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Novel fluorescent carbon dots (CDs) were fabricated using the hydrothermal carbonisation method by peat, which is a very abundant
and low-cost natural material in the world. The transmission electron microscopy images revealed that the peat-derived CDs (PCDs) are
well-crystalline with an average size of 4 nm. Fourier transform infrared and X-ray photoelectron spectra suggested large amounts of
oxygenous functionality which made the synthesised PCDs water-soluble. The optical characterisations turned out that PCDs showed a
stable and excellent excitation-dependent photoluminescence (PL), while the quantum yield was calculated to be 18.3%. As the PL of the
PCDs could be efficiently quenched by ferric ions with a low-detection limit of 20 nM, the as-prepared PCDs could be employed as a
highly fluorescent probe for ferric ions. Furthermore, the obtained PCDs have been successfully used for fluorescent imaging and Fe**

detecting at cell level.

1. Introduction: Fluorescent carbon dots (CDs), a superstar of the
carbon nanomaterials in recent years, have attracted great attention
owing to their unique physical and chemical properties, such
as good modifiability, excellent photoluminescence (PL), low
biological toxicity [1-3]. There are several methods for the
preparation of CDs including laser ablation [4], microwave
synthesis [5], chemical ablation, and hydrothermal/solvothermal
treatment [6, 7]. However, these methods usually suffer from
expensive precursors, low yield, and complex purification proce-
dures [8]. As a result, major attention has been focused on green
approach for the preparation of CDs using cheap precursors over
the past decade [9, 10].

Fe**, one of the most common metal ions, plays various and
important roles in the oxidation reaction, oxygen transport and
other biological processes [11]. Mounting evidence suggests that
neither deficiencies nor excesses of Fe*' could trigger biology
disorders for the human body, such as Huntington, Alzheimer’s
and Parkinson’s disease [12]. Thus, the detection of Fe*' is of
great significance for early identification and diagnosis of these
health problems. In recent years, many methods with good perform-
ance have been explored for selective and sensitive assay of Fe*"
[13]. However, there is still much room to develop new fluorescent
sensors for Fe®" with high sensitivity and selectivity.

Peat is a very abundant and low-cost natural material in the world,
which is also considered to be a complex material with plant resi-
dues, humic acids, and minerals as major constituents [14].
Considering that the constituents are most of organic substances,
such as lignin and humic acid, which have plenty of aromatic
domains with alcohols, carboxylic acids and other polar functional
groups [15], this inspired us to use peat as the carbon source to
produce peat-derived CDs (PCDs). More importantly, it is further
demonstrated that the obtained PCDs exhibit excellent PL sensitivity
for Fe®" detection and its potential applications in florescent imaging
and Fe** monitoring in biosystem were explored.

2. Materials and experimental: The sphagnum peat was
purchased from Pindstrup Industrial Group Co., Ltd (Denmark,
model: 0-6 mm, pH=4.5), while the chemical composition of the
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peat is shown in Table 1. Ammonia and other chemicals were
obtained from Nanjing Chem. Reagent Co., Ltd (Nanjing, China).
Distilled water was used throughout the experiments.

Transmission electron microscopy (TEM, JEOL-2010, Japan)
measurements were operated at an accelerating voltage of
200 kV. The ultraviolet—visible (UV—vis) absorption spectrum
was characterised by using an Agilent Cary 5000 spectro-
photometer (USA). Fourier transform infrared (FTIR) spectra
were recorded on a Nicolet 6700 FTIR spectrometer (USA) in
the range of 4000500 cm™'. The composition of PCDs was
determined using an X-ray photoelectron spectroscope (XPS,
ESCALAB250, Thermo-VG Scientific Co., England) with mono-
chromatic Al-K radiation (hn=1486.6 ¢V). Fluorescent emission
(EM) spectra of the as-synthesised PCDs were recorded on a
Hitachi F-7000 fluorescence spectrophotometer (Japan). The
quantum yield (QY) of the PCDs was determined at an excitation
(EX) wavelength of 360 nm using quinine sulphate in 0.1 M
sulphuric acid (QY =0.54) as a standard [16].

PCDs were obtained by hydrothermal synthesis of sphagnum
peat. In a typical synthesis, 1.5 g dried peat was dispersed in
60 ml H,O and neutralised by diluted ammonia water. After that,
the mixture was put into a 100 ml Teflon-lined stainless-steel auto-
clave, and hydro-thermally reacted at 180 °C for a period of 8 h.
The obtained dark brown system was centrifuged for 12 min
(rotational speed: 10,000 rpm) to separate the precipitate, and the
solution was further dialysed in a dialysis bag (molecular weight
cut-off=4000) for 48 h. The PCDs were collected under vacuum
freeze-drying conditions for further use (yield: ~31.5%).

