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Green-fluorescent N-doped carbon dots (N-CDs) have been successfully fabricated using hydrothermal
treatment of tyrosine and urea. The N-CDs obtained showed excitation-independent emission, superior
stability and strong photoluminescence with a quantum yield of ca. 9.8%. Based on these striking

behaviors, the as-prepared N-CDs have been utilized in Co?* detection and temperature sensing. Due to
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an inner filter effect, the N-CDs obtained were dramatically quenched by Co?* with linear ranges of 0.1

uM—-10 pM, 25 uM-275 uM and 300 uM—-400 pM, and they had a detection limit of 0.15 uM. The use of
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1. Introduction

Carbon dots (CDs) are regarded as an exquisite class of carbon
nanomaterial, with a quasi-spherical diameter of less than
10 nm, which were accidentally discovered during the purifi-
cation of crude carbon nanotubes in 2004."* On account of their
excellent photoluminescence (PL), ease of functionalization,
superior water-solubility and relatively low toxicity, CDs have
become excellent alternatives to other fluorescent nanoparticles
for extensive applications in sensing,*® bioimaging,>'® drug
delivery,""* medical diagnosis,” fingerprint detection'**> and
photocatalysis.'® Currently, considerable efforts have been
committed to exploring preparation methods of CDs including
laser ablation,"”” electrochemical oxidation,"” pyrolysis,*
microwave-assisted synthesis,”?*?* hydrothermal methods,*?*
and so on. However, in these versatile synthetic approaches, the
hydrothermal method demonstrates several distinguishing
characteristics including simple operation, environmental
friendliness and easy control.

Recently, to gain CDs with better PL properties, heteroatom
doping has become a topic of topical interest.>*?” As
a common dopant in the synthesis of CDs, nitrogen (N) atoms
have a similar atomic size and five valence electrons, which
can bond strongly with the carbon atoms and give the CDs
potential active sites.”*?° Liu et al”>® used citric acid and
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the as-prepared N-CDs has been extended to visualize Co®* fluctuations in living cells. Additionally, the
N-CDs obtained have also been applied for use as a temperature sensor with a linear range of 25-80 °C.

ethylenediamine to fabricate N-doped CDs (N-CDs) by
a hydrothermal method which exhibited a quantum yield (QY)
of 58.6%. Bu et al.** used chrysanthemum buds as a carbon
source and ethylenediamine as a N source to obtain blue
fluorescent N-CDs with a QY of 28.5% which were employed as
a sensing platform to detect curcumin. Karali et al.** synthe-
sized N-CDs achieving a high QY of 54% which were applied to
testing nitrite, nitrate and ferric ions in food samples.
However, these N-CDs generally exhibited blue fluorescence,
which limited practical applications under biological condi-
tions. Therefore, it is of urgent need to fabricate fluorescent
CDs with a long-wavelength emission.

Temperature, being a critical thermodynamic parameter,
plays an important role in diverse environments.*® Thus, accu-
rate temperature measurement is essential. A lot of effort has
been made to accurately measure the temperature, using
scanning probe microscopy, Raman spectroscopy and fluores-
cence spectrophotometry.**>® Additionally, numerous fluores-
cent nanomaterials including semiconductor quantum dots,*
fluorescent polymers,*” and organic dyes*® have been developed
for use as temperature sensors. To date, many CD-based
temperature probes have been developed. Chen et al>® re-
ported organosilane-functionalized CDs for use as temperature
probes. Shi et al* developed N,S-CDs for the detection of
intracellular temperature. Du et al.** synthesized N,P-CDs for
a temperature sensing platform with remarkable selectivity and
specific reversibility. However, the investigation on CD-based
temperature probes is still at a relatively early stage and there-
fore there is still potential for extensive research.

