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Facile synthesis of phosphorus and nitrogen co-
doped carbon dots with excellent fluorescence
emission towards cellular imagingt

Fang-Jun Cao, Xiang Hou, Kai-Feng Wang, Tie-Zhi Jin* and Hui Feng (®*
Fluorescent carbon nanomaterials have attracted
photoluminescence properties, good biocompatibility and low toxicity in bioimaging as well as
biosensing. Heteroatom doping is usually used to improve photoluminescence properties by tuning the
functional groups and the particle size domain effect, thus leading to redshifted emission. Here, we

increasing attention owing to their unique

report a straightforward strategy for the fabrication of a mixture of fluorescent phosphorus and nitrogen
carbon nanodots (P,N-CDs) followed by separating two kinds of fluorescent fractions based on their
different negative charges. Such a one-pot hydrothermal method using formamide, urea and
hydroxyethylidene diphosphonic acid as the precursor yields fluorescent P,N-CDs. Specifically, blue-
emitting CDs (bCDs) and green-emitting CDs (gCDs) were separated by using column chromatography.
The quantum yields of bCDs and gCDs were 20.33% and 1.92%, respectively. And the fluorescence
lifetimes of bCDs and gCDs were 6.194 ns and 2.09 ns, respectively. What is more, the resultant P,N-CDs
exhibited low toxicity and excellent biocompatibility. Confocal fluorescence microscopy images were
obtained successfully, suggesting that P,N-CDs have excellent cell membrane permeability and cellular
imaging. This work provides a promising fluorescent carbon nanomaterial with tunable emission as
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Introduction

Carbon dots (CDs), as promising nanomaterials, have attracted
the interest of researchers because of their fascinating optical
and biological properties, such as photoluminescence,
biocompatibility, and electrochemistry."> Compared to other
traditional fluorescent probes, such as organic dyes (e.g,
rhodamine, porphyrin and cyanine derivatives) and nano-
materials (e.g., quantum dots, silicon nanoparticles and gold
nanoclusters),>* photoluminescent CDs exhibit great photo-
stability, satisfactory Stokes shift, excellent solubility and
extraordinary biocompatibility and have attracted broad atten-
tion as new probes for biological imaging in vitro and in vivo.>™®
In fluorescent carbon quantum dots, the fluorescence emission
has been ascribed to the “quantum effect”, in which the particle
scale of the CDs results in coalescence of energy levels enabling
excitation of elections to the conducting band from the valence
band in discreet energies.” In addition, many studies have
demonstrated that the fluorescence properties of CDs are
closely related to the particle surface. In particular, surface
defects are responsible for light absorbance in different colors.*
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a probe for versatile applications in bioimaging, sensing and drug delivery.

Therefore, it is necessary to understand the relationship
between the structure and the luminescence mechanism of
CDs, so as to guide their functional modification and endow
them with specific fluorescence properties in the biomedical
field.

In recent years, various “top-down” and “bottom-up”
approaches have been developed to prepare and tune the
optical properties of CDs."*** At present, several main lumi-
nescence mechanisms have been reported, including carbon
nuclear state, surface state and molecular state. First, in the
emission of the “carbon nuclear state”, a large amount of sp®
carbon forms a conjugated 7 domain, and the radiation is
caused by the band gap transition in the 7 region. Based on the
quantum confinement effect, the band gap transition and
characteristic fluorescence emission are affected by the
quantum size dependence of CDs. This luminescence mecha-
nism is applicable to explain the luminescence of CDs with
lattice structures or high graphitization.'® Li's group prepared
four CDs with different sizes by an electrochemical method
under alkaline conditions and achieved fluorescence emission
behavior from the 350-800 nm ultraviolet region to the near-
infrared region."” In addition, various functional groups on
the surface of CDs have different energy levels, which may
produce different emission traps. The oxygen-containing func-
tional group as the emission capture center of the exciton can
regulate the fluorescence emission properties of CDs. Ding's

