Fluorescent carbon nanodot-based rapid cell nucleus
staining and application for diagnosis
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Abstract

Cell nucleus status decides the activities of corresponding cells, making its rapid and effective staining important for
revealing the actual condition of biological environment in life science and related fields. In this study, fast staining of
cell nucleus is realized by fluorescent carbon nanodots (CDs). The staining mechanism is due to the positively charged
CD surface-induced cell membrane penetration, which facilitates the CD-nucleus binding via electrostatic attraction. The
size of cell nucleus is easily measured with fluorescence imaging technique. In addition, the CD-based cell nucleus stain
is applied for discriminating the normal and cancer cells by determining the cell-to-nucleus ratio with fluorescence

images.
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1. Introduction

A s the most important constituent part of cell,

the nucleus shows key function on control-
ling cell growth and multiplication [1]. The con-
tained genetic material largely coordinates with cell
activities, including protein synthesis and cell divi-
sion [2]. Thus, the status of cell nucleus can reflect
the health condition, which has been applied for the
diagnosis of diseases [3—6]. To achieve effective
screening of cell nucleus, chemical stains with high
staining efficiency have been explored [7—10]. For
example, acridine orange has been applied for the
cell nucleus staining with high brightness [11].
However, the high-cost of this probe and compli-
cated operation restrict its wide application. In
addition, some nuclear dyes that can interact with
DNA have also been explored for cell nucleus
staining [12,13]. For instance, DAPI is widely used
for cell nucleus imaging due to its strong binding

affinity toward DNA in nucleus [14]. Its blue emis-
sion and UV excitation, unfortunately, limits the
usage in long-term imaging application. Therefore,
the exploration of effective fluorescent stains for
achieving rapid cell nucleus staining is appealing
toward diagnosis application.

Recently, inorganic/organic fluorescent nano-
materials including metal nanoclusters, polymer
dots and carbon nanodots (CDs), have attracted
growing attention because of their high quantum
yield and good biocompatibility [9,15—21]. For
example, using polydopamine nanoparticles as the
fluorescent probe, Ding et al. reported the in situ
and label-free tracking of nucleus in long-term and
real-time manners [9]. Among these fluorescent
nanomaterials, CDs can be prepared from a variety
of sources with low-cost and high biocompatibility
attracts wide research interest in last two decades
[22—31]. As an example, Liu et al. proposed a fluo-
rescence method to reveal the RNA reduction using
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CDs probe [32]. By combining CDs and gold nano-
clusters (Au NCs), imaging of intracellular H,O, has
been achieved with CD-Au NC nanosatellite [33]. It
has been reported that the rich surface functional
groups of CDs endow effective cell penetration and
strong interaction with organelle [34—37]. Addi-
tionally, the surface components can be easily
regulated by changing the composition of raw ma-
terials. It is thus speculated that the CDs from
proper raw materials might be a promising nuclear
dye for cell nucleus staining.

According to the previous reports, materials with
strongly positive charge show high affinity to
negative cell organelle [38]. We thus hypothesize
that CDs with positive charge could be used for
achieving effective cell nucleus staining by electro-
static attraction, which is theoretically possible. In
this study, we prepared CDs from m-phenylenedi-
amine (MPD) and o-phenylenediamine (OPD)
through electrolysis strategy, denoted as PD-CDs.
The physical and optical properties have been
studied with serial characterization techniques.
Interestingly, the PD-CDs showed high cell nucleus
staining efficiency, which was attributed to positive
charge surface-mediated strong electrostatic attrac-
tion toward negative nucleus. With PD-CDs label-
ing, cell nucleus from normal and cancer cells can
be easily differentiated, as illustrated in Fig. 1. The
accuracy was also verified with the cell-to-nucleus
ratio calculations. In a word, we proposed a simple
and effective nuclear dye to realize rapid cell nu-
cleus staining with PD-CDs.

2. Materials and methods

2.1. Chemicals and materials

Hydrochloric acid (HC1 36%), nitric acid (HNO3),
sulfuric acid (H,SO,), potassium chloride (KCl), so-
dium chloride (NaCl), magnesium chloride (MgCl,),
and manganese sulphate (MnSO,) were purchased
from Sinophorarm Chemical Reagent Corporation
(Shanghai, China). Disodium hydrogen phosphate

Nucleus staining

Fig. 1. Schematic illustration of cell nucleus staining with PD-CDs.

