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Abstract

Herein, a simple and efficient fluorescence analysis method for L-Cysteine (L-Cys) was established. The method was based on
the fluorescent “off-on” mode of nitrogen doped carbon dots (NCDs). The NCDs were prepared via a facile one-step
solvothermal method. In the process of exploring the bio-functional application of these newly synthesized NCDs, we found
these NCDs with rich functional groups exhibited excellent optical properties. In addition, these newly synthesized NCDs
showed an excitation-dependent emissions photolumine-scent (PL) property and exhibited good performance in the detection
of Fe** ions by quenching the blue emission fluorescence. Interestingly, the quenched fluorescence of NCDs was recovered with
the addition of L-Cys, which provided a novel approach for L-Cys detection. The NCDs-based fluorescent “off-on” sensor has a
wide linear detection range (0—100 M), and a relatively low detection limits (0.35 M) for L-Cys. This simple fluorescent “oft-
on” approach is, very sensitive and selective for L-Cys detection, which also provides a new insight on NCDs biosensor
application.
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Introduction (L-Cys), serving as one of 20 essential amino acids and an

important sulfur-containing compound, plays an extensive

Sulthydryl-containing amino acids play a unique and impor-
tant role in the process of biological metabolism, which has
received extensive attentions in the biological research [1-3].
Multifarious diseases are closely related to amino acid content
since amino acids are crucial component of proteins and var-
ious metabolites [4]. Among these amino acids, L-Cysteine
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role in human physiological activities [5, 6]. L-Cys deficiency
is usually associated with retarded growth in children, leuko-
cyte loss, skin lesions, liver damage, and weakness [7]. In
addition, L-Cys is also used in pharmaceuticals, cosmetics,
baking and as a flavoring additive in industrial application
[8]. Therefore, the ability to accurately detect L-Cys level in
a variety of products is essential.

In the past decades, atomic absorption spectrometry, high-
performance liquid chro-matography (HPLC), optical spec-
troscopy, the electrochemical and chemical methods have
been applied to monitor L-Cys levels [9-11]. However, those
methods require harsh conditions, sophisticated operations,
relatively expensive equipment and time-consuming pretreat-
ments. Compared to these traditional methods, fluorescence
detection methods attracted extensive attention due to quick
response, high sensitivity, and high selectivity. Among them,
fluorescent turn-on probes are particularly preferred to avoid
the false response and to enhance the visible distin-
guishability [12, 13].

Nanomaterials are used as fluorescent probes, such as gold
and silver nanoparticles, CdS quantum dots, graphene quan-
tum dots and carbon dots (CDs). Compared with other
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nanomaterials, CDs not only possess good biocompatibili-
ty, catalytic activity and optical properties, but also show
advantages in the simple preparation processes, lower tox-
icity and higher stability [14—16]. In recent years, CDs
have attracted tremendous attention in catalysts [17], sen-
sors [18-20], printing inks [21], optoelectronic devices
[22] and theranostics [23, 24] and bioimaging [25-27].
In addition, researches showed that heteroatom doping
were widely used to improve the fluorescence emission
performance of CDs and provide extra functional groups
for specific targeted sensing [28-31]. The various metal
ions can chelate with functional groups, resulting in the
fluorescence quenching of CDs, which was used to detect
metals ions (Cu®*, Hg>*, Cr®*, Fe’*) [1-3, 32].

Alternatively, a sensitive and specific fluorescence “off-on”
mode for determination of L-Cys has been studied, which
further expanded the applications of CDs. The fluorescent
probes for “off-on” sensor have been applied to detect L-Cys
level based on CDs- Cu?* and CDs- Ag" fluorescence [1, 33].
The methods in the form of “on - off - on” by first quenching
the fluorescence of CDs with metal ions and then recovering
the fluorescence with the addition of L-Cys are a relatively
cheap, facile, quick response and selective approach.
Therefore, in order to further develop the fluorescent probes
method, we designed a novel fluorescence “off-on” sensors
for L-Cys detection based on NCDs-Fe**.

The NCDs with good stability and excellent optical
properties were prepared by a one-step solvothermal
method with 4-(2-pyridylazo)-resorcinol as carbon precur-
sor. In addition, the blue fluorescence quenching could
not only be ascribed to the combination of Fe** ions and
the rich functional groups on the surface of the NCDs, but
the fluorescence of NCDs was recovered with the addition
of L-Cys, which was used to detect L-Cys detection based
on fluorescence “off-on” probes. Moreover, compared
with the previously reported probes, the NCDs-based
fluorescent “off-on” sensor has a wide linear detection
range (0—100 uM) and a relatively low detection limits
(0.35 uM) for L-Cys detection.

