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Biomolecule-mimicking nitrogen-doped carbon dots (N-Cdots)
were synthesized from dopamine by neutralization heat strategy.

Fluorescence imaging of various cells validated their nucleus-
staining efficiency. The dopamine-mimicking N-Cdots “tricks”

nuclear membrane to achieve the nuclear localization and imaging.

Cell is an important carrier in the process of life. Research for the
interaction between cell and xenobiotics helps us understanding
their transportation, metabolism and toxicity.1 Cell nucleus is
critical to various important cellular events, including metabolism,
heredity, and reproduction.1 However, the research on cell nucleus
is deficient comparing with its vital significance.2 Nucleus-staining is
the first step to reveal the nucleus morphology, to investigate the
nuclear function and to transfer the agent to cell nucleus.’
Fluorescence nucleus-staining is popular because of its visualization
and high resolution along with the fast development of
fluorescence microscopy.4 To overcome the drawbacks of self-
guenching and photo-bleaching of some dyes, such as 4’,6-
diamidino-2-phenylindole (DAPI) and Hoechst stains, transition
metal complexes have been developed with high luminescence
efficiency, tunable emission color, large Stokes shift, and high
photo-stability to enhance the nucleus-staining efficiency.5 With
careful design and complex preparation procedure, various nucleus-
staining complexes have been reported, but DNA intercalation of
complexes interferes with the DNA function.’ So, it is critical to
develop the nucleus-staining agent with simple procedure, high
luminescence efficiency, low cytotoxicity and high photo-stability.
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Nitrogen-doped carbon dots (N-Cdots) show the distinctive
characteristics, such as stability, low toxicity and good
biocompatibility,6 Their fluorescence properties make N-Cdots
extensive applications as sensing and fluorescence imaging probe.6
However, the in vitro fluorescence imaging always shows that it is
cytoplasm but not nucleus to be stained possibly because of the
powerful defensive function of nuclear membrane.’> 7 An
alternative strategy should be developed to prepare nucleus-
staining N-Cdots with simple procedure. Dopamine is extensively
studied by its polymerization ability to form polydopamine (PDA).7’8
PDA has been applied for cell imaging,9 anti-cancer drug delivery,10
metal ion detection™ and biosensing by its high biocompatibility.12

Here, we proposed a strategy to prepare biomolecule-mimicking
N-Cdots as potential nucleus-staining agent. To this end, a fast
neutralization heat strategy was used.® The neutralization heat
released from ethylenediamine and phosphoric acid achieved the
formation of N-Cdots with dopamine as precursor within 2 min. Cell
imaging of Cdots validated their nucleus-staining efficiency with
four kinds of cancer cells as models. The flow chart for the synthesis
of N-Cdots was presented as Scheme S1.

The active hydroxyl group in dopamine facilitates the formation
of carbon core via inducing the intermolecular condensation with
the help of neutralization heat, similar to the polymerization of
dopamine.14 The further dehydration and carbonization achieves
the formation of N-Cdots;12 neutralization heat strategy does not
require any expensive equipment and phosphoric acid has low
volatility and corrosiveness for the sake of safety.13 Moreover, the
fast neutralization heat strategy provides a chance to prepare
dopamine-mimicking N-Cdots as illustrated followed.

The as-prepared N-Cdots were characterized with Fourier
transform infrared (FTIR), X-ray photoelectronic spectroscopy (XPS)
and transmission electron microscope (TEM) images. The broad and
intense peaks at 3362 em™ and the peak at 1284 cm™in FTIR
spectrum are attributed to C-OH stretching and -OH bending
vibration (Fig. 1a). The peaks at 1611 and 1520 cm™are related to
the bending vibration of N-H (primary amine). The peak at 1342 em?
comes from the stretching vibration of the phenolic hydroxyl group
on N-Cdots’ surface. In XPS broad spectrum of N-Cdots, three peaks
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at 284.7, 397.0, and 530.2 eV were attributed to Cy5, Nig and Oy,
respectively (Fig. 1b). The calculated mass content of N and O
element are 7.92% and 20.80%, respectively. So, the Cdots were
successfully doped with nitrogen and therefore denoted as N-Cdots.
The high oxygen content validated their good solubility. Fig. 1c-e
shows the high-resolution XPS spectra of Ci, Ni; and O Cy
spectrum was deconvolved into three peaks at 284.6 eV, 285.9 eV
and 288.4 eV, corresponded to C-C, C-O and C=0/C=N bands,
respectively (Fig. 1c). The results fit well with the FTIR data and
illustrate that the N-Cdots surface was equipped with the functional
groups, including -COOH, -OH and -NH,. All of the results confirm
the formation of N-Cdots from dopamine. The morphology and size
distribution of N-Cdots illustrated their uniform dispersity. The size
mainly focused on 2-3 nm with an average diameter of 2.34 nm (Fig.
2a-c). The lattice spacing of 0.24 nm validated the sp2 cluster
structure of N-Cdots by high resolution TEM image (Fig. 2b).15

The optical properties of N-Cdots were illustrated in Fig. 2d. The
N-Cdots solution was transparent with light yellow while bright
bluish green emission was observed under 365 nm light excitation.
The absorption peak at 297 nm (Fig. 2d) is attributed to n-mt*
transition of C=0 and 1-T* transition of C=C."* With the excitation
from 340 to 480 nm, the emission of N-Cdots shows little shifts and
reveals the excitation-independent emission characteristic of N-
Cdots. N-Cdots have a quantum yield of 5.2% (Table S1, ESI) and a
fluorescence lifetime of 7.26 ns (Fig. S1 and Table S2, ESI).
Moreover, high photostability was observed from N-Cdots as
illustrated in Fig. S2, ESI.

