDs. Briefly, HEp-2 cells were seeded in 96-well plates (5 x 10*
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cells per well) and cultured in DMEM supplemented with 10%
FBS and 100 U mL™" penicillin-streptomycin at 37 °C in a 5%
CO, humidified environment overnight. Then some of the cells
were designated as a control group, and the others were treated
with different concentrations of the N-CDs (0.25, 0.5, 0.75, 1.0
mg mL~"). After 24 h of the N-CD exposure, the cells were
carefully rinsed with 2-[4-(2-hydroxyethyl)piperazin-1-yl]etha-
nesulfonic acid (HEPES) buffer solution (25 mM, pH 7.2) three
times, fresh growth medium (200 puL) containing MTT (5.0 mg
mL ") was added into each well and then the cells were incu-
bated for 4 h in a 5% CO, atmosphere at 37 °C. The growth
medium was replaced by dimethyl sulfoxide (100 pL), and the
absorption intensity of each well was measured at 490 nm.

Cell culture and imaging

HEp-2 cells were seeded in 35 mm glass bottom dishes and
cultured in DMEM overnight before use. The next day, the
cells were cultured with 1 mL of fresh medium containing 0.5
mg mL ™' N-CDs for 1 h at 37 °C in a 5% CO, humidified
environment. Then the cells were washed with HEPES buffer
solution (25 mM, pH 7.2) three times, and all of these cells
were subjected to cell imaging with a ZEISS LSM 880 confocal
laser scanning microscope (Germany) under 458 nm excita-
tion. The emission signals were collected from 500 to 580 nm.
After this, some of them were designated as the control group,
and the others were treated with 140 uM of FeCl; solution in
culture medium for 2 h, and these cells were subjected to cell
imaging. After this the HEp-2 cells were further cultured with
140 uM of Na,HPO, solution for 1 h at 37 °C and were imaged
again.

Results and discussion
Synthesis of the N-CDs

The as-fabricated N-CDs were obtained by a one-pot hydro-
thermal method with formamide and o-phenylenediamine as
carbon precursors, and the optimized reaction conditions are
depicted in Fig. S1 and S2.} Briefly, o-phenylenediamine (0.1 )
and formamide (55 pL) were stirred and dissolved in 10 mL
ethanol according to the molar ratio 1 : 1.5, and this solution
was transferred into a 25 mL Teflon-lined autoclave and kept at
150 °C for 4 h. After this a deep yellow solution was obtained by
cooling down naturally. Afterwards this crude product was
purified by chromatography on a silica gel column with ethyl
acetate/ethanol (40 : 1) as the eluent; the purified N-CDs were
finally obtained with a 22 wt% yield.

Characterization of the N-CDs

The morphology, structure and composition of N-CDs are
characterized by using high resolution transmission electron
microscopy (HRTEM) and X-ray diffraction (XRD). As shown
in Fig. 1, the average size of the N-CDs is 3.32 nm with
a monodispersed spherical morphology. The HRTEM image
exhibits good crystalline structures with a lattice spacing of
0.32 nm, which can be ascribed to the (002) lattice spacing of
carbon-based materials. This deduction is further confirmed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) TEM image of the N-CDs (inset: corresponding HRTEM
image). (b) The size distribution of the N-CDs.

by X-ray diffraction analysis with a diffraction peak at ca. 26.5°
(Fig. 83, ESIT).*

Subsequently, the surface functional groups and the
elemental composition of the N-CDs are determined by X-ray
photoelectron spectroscopy (XPS) and Fourier transform
infrared (FT-IR) spectroscopy. The XPS spectrum of the N-CDs
(Fig. S4a, ESIT) displays three major peaks at 285.3, 399.7, and
532.4 eV, which can be assigned to C 1s, N 1s and O 1s,
respectively. The ratio of C, N and O is C 15 76.21%, N 15 13.12%
and O 1s 10.68%. The high-resolution XPS spectrum of C 1s
exhibits three peaks at 284.4, 285.0 and 285.6 €V, corresponding
to C-C/C=C, C-N and O=C-O groups, respectively (Fig. S4b,
ESIT).” The O 1s spectrum is fitted with three peaks at 531.6,
532.5 and 533.6 €V, suggesting the C=0, C-O and C-OH groups
(Fig. S4c, ESIt).*> The N 1s spectrum has three peaks at 398.5,
399.3 and 400.2 eV that are ascribed to C-N, C=N and N-H
groups, respectively (Fig. S4d, ESIT).*