In order to quantify the cytotoxicity of the obtained PCDs,
3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium  bromide
(MTT) colorimetric assay was arranged. HeLa cells were seeded
in 96-well culture plates and cultured for 12 h in an incubator
(37°C, 5% CO,). Then the PCDs (concentrations: 0-300 ug ml™")
in Dulbecco’s modified Eagle’s medium (DMEM) were transferred
to each well. After 24 h incubation, MTT reagent (5 mgml™',
30 ul) was added into each well. The culture medium was further
removed after 4 h incubation of HeLa cells. Then, 150 ul of
dimethyl sulphoxide was put into each well. The optical density
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Table 1 Chemical composition of sphagnum peat

Organic Coarse Humic Total N P,0s K,0O
matter ash acid
content 96% 4% 42% 38% 05% 0.3%

of the mixture was determined at 490 nm using a microplate reader.
Mean and standard deviation for the wells were also calculated and
reported in [17].

For the cellular imaging experiments, HeLa cells were firstly
seeded onto 35 mm glass bottom culture dishes. After incubation
in DMEM with a humidified atmosphere containing 5% CO, at
37°C for 24 h, the cells were treated with 20 uyM PCDs for 12 h
and washed three times with phosphate-buffered saline (PBS).
The fluorescence imaging of the treated cells was observed under
370 nm EX (Olympus FV1000 confocal microscope, Tokyo,
Japan; 40x objective lens). For assessing Fe>* uptake, HeLa cells
were incubated with 20 uM PCDs for 12 h at the same culturing
conditions, followed by treated by 2 mM Fe(NOj); as the fluores-
cence quenching agent for another 0.5 h.

3. Results and conclusion: The morphology and size of the PCDs
were identified by TEM (Fig. la). It could be observed that the
obtained PCDs are mostly of spherical morphology (diameter:
2-5 nm) and disperse rather evenly. As further shown in Fig. 15,
most of the PCDs observed to be carbon particles with lattice
fringes of 0.32 nm, corresponding to the (002) spacing of graphitic
(sp®) carbon [18].

The FTIR spectra of PCDs are shown in Fig. 2. The broad
absorption peak in the region of 32003700 cm™' could be asso-
ciated with stretching vibrations of O—H and N-H. The emerging
peaks at 2920 and 2850 cm™' arouse from the stretching of
C-H bonds [19]. The peak at 1650 cm™" could be associated with
the stretching vibrations of C=0. The absorption peaks at 1420
and 1570 cm™" could be attributed to the stretching vibrations of
C=C and the bending of N-H, respectively [20].

Fig. 1 TEM images of the PCDs
a TEM image
b High-resolution TEM image of the PCDs
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Fig. 2 FTIR spectra analysis of the PCDs
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XPS measurement was explored to gain further insight into
the chemical composition and functional groups of the PCDs.
As shown in Fig. 3a, the full scan XPS spectra revealed that
the PCDs were mainly composed of C (74.80%), N (5.50%),
O (18.70%) and S (1.0%). The C 1s XPS spectrum in Fig. 3b
exhibited four types of carbon atoms: graphitic or aliphatic
(sp> C=C and C-C), C=0 or C=N, oxygenated and nitrous [21].
The XPS results reveal that the obtained PCDs are functioned by
plenty of groups with oxygen, nitrogen and sulphur elements,
which is in good agreement with the results obtained from FTIR
analysis.

The optical properties of the PCDs in aqueous solution were
further explored. The UV-vis spectrum of the obtained PCDs
(Fig. 4a) reveals a strong absorption peak focused on 315 nm,
which could be ascribed to m—n* transition of C=C aromatic
bonds [22]. Furthermore, the EX wavelength-dependent fluores-
cence behaviour was also found (Fig. 4b) [23, 24], while the
strongest EM spectrum occurred at the EX wavelength of
389 nm. This behaviour might be caused by the different sizes
and surface defects of the obtained PCDs. The QY of the obtained
PCDs was calculated to be about 18.3% when the EX wavelength
was fixed at 389 nm, demonstrating excellent fluorescent properties.

Typically, the functional groups on the surfaces of the CDs could
contribute to strong coordination with metal ions. This strong
interaction supplies the possibility of using the PCDs as a
fluorescent sensor for cation detection [25]. The fluorescence of
the PCDs could be efficiently quenched by Fe** ions. With the
increasing of Fe** concentration, from 2 to 250 uM, the PL
intensity gradually decreased to 20% of its initial value as shown
in Fig. 5. Fig. 6 shows the dependence of (F—F)/F on the concen-
tration of Fe>™ ions, where F, and F are the PL intensities at 442 nm
in the absence and presence of Fe**, respectively [26]. Interestingly,
the (F—Fy)/F curve shows a linear dependence on the Fe*" concen-
tration in the range of 5-120 uM, indicating the good sensing
properties of PCDs in the monitoring of Fe**. It is worthy to
mention that the fluorescence of the PCDs could the efficiently
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Fig. 3 XPS of the PCDs
a XPS spectrum
b High-resolution C 1s spectra analysis of the PCDs
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Fig. 4 Optical analysis results of the PCDs in aqueous solution