© 2023 The Author(s). Published by the Royal Society of Chemistry
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group prepared and isolated multicolor CDs with tunable
photoluminescence and quantum yields up to 35%.'® The
redshift of the fluorescence emission wavelength is attributed
to the gradual reduction of its band gap, which is due to the
increase in the incorporation of different oxygen-containing
functional groups in its surface structure. During the
synthesis of CDs, molecular precursors possess active func-
tional groups (such as carboxyl and amino groups) in the
structure, carbon precursors can easily react with each other,
further condense, polymerize and carbonize, which may
produce small fluorescent molecules or oligomers that are
connected to the interior and surface of the carbon skeleton,
giving CDs bright emission characteristics.” Song's group
prepared CDs with citric acid (CA) and ethylenediamine (EDA)
and studied their luminescence mechanism.*® They constructed
imidazo[1,2-a]pyridine-7 through a small molecule organic
synthesis reaction-carboxylic acid (IPCA) and a series of char-
acterizations confirmed that CDs contain molecular IPCA. The
process of synthesizing this molecular state from Ca and EDA at
140 °C produces stronger polymerization and carbonization
reactions at higher temperatures. Thus, the study on an efficient
method for the synthesis and luminescence mechanism of
double heteroatom-doped CDs is highly necessary.

In this work, we developed a facile strategy for the fabrication
of highly fluorescent phosphorus and nitrogen carbon nano-
dots and demonstrated their applications for cellular imaging.
Hydroxyethylidene diphosphonic acid (HEDP) and formamide
with abundant phosphorus and nitrogen components were
chosen as the precursors. Accordingly, a mixture of P- and N-
embedding CDs was obtained through a one-pot hydro-
thermal treatment. The separation of the mixture solution
allows individual fluorescent fractions to be obtained by
column chromatography. The existence of graphitic nitrogen
represented an intrinsic variable allowing to gain the red-shift
in P,N-CDs along with already applied strategies regulating
types of surface molecular fluorophores. The as-prepared P,N-
CDs showed remarkable photoluminescence (PL) features
with excellent photostability. More importantly, the two highly
biocompatible P,N-CDs exhibited high cell penetrability, low
toxicity and excellent cell imaging performance. This work
provides a facile and general method to fabricate fluorescence
carbon dots for use as drug carriers in therapeutic applications.

Experimental and characterization
Chemicals

The formamide, urea, hydroxyethylidene diphosphonic acid
(HEDP) and dimethyl sulfoxide (DMSO) were obtained from
Aladdin Reagent Co., Ltd (Shanghai, China). Hydrochloric acid
was purchased from Shanghai Yuanye Biotechnology Co., Ltd
(Shanghai, China). All reagents were analytical grade. McCoy's
5A medium, MEM medium, fetal bovine serum (FBS), trypsin, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) were bought from GIBCO BRL Co. (New York, USA).
Deionized water was used in the entire process of the
experiments.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of P,N-CDs

The mixture of P,N-CDs was synthetized according to the
following procedures, as shown in Fig. 1. HEDP (100 mg) and
urea (100 mg) were dissolved by mild ultrasonication in 10 mL
of formamide. The clear solution was subsequently transferred
into a 50 mL Teflon-lined stainless-steel autoclave and put into
an oven heated at 180 °C. After a reaction time of 12 h, the
autoclave was cooled to room temperature.

Furthermore, the obtained mixture solution was immedi-
ately used for separation. The glass column filled with the
DOWEX 1 x 8 chloride form (100-200 mesh) (30 mL) was
equilibrated with 0.5 M HCI, followed by washing with deion-
ized water repeatedly to a neutral pH. The prepared mixture of
CDs (1 mL) was carefully loaded on the column in which the
unbound fractions were washed with deionized water. Under
irradiation with a 365 nm UV lamp, the fluorescence of the
eluted fractions was controlled, and the blue luminescence
material (bCDs) was separated by deionized water. After elution
with a 1.0 M HCI, the green-emitting CDs (gCDs) were collected.
The two types of separated fractions were filtered in a 2 kDa cut-
off dialysis membrane against deionized water.