The fluorescence imaging application of N-Cdots was first
investigated with confocal laser scanning microscope with PC12
cells as model. N-Cdots were found in cytoplasm and the nucleus
was also clearly observed (Fig. 3), different to the simple cytoplasm
imaging of previous Cdots.”*® The brightness of PC12 cells increased
with the N-Cdots concentration increasing, indicating the emission
was from the Cdots embedded into the cells. As a comparison, no
apparent brightness was observed in the control group. The result
validated that N-Cdots entered into the cells successfully. N-Cdots
are enclosed by cell membrane through endocytosis and entered
into the cytoplasm to lighten cytoplasm. Moreover, nucleus was
much brighter than cytoplasm, different to the dark nucleus
reported previously.7’ '® With increased N-Cdots concentration, the
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Fig. 1 (a) The FTIR spectra of dopamine and N-Cdots. (b) The broad
XPS spectra of N-Cdots. The high-resolution XPS spectra of C1s (c),
N1s (d) and O1s (e) of N-Cdots.
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Fig. 2 (a) TEM and (b) HRTEM images of N-Cdots. (c) The particle
size distribution of N-Cdots calculated from more than 200 particles
and the fitting line. (d) UV-vis and fluorescence emission spectra of
N-Cdots at the excitation wavelength from 340 to 480 nm. Inset:
the photos of N-Cdots solution under white light (left) and UV light
of 365 nm (right). Scale bars: 20 nm in TEM and 2 nm in HRTEM.

nucleus became brighter, illustrating their high affinity towards the
nucleus. It is easy to understand the bright cytoplasm because of
the small size of Cdots, similar to previous reports.7’ 16 Whether do
our Cdots have a general nucleus-staining efficiency and why can
they cross the nucleolemma and brighten the nucleus?

To validate the generalization of our N-Cdots as nucleus-staining
agent, A549, HepG 2, and MD-MBA-231 cells were then selected as
models to investigate the cellular uptake and distribution of N-
Cdots. As illustrated in Fig. 4, A549, HepG 2, and MD-MBA-231 cells
also have bright nucleus after incubating with N-Cdots, similar to
PC12 cells (Fig. S3-S5, ESI). Overlap of the emission from N-Cdots
and DAPI further confirmed the nuclear targeting of N-Cdots and N-
Cdots were introduced into the cell nucleus (Fig. 4). So, our N-Cdots
are a general nucleus-staining agent for those cells.

When A549 cells incubated with 0.8 or 1.0 mg mL™ N-Cdots were
monitored at different time, we found that the onset of cellular
uptake was observed after 0.5 h, followed by a continuous increase
in their brightness up to 12 h (Fig. 5 and Fig. S6 in ESI). The green
fluorescence of N-Cdots was first observed in the cytoplasm around
the nucleus. With incubation time increasing, the co-localization of
blue fluorescence of DAPI and green fluorescence of N-Cdots
suggested the nuclear internalization of N-Cdots. Different to the