Cobalt is a significant microelement for humans and plays
avital role in sustaining normal life activities. Generally, cobalt
ingestion occurs in ordinary living through diet and breath.
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Excessive cobalt uptake leads to multifarious diseases including
contact dermatitis, allergic asthma, and thyroid damage or even
death. As a result, CDs have been employed to construct Co>*
sensors by virtue of their high sensitivity and convenience. Han
et al.** developed glutathione-functionalized fluorescent CDs as
a Co®" sensor. Wen et al.*? reported green fluorescent CDs for
Co*" sensing in living cells. Kong et al.** showed CDs which were
an effective sensing platform with high sensitivity towards Co>*
However, CD-based Co>" probes are still relatively rare, and
thus, further development is highly desired.

In this work, an easy and economical method is presented
which produces bright green fluorescent N-CDs using tyrosine
and urea. Due to their high fluorescent QY, low-toxicity,
excitation-independent emission and remarkable stability, the
synthesized fluorescent N-CDs have been utilized as fluorescent
nanosensors based on the inner filter effect (IFE) for the
detection of Co**. Confocal fluorescent imaging of SMMC-7721
cells indicates that the as-prepared N-CDs could be used to
visualize Co®" fluctuations in living cells. Moreover, the as-
prepared N-CDs were employed as a temperature probe.

2. Experimental section

2.1. Materials

Urea was obtained from Sigma Aldrich Trading Co., Ltd
(Shanghai, China). The AICl;, CoCl,, FeCl;, HgCl,, MgCl,, NaBr,
NaCl, NaF, NaH,PO,, NaNO,, NaNOj;, Na,CO;, Na,HPO,,
Na,S0;, Na,SO,, Na,S,03, NazPO,, and ZnCl, were all obtained
from Beijing Chemical Corp (Beijing, China). All the amino
acids including alanine, arginine, aspartic acid, glutamic acid,
histidine, isoleucine, leucine, methionine, phenylalanine,
proline, threonine, tyrosine, and valine were obtained from the
Shanghai Aladdin Reagent Co., Ltd. (Shanghai, China). In all
the experiments, distilled deionized (DDI) water (=18 MQ cm)
was used.

2.2. Fabrication of N-CDs

Green emission N-CDs were successfully obtained using a one-
step hydrothermal strategy. Firstly, 0.2 g of tyrosine and 0.5 g of
urea were weighed and then dissolved in 10 mL of DDI water.
The mixed solution of urea and tyrosine was sealed in a 20 mL
Teflon-lined stainless steel autoclave and then maintained at
200 °C for 3 h. After the reaction, the suspension was cen-
trifugated under 4000 rpm for 0.5 h and further dialyzed with
a dialysis membrane. Finally, the N-CD aqueous solution was
freeze-dried to obtain a solid sample for further use.

2.3. Detection of Co>*

The determination of Co>" was conducted in 10 mM phosphate
buffered saline (PBS) at pH = 7. Firstly, 0.05 mL of N-CD
aqueous solution (1.4 mg mL ™) was added into 0.5 mL PBS
at pH = 7. Then, various concentrations of Co** were added and
the spectra of the fluorescence intensity were collected after
reaction for 60 s.
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2.4. Cell imaging

In a 5% CO, incubator, Human hepatoma cellular carcinoma
(SMMC-7721) cells were cultured in Dulbecco’'s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum at
37 °C. The N-CD aqueous solution (300 pL, 1.4 mg mL ') was
added to the culture medium (1.0 mL). The SMMC-7721 cells
were cultured in 0.25% trypsin/0.020% EDTA, and the cells were
washed three times with PBS for (1.0 mL each). Immediately,
the fluorescence images were captured using a laser scanning
confocal microscope (LSCM). After that, N-CD-stained SMMC-
7721 cells were treated with Co>* (400 uM) in PBS for about
90 s. At the same conditions as above previously, fluorescence
images were captured with the LSCM.

3. Results and discussion

3.1. Preparation of N-CDs

As shown in Fig. 1, the green-emission N-CDs were successfully
fabricated using tyrosine and urea with a hydrothermal
method. Tyrosine and urea as the carbon source and nitrogen
source, respectively, were employed to produce the remarkable
emissive N-CDs. The formation mechanism of as-prepared N-
CDs may include several stages involving dehydration, poly-
merization, aromatization, carbonization, and nuclear burst in
the hydrothermal process.** The N-CD solution obtained was
brownish yellow under daylight and well-dispersed.