The XPS analyses of the N-CDs are in good agreement with
FT-IR assignments (Fig. S5a, ESIT). The FTIR spectrum of the N-
CDs displays sharp peaks at 3388 cm ' and 1584 cm ™, corre-
sponding the stretching vibration and bending vibration of the
N-H group, respectively.?® The broad peak at 3185 cm™' is
ascribed to the stretching vibration band of the carboxyl group.
The peaks at 2917 cm ™" and 2848 cm ™" are assigned to the C-H
stretching vibrations of the amorphous carbon structure.*® The
peak at 1631 cm ™' is ascribed to the amide bonding from C=0
stretching.? The sharp peak located at 1502 cm ™ is assigned to
C=C from aromatic ring stretching vibration. Moreover, the
peaks at 1458 cm ', 1269 cm ', 1152 cm ' and 747 cm
originate from C=N, O-H, C-O/C-N and C-H stretching
vibrations.**** Both the XPS and FT-IR spectra suggest that the
as-prepared N-CDs have a large number of amino groups and
carboxyl groups on their surface.

Optical properties of the N-CDs for Fe** sensing

The optical properties of the N-CDs are examined using UV-vis
and fluorescence emission spectra in pure water. The N-CDs
show a weak absorption peak at 420 nm (Fig. 2a). With the
addition of Fe*" (0.0-140 uM), the absorbance of the N-CDs
increases greatly by 24-fold, and the absorption peak (Amax)
presents a red shift and finally reaches 450 nm with quite an
obvious color change from light yellow to crimson to the naked
eye, indicating the formation of the N-CDs-Fe** complex. There
is a good linearity between absorbance at 450 nm and the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Absorption spectra of the N-CDs in pure water (0.04 mg
mL~Y) with increased concentrations of Fe3* (0-140 pM). The inset
shows the image of the N-CDs in pure water with the increased Fe>*
from left to right under daylight. (b) Linear relationship between
absorbance and the concentration of Fe®*.

concentration of Fe*" in the range of 0-85 uM (Fig. 2b), which
means that the N-CDs have potential application for Fe**
sensing.

The fluorescence characteristics of the N-CDs are explored
in detail. An excitation-independent emission characteristic is
exhibited with the increasing excitation wavelength from 390
nm to 490 nm (Fig. S6, ESIf), suggesting the stable and
uniform distribution on the surface state of the N-CDs. Under
450 nm excitation, a strong fluorescence emission peak with
an emission maximum (A%,,) of 556 nm is presented, corre-
sponding to free N-CDs (Fig. 3a), and the fluorescence
quantum yield (¢) is 20% by using rhodamine B as a reference
(eqn (1) of ESI}).** However, the fluorescence is gradually
quenched with the increasing concentration of Fe*" (0-140
uM); meanwhile the color of fluorescence changes from bright
yellow to dark red under 365 nm UV lamp irradiation. The
quenching efficiency [(F, — F)/F,] reveals a good linear rela-
tionship (R*> = 0.9993) with the concentration of Fe*" in a range
of 0-65 uM, where F, and F are the fluorescence intensities of
the N-CDs at 556 nm in the absence and presence of Fe*",
respectively (Fig. 3b). The limit of detection is 0.85 pM based
on the S/N = 3 method, which is much lower than the
maximum concentration of Fe*" in drinking water (~5.357 uM)
permitted by the US Environmental Protection Agency (EPA),*
suggesting that the as-synthesized N-CDs could serve as
a sensitive nanosensor for Fe*" detection.
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Fig. 3 (a) Fluorescence emission spectra of the N-CDs in pure water
(0.04 mg mL™Y) with the different concentrations of Fe®* (0-140 uM)
under 450 nm excitation. The inset shows the image of the N-CDs in
pure water with the increased Fe®* from left to right under UV lamp
irradiation at 365 nm. (b) Linear relationship between [(Fo — F)/Fo] and
the concentrations of Fe3*, where Fy and F are the fluorescence
intensities of the N-CDs at 556 nm in the absence and presence of
Fe®*, respectively.
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Possible quenching mechanism

The quenching mechanism is discussed using Stern-Volmer
eqn (1). The Stern-Volmer quenching constant (Ks,) is calcu-
lated using eqn (1) to be 2.95 x 10* M ™" at 298 K, which is very
large and the quenching process by Fe** may be ascribed to the
static quenching. In order to get insight into the quenching
mechanism, the quenching constants at different temperatures
(313 K and 323 K) are obtained (Fig. S7, ESIt). The Ky, exhibits
a decreasing trend from 2.95 x 10* M t0 9.12 x 10°> M " with
the increasing temperature from 298 K to 323 K; thus the
quenching process induced by Fe** may be due to the static
quenching by the formation of the N/S-CDs-Fe*" non-fluores-
cent complex.

