#® ROYAL SOCIETY
PPN OF CHEMISTRY

Analytical
Methods

View Article Online

View Journal | View Issue,

Facile synthesis of biomass waste-derived
fluorescent N, S, P co-doped carbon dots for
detection of Fe** ions in solutions and living cellst

i ") Check for updates ‘

Cite this: Anal. Methods, 2021, 13, 789

Weixia Wan& Jie Chen, Dake Wang, Yanmei Shen, Like Yang, Tuo Zhang
and Jia Ge@*

Fluorescent carbon dots derived from natural biomass have received widespread attention in recent years
due to their superior optical and chemical properties. In this work, we proposed a method to synthesize
fluorescent nitrogen, sulfur, and phosphorus co-doped carbon dots (NSP-CDs) using biomass waste as
a precursor. The blue emitting carbon dots were prepared from the seeds of green pepper, and Fe3*
ions could quench the fluorescence of NSP-CDs. Therefore, a fluorescent “turn-off” sensor based on
NSP-CDs was constructed for the detection of Fe®" ions. Further, NSP-CDs were evaluated as
a fluorescent biosensor for the detection of Fe3* in tap water and lake water samples, showing their

Received 29th November 2020 potential value in practical applications. The cytotoxicity test further confirmed that NSP-CDs have good
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biocompatibility and can be extended to cell imaging and intracellular Fe** detection. The proposed
DOI-10.1039/d0ay02186e method is simple, economical and green, which can meet the requirements of environmental

rsc.li/methods monitoring and biological imaging.
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1 Introduction

In 2004, Xu et al. reported carbon dots (CDs) for the first time.
Since then, CDs have received widespread attention from
researchers in the fields of fluorescence sensing, biomedicine,
energy, and nanocomposites.>® As the primary element of
carbon dots, carbon is an essential component of living
organisms, which provides carbon dots with lower toxicity and
good biocompatibility.” Studies have shown that the composi-
tion and surface functional groups of carbon dots are important
factors affecting their luminescence and sensing properties.®
Besides, heteroatom doping can improve the optical properties
and quantum yield of CDs.”** In general, doping with nitrogen
atoms in CDs can improve the stability and fluorescence
quantum yield of CDs.**** Sulfur doping not only enhances the
fluorescence intensity but also causes a redshift of the
maximum absorption wavelength.*® Then, nitrogen and sulfur
are used as heteroatoms to prepare doped carbon dots.'”*°
However, many traditional methods for preparing co-doped
CDs with these heteroatoms are expensive and not environ-
mentally friendly. In terms of detection technology, fluores-
cence spectroscopy has greatly attracted people’s interest due to
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its excellent high sensitivity, simplicity and rapid response, and
it meets the needs of fast and sensitive detection.>*

In recent years, the use of natural biomass as precursors to
prepare fluorescent carbon dots has become a research hotspot.
Hu et al. prepared S and N co-doped CDs by hydrothermal
heating of water chestnut and onion.” Sahu et al. used orange
juice as a precursor to prepare N-doped CDs.** Wang et al.
prepared N-doped CDs from milk.*® Chen et al. used garlic as
a precursor to prepare N and S co-doped CDs.*® And S and N co-
doped carbon dots with tunable luminescence properties
derived from hair fiber have also been demonstrated by Sun
et al” Natural materials are widely distributed in nature.
Natural materials containing heteroatoms (N, S, P) are very
suitable for preparing heteroatom-doped CDs. The use of
natural resources to synthesize CDs has the advantages of low
cost and environmental protection. Compared with physical
and chemical methods, green synthetic methods have higher
acceptability and will not cause chemical pollution.***® From
the perspective of the environment, material synthesis and
sensing, it is very meaningful to synthesize carbon dots from
biomass waste in a simple, economical and green way without
the need for additional surface passivators. It not only avoids
the use of expensive or toxic chemicals and complicated post-
treatment processes, but also makes full use of resources,
saving costs and achieving environmental protection. As the
same time, most natural materials have intricate compositions,
so carbon dots made of these materials usually have different
surface groups and excellent properties, which is conducive to
the better development and utilization of carbon dots.*
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However, using food directly to synthesize carbon dots also has
certain disadvantages. For example, in many parts of the world,
food is in short supply, and it is a waste to use edible materials
to synthesize carbon dots.

Green pepper is a common vegetable in all seasons, and it is
also a food that we often eat in our daily life. Its consumption is
enormous all over the world. Green peppers are rich in ascorbic
acid, carbohydrates, carotenoids and other carbonaceous
organic substances, so green peppers can be selected as a new
carbon source to synthesize carbon dots. Moreover, green
peppers are usually washed and the stems and seeds are
removed when we eat them. The seeds and stems of the green
peppers are generally treated as food waste, and turning them
into valuable products can have significant economic and
environmental benefits.