3.2. Characterization of N-CDs

Transmission electron microscopy (TEM) was used to describe
the morphology and size distribution of the N-CDs (Fig. 2). The
as-prepared N-CDs were nearly spherical and well-dispersed.
The size distribution of the N-CDs obtained was from 4.00 nm
to 7.00 nm with an average diameter of 5.20 = 0.93 nm. More-
over, the inset of Fig. 2(C) clearly shows a crystalline structure
with a lattice spacing of 0.21 nm, which was in good agreement
with the (101) facet of graphite.*®

In addition, atomic force microscopy (AFM) was an effective
tool to certify the surface topography of the N-CDs obtained.
Fig. S1A and B (ESI}) show the topography and three-
dimensional images of the N-CDs, which clearly revealed that
the N-CDs obtained have excellent dispersibility. In Fig. S1C
(ESIY) is shown a radial height distribution map along the line
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Fig. 1 Schematic illustration of the preparation of N-CDs (photo-
graphs of the N-CDs obtained, under visible and UV (365 nm) light,
respectively).
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Fig. 2 (A-C) TEM images of N-CDs under different magnifications
(inset of (C) shows the HRTEM image of the N-CDs). (D) The size
distribution of N-CDs.

in the AFM topography image. As illustrated in Fig. S1D (ESIT),
the height of the as-prepared N-CDs falls within the range of
3.50-5.00 nm, which obviously exhibits an average height of ca.
4.70 nm.

To explore the chemical composition and functional groups
of the N-CDs obtained, X-ray photoelectron spectroscopy (XPS)
measurements were carried out. The full scan spectrum
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revealed three obvious peaks at 282.6 eV, 399.2 eV and 529.4 eV,
which were assigned to the elemental types of C1s, N1s and O1s
(Fig. 3(A)), respectively. The high-resolution spectrum of C1s
(Fig. 3(B)) can be decomposed into four peaks at 284.9 eV (C=
C), 285.9 eV (C-0-C), 286.3 €V (C-0) and 288.9 eV (0O=C-0). In
the N1s spectrum of the as-prepared N-CDs (Fig. 3(C)), two
peaks at 401.0 eV and 402.1 eV were attributed to pyrrolic-N and
N-H, respectively. The O1s spectrum of the N-CDs obtained
(Fig. 3(D)) can be deconvoluted into three peaks at 531.6 eV (C=
0), 532.4 eV and 533.9 eV (C-O-C/C-OH), respectively. These
demonstrate that the as-prepared N-CDs were mainly covered
with hydroxyl and carboxyl groups.

Simultaneously, Fourier transform infrared (FTIR) spectros-
copy (Fig. 3(E)) was carried out to characterize the functional
groups. The peaks at 3379.7 cm ' and 3192.0 cm ' were
attributed to the stretching vibrations of O-H/N-H, and the
peaks between 3027.1 cm™ ' and 2729.3 cm™ " were assigned to
the C-H stretching vibration. The peaks between 2682.3 cm™*
and 2603.8 cm ™" corresponded to the C-O stretching vibration.
The stretching vibration of COO™~ was located in the absorption
band at 1584.0 cm™*. The absorption peak at 1489.2 cm ™ * was
attributed to the C-H bending vibrations. The absorption peak
at 1329.5 cm™ ' was assigned to the C-N stretching vibration.
The peak at 1238.1 cm ™' showed the presence of the C-O-C
stretching vibration. There were two peaks present at
1144.0 cm™ ' and 1104.8 cm ™', which were attributed to the C-O
stretching vibration. The results were consistent with the results
obtained with XPS. As shown in Fig. 3(F), the zeta potential of
the N-CDs obtained was —20.2 mV, which strongly certified the
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(A) Full XPS spectrum. (B) C1s, (C) N1s and (D) Ols spectra of N-CDs obtained. (E) FTIR spectrum. (F) Potential spectrum of N-CDs
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presence of a certain negative charge and indicated that the
carboxyl groups on the surface of the N-CDs obtained possessed
partial ionization. The XRD pattern demonstrated a peak at
approximately 26 = 23.8°, as shown in Fig. S2 (ESI}), which was
assigned to a graphitic structure. In the Raman spectrum of the
as-prepared N-CDs (Fig. S3, ESIT), the D and G bands located at
1369 cm ™' and 1550 cm ™', respectively, were related to the sp®
carbon species and sp> carbon networks. The intensity ratio of
Ip/Ig was 0.88, which indicated that the N-CDs obtained con-
tained a partially disordered graphite structure.