Materials and Methods
Reagents and Materials

4-(2-Pyridylazo)-resorcinol was acquired from Macklin
Biochemical Co., Ltd. (Shanghai). Ethanol, methanol and
methylene chloride were purchased by Sinopharm Chemical
Reagent Co., Ltd. (Shanghai). L-Cys and all amino acids were
obtained from Aladdin Industrial Inc. (Shanghai, China).
Ultra-pure water was prepared and used throughout the whole
experiments.
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Instrumentation and Characterization

Fluorescence emission spectra of the samples were measured
by using the Fluomax-4 Spectrophotometer at ambient condi-
tions. Fourier transform infrared (FT-IR) spectroscopy were
obtained on a Nicolet Nexus 670 FTIR spectrometer ranged
from 4000 to 400 cm ', UV — visible absorption spectra were
collected using a Shimadzu UV-2600 spectrophotometer.
Transmission electron microscopy (TEM) images were cap-
tured using a Tecnai G2 20 transmission electron microscope.
The measurements of C, H, and N elements were performed
on Agilent 7700ce elemental analyzer.

Preparation of NCDs

The NCDs were synthesized by a one-step solvothermal meth-
od. 4-(2-pyridylazo)-resor-cinol (0.15 g) was first dissolved in
ethanol (80 mL). The mixture solution was transferred into
multiple poly-(tetrafluoroethylene)-lined auto-claves for
solvothermal reaction. The reactors were then heated at
220 °C for 10 h and cooled naturally to room temperature.
The obtained crude products were preliminarily purified by
high-speed centrifuged and further filtered through a filter
membrane (0.22 pum) to remove the large particle residues.
The flow-through was purified on a silica-column using meth-
anol and methylene chloride mixtures (1:4, v/v) as the eluent.
After removing solvents using rotary evaporator at 50 °C and
further drying in a 50 °C vacuum oven for 10 h, the final
purified NCDs were obtained as a dark powder.

Detection of L-Cys

The detection of L-Cys was performed following a typical
procedure. First, 3 ml of ethanol solution containing 60 pg
NCDs were mixed with certain Fe>* ions (500 uM) solution,
which was denoted as NCDs-Fe®*. Subsequently, various con-
centration of L-Cys (0-500 ;M) were added to NCDs-Fe**.
Finally, the fluorescence emission spectra was then measured
with excitation wavelength fixed at 350 nm.

Results and Discussions

Morphological and Chemical Characteriz-Ation
of NCDs

The synthesis of NCDs started from 4-(2-pyridylazo)-resor-
cinol through a facile one-step solvothermal method using
ethanol as solvent. Subsequently, the morphology and size
distribution of as-prepared NCDs were characterized using
TEM to confirm the properties of nanoparticles. The TEM
image of the NCDs revealed that NCDs were monodispersed
nanoparticles and quasi-spherical with an average diameter
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Fig. 1 a TEM images, b FT-IR
spectra of NCDs and precursors.
Inset in (a): the lattice fringes of
NCDs from HRTEM observation

about 4.99 nm (Fig. 1a). HRTEM image exhibited the clear
lattice structures with fringe spacing of 0.20 nm, which was
ascribed to the (100) facet of grapheme [34, 35]. The surface
states and composition of as-prepared NCDs were analyzed
by FT-IR and Elemental analysis (EA). As shown in the FT-IR
spectra of NCDs (Fig. 1b), the peaks between 2850 and
3000 cm ' of NCDs corresponded to C — H stretching vibra-
tions. In addition, the peaks at around 1500 cm ' and
1383 cm ! were arising from C=C and C — N = stretching vi-
brations, respectively, which suggested that the NCDs core
was composed of poly-aromatic structures [36, 37].
Furthermore, Elemental analysis (EA) demonstrated that
NCDs was composed of three elements: carbon, nitrogen
and oxygen and the atomic ratio of C/N/O was 1/0.17/0.36
(Table S1). XPS data showed that NCDs contained abundant
nitrogen and oxygen functional groups, which were consistent
with FT-IR results (Figure S1). The synergistic effect of
nitrogen- and oxygen-related surface states and nitrogen-
derived structures in carbon cores were beneficial to the ap-
plication of NCDs in sensing [38].