(Na,HPO,4) and sodium dihydrogen phosphate
(NaH,PO,) were purchased from J&K Scientific
(Beijing, China). m-phenylenediamine (MPD) and o-
phenylenediamine (OPD) was Adamas (Shanghai,
China). Phosphate buffer saline (pH 7.4), DMEM
cell culture media, carboxyfluorescein diacetate and
DAPI were obtained from Hunan Zhixiangweilai
Biotechnology (Changsha, China). All chemicals
were used without further purification. HeLa cell
and Oral epithelial cell were from Hunan Preven-
tion and Treatment Institute for Occupational Dis-
eases. Ultrapure water (18.2 MQ) was obtained from
a Millipore system. All glassware was cleaned by
fresh aqua regia. Phosphate buffers were prepared
according to a standard handbook. The pH values
were measured with a benchtop pH meter (Orion
plus, Thermo-Fisher, U.S.A.).

2.2. Apparatus

The UV—vis absorption spectra were collected
using a UV-2450 spectrophotometer (Shimadzu,
Japan). Fluorescence excitation and emission
spectra were obtained with a F-7000 fluorescence
spectrophotometer (Hitachi, Japan) at a slit of 5.0 nm
with a scanning rate of 1200 nm/min. Zeta potential
was determined using a Malvern Zetasizer 3000HS
nano-granularity = analyzer = (Malvern, United
Kingdom). The transmission electron microscopy
(TEM) images were obtained using an HT7700
transmission electron microscope (Hitachi, Japan).
The X-ray photoelectron spectroscopy (XPS) were
recorded using an ESCALAB 250 X-ray photoelec-
tron spectrometer with an Al Ka = 280.0 eV excita-
tion source (Thermo, USA). The time-resolved
fluorescence decay emission curve and fluorescence
quantum yield measurements were performed on a
FLS 980 fluorescence spectrophotometer (Edin-
burgh, UK). The absolute fluorescence QY was
determined by using an integration sphere, the
excitation and emission wavelengths were set at
438 nm and 515 nm. The fluorescence emission
decay measurements were conducted with a 450 nm
laser, and the lifetime was obtained through expo-
nential decay fitting. The pH values were measured
using a benchtop pH meter (Orion plus, Thermo
Fisher, United States). The optical images of staining
cells were acquired with a Ni—U multifunctional
biomicroscope (Nikon, Japan).

2.3. Synthesis of PD-CDs
PD-CDs were synthesized with electrolysis

method [39]. Typically, 0.01 g OPD and 0.01 g MPD
were solubilized with 20 mL NaCl (0.1 M). After
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complete dissolution, the electrolysis was conducted
with a 10 V working potential. After turn on of the
power, the solution color gradually changed
from colorless to yellow with 20 min electrolysis,
indicating the formation of PD-CDs. The formed
PD-CDs were purified by dialysis bag (molecular
retention Mw = 1000 Da) for 20 h to remove excess
NaCl and unreacted OPD or MPD, and then was
stored at room temperature before use.

2.4. Staining of cells

For conventional dye staining, HeLa cells were
first cultured in DMEM medium at 37 °C, 5% CO,
and saturated humidity [40]. After cells occupied the
surface more than 70%, they were rinsed twice with
0.9% saline solution. Then, 0.5 mL of carboxy-
fluorescein/DAPI (10 uM) was added and the cells
were stained for 30 min. After that, the cultured cells
were washed with 0.9% saline solution twice.
Finally, the fluorescence imaging was performed
under a Nikon NI-U microscope with a FITC/DAPI
filter and 100-w mercury lamp. For PD-CDs stain-
ing, the procedure is similar. Typically, HeLa cell
and Oral epithelial cell were all cultured in DMEM
medium at 37 °C, 5% CO, and saturated humidity
[41]. After cells occupied the surface more than 70%,
they were rinsed twice with 0.9% saline solution.
Then, 1.0 mL of PD-CDs (100 mg/L) was added and
the cells were stained for 5 min. After that, the
cultured cells were washed with 0.9% saline solution
twice to remove any excess PD-CDs. Finally, the
fluorescence imaging was performed under a Nikon
NI-U microscope with a FITC filter and 100-w
mercury lamp. For the calculation of cell nucleus-to-
cytoplasmic ratio (R), the cell area (Ac) was obtained
by submit images to the Image J software. Then, the
area of cell nucleus (An) was obtained based on the
fluorescence intensity. Finally, the cell nucleus-to-
cytoplasmic ratio was generated through an equa-
tion: R = An/(Ac-An).