3.3. PL properties of N-CDs

The UV/vis spectrum and PL spectra described the optical
properties of the as-prepared N-CDs. As shown in Fig. 4(A), there
two absorption peaks were exhibited. The absorption peak at
240.2 nm was attributed to the m-m* transition of the C=C
band of the localized sp> clusters in the core. The absorption
peak at 287.0 nm was ascribed to the n-m* transition of the
C=0 bands of the carboxyl groups on the shell of the N-CDs. In
addition, the PL spectra of the as-prepared N-CDs under
different excitation wavelengths were measured. When excited
at 410 nm, the emission peak located at 518 nm (Fig. 4(B)),
showed a green emission. When the excitation wavelengths
were changed from 320 nm to 420 nm, the emission wave-
lengths were almost not shifted. There exhibits the excitation-
independent emission phenomenon in Fig. 4(B), which is
relevant to the influence of the surface passivation functional-
ization. The QY of N-CDs obtained is determined to be 9.8%
using Rhodamine 6G as a reference. In addition, the stability of
the N-CDs obtained was further investigated. Fig. S4AT shows
that the PL intensities remained almost stable when the pH
values were increased from 2.0 to 12.0. This result indicated that
the PL intensity of the N-CDs obtained was independent of pH.
Moreover, after excitation for 80 min, the PL intensities of the N-
CDs nearly remained unchanged (Fig. S4B, ESIt), which showed
that the photostability of the N-CDs was great.

3.4. Temperature sensing

The as-prepared N-CDs exhibit good temperature-sensitive
behavior, which is a useful characteristic. As shown in
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Fig. 5 (A) PL spectra of N-CDs obtained in the temperature range of
25-80 °C (inset: the emission intensity as a function of temperature).
(B) Reversible fluorescence response of eight consecutive cycles from
25°Cto 80 °C.

Fig. 5(A), the fluorescence intensities of the N-CDs obtained
gradually decrease with the increase of temperature from 25 °C
to 80 °C, which exhibited a good linear relationship with
a correlation coefficient (R*) of 0.98781 (inset of Fig. 5(A)).
Significantly, the phenomenon may be attributed to the
enhanced number of non-radiative channels of surface (trap/
defect) states.”” The higher the temperature of the N-CDs is,
the more the non-radiative channels would be activated and
then more excited electrons would come back to the ground
state via a non-radiative process, which would lead to the
reduction of the fluorescence intensity.** In addition, contin-
uous heating and cooling cycles from 25 °C to 80 °C were con-
ducted to verify the reversibility of the N-CDs obtained. As
shown in Fig. 5(B), after eight consecutive cycles, the fluores-
cence intensity of the N-CDs obtained can still be recovered,
which means that the change of temperature does not cause
permanent damage to the surface fluorescent structure of the N-
CDs obtained. The excellent reversibility indicates that the N-
CDs obtained could have a potential application as a tempera-
ture sensor.