Herein, we report a simple, economical and green way to
synthesize fluorescent N, S, P co-doped carbon dots (NSP-CDs)
by a one-step hydrothermal method with the seeds of green
pepper as precursors. The synthesis route is facile and eco-
friendly, and the prepared NSP-CDs exhibit excellent optical
properties, good biocompatibility and photo-stability. As shown
in Scheme 1, NSP-CDs emit blue fluorescence with a quantum
yield of 8.7%, and after adding Fe*" ions, the fluorescence was
quenched. This is because NSP-CDs are rich in phosphate
groups, and Fe** ions can bind to the phosphate groups to form
Fe-O-P bonds, resulting in the fluorescence signal of NSP-CDs
being significantly quenched. This method was applied for the
detection of Fe*" ions in tap water and lake water. Besides, we
also applied NSP-CDs for the detection of Fe*" ions in living
cells, indicating the potential application of NSP-CDs in
bioimaging.

2 Experimental procedures
2.1 Preparation of the NSP-CDs

The NSP-CDs were synthesized through the hydrothermal
method with green pepper seeds as precursors. Specifically,
4.0 g of green pepper seeds were added to 20 mL of ultrapure
water, and then the mixture was transferred to an autoclave and
heated it at 180 °C for 5 h. The NSP-CDs solutions were collected
by centrifugation at 10 000 rpm for 20 min to remove large
insoluble particles. The pale yellow transparent supernate
solution was subjected to dialysis through a membrane (MWCO
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Scheme 1 |llustration of the formation process of NSP-CDs from
green pepper seeds and their application in the detection of Fe3*.
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of 1 kD) for 24 h and the stable brown powder was collected by
freeze-drying.

2.2 Detection of Fe** ions based on NSP-CDs

The detection of Fe*" was carried out in ultrapure water. To put
it simply, 200 uL NSP-CDs (500 ug mL ') were added to the
centrifuge tube, and then different concentrations of Fe*" ions
were added and mixed thoroughly before testing. Subsequently,
the fluorescence spectrum was recorded at an excitation wave-
length of 330 nm.

The selectivity of Fe** sensing was confirmed by adding other
common metal ion stock solutions (including Na*, K, Ca*",
Mg>*, zn**, Ni**, Co**, Mn**, AI**, Ag" and Cu*" ions), amino
acids and small molecules (Pro, His, Lys, Thr, Arg, Gly, Hcy, Cys,
Met, Leu, Ser, Val, BSA, glucose and sucrose) instead of Fe’* in
the same way. The concentrations of NSP-CDs and these species
were 50 ug mL~" and 1 mM, respectively.

2.3 Analysis of Fe** jons in environmental waters

Taking tap water and lake water as real samples, the practicality
of the designed sensing method was investigated. The real
water sample environment is more complicated and often
contains a variety of large particles of impurities, so we filtered
the water to remove impurities before testing. Subsequently,
different concentrations of Fe*" ions were added to the NSP-CDs
solution containing 10% tap water or lake water, and the fluo-
rescence emission spectrum was recorded.

3 Results and discussion
3.1 Characterization of the NSP-CDs

The structure and properties of NSP-CDs were studied by
transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS). The morphology of NSP-CDs
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Fig. 1 (A) Typical TEM image and photograph of prepared NSP-CDs.
(B) Particle size distribution of NSP-CDs. (C) X-Ray Diffraction (XRD)
spectrum of NSP-CDs. (D) Fourier transform infrared (FT-IR) spectrum
of NSP-CDs.
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is approximately spherical and dispersion is relatively uniform
in the TEM image (Fig. 1A). It can be seen from the particle size
distribution diagram that the average particle size is about
3.2 nm (Fig. 1B). The XRD pattern shows that NSP-CDs have
a distinct diffraction peak at 23.8°, indicating the amorphous
structure of NSP-CDs (Fig. 1C). The FT-IR spectra of the NSP-
CDs displayed the stretching vibrations for N-H/O-H
(3423 em ™), C-H (2924 cm™ '), C=C/C=O0 (1649 cm™ '), C-N
(1403 cm™'), C-O-C/P-O (1073 cm '), and P=0/$=0
(619 ecm™") (Fig. 1D).**** The above results indicate that the
prepared CDs contain C, N, O, S and P elements.