Fo/F =1+ K[Q] 1)

where K, and [Q] are the Stern-Volmer quenching constant and
the concentration of Fe*', and F, and F are the fluorescence
intensities of the N-CDs at 556 nm in the absence and presence
of Fe**, respectively.

Furthermore, this speculation agrees with the result of the
fluorescence lifetime (Fig. S8, ESIT). The average fluorescence
lifetime of N-CDs is almost the same as the lifetime of the N-
CDs-Fe** complex from 4.79 ns to 4.75 ns; thus the fluorescence
quenching induced by Fe*" might be attributed to the static
quenching.

Optical properties of the N-CDs-Fe** for detection of HPO,>~

Fortunately, the quenched fluorescence can be recovered
quickly in the presence of HPO,> . Furthermore, the fluores-
cence intensity is even much higher by 1.3-fold increase than
that of the free N-CDs when the concentration of HPO,>™ is up
to 140 pM (Fig. 4a), and the color of fluorescence also changes
accordingly from dark red to bright yellow in the meantime
(inset). The recovery efficiency [(F, — F)/F,] shows a good linear
relationship (R*> = 0.9992) with the concentration of HPO,>~ in
the range of 0-60 uM, where F, and F are the fluorescence
intensities of the N-CDs-Fe®* complex in the absence and
presence of HPO,>~, respectively (Fig. 4b). The limit of detection
for HPO,>~ is determined to be as low as 0.80 uM, suggesting
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Fig.4 (a) Fluorescence emission spectra of the N-CDs—Fe®* complex
in the presence of different concentrations of HPO,4?~ from 0 to 140
puM at an excitation wavelength of 450 nm. The inset is the image of the
N-CDs—Fe3" complex in pure water with the increased HPO42~ from
right to left under UV lamp irradiation at 365 nm. (b) Linear relationship
between [(F — Fo)/Fol and the concentration of HPO4?~, where Fg and
F are the fluorescence intensities of the N-CDs—Fe** complex at 556
nm in the absence and presence of HPO,?~, respectively.
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that the as-fabricated N-CDs are very sensitive for HPO,>".
Moreover, the highly reversible fluorescence responses of the N-
CDs-Fe’" to HPO,>™ are observed, implying that the N-CDs are
reusable for Fe** and HPO,>  detections (Fig. S9, ESIT).
However, only HPO,>~ couldn't cause any change in the fluo-
rescence intensity and peak characteristics of the N-CDs.

In order to gain an insight into the increased fluorescence
intensity by 1.3-fold after addition of HPO,>, the UV-vis
absorption spectra are further investigated (Fig. 5a). Upon
addition of HPO,>", the absorption peak (Ap.) at 450 nm
gradually decreases with a hypsochromic shift to 415 nm, and
aisosbestic point at 422 nm is observed, implying the formation
of a new complex [N-CDs-Fe*"~HPO,>"]. Meanwhile the color
changes from crimson to a faint yellow. The ratiometric
absorbance (A415/A450) presents a good linear relationship (R* =
0.9982) with the concentration of HPO,>~ in a range of 0-80 uM
(Fig. 5b).

The fluorescence emission spectra are further investigated
under 415 nm excitation. The emission maximum (Af,,) is still at
556 nm, and a very large Stokes shift of 141 nm is displayed.
Moreover, the fluorescence intensity is obviously higher by 1.2-fold
than that of the [N-CDs-Fe’*~HPO,>"] complex under 450 nm
excitation (Fig. S10a, ESIt). The recovery efficiency [(F, — F)/Fy]
presents a good linear relationship (R*> = 0.9991) with the
concentration of HPO,>~ in the range of 0-65 uM (Fig. S10b, ESI?).

Possible interaction mechanism between the N-CDs-Fe** and
HPO,>~

In addition, the FT-IR spectra are employed again for further
understanding the interaction between the N-CDs-Fe**
complex and HPO,? (Fig. S5b, ESI). With the addition of Fe**,
the peaks of amino groups (3388 and 1584 cm™ ') and carboxyl
groups (3185 cm™ ') disappear to be replaced by a large broad
peak at 3384 cm™ ', and a new peak of an amine salt at 2469
cm ! appears,*® suggesting that the carboxyl and amino groups
all coordinate with Fe** and form the N-CDs-Fe*" complex.
Then addition of HPO,>~ into the N-CDs-Fe®* complex was
continued, and the peaks of amino and carboxyl groups did not
show up. The peak of an amine salt at 2469 cm™ ' and the peak
of the C-N group at 1061 cm ™' are enhanced, implying that
a new complex of [N-CDs-Fe**-HPO,>"] is formed.