3.5. Fluorescent detection of Co**

To investigate the selectivity of the sensing system, the influ-
ence of various external substances, including ions and amino
acids, on the PL intensity of the N-CDs obtained at pH = 7.0
were determined. Among these external substances, Co>*
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showed the largest quenching of the fluorescence of the N-CDs
obtained (Fig. 6(A) and (B)). Simultaneously, the Co>* sensing
capacity of the N-CDs was checked in range of 0 uM to 400 uM.
As shown in Fig. 6(C), the fluorescence intensity of the N-CDs
reduced progressively when the concentration of Co**
increased gradually. More importantly, there was a remarkable
linear dependence between F/F, and Co®" concentration in the
range of 0.1 uM-10 uM, 25 uM-275 uM and 300 uM-400 pM as
well as a detection limit of 0.15 uM, which was a lower value
compared to those previously reported for the detection of Co>".
The principle of the IFE-based Co** experiment is described in
Fig. 6(E). The effective IFE demands a complementary/overlap
of the absorption spectrum of the absorbers and excitation
and/or emission spectra of fluorophores.>*>*” A good overlap
between the emission spectrum of the as-prepared N-CDs and
absorption band of Co>" was observed, which confirmed the IFE
mechanism of Co®" sensing. Furthermore, the average fluores-
cence lifetimes of N-CDs and N-CDs/Co>* were 3.53 ns and 3.60
ns, respectively, as shown in Fig. S5 (ESIt), which further sug-
gested the occurrence of IFE.

3.6. Cytotoxicity assay

Cytotoxicity is a crucial and essential factor for biological
imaging. The SMCC-7721 cells were selected as model cells and
the MTT toxicity assay of the N-CDs obtained were estimated at
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concentrations increasing from 0 to 0.6 mg mL " for 24 h. As
shown in Fig. 7, more than 80.1% of the SMCC-7721 cells
survived, implying that the N-CDs obtained possessed ultralow
toxicity and could be employed in a biological system.

3.7. Cellular imaging

As a model for in vitro imaging, the SMCC-7721 cells could
quickly uptake the N-CDs obtained. As shown in Fig. 8, the N-CDs
tagged the cells giving a bright blue color (Fig. 8(A1)), a green
color (Fig. 8(A2)), and red fluorescence (Fig. 8(A3)) when excited
with a 405 nm, 488 nm, and 547 nm laser, respectively. The
merged images of the three panels are shown in Fig. 8(A4)-(A6).
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Fig. 7 Cytotoxic effect of the N-CDs obtained on SMMC-7721 cells.
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Fig. 6 (A) Selectivity of the sensing method for Co®* against other ions at pH 7.0 under 410 nm excitation. The black bars show the addition of
ions (400 uM) to the N-CD solution. The red bars show the subsequent addition of 400 uM Co?* to N-CDs/L™* solution (Fo and F correspond to
the fluorescence intensity of the N-CDs in the absence and presence of external ions, respectively). (B) Selectivity of the N-CDs solution for Co?*
against amino acids at pH 7.0 under 410 nm excitation. The black bars show the addition of amino acids (400 uM) to the N-CD solution. The red
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emission spectra of N-CDs obtained.
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Fig.8 LSCM images of SMMC-7721 cells treated with the N-CDs obtained (0.42 mg mL™%) under 405 nm excitation (A1), 488 nm excitation (A2),
and 547 nm excitation (A3). (A4) The merged image of (A1) and (A2). (A5) The merged image of (Al) and (A3). (A6) The merged image of (A2) and
(A3). LSCM images of SMMC-7721 cells labelled with the N-CDs/Co?* under 405 nm excitation (B1), 488 nm excitation (B2), and 547 excitation
(B3). (B4) The merged image of (B1) and (B2). (B5) The merged image of (B1) and (B3). (B6) The merged image of (B2) and (B3).

Upon the addition of Co*, the fluorescence intensity weakened
(Fig. 8(B)). Consequently, the N-CDs obtained could be applied to
detect Co*" in living cells.

4. Conclusion

An environmentally friendly method is presented for the prep-
aration of green fluorescent N-CDs using urea and tyrosine with
a respectable QY of 9.8%. The as-prepared N-CDs exhibit good
luminescence stability, excitation-independent emission, and
strong fluorescence. Depending on these characteristics, the
obtained N-CDs have been employed successfully in Co®*
detection based on the inner filter effect and temperature
sensing. This research not only proposes a simple strategy to
fabricate fluorescent N-CDs, but also demonstrates that N-CDs
could be used to sense temperature and track Co”>* in actual
samples and for other applications in the biomedical field.
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