3. Results and discussions

3.1. Synthesis and characterization of PD-CDs

At the beginning, electrolysis-mediated carbon-
ization of OPD and MPD was used for synthesizing
PD-CDs of 0.1 M NaCl diluted OPD and MPD so-
lution at a voltage of 10 V. After 10 min electrolysis,
the color of OPD and MPD mixture solution
changed from colorless to yellow, indicating the
formation of new species. At the same time, the
solution showed bright green emission under
365 nm UV light irradiation, suggesting the

generation of fluorescent species [27]. To reveal the
newly generated species, the characterization of
yellow solution with UV—vis absorption spectrom-
etry, steady-state and time-resolved fluorescence
spectrometry, FT-IR spectra, HRTEM, and XPS
spectra were performed. As displayed in Fig. 2A,
two peaks around 246 nm and 381 nm were
observed. These characteristic absorption peaks can
be assigned to the m-* and n-7* electron transition
[42]. Such a two absorption peaks profile usually
appears in CD solution [39], indicating the possible
production of fluorescent CDs. As shown in Fig. 2B,
the fluorescence spectra of 1/10 diluted solution
showed excitation and emission maxima at 438 nm
and 515 nm. The large Stokes shift (78 nm) suggests
the ignorable excitation influence during emission
measurement. Notice that OPD-MPD mixture
before electrolysis didn't show any visible emission.
Thus, the bright green emission indicates the for-
mation of PD-CDs. According to the TEM image
(Fig. 2C), PD-CDs with spherical shape were
observed. The average diameter was determined to
be ~2.1 + 0.2 nm from 100 counts. The crystal lattice
of carbon, however, was not observed in HRTEM
image. As shown in Fig. 2D, the Raman spectrum
displayed a peak at 1562 cm ' (G-band), repre-
senting sp> carbon in the system with in-plane vi-
bration of C—C bonds. However, the peak at
1371 cm ' (D-band) were not clearly observed.

The solution showed strong emission, the fluo-
rescence quantum yield (QY) was measured by
fluorescence spectrophotometer. The absolute QY of
PD-CDs was determined to be 7.8%, suggesting its
great potential in acting as imaging reporter or
sensing probe. It is reported that the QY of inorganic
materials is related to its electron transition process
[43,44]. In some cases, long lifetime causes high QYs.
The fluorescence lifetime character of PD-CDs was
studied with time-resolved fluorescence emission
spectra. As shown in Fig. 3A, a long fluorescence
decay profile was observed. According to the fitting,
the lifetime was calculated to be 10.6 ns, which is
longer than many reported values of CDs [45]. It is
reported that the surface state and surface functional
groups are important to the fluorescence behavior of
CDs, and the abundant C—O/C—N/C=N groups in
high oxidation state may produces more of smaller
energy gaps and induce diverse electron transition
pathways [26]. To understand the surface composi-
tion, the FT-IR spectra of PD-CDs were obtained. As
shown in Fig. 2E, the absorption peak around
1630 cm ' was assigned to C=N bending vibration
[46], while the absorption peak located at 1298 cm ™'
was due to attributed to C—N bond vibration [47,48].

A visible absorption peaks around 928 cm ' was
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Fig. 2. (A) UV—vis absorption spectra of PD-CDs. Inset image was the corresponding solution under room light. (B) Fluorescence excitation (red line)
and emission (blue line) spectra PD-CDs. Inset image was the corresponding solution under UV light illumination. TEM image (C) and Raman

spectra (D) of PD-CDs.

observed, which belongs to N=N bending vibration
[49—51]. In this work, the PD-CDs possess lots of
nitrogen rich groups, leading to longer fluorescence
lifetime. That means the azo compounds might form
during the electrolysis treatment. The nitrogen-rich
surface usually brings positive charge [52,53]. Based
on the zeta potential results (Fig. 3C), the PD-CDs
surface is positively charged (+11 mV).

To further study the element composition, the
surface valence state of PD-CDs was characterized
by XPS technique. As shown in Fig. 4A, the whole
XPS spectrum of the PD-CDs was performed. The C
1s, N 1s, and O 1s signals were observed around 284,