Optical Properties of NCDs

The optical properties of the synthesized NCDs were assessed
with UV-vis absorption and FL spectra. The UV-vis absorp-
tion spectra of the NCDs exhibited two new absorption peaks

——NCDs

2860 ~3000

1383

Transimittance (%)

3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm’)

at241 and 290 nm in Fig. 1c (red line), which were ascribed to
the 71— 7v* transition of C=C and C=N bonds of the aromatic
rings, respectively [39, 40]. In comparison to the starting ma-
terials, the UV-vis absorption spectra of the NCDs blue-shift
(Figure S2), which demonstrated that the NCDs should con-
tain bigger electronic band gaps than 4-(2-pyridylazo)-resor-
cinol. Then, the PL properties of the NCDs were thoroughly
investigated by FL spectra. Like most previously reported
CDs, the new synthesized NCDs showed excitation-
dependent features (Figure S3), which could be attributed to
the surface state of NCDs. Moreover, the NCDs exhibited
relatively high absolute fluorescence quantum yield (QY =
11.6%) based on quinine sulphate (Table S2). To investigate
the fluorescence stability, various conditions were studied,
such as different pH values, UV irradiation time changes and
the different ionic concentrations of the solutions (Figure S4—
7). The confirmative fluorescence stability results support the
potential app-lications of the new synthesized NCDs in vari-
ous conditions.

Detection of L-Cys

The NCDs have great potentials in sensing applications due to
the abundant functional groups on the surface. Through
broadly screening, NCDs displayed a significant “on-off-on”
three-state emission when Fe** and L-Cys was added in

Fig. 2 a The fluorescence
intensity of the NCDs with the
different concentrations of Fe**
ions, and then L-Cys (1 mM) was
added. b The fluorescence
intensity of the NCDs, NCDs-
Fe’*, NCDs- Fe**-EDTA, NCDs
Fe**-L-Cys
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Fig. 3 a Fluorescence titration curve of the NCDs - Fe** with
concentrations of L-Cys ions from 0 to 500 uM. b PL emission change
of NCDs with different concentrations of L-Cys, where I and I, are the

sequence, respectively. The Fe** ions had a strong quenching
effect on the fluorescence through facilitating charge transfer
from the excited state of the NCDs to metal ions. Moreover,
other metal ions have no effect on the fluorescence intensity of
NCDs (Figure S8). In addition, the fluorescence of the NCDs
was recovered with the addition of L-Cys due to the stronger
chelation effects of Fe** ions and L-Cys [41-43]. These find-
ings make the NCDs a potentially functional sensing platform
for the detection of L-Cys.

The fluorescent sensing assay were performed to inves-
tigate the sensitivity of the NCDs toward L-Cys. In order
to obtain the best sensing response, the different concen-
trations of Fe>* ions were optimized systematically. First,
the various concentrations of Fe’* ions were mixed with
NCDs and then L-Cys (1 mM) was added. The fluores-
cence intensity recovery reduced significantly when the
concentration of Fe’* ions exceeded 600 uM (Fig. 2a).
The extra Fe’' ions react with L-Cys when the
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fluorescence intensity of NCDs - Fe** before and after adding of L-Cys.

Inset in (b): Linear Relationship of Fluorescence Intensity NCDs - Fe**
with L-Cys (0-100 uM)

concentration of Fe®* is higher, which interferes with L-
Cys detection. The linear range became smaller when the
concentration of Fe** ions is less. The fluorescence inten-
sity quenching effect of NCDs reached 95.4% when the
Fe’* ion concentration was 500 M (Figure S9). In addi-
tion, compared with the traditional complexion agent
EDTA, L-Cys showed better performance to Fe** ions
under similar conditions (Fig. 2b). Therefore, 500 uM
Fe®* ions were selected to bond to the NCDs. The
quenched fluorescence was immediately turned on when
L-Cys was added to the mixed solution of NCDs-Fe**. As
shown in Fig. 3a, the fluorescence intensity of NCDs-Fe**
continuously increases with the addition of different con-
centration of L-Cys. The good linear relationship for fluo-
rescence enhan-cement is established when the concentra-
tion of L-Cys is in the range of 0—100 uM (Fig. 3b). In
addition, the fitted linear regression equation is Iy/I =
6.07 x 10> [L-Cys] (uM)+0.97. The fluorescence