Quantum yields measurements

The fluorescence quantum yield of as-synthetized P,N-CDs was
measured using fluorescence spectrophotometer at room
temperature, the dilute solution of CDs and reference solvent
were measured. Based on the integrated fluorescence intensity
obtained under the excitation wavelength of 374 nm and the
absorbance of incident light obtained at that excitation wave-
length, the quantum yield was calculated.

Determination of fluorescence lifetime

The fluorescence lifetime of P,N-CDs was measured using
a fluorescence spectrometer, with excitation and emission
wavelengths of 375 nm and 500 nm, respectively.

Effect of different ionic strength on fluorescence

200 uL P,N-CDs solution (8 mg mL ") was added to 2 mL of
sodium chloride buffer solution with different concentrations,
so that the concentration of sodium chloride in the solution is
0.2, 0.6, and 1 mol L. Then, using a fluorescence spectro-
photometer at an excitation wavelength of 374 nm (A,) to record
the fluorescence emission spectrum.

Determination of pH on sample stability

The P,N-CDs solution with an UV absorbance of 0.1-0.2 was
prepared, so that the concentration of sodium chloride buffer
solution with pH = 3, 7, and 11, and the UV absorption spectra
of each mixed solution was measured, respectively.

Determination of ionic strength on sample stability

The P,N-CDs solution with an UV absorbance of 0.1-0.2 was
prepared, so that the concentration of sodium chloride in the
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Fig. 1 Reaction scheme used for the synthesis of a P,N-CD mixture and schematic diagram of anion-exchange separation process.

solution is 0.2, 0.6, and 1 mol L™ ". The UV absorption spectra of
each mixed solution was measured.

Cell culture and MTT assay

The inhibition rate and growth curve were tested using the MTT
assay. Briefly, 5.0 x 10° cells (U20S cells and 143B cells) per well
were seeded into 96-well cell culture plates and then incubated
with a gradient dose of the tested P,N-CD solution (150 uL) for
24 h. Subsequently, 30 ul MTT solution (5 mg mL™" in PBS) was
added to the plate, and the cells were cultured for an additional
4 h. After discarding the supernatant, 150 uL. DMSO was used to
dissolve the formed formazan crystals until the solution turned
purple. The absorbance was then determined at 570 nm using
a microplate reader (Bio-Rad 680). The related growth inhibi-
tion rates (GIRs) were measured by the equation GIRs = (A, —

Ay)/A. x 100, among which A, and A, represent the absorbances

in the control and treated groups, respectively.

Confocal microscopy imaging

Cells were seeded into 35 mm special laser confocal culture dish
(10" cells per cell culture dish) in DMEM overnight and co-
incubated with 0.08 mg mL™" of P,N-CDs for 2 hours at 37 °C.
Then, the cells were washed twice with PBS buffer to remove the
residual P,N-CDs in the culture medium. The representative
fields were observed and photographed with a confocal micro-
scope (Leica, Wetzlar, Germany).

Characterization techniques

The microscopic images and structure were measured by
Transmission Electron Microscope (TEM) with an aberration-
corrected HAADF-STEM instrument at 300 kV combined with
SEM at 15 kV. The size of the nanoparticles and histograms were
measured by Image] software by optional counting of 1000
particles. The UV-vis spectra were determined by a UV-vis
spectrometer. The surface elements and chemical states of the
samples were investigated by X-rayphotoelectron spectroscopy
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technology (XPS). The phase and morphology of the as-
separated P,N-CDs were determined by X-ray diffraction
(XRD). The groups and chemical bond properties of the P,N-CDs
were characterized by an infrared spectrometer. Raman spec-
trum analysis was conducted on a Raman spectrometer. The
fluorescence properties of P,N-CDs were tested by an fluores-
cence spectrophotometer with excitation wavelengths from
380 nm to 450 nm. The relevant instrument equipment and
models are listed in Table S17.