The elemental compositions of NSP-CDs were studied by XPS
characterization. The analysis results showed that five peaks
appeared in the total spectrum, corresponding to the elements
of carbon, nitrogen, oxygen, sulfur and phosphorus (Fig. 24A).
The C 1s peak with a binding energy of 284.8 eV can be divided
into four peaks, and the corresponding binding energies are
284.5 €V, 285.0 eV, 286.2 eV, and 288.0 eV, indicating that the
surface of the NSP-CDs have C=C, C-S, C-N and C=O0 groups
(Fig. 2B). Binding energies of N 1s peaks with a binding energy
of 399.82 eV are 398.8 eV and 401.8 eV, corresponding to C-N-C
and N-H groups (Fig. 2C). Two peaks of the O 1s spectrum are at
531.8 eV and 532.6 eV, which are attributed to the C=0 and C-
OH/C-O-C groups, respectively (Fig. 2D). The peaks of 167.9 eV
and 169.0 eV in the S 2p graph correspond to S 2p;/, and S 2py,,
respectively (Fig. 2E).>* The binding energies of 132.8 eV and
133.4 eV are attributed to P 2p;, and P 2p,),, respectively
(Fig. 2F).* The above characterization results show that we used
the natural product green pepper seeds as precursor molecules
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Fig.2 (A) XPS spectra of NSP-CDs. (B—F) High-resolution XPS spectra
of C1s,N1s, O 1s, S 2p and P 2p of NSP-CDs.
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for the successful preparation of NSP-CDs. Moreover, the
material compositions of the as-prepared NSP-CDs were
analyzed by energy-dispersive spectrometry (EDS), and
elemental peaks representing C, N, O, S and P were observed

(Fig. S17).

3.2 Optical properties of the NSP-CDs

We investigated the photophysical properties of NSP-CDs
through the UV-vis absorption spectrum and fluorescence
spectrum. A broad absorption peak of the NSP-CDs aqueous
solution appeared at 280 nm (Fig. 3A), which was assigned to
the -7* transition of aromatic sp> domains from the carbon
core.’” Moreover, the maximum excitation and emission peaks
of NSP-CDs were located at 330 nm and 420 nm, respectively.
And the inset showed that NSP-CDs emit bright blue fluores-
cence under UV light. We have also studied the fluorescence
properties of NSP-CDs (Fig. 3B). When the excitation wavelength
was increased from 310 nm to 380 nm (interval 10 nm), the
fluorescence emission peak of NSP-CDs gradually red-shifted
(from 400 nm to 460 nm). This showed that the emission
wavelength of NSP-CDs had an obvious excitation-dependent
behaviour.

In addition, the effects of ionic strength, pH and UV expo-
sure time on the fluorescence intensity of NSP-CDs were
studied. The fluorescence intensity of NSP-CDs remained basi-
cally unchanged in high-concentration NaCl solutions
(Fig. S2t), which indicated that NSP-CDs are very stable under
high-ion conditions. With the change of the pH environment
(from pH 2.0 to pH 12.0), the fluorescence intensity of NSP-CDs
was hardly affected, indicating that NSP-CDs have good pH
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Fig. 3 (A) UV-vis absorption spectrum (inset on the left: photograph
obtained under visible light) and optimal excitation and emission
fluorescence spectra (inset on the right: photograph obtained under
365 nm UV light) of the NSP-CD aqueous solution; (B) fluorescence
spectra of the NSP-CD aqueous solution under different excitation
wavelengths.
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stability (Fig. S3t). Under UV light for one hour, the fluores-
cence intensity remained basically unchanged, indicating that
NSP-CDs have good photobleaching resistance (Fig. S47). These
results implied that NSP-CDs had excellent water-solubility and
photo-stability, and could be used for biosensing and
bioimaging.