Table 1 Comparison of different

probes for the sensing of L-Cys Methods Probes Linear range Detection limit ~ Reference
(uM) (uM)

Fluorimetry ~ Amino nitrogen quantum dots—gold 0.3-3.0 0.1 [44]
nanoparticles

Fluorimetry = RhB@Cu-BTC 0-40.0 0.702 [45]

Fluorimetry ~ ESIPT dye 30-200 0.80 [46]

Fluorimetry ~ Tyrosine-functioalized CulnS, quantum  1-50 0.5 [47]
dots—Cu?*

Absorption Cinamaldehyde and pyrimidine—Hg** 0.1-5 0.1 [48]

Fluorimetry ~ CQDs—Hg?* 0.2-45 0.05 [49]

Fluorimetry ~ N-CQDs—Hg2+ 0-70 45.8 [50]

Fluorimetry ~ S,N-CQDs-Ag" 0-10 and 10-120  0.35 [37]

Fluorimetry ~ y-CDs— Ag+ 2-10 0.25 [51]

Fluorimetry =~ NCDs—Fe** 0-100 0.35 This work
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enhancement could be also described by the Stern—Volmer
equation: Io/I=1+Ky, [Q], where [Q], K., Iy and I rep-
resent the concentration of L-Cys, the Stern—Volmer con-
stant, fluorescence inten-sities of NCDs-Fe>* in the ab-
sence and presence of L-Cys, respectively. Based on the
three times signal-to-noise criteria, the detection limit of
L-Cys is calculated to be 0.35 uM, which indicates that
fluorescence detection method has ultra-high sensitivity.
Compared with other amino acids, L-Cys has obvious
recovery effect on fluorescence of NCDs (Figure S10).
The NCDs-based fluores-cent “off-on” sensor for L-Cys
detection not only has a relatively low detection limit, but
also has a wide linear range compared with the previously
reported methods (Table 1) [37, 44-51].

Mechanism of the “Off-On" Detection of L-Cys

NCDs displayed a significant “on-off-on” three-state emission
when Fe** and L-Cys was added in sequence, respectively.
The mecha-nism of the “off—on” fluorescent probes for deter-
mination of L-Cys based on NCDs was showed as Scheme
S1. The mechanism was explored by ultraviolet visible and
infrared spectra. First, in the ultraviolet visible spectrum, the
absorption peak of NCDs at 290 nm had red-shifted to 355 nm
with the addition of Fe** ions, which was due to the chelation
between Fe’* ions and functional groups NCDs (Fig. 4a). In
addition, the red-shifts of the electronic absorption transitions
demonstrated that the NCDs-Fe* should contain smaller elec-
tronic band gaps than NCDs due to facilitate charge transfer
from the excited state of the NCDs to Fe>* ions. Then, the
absorption peak of NCDs at 290 nm appeared again when L-
Cys was added, which showed that L-Cys and Fe** ions had
stronger binding (Fig. 4a). In addition, compared to the NCDs,
the peak intensity of NCDs - Fe®* ions reduced at 1380 nm in
the infrared spectrum, which indicating that Fe** ions
interacted with the C- N/ C=N bond on the surface of
NCDs. Then, the Fe** ions were separated from the surface
of NCDs when L-Cys was added and the peak at 1380 nm
appeared again, which implied the stronger chelation effects
of Fe®* ions and L-Cys (Fig. 4b).

Wavelength (cm™)

Conclusions

In summary, the as-prepared NCDs exhibited not only excel-
lent monodispersity, higher stability and storage stability but
also the simple preparation processes, catalytic activity and
optical properties. In addition, Fe** ions could quench the
fluorescence of NCDs due to interact with the C- N/ C=N
bond on the surface of NCDs. The fluorescence was again
recovered with the addition of L-Cys into NCDs-Fe**, which
was attributed to the stronger chelation effects of Fe>* ions and
the thiol group of L-Cys. Therefore, the fluorescent probe for
“off-on” sensor is achieved to detect L-Cys based on NCDs-
Fe**. The method in the form of “on - off - on” by first
quenching the fluorescence of NCDs using Fe’* ions and then
recovering the fluorescence with the addition of L-Cys, is a
relatively cheap, facile, quick response and environmental
friendly. Moreover, the fluore-scent “off-on” sensor not only
has a wide linear range of detection (0—100 uM), but also has
a relatively low detection limit for L-Cys (0.35 uM). The
NCDs based fluorescent probe we developed provided a
new approach for desirable biosensor applications.
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