Results and discussion

As presented in Fig. 1, the mixture solution was prepared using
HEDP and urea dissolved in formamide as a carbon precursor
through a solvothermal method. The formation mechanisms of
our P,N-CDs could be attributed to the hydrolysis, dehydration
and fragmentation of small molecules. Then, the as-synthesized
mixture of CDs was isolated through a prepreparative anion-
exchange column (Dowex 1 x 8 chloride form) to obtain frac-
tions of CDs exhibiting blue and green fluorescence alone. The
factions of blue fluorescent CDs (bCDs) showed relatively
neutral charge and were first separated from the column using
just deionized water, whereas green fluorescent CDs (gCDs)
with the negative charge were separated and eluted witha 1.0 M
solution of HCI with negative charge.

The structural morphology of the synthesized CDs was
initially investigated by transmission electron microscopy
(TEM). Fig. S11 depicts TEM image and the size distribution and
morphology of the bCDs and gCDs. The prepared bCDs and
gCDs are well-dispersed spherical structures with an average
size of 2-4 nm. The high-resolution TEM (HRTEM) image of the
bCDs and gCDs indicated that clear lattice fringes with spacings
of 0.22 nm could be indexed to (100) graphitic carbon, respec-
tively (Fig. 2a and d). The average sizes of the bCDs and gCDs
were approximately 2 nm. Furthermore, in light of the
comparison of HRTEM images of bCDs and gCDs (see insets in
Fig. 2a and d), the size difference was not statistically

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structure characterization diagrams of bCDs and gCDs. (a) TEM image and HRTEM of bCDs; (b) photoluminescence emission spectra of
the bCDs excited at different excitation wavelengths; (c) UV-vis absorption of the bCDs and gCDs; (d) TEM image and HRTEM of the separated
fractions of gCDs; (e) photoluminescence emission spectra of the gCDs excited at different excitation wavelengths; (f) fluorescence lifetime of

the separated fractions of bCDs and gCDs.

significant. The X-ray diffraction (XRD) patterns of the bCDs
and gCDs (Fig. S2t) showed a broad peak indicating that the
CDs have the amorphous nature.”* In addition, by ultraviolet
analysis, the absorption spectra of the two eluted fractions
exhibited a well-resolved m-m* transition in the spectrum
ranging from 200 nm to 250 nm and an obvious n—m* transition
at 340 nm attributed to the typical characteristics of nitrogen-
doped CDs (Fig. 2c¢).**?* Meanwhile, according to the color
under the UV lamp, bCDs and gCDs had emission maxima at
460 nm and 510 nm, respectively. The fluorescence strength of
traditional organic dyes universally decayed quickly under
continuous illumination. However, the fluorescence strength of
the separated fractions had no decay after several hours of UV
irradiation, indicating their good photobleaching resistance.”
It is worth noting that the as-eluted bCDs and gCDs had no
fluorescence attenuation, even if the preservation time lasted
over several weeks, indicating their significant photostability.
The bCDs and gCDs possessed excellent fluorescence prop-
erties depending on the wavelength of incident light. The bCDs
and gCDs displayed excellent fluorescence properties, which
were correlated with the wavelength of incident light. The PL
curves of the CDs were determined at various excitation wave-
lengths, as shown in Fig. 2b and e. The as-separated bCDs and
2CDs possessed remarkable excitation wavelength-dependent
emission spectra, so the bCDs and gCDs could be used for
imaging applications under different excitation wavelengths.
The spectral analysis indicated that the excitation wavelength
shifted from 400 nm to 600 nm, resulting in the PL peak
gradually changing from 380 (orange) to 450 nm (dark blue).
The excitation wavelength of the bCDs mostly relied on the size