3.3 Fluorescence detection of Fe** in solutions

First, we studied the feasibility of this sensing system. When
Fe*' was added to the NSP-CDs solution, the fluorescence of
NSP-CDs was quenched (Fig. 4). Fe** could selectively bind to
phosphonic acid-functionalized fluorene derivatives, due to the
Fe** binding to them via the O-atoms of the phosphonic
group.*®**° In our work, the prepared NSP-CDs are rich in
phosphate groups, and Fe*" ions could bind to the phosphate
groups to form Fe-O-P bonds, resulting in the fluorescence
signal of NSP-CDs being significantly quenched. Then, we
studied the effect of reaction time on the sensing system. After
NSP-CDs reacted with Fe** ions for 30 seconds, the fluorescence
intensity of NSP-CDs decreased by about 80%, indicating that
the reaction process was relatively fast (Fig. S5t). Equilibrium
was reached at 5 minutes, so 5 minutes was used for subsequent
experiments. By collecting the changes in the fluorescence
emission spectra of the experimental system, the response
behaviour of NSP-CDs to different concentrations of Fe** ions
was investigated. NSP-CDs emitted strong blue fluorescence,
and when Fe®* ions were added, the fluorescence intensity
gradually decreased. When the concentration of Fe** ions was
changed within the range of 0-1000 pM, the fluorescence
intensity decreased, and the position of the fluorescence
emission peak gradually redshifted, which may be due to the
combination of NSP-CDs and Fe*" ions to form a new complex
(Fig. 5A). When the concentration of Fe** ions reached 1000 pM,
the fluorescence quenching efficiency could reach more than
90%. As shown in Fig. 5B, the relative fluorescence intensity Fo/F
and concentration of Fe** ions showed a good linear relation-
ship in the concentration range of 1-500 uM (F, and F are
fluorescence intensity values in the absence and presence of
Fe" ions). The corresponding linear equation is y = 0.0082 x +
1.123 (R* = 0.9978), and the detection limit calculated accord-
ing to the 3¢ rule is 0.1 pM. As shown in Table S1,} the detection
limit of our proposed strategy is lower than that of other
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Fig. 4 Fluorescence spectra of NSP-CDs (black line) in the presence
of 500 pM Fe®* (red line).
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Fig. 5 (A) Fluorescence spectra of the NSP-CDs with increasing
concentrations of Fe3* (from top to bottom: 1, 10, 100, 200, 250, 300,
350, 400, 450 and 500 uM) under excitation at 330 nm. (B) Linear
relationship of (Fo/F) versus the concentration of Fe** over the range of
1-500 pM.

strategies, indicating the high sensitivity of NSP-CDs toward
Fe** ion detection.

We investigated the specificity of NSP-CDs in detecting Fe**
ions. Fig. 6 shows the fluorescence intensity ratio F/F, of the
NSP-CDs when incubated with various interfering ions (Na", K",
Ca**, Mg>*, zn**, Ni**, Co**, Mn**, AI**, Ag" and Cu®" ions). The
results indicated that the NSP-CDs showed no obvious
response. At the same concentration, Cu®>* ions can achieve
a quenching effect of nearly 23%, and Fe** ions had the most
prominent response effect with a quenching efficiency of about
80% (orange bars, Fig. 6A). Competition experiments were
conducted by subsequently adding 500 uM Fe*" to each solution
(green bars, Fig. 6A). The above results indicated that interfer-
ents had no obvious influence on the fluorescence intensity
ratio F/F, of the NSP-CDs. In addition, the response of NSP-CDs
to various amino acids and small molecules (Pro, His, Lys, Thr,
Arg, Gly, Hcy, Cys, Met, Leu, Ser, Val, BSA, glucose and sucrose)
was also studied, and the results showed that the fluorescence
signal of the system was basically unaffected (Fig. 6B). The
above results showed that the NSP-CDs could be used as
a selective Fe** fluorescent sensor. The high selectivity towards
Fe** ions is due to the fact that Fe** more easily combines with
the phosphate groups on the surface of the NSP-CDs to form Fe-
O-P bonds than other metal ions.***

3.4 The sensing mechanism

The quenching process of fluorescence is usually divided into
two methods: “dynamic quenching”, when the excited state of
the fluorescent molecule and the quenching agent molecule

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (A) Fluorescence intensity response (F/Fg) of NSP-CDs toward
various metal ions (Fe®*, 500 uM; Na*, K*, Ca?*, Mg?*, Zn?*, Ni?*,
Co?*, Mn?*, Al®*, Ag*, Cu?*, 1 mM; orange bars) and the subsequent
addition of 500 pM Fe** (green bars). (B) Fluorescence intensity
response (F/Fp) of the NSP-CDs toward various amino acids and small
molecules (Pro, His, Lys, Thr, Arg, Gly, Hcy, Cys, Met, Leu, Ser, Val, BSA,
glucose and sucrose, 1 mM; orange bars) and the subsequent addition
of 500 pM Fe®* (green bars), where Fo and F are the fluorescence
intensities of the NSP-CDs in the absence and presence of Fe®*,
respectively.