control 0.2 0.4 0.6 0.8
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Fig. 3 The confocal fluorescence images of PC12 cells after
incubating with proper medium contains 0, 0.2, 0.4, 0.6, 0.8 and 1.0
mg mL™ of N-Cdots for 12 h: green fluorescence images (488 nm
excitation and 500-540 nm emission) (a) and merge of the bright
field and green fluorescence images (b). Scale bars: 30 um.
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simple nucleus-staining of DAPI, cytoplasmic constriction was
clearly observed with the emission of N-Cdots. The cells kept good
morphology, although the incubation time led to the dehydration of
cells at high N-Cdots concentration. The result illustrated the low
toxicity of N-Cdots. So, N-Cdots are took up through endocytosis
and then cross the cell’s nucleolemma to enter the nucleus,
different to previous Cdots,®’* but they do not affect cell growth.
The cell internalization of Cdots was strongly influenced by their
size, surface charge, and groups. Our Cdots have the almost same
small size to the other Cdots,eb’7’ 1023 bt their zeta potential was
+12.8 mV (Fig. S7, ESI). So, our strategy provided the chance to
synthesize positively charged N-Cdots, different to the previous
methods.®**  positive charge favours and promotes the
internalization of Cdots by electrostatic interaction to the negatively
charged lipid membrane of cells and DNA in nucleus.” Amino
groups on N-Cdots surface may be the only source for the positively
charge, as validated by the high content of nitrogen in XPS
spectrum. So, the neutralization heat strategy is obviously different
to the previous hydrothermal and nitric acid refluxing procedure,
where the negative surface charge of Cdots were obtained.®®"*?
The other is the surface groups of Cdots. Because of the surface
positive charge and high content of nitrogen, amino group exists on
our N-Cdots’ surface. Catechol groups exist in dopamine and can
interact with Ag” ions and boric acid. So we test whether catechol
group exists in the Cdots surface by their interaction with Ag’ ions
and boric acid. The fluorescence of N-Cdots was quenched by Ag"
ions with high selectivity (Fig. S8, ESI). The quenching achieved by
the interaction between Ag’ ions and catechol groups on N-Cdots’
surface. It was confirmed by the fluorescence recovery by cysteine
with the high affinity between Ag" and cysteine (Fig. S9, ESI). The
feasibility of detection of cysteine was confirmed in the Table S3 in
ESI. The underlying nature of the selective detection of the Ag” ions
and cysteine were tested in ESI. Boric acid was observed to enhance
the fluorescence of N-Cdots. 20 % fluorescence enhancement was
observed from Cdots when they were treated with 25 mM boric
acid (Fig. S10, ESI). This result further illustrated that catechol
groups existed on N-Cdots’ surface for the interaction to boric acid.
So, amino and catechol groups exist on the Cdots surface and their

source could only be the incomplete carbonization of dopamine.
While Ag" ions quench the fluorescence of Cdots by energy transfer,
boric acid enhances their fluorescence because of the decreased
surface defect through the interaction between boric acid and
catechol group. So the fast neutralization heat strategy can keep
the active groups of dopamine on N-Cdots’ surface and we denoted
our Cdots as biomolecule-mimicking Cdots. Their positive charge
and small size make them cross the nuclear pore, with the size of
20-50 nm,18 with the help of dopamine-mimicking structure.

The cytotoxicity of Cdots was first tested by MTT strategy, but
higher than 100 % cell viability was observed at high concentration
of Cdots similar to previous reports,7’19 Moreover, the cell viability
increased with the increased Cdots concentration. We considered
the soluble Cdots in DMSO interfere with the absorbance at 490 nm.
So, flow cytometry was used and the “true” low cytotoxicity was
observed with A549 cells mortality of 4.20 % even the cells were
treated with 1.0 mg mL" N-Cdots (Fig. 6 and Fig. S11, ESI). The flow
cytometry results illustrated that most of the A549 cells are non-
apoptotic cells and early apoptotic cells (Fig. S12 and Table S4, ESI).
So, the combination of small size, positive charge, dopamine-
mimicking surface groups and low cytotoxicity make our Cdots
suitable for nucleus-staining for various cells.

In summary, nucleus-staining carbon dots were prepared with
one-step neutralization heat strategy with dopamine as precursor.
Studies on nucleus-staining mechanism indicated that small size,
surface positive charge and dopamine-mimicking groups of the
Cdots are critical to their entrance into nucleus. So, while the
neutralization heat strategy is fast and simple, it also provides a
biomolecule-mimicking efficiency because of the short reaction
time for incomplete carbonization of the precursor. The N-Cdots
were taken up by PC12, A549, HepG 2, and MD-MBA-231 cells
through endocytosis and then cross the nucleolemma to enter the
nucleus for imaging application. So they are a promising candidate
as nucleus-staining probe used in biology- and medicine-relevant
research by their low toxicity, excellent photostability and
biomolecule-mimicking property. Further surface modification of
the N-Cdots may bring facility to new materials related to selective
nucleus staining and location as a new nucleus targeting vector.

A 549 cell HepG 2 cell MD-MBA-231 cell

DAPI N-cdots  Merge DAPI N-cdots Merge DAPI N-cdots Merge

Fig. 4 The confocal fluorescence images of A549 cell, HepG 2 cell and MD-MBA-231 cell after incubating with medium contains 0.8 and 1.0

mg mL™ of N-Cdots for 12 h: blue fluorescence images of nucleus stained with DAPI (405 nm excitation and 450-470 nm emission), green
fluorescence images of N-Cdots in cells (488 nm excitation and 500-540 nm emission) and merge of the fluorescence images of nucleus
and N-Cdots in cells. Scale bars: 30 um.
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Fig. 5 The confocal fluorescence images of A549 cell after
incubating with proper medium contains 1.0 mg mL" of N-Cdots at
different time. Fluorescence nucleus-stained images with DAPI (405
nm excitation and 450-470 nm emission), green fluorescence
images of N-Cdots (488 nm excitation and 500-540 nm emission)
and their merge images. Scale bars: 30 um.
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Fig. 6 Cytotoxicity of N-Cdots towards A549 cells measured by flow
cytometry. (a) negative control used for select “gate” and A549 cells
were incubated with (b) 0 (control) and (c) 1.0 mg mL™" of N-Cdots
for 12 h, respectively.
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