© 2023 The Author(s). Published by the Royal Society of Chemistry

dimension and the distinct emissive trap sites of the bCDs, in
contrast, had an effect on their fluorescence.*® Similar
phenomena were also found in the gCDs. The possible lumi-
nescence mechanism of these separated fractions can be
attributed to the carbon nuclear state, surface state and
molecular state. The obviously reducing intensity of the G-band
at 1590 cm ' and rising intensity of the D-band at 1340 cm™*
from blue to green CDs. This feature can be analysed by a higher
number of structurally contained graphitic nitrogen atoms to
the sp® scaffold.”’** Individual samples were further analysed
by Fourier transform infrared (FT-IR) spectroscopy to identify
differences responsible for fluorescence emission. Fig. S37
displays the Fourier transform infrared (FTIR) spectra of the
samples. FT-IR analysis confirmed an obvious aromatic struc-
ture at 1600 cm ™ * typical for C=C bonds in all fractions. Similar
to the surface-related C-N bonds at 1017 cm ™", carboxylic C=0
bonds at 1710 cm™ " were significant in both the bCD and gCD
samples.** The spectra of the bCDs and rCDs displayed no
obvious peaks at 1360 and 1650 cm " typical for C-N= bonds
and C=N bonds. The above results showed that the CDs were
mostly rich in nitrogen, oxygen and phosphorus. Among of
them, oxygen was originated from hydroxyl, carbonyl and
carboxylic acid groups, nitrogen and phosphorus were derived
from urea, formamide and HEDP.

To further evaluate the fluorescence performance of gained
bCDs and gCDs solution, fluorescence spectrophotometer were
used to investigated their fluorescence quantum yields. The
fluorescence quantum yields of bCDs and gCDs were 20.33%
and 1.92%, respectively (Fig. 2f). In addition, we investigated
the fluorescence lifetime of gained CDs with maximum

RSC Adv, 2023, 13, 21088-21095 | 21091
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excitation and emission wavelengths at 375 nm and 500 nm,
respectively. The fluorescence lifetimes of bCDs and gCDs were
about 6.194 ns and 2.09 ns, respectively. The results indicated
that the excited fluorescence intensity of CDs samples eluted
with acid showed fast decay and relatively short lifespan. To
assess the composition of the as-synthesized P,N-CDs, XPS
measurements were further conducted. Table S21 summarizes
the elemental analysis of P,N-CDs. For bCDs, the doping
concentrations of P and O are approximately 1.26 and 33.76%,
respectively. Fig. S4af shows the survey XPS scan of the bCDs
sample. The binding energy peaks at 131.5, 285.0, 398.2, and
531.0 eV indicate the presence of P, C, N and O. Fig. 3a displays
the high-resolution C 1s spectrum, which can be deconvoluted
into six peaks at 284.8, 286.29 and 288.02 eV, representing C 1s
states in C-C, C-N and C(O)OH, respectively.***> The N 1s
spectrum (Fig. 3b) shows four peaks at 398.7, 398.92, 399.84 and
400.67 eV, which are associated with pyridinic-N-oxide,
pyridinic-N, pyrrolic-N and quaternary-N, respectively.** Fig. 3c
shows the high-resolution P 2p peak with obvious P-C bands
(132.5 eV) and P-O bands (133.5 eV), indicating the presence of
phosphorus species.* Fig. S4bf and 3e-f shows the survey XPS
scan of the gCDs sample and high-resolution C 1s, N 1s and P 2p
XPS spectra, respectively. Similar absorption patterns can be
observed in gCDs sample. The high-resolution P 2p XPS spectra
showed a number of phosphorous groups in CDs (Fig. 3¢ and f).
By analysing the high-resolution N 1s XPS spectra, it was
confirmed that the most vital parameter causing the shift from
blue to green photoluminescence was the growing tendency of

View Article Online
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graphitic nitrogen in terms of quantity located at approximately
401.6-401.3 eV (Fig. 3b and e). Nitrogen from surface amide
groups (399.7-400.1 eV) was present in the bCDs and gCDs.
These findings are consistent with the specific existence of
graphitic nitrogen in full-color fluorescent CDs.* This fact
indicated that the main factor of graphitic nitrogen as an
“intrinsic parameter”, resulting in the redshift of photo-
luminescence in the as-separated CDs. Besides, Raman spec-
trum showed that Ap/Ag was about 1.065 (Fig. S51), further
suggesting a low graphitic level for the bCDs and gCDs.