collide, the fluorescent molecule returns from the excited state
to the ground state by means of charge transfer or energy
transfer, resulting in the disappearance of its fluorescence
signal; “static quenching”, combination of fluorescent mole-
cules and quenching agent molecules to form a non-
luminescent complex. At present, both quenching mecha-
nisms can explain the cause of fluorescence quenching of
fluorescent molecules. We researched the fluorescence lifetimes
of NSP-CDs (black line) and a mixed system after adding Fe** to
NSP-CDs (red line) (Fig. S61). The fluorescence lifetimes of two
curves are 3.80 ns and 3.72 ns respectively, indicated that the
fluorescence quenching mechanism of NSP-CDs was static
quenching.** In order to further confirm this inference, FT-IR
and zeta-potential analysis were performed to prove that Fe**
indeed complexed with the surface functional groups of NSP-
CDs. Two curves, respectively, correspond to the infrared
spectrum of NSP-CDs and addition of Fe*" ions to NSP-CDs
(Fig. S71). Fe** ions combined with phosphate ions to break
the P-O-P bond, and the absorption band at 1073 cm™" corre-
sponds to the vibration of the P-O bond. When Fe*" ions were
introduced into the system, the intensity of this band
decreased. Meanwhile, after adding Fe’’, the zeta potential
value changed from —6.8 mV to +29.1 mV, which demonstrated
that Fe®" was selectively coordinated with the negative phos-
phorus group of the NSP-CDs (Fig. S871).*
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3.5 Detection of Fe*" in real samples

Lake water and tap water were selected as real samples, and the
sample solutions were filtered and then were diluted 10 times
for subsequent experiments. As shown in Table 1, the standard
recovery rates were 99.98-103.6%, and the relative standard
deviations were between 1.99% and 5.19%. The results indi-
cated that the proposed method shows good accuracy and
reproducibility for Fe®" ion detection in real samples.

3.6 Cytotoxicity test and cell imaging

In order to explore the biocompatibility of NSP-CDs, we studied
the cytotoxicity of the NSP-CDs. As shown in Fig. S9,f after
a higher concentration (200 pg mL ") of NSP-CDs solution was
incubated with HeLa cells, HeLa cells could still maintain
a survival rate of more than 90%, indicating that NSP-CDs have
lower cytotoxicity. Hence the NSP-CDs can potentially be used
for living cell imaging and other bio-medical applications.

As shown in Fig. 7, after NSP-CDs were incubated with HeLa
cells at 37 °C for 4 h, blue emission appeared in the intracellular
area. In addition, the bright field image of the cells after NSP-
CDs treatment showed that the cell morphology was normal,
indicating that NSP-CDs are biocompatible. To further study the

Table 1 Recovery tests for Fe®*in tap water and lake water using the
proposed assay (n = 3)

Recovery
Samples Added (uM) Found (uM) (%) RSD (%)
Tap water 100 103.6 103.6 5.19
150 150.4 100.3 1.99
200 201.3 100.6 2.35
Lake water 100 99.98 99.98 3.99
150 151.1 100.8 3.74
200 200.6 100.3 2.57
Bright field Fluorescent Merge
A

B ...
C ...

Fig. 7 Laser confocal imaging of Hela cells under bright field, fluo-
rescence and merged (A) with NSP-CDs; (B) NSP-CDs with 100 uM
Fe®* ions; (C) NSP-CDs with 200 uM Fe** ions. Scale bar is 20 pm.
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application of NSP-CDs in monitoring intracellular Fe** ions,
HeLa cells treated with NSP-CDs were incubated with 50 uM,
100 uM, and 200 uM Fe** for 30 minutes, respectively. With the
addition of NSP-CDs, the cells showed bright blue fluorescence
from the intracellular region, which clearly indicates the
occurrence of cellular uptake of NSP-CDs (Fig. 7A). Then, the
intracellular fluorescence of HeLa cells decreased after addition
of 100 uM Fe*" ions (Fig. 7B). Furthermore, the fluorescence
properties of NSP-CDs were not observed after the addition of
200 1M Fe*" ions (Fig. 7C), indicating that NSP-CDs could be
used for cell imaging and detection of intracellular Fe** ions.

4 Conclusions

In summary, we proposed a strategy to prepare NSP-CDs using
bio-waste green pepper seeds as precursors. The average size of
the NSP-CDs was 3.2 nm, which showed good water solubility
and strong excitation wavelength-dependent blue emission. At
the same time, NSP-CDs have also been used for Fe*" fluores-
cence sensing, and their quenching mechanism has been
studied using fluorescence lifetime, infrared spectroscopy and
zeta potential. In addition, NSP-CDs can easily enter the cyto-
plasm of cells for imaging and have good biocompatibility,
indicating that they have broad application prospects as fluo-
rescent biological probes. This strategy realizes the compre-
hensive utilization of biomass, has huge economic and
environmental benefits and also expands the various applica-
tions of green and sustainable preparation of high-fluorescence
nanomaterials.
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