a UV-vis absorption spectra

b EX-dependent photoluminescence spectra of PCDs; the EX spectra were
monitored at the maximum EM peak of 435 nm (black line)
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Fig. 5 Fluorescence responses of the PCDs in aqueous solution with differ-
ent concentrations of ferric ions (from top to bottom: 0, 3, 8, 25, 50, 70, 120,
180, 250,400 uM, respectively)
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Fig. 6 Dependence of (Fy—F)/F, on the concentration of Fe’* ions

a Dependence of (F-F)/F,, on the concentration of ferric ions within the
range of 2-250 uM

b Plot of the fluorescent response (F—F,)/F, versus the logarithm of
concentrations of ferric ions

quenched with a detection limit as low as 20 nM calculated from the
plot of the fluorescent response (Fy—F)/Fy, which was found to be
much lower than that of the previously reported carbon
nanomaterials [27].

The PL quenching effect of various metal ions on PCDs was
further researched. Different ions such as Na*, K, Mg”*, AI’",
Ca®", Cr’t, Fe**, Co**, Cu*", Zn*', Ag’, Hg*', Pb*" and F&**
with the same concentration of 1 mM, were added to PCDs solution
(0.10 mg m1™") and reacted. Notably, it is shown in Fig. 7 the pre-
sence of different metal ions would lead to slight PL changes in the
PL intensity (defined as the retention of fluorescence intensity more
than 70% as compared to blank), however, as compared with other
cations, Fe*" shows the most obvious quenching effect on the PL
intensity with the lowest F/F, value of —0.03. Such a specific PL
quenching effect might be caused by strong coordination between
ferric ions and the surface groups of PCDs [28]. In general, the
high sensitivity together with the excellent selectivity for Fe**
makes the PCDs a promising PL platform for the detection of Fe**.
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Fig. 7 Relative change in fluorescence intensity of PCDs (0.10 mg ml™")
after reacting with different metal ions (1 mM)

88
© The Institution of Engineering and Technology 2019

In order to explore the practical application value, the stability
of the PCDs was further studied. The PCDs showed excellent
photostability, while the PL intensity of PCDs was almost
unchanged under continuous irradiation (365 nm) for 60 min
with a Xe lamp. It is shown in Fig. 86 that PCDs exhibit
pH-dependent PL properties: the PL intensity reaches the highest
at neutrality and obviously decreases under both strongly acidic
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Fig. 8 Fluorescence intensity variation of the PCDs as a function of
a Irradiation time
b pH
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Fig. 9 MTT assay for cell viability after incubation with concentrations
series of PCDs for 36 h

..

Fig. 10 Photographs obtained from the confocal microscopy experiments
a Confocal fluorescence digital photographs of HeLa cells after incubation
with the PCDs (0.2 mg ml™"): images were obtained at EX wavelengths
of 365 nm

b 458 nm

¢ 546 nm

d Followed by further incubation with Fe**(2 mM), at EX wavelengths of
365 nm

e 458 nm

f546 nm
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and basic conditions. This phenomenon might be caused by proton-
ation—deprotonation of the surface functional groups [29]. It is
worthy to mention that the PL intensity remains almost constant
under the condition of pH=>5.2-8.5, which might help the PCDs
to be a stable fluorescent probe in physiological conditions.

The MTT colourimetric assay was further carried out on HeLa
cells before application to evaluate the cytotoxicity of the PCDs.
It is shown in Fig. 9 that the obtained PCDs exhibit small toxicity
towards HeLa cells even at high concentrations (400 uM) with long
incubation times (36 h). Therefore, they are considered to be safe
and suitable in bioimaging and other biomedical applications [30].

Confocal microscopy experiments were conducted to explore the
applications of the PCDs as a nanosensor for the determination of
Fe*" ions in living cells. After incubation with PCDs in PBS for
8 h at 37°C, HeLa cells exhibited strong intracellular fluorescence,
which was mainly localised in the perinuclear area of the cyto-
plasm. The EX wavelength-dependent fluorescence behaviour
was further observed, the cell internalised CDs can be excited by
laser irradiation at 365, 458, and 546 nm, and emitted blue,
green, and red fluorescence (Figs. 10a, b, and c). Followed by
adding 2 mM Fe*" for 0.5 h, however, the intracellular fluorescence
was seriously induced (Figs.10d, e, and /). All the biological results
established that PCDs can be an effective probe for the detection of
Fe** ions in biosystem [31].

4. Conclusion: In conclusion, novel PCDs were fabricated using
the hydrothermal method by peat for the first time. The as-prepared
PCDs showed a clear lattice structure with a narrow size distribution
(3-5nm) and exhibited excellent PL properties with a QY of
18.2%. Moreover, PCDs could serve as a PL probe for the highly
sensitive and selective detection of ferric ion. It is shown from
the MTT assay and cellular experiment that the PCDs have low
cytotoxicity, and successfully applied as a nano-sensor for monitor-
ing Fe®" in cells. Combining its green synthetic route, excellent PL
properties, and favourable biocompatibility, it is anticipated that the
PCDs could be potential nano-agents in biological applications.
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