(@)
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/\ (b) ISO-003T2=T01 110 H0.6899:20.0031) A
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Fig. 5 (a) Absorption spectra of the N-CDs—Fe3* complex in pure
water with the different concentrations of HPO42~ (0-140 uM). The
inset is the image of the N-CDs—Fe** complex in pure water with the
increased HPO,2~ from right to left under daylight. (b) Linear rela-
tionship between ratiometric absorbance (A415/A450) and the
concentration of HPO,2™.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Moreover, the zeta potential values are also explored. The
zeta potential of the N-CDs is 9.84 mV (Fig. S11a, ESI}). With the
addition of Fe**, the zeta potential rises to 11.0 mV (Fig. S11b,
ESIt), indicating that the contribution of the carboxyl group is
larger than that of the amino group in coordination of Fe®".
Then after addition of HPO,>~, the potential value reduces to
9.91 mV (Fig. S11c, ESI}), suggesting that HPO4>™ is selectively
bonded to the N-CDs-Fe®** complex and further involved in the
complicated structure of [N-CDs-Fe*"~HPO,>"].

Effect of pH on the N-CDs

The influence of pH on the N-CDs is investigated in the bio-
logically relevant pH range (HEPES, 25 mM, 5.0-9.0). As shown
in Fig. S12,T the fluorescence intensity obviously increases with
the increase of the pH value from 5.0 to 8.5, and then the growth
tends to slow from 8.5 to 9.0, suggesting that the N-CDs could
be applied well in the physiological environment at pH 7.0-7.5.
Herein, the increased fluorescence intensity can be attributed to
the donor-excited photoinduced electron transfer (d-PET)
process. In this process, the N-CDs serve as electron donors, and
the functional groups on the surface of the N-CDs, such as the
amino group and carboxyl group, are electron acceptors. In an
acidic solution, the nitrogen atom of the amino group is
protonated (NH'), and the LUMO energy of this acceptor
becomes lower than that of the excited N-CDs, leading to a d-
PET quenching process.>**® However, the carboxyl group is
deprotonated and forms COO™ in an alkaline solution, which
elevates the LUMO level by enhancing the electron density of
the carboxyl group and hampers the d-PET process, resulting in
a high quantum yield of the N-CDs.*!

Selectivity of the N-CDs

The interactions between the as-fabricated N-CDs and different
metal ions are also evaluated, including K*, Na*, Mg>", Zn*",
Ca”, Ba”, Cd2+, Cu2+, Sr2+, Pb2+, Hg2+, COZ+, Mn2+, Fez+’ A13+,
Cr’" and Fe*’, and the fluorescence properties are measured
under 450 nm excitation (Fig. 6). Among these cations, only Fe**
exhibits almost complete fluorescence quenching towards the
N-CDs. While Cd**, AI** and Cr’** have a slight quenching effect,
the other cations have an ignorable quenching effect on the
fluorescence intensity of the N-CDs. These results demonstrate
that the as-prepared N-CDs have high sensitivity and selectivity
towards Fe** over other metal ions. Similarly, only HPO,>~ can
further form the complex of the [N-CDs-Fe’’~HPO,>] and
results in the fluorescence recovery, whereas other anions, such
as ClI” and HCO; ™ that exist in living systems, have no effect on
the fluorescence enhancement.

Stability of the N-CDs

The photostability of the N-CDs is assessed by the measurement
of fluorescence intensity at 556 nm under continuous exposure
of ultraviolet light for 120 min. The result shows that no
remarkable change is observed under the 420 nm excitation in
pure water, indicating that the N-CDs have high photostability
against photobleaching (Fig. S13, ESIt). Furthermore, the
effects of different ionic strengths (0.0-2.0 M KCl) on the N-CDs

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Relative fluorescence intensity of the N-CDs (0.04 mg mL™Y) in
the presence of 140 uM Fe®*, and 500 pM of K¥, Na™, Mg?*, Zn?*, Ca®",
Ba*, Cd?*, Cu?*, Sr3*, Pb?*, Hg?*, Co?*, Mn?*, Fe?*, Al** and Cr®* in
an aqueous solution (pH 7.0), where Fo and F are the fluorescence
intensities of the N-CDs in the absence and the presence of various
metal ions, respectively. The excitation wavelength is 450 nm.

(0.04 mg mL ") are also investigated, and there are no obvious
changes in the fluorescence intensities and peak characteristics
of the N-CDs (Fig. S14, ESI}), suggesting that the N-CDs have
huge potential for further application in the biomedical field.