400, and 532 eV, respectively. These sole element
XPS spectra were analyzed through peak fitting
treatment. Basically, the C 1s XPS spectrum (Fig. 4B)
could be divided into two peaks (284.8 eV and
287.6 eV), meaning the existence of C—C and C—0O/
C—N bonds in PD-CDs [21]. Accordingly, the O 1s
XPS spectrum (Fig. 4CD) was separated into three
peaks (531.0 eV, 531.9 eV and 532.5 eV), which can
be attributed to the C—O/N—O, C=0, and C—OH/
C—O-C bonds, respectively. In addition, three
peaks in the N 1s XPS spectrum (Fig. 4D) can be
isolated, which locates at 398.9, 399.7, and 400.9 eV,
respectively. These signals imply the existence of
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Fig. 3. Time-resolved fluorescence emission spectra (A), FT-IR spectra (B), and zeta potential results (C) of PD-CDs.
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Fig. 4. (A) The full XPS spectra of PD-CDs. Individual C 1s (B), O 1s (C) and N 1s (D) XPS spectra of PD-CDs.
C=N/N=N, N-H, and C—N—-C groups [48,50]. The = 3.2. Cell staining with PD-CDs
XPS results reveal the nitrogen-rich surface
composition, which decides the effective surface
state and controls the fluorescence QYs. Taken
together, the production of PD-CDs through the
electrolysis of OPD-MPD solution was confirmed.

Since the nucleus is important to cell function, fast
staining greatly benefit the cell study and diagnosis.

First, the staining of HeLa cell was conducted with
conventional

carboxyfluorescein diacetate

and

Fig. 5. Bright field (A), green fluorescence channel (B, carboxyfluorescein), blue fluorescence channel (C, DAPI), and merged (D) image of HeLa cell
after incubation with conventional dyes with three repeats (1-3).
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Fig. 6. Bright field (A) and fluorescence (B) image of HeLa cell after incubation with PD-CDs with three repeats (1-3).

DAPI. The carboxyfluorescein diacetate was used to
label cytoplasm, while DAPI was widely used for
nucleus imaging. As shown in Fig. 5, after 30 min
staining, green emission from HeLa cell was
observed, this is assigned to the carboxyfluorescein-
labeled cytoplasm. The blue emission from DAPI-
stained nucleus was also observed. According to the
merge image, green emission and blue emission
regions showed only slight overlap, indicating the
successful staining of different cell region with
designed dyes. The three repeated experiments
showed similar results, indicting the accuracy of cell
staining.

The high fluorescence QY and nitrogen rich sur-
face characters suggest the potential in developing
biological imaging probes with PD-CDs. The feasi-
bility toward cell nucleus staining with PD-CDs was
first investigated. In this work, two cell lines

Al A2

including HeLa cell and Oral epithelial cell were
chosen. After 5 min incubation, fluorescence imag-
ing of HeLa cell and Oral epithelial cell were con-
ducted with an optical microscope. It was seen that
the green emission from nucleus was observed in
HelLa cell (Fig. 6). The dramatic green fluorescence
indicates the successful stringing of cell nucleus
with PD-CDs. In interestingly, the green fluores-
cence in Oral epithelial cell also proves the staining
of normal cell (Fig. 7). The bright nucleus images
demonstrate the potential application of cell nucleus
staining with PD-CDs probe.

In order to verify the accuracy of cell nucleus
staining with PD-CDs probe, the DAPI staining as
control was conducted. It was seen that blue emis-
sion from DAPI and green emission from PD-CDs
showed perfect overlap in cell nucleus region
(Fig. 8). This suggested the practical application of

Fig. 7. Bright field (A) and fluorescence (B) image of Oral epithelial cell after incubation with PD-CDs with three repeats (1—3).
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20 pm

Fig. 8. Bright field (A), green fluorescence (B, PD-CDs), blue fluorescence (C, DAPI), and merged (D) image of HeLa cell after incubation with PD-

CDs or DAPL

PD-CDs as the potential cell nucleus staining
agents. To illustrate the advantage of PD-CDs in
comparison to commercial dye, the photostability
testes of PD-CDs and DAPI dye were conducted
under room light irradiation. As shown in Fig. 9, the
relative fluorescence intensity of PD-CDs did not
show dramatic decrease even after 7 days exposure.
In contrast, the relative fluorescence intensity of
DAPI dye showed distinct decrease in one day
exposure. The diverse fluorescence intensity varia-
tions indicated the high photostability of PD-CDs.
The biocompatibility of PD-CDs was investigated.
As shown Fig. 10, ignorable toxicity of PD-CDs
appeared when the concentration was less than

A ,
T PD-CDs

-

100+

Intensity

300 mg/L. Therefore, the subsequent cell nucleus
staining assays were conducted with 300 mg/L PD-
CDs probe. The time-dependent of staining of nu-
cleus by PD-CDs were obtained. Interestingly, the
fluorescence from PD-CDs could be observed
within 30 s, and the brightness maintained un-
changed after 150 s incubations (Fig. 11). This indi-
cated the rapid cell nucleus staining with PD-CDs.
In this work, the PD-CDs were positively charged
(+11 mV), which endows the strong binding affinity
toward the DNA in cell nucleus. In comparison to
partial existing nucleus staining agents, the pro-
posed PD-CDs probe showed advantages of rapid
staining character and high stability (Table 1).