In addition, the influence of sodium chloride ions with
different concentrations on the fluorescence of CDs was tested
by fluorescence emission spectrum. As shown in Fig. S6,t as the
concentration of sodium chloride ions is up to 1.0 mol L™, the
fluorescence effect on both CDs is relatively small. Especially,
after the UV absorption spectra of each mixed P,N-CDs solution
was measured in hydrochloric acid solutions of different PH
and sodium chloride ionic solution of different concentrations,
it was suggested that the as-synthesized P,N-CDs solution show
relatively strong stability, and PH value and the concentration of
sodium chloride have almost no effect on their stability (Fig. S7
and S8t). Based on the discussion above, it was suggested that
the as-synthesized P,N-CDs solution showed relatively strong
stability.

As a new fluorescent sensor, the application of in bioimaging
was further explored in vitro. As shown in Fig. 4, the relative
survival rate of U20S and 143B cells exposed to P,N-CDs was
measured by the MTT method to evaluate the cytotoxicity
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Fig. 4 (a and b) The cytotoxic activities of bCDs and gCDs on U20S and 143B cells at 0-160 pg mL™? (from left to right).

of N,P-CDs. Based on the concentration screening test, the
concentrations of the bCDs were set as 10, 20, 40, 80, and 160 ug
mL " for U20S and 143B cells. When the concentration of bCDs
increased to 160 ug mL™*, more than 90% of the cells could still
survive. Similar to bCDs, the viability of gCD remained greater
than 92.6%, demonstrating the low toxicity of the P,N-CDs.
Hence, the prepared P,N-CDs with high stability and low cyto-
toxicity can be used for potential fluorescent cellular imaging.

To explore the potential cellular imaging of the sample for
living cells, U20S and 143B cells were exposed to bCD and gCD
aqueous solutions, as shown in Fig. 5. For U20S cells, P,N-bCDs
irradiated by 405 nm laser wavelengths were mainly located in
the cytoplasm, and cells incubated with P,N-CDs showed
multicolor excitation-dependent fluorescence (Fig. S97). The as-
separated bCDs could easily penetrate the cytoplasm as well as
the cell membrane. In addition, the cells incubated with gCDs

cl

U20s |d1

Fig. 5 Bright (al—d1) and fluorescence (a2—d2) and merged (a3—-d3) images of 143B cells incubated with bCDs and gCDs obtained using laser
scanning confocal microscopy (LSCM) (SP8) (from left to right). Scale bars: 50 pm.
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display green emissions at a Agy, of 488 nm. In particular, the
bright blue and green fluorescence was almost distributed on
the cell membrane, indicating that the two types of fractions
had difficulty in infiltrating into the inner nuclei (Fig. 5a and c).
A similar phenomenon can be observed in 143B cells (Fig. 5b
and d), and the cells incubated with P,N-CDs maintained good
morphology, which means that P,N-CDs are biocompatible and
have minimal cytotoxicity to cells.***” Therefore, the prepared
P,N-CDs have excellent biocompatibility and good fluorescence
performance, suggesting that the potential biomedical appli-
cations in early diagnosis of tumors and other diseases.

Conclusion

In summary, a mixture of fluorescent P,N-CDs had been
prepared by facile solvothermal decomposition of HEDP and
urea in formamide. The individual fluorescent fractions were
separated by column chromatography based on the differences
in surface charge. The as-prepared bCDs and gCDs had average
grain diameter with 2-4 nm. With increasing excitation wave-
length, the P,N-CDs had excitation wavelength dependence.
And the characters of fluorescence quantum yield and lifetime
were also investigated. The fluorescence quantum yields of
bCDs and gCDs were about 20.33% and 1.92% and the fluo-
rescence lifetimes of bCDs and gCDs were about 6.194 ns and
2.09 ns, respectively. What is more, the osteosarcoma cells
incubated with two fluorescent CDs could emit bright blue/
green fluorescence under both excitation light sources. There-
fore, the as-prepared CDs demonstrated as luminescence probe
with excellent PL performance, including high structural
stability, bright luminescence, excitation wavelength-
dependent emission, stable fluorescence intensity, biocompat-
ibility, and high photostability. The present work provides
a general and facile way to prepare blue/green fluorescent CDs,
offering great application value in biomedical technologies.
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