Cellular imaging

In order to investigate the response abilities of the N-CDs to Fe’*
and HPO,”" in living cells, HEp-2 cells are employed and the
cell cytotoxicity of the N-CDs to HEp-2 cells is assessed by MTT
assay at concentrations from 0 to 1.0 mg mL ™" for 24 h. The
result shows that the survival rate of HEp-2 cells is more than
90% even at the maximum concentration of 1.0 mg mL '
(Fig. S15, ESIt), demonstrating that the N-CDs have no obvious
cytotoxicity to the cells below 1.0 mg mL ™", and the N-CDs could
be used as a promising candidate for Fe** and HPO,>" in vivo
detection.

Subsequently, HEp-2 cells are cultured with the N-CDs (0.5
mg mL ") for 1 h at 37 °C. After this the cells are washed with
HEPES buffer solution three times and imaged with excitation
at 458 nm and emissions at 500-580 nm. Then some of them are
used as the control group, and the others are incubated with 140
uM of Fe** solution for 2 h. As shown in Fig. 7, the HEp-2 cells
incubated with the N-CDs emit bright yellow fluorescence.
However, the yellow fluorescence is extremely quenched when
Fe" is introduced into the N-CD pretreated cells. After this 140
uM of HPO,>~ is added into the above cells for another hour; an
obvious fluorescence recovery is observed with a sensitive “on-
off-on” fluorescence response. The mean fluorescence intensi-
ties are calculated using Image] software (Fig. 7j) and are
consistent with the performance of the N-CDs in pure water.
These results confirm that the as-fabricated N-CDs can be used
as a nanosensor for visual monitoring of intracellular Fe** and
HPO,’>", implying that the N-CDs have large potential for
application as a diagnostic reagent.

Since there is little information about carbon dots that could
detect Fe*" and HPO,>~ in the meantime, a comparison has
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Fluorescence Intensity

[N-CDs-Fe*-HPO,*]

[N-CDs-Fe™]

Fig. 7 Confocal fluorescence images of HEp-2 cells. (a) Incubation
with 0.50 mg mL™* of the N-CDs. (b) Followed by incubation with 140
1M of Fe3* solution. (c) Further subsequent incubation with 140 pM of
HPO,2~ solution. (d—f) Bright-field images. (g—i) Merged images. (j)
Mean fluorescence intensities of HEp-2 cells under different incuba-
tion conditions (data are presented as mean + SD with replicates (n =
3)).

been made among reported carbon dots for Fe** sensing. As
shown in Table S1,1 the as-fabricated N-CDs show not only the
maximum absorption peak (Ayay) at 450 nm but also a Stokes
shift up to 106 nm with a very low detection limit and higher
fluorescence quantum yield. As for the detection of HPO,>™,
reported organic dyes for HPO,>~ or H,PO,~ sensing have to be
employed due to few data based on carbon dots for monitoring
of HPO,?". As Table S21 shows, most of these organic dyes show
UV light excitation or their Stokes shifts are very small. Even if
some of them have a large Stokes shift with the excitation of
visible light (ref. S337), their extremely poor solubility in water
seriously limits their application in living systems. Moreover, all
of these organic dyes suffer from photobleaching and poor
water solubility. In comparison with these organic dyes, the as-
synthesized N-CDs exhibit not only good water solubility,
biocompatibility and high photostability but also a large Stokes
shift up to 106 nm with a lower detection limit of 0.80 uM for
HPO,>”, implying their great potential for diverse application in
the biomedical field.

Conclusions

A nanosensor based on N-doped CDs has been developed by
a one-pot hydrothermal method. The average size of the N-CDs
is 3.32 nm with a good crystalline structure. The N-CDs exhibit
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excellent water dispersibility, good biocompatibility and anti-
photobleaching properties. Moreover, the N-CDs possess a large
Stokes shift of 106 nm under 450 nm excitation with the fluo-
rescence quantum yield (¢) 20%. Upon addition of Fe**, distinct
fluorescence quenching is observed with an obvious color
change from light yellow to crimson under daylight by the
naked eye; a good linear range is presented in a range of 0-65
uM with a detection limit of 0.85 uM for Fe*". However, the
quenched fluorescence could be rapidly recovered by the addi-
tion of HPO,*>~ which can be attributed to formation of the
complex [N-CDs-Fe*"~HPO,*]. A good linear range is exhibited
in the range of 0-60 uM with a detection limit of 0.80 uM for
HPO,>". Furthermore, the confocal images show that the as-
prepared N-CDs could be used as a nanosensor for monitoring
of intracellular Fe*" and HPO,>~, demonstrating that the N-CDs
have diverse potential application in the biomedical and bio-
logical fields.
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