B
100 DAPI

Intensity

0

Fig. 9. Time-dependent relative fluorescence intensities of PD-CDs (A) and DAPI dye (B) under room light irradiation.
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Fig. 10. The ckk-8 assay for PD-CDs in HeLa cells.
3.3. Application of cancer cell diagnosis

In clinical diagnosis, the cell nucleus-to-cyto-
plasmic ratio is an important parameter to evaluate
the cell status. That is, large cell nucleus-to-cyto-
plasmic ratio usually represents unhealthy cell. And

it is generally accepted that the cell nucleus-to-
cytoplasmic ratio in cancer cells is larger than that of
normal cells. Taken this into consideration, rapid
differentiation of cancer cells and normal cells
through cell-to-nucleus ratio is logic. In this case,
normal cells possess high cell-to-nucleus ratio
values, while cancer cells only show small cell-to-
nucleus ratio values. According to Figs. 6 and 7, the
staining area clearly show different size, which
means the differentiation of HeLa cell and Oral
epithelial cell through PD-CDs-based staining, is
theoretical possible. Toward this goal, the cell im-
ages of HeLa cell and Oral epithelial cell under
bright filed and fluorescence channels were ob-
tained. As shown in Fig. 12, the size of staining cell
nucleus in HeLa cell was much larger than that in
Oral epithelial cell. The merged images distinctly
showed that nucleus in HeLa cell almost fill the
whole cell region. In contrast, nucleus in Oral
epithelial cell only occupy small region. The cell-to-
nucleus ratio was calculated by Image ] software.
Through the area measurements, the cell-to-nucleus
ratio in HeLa cell was calculated to be 3.1 + 0.3. In
addition, the cell-to-nucleus ratio in Oral epithelial

20 pm 20 pm

Fig. 11. Time-dependent fluorescence image of HeLa cells after incubation with PD-CDs.

Table 1. Comparison of the PD-CDs with some existing nucleus staining agents.

# Materials Ex/Em Cell status Incubation specificity Storage
(nm) time (min)

1 Propidium iodide 535/617 Dead 5—60 DNA —20 °C/No light
2 SYTOX-green 502/525 Dead 15—60 DNA/RNA —20 °C/No light
3 Acridine orange 500/526 Live 15—-60 DNA/RNA —20 °C/No light
4 Ethidium bromide 510/600 Dead 15-20 DNA —20 °C/No light
5 Hoechst33258 352/461 Live 15—60 DNA —20 °C/No light
6 DAPI 358/462 Live 10 DNA —20 °C/No light
7 PD-CDs 438/515 Live/Dead 25 DNA No demand
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Fig. 12. Bright field (A), fluorescence (B) and merged (C) image of Oral epithelial cell (1) and HeLa cell (2) after incubation with PD-CDs (D) The
statistical cell-to-nucleus ratio distribution of Oral epithelial cell (D) and HeLa cell (E), with 100 counts.

cell was calculated to be 34.4 + 2.8. The dramatic
difference supports the possible cell differentiation
by PD-CDs-based cell nucleus staining. To simply
differentiate the normal cells and cancer cells, the
threshold of cell-to-nucleus ratio can be set as 10.0.
That means, if the cell nucleus is less than 1/10 of
the whole cell, it is healthy.

4. Conclusions

In summary, we have synthesized highly fluores-
cent and positively charged PD-CDs by electrolysis
of OPD-MPD mixture for the rapid staining of cell
nucleus. The positive surface is assigned for the rich
nitrogen surface-mediated pronation, leading to
effective cell penetration. Rapid cell nucleus stain-
ing with 5 min incubation is achieved based on PD-
CDs labeling, which endows the visualization of cell
nucleus by fluorescence imaging. With this PD-CDs
probe, fast differentiation of Oral epithelial cell and
HelLa cell is easily achieved through comparing the
cell-to-nucleus ratio. Our work not only reports an
effective nanoprobe to realize cell nucleus staining,
but also provides a general tactic to discriminate
normal cells and cancer cells based no cell-to-nu-
cleus ratio. Thus, fast recognition of cancer cells
through cell nucleus staining might be applied for
clinical diagnosis.
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