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Abstract

Organelle selective imaging can reveal structural and functional characters of cells undergo-

ing external stimuli, and is considered critical in revealing biological fundamentals, designing

targeted delivery system, and screening potential drugs and therapeutics. This paper

describes the nucleoli targeting ability of nanoscale carbon dots (including nanodiamond)

that are hydrothermally made with controlled surface charges. The surface charges of car-

bon dots are controlled in the range of -17.9 to -2.84 mV by changing the molar ratio of two

precursors, citric acid (CA) and ethylenediamine (EDA). All carbon dots samples show

strong fluorescence under wide excitation wavelength, and samples with both negative and

positve charges show strong fluorescent contrast from stained nucleoli. The nucleoli selec-

tive imaging of live cell has been confirmed with Hoechst staining and nucleoli specific stain-

ing (SYTO RNA-select green), and is explained as surface charge heterogeneity on carbon

dots. Carbon dots with both negative and positive charges have better ability to penetrate

cell and nucleus membranes, and the charge heterogeneity helps carbon dots to bind pref-

erentially to nucleoli, where the electrostatic environment is favored.

Introduction

Carbon dots including nanodiamond discovered as by-products of nanotubes have shown

great potentials in chemical, bio-sensing, nano-medicines, catalysis, and as active components

in optical and optoelectronic devices [1–12]. The unique properties of nanoscale carbon dots

such as small sizes, low toxicity, photo-stability, and rich surface chemistry make them ideal

for molecular imaging [13–23]. Membrane and cytoplasm imaging has been achieved with car-

bon dots made from a variety of carbon sources [24–29]. Organelle selective imaging can

reveal structural and functional characters of cells undergoing external stimuli, and is consid-

ered critical in revealing biological fundamentals, designing targeted delivery system, and

screening potential drugs and therapeutics[30–33]. The area selective imaging of cellular

organelles has been achieved in carbon dots [28]. Carbon dots made from citric acid and

PLOS ONE | https://doi.org/10.1371/journal.pone.0216230 May 31, 2019 1 / 11

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Zhu Z, Li Q, Li P, Xun X, Zheng L, Ning D,

et al. (2019) Surface charge controlled nucleoli

selective staining with nanoscale carbon dots.

PLoS ONE 14(5): e0216230. https://doi.org/

10.1371/journal.pone.0216230

Editor: Kai Griebenow, University of Puerto Rico,

Rio Piedras Campus, PUERTO RICO

Received: December 5, 2018

Accepted: April 16, 2019

Published: May 31, 2019

Copyright: © 2019 Zhu et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: This project was supported by a

Director’s New Innovator Award from National

Institute of Health (no. 1DP2EB016572) to MS, a

Young Teacher Specific Project from Ningde

Normal University (no. 2016Q46) to PL.

Competing interests: The authors have declared

that no competing interests exist.

http://orcid.org/0000-0003-2060-7873
https://doi.org/10.1371/journal.pone.0216230
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0216230&domain=pdf&date_stamp=2019-05-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0216230&domain=pdf&date_stamp=2019-05-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0216230&domain=pdf&date_stamp=2019-05-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0216230&domain=pdf&date_stamp=2019-05-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0216230&domain=pdf&date_stamp=2019-05-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0216230&domain=pdf&date_stamp=2019-05-31
https://doi.org/10.1371/journal.pone.0216230
https://doi.org/10.1371/journal.pone.0216230
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


penicillamine can target Golgi body [34] and those from β-alanine and zwitterionic ligand can

target nucleuses [35]. Developing more targeted imaging probes would definitely enhance

understanding to targeted delivery, and enrich bioimaging toolkits.

Nucleoli is known for its critical roles in creation of ribosomes via ribosome biogenesis pro-

cess, in assembly of signal recognition particles, and in cell’s responses to stress [36]. Though

desired, nucleoli selective staining is rare, and existing methods are limited by high cost, and

laborious operations[37,38]. Given their nanometer sizes, carbon dots can easily penetrate cell

membranes and nucleus pores, and access to sub-cellular organizations. The rich surface

chemistry of carbon dots enables unlimited possibilities of selective staining [39–43]. Carbon

dots made from calcine of cow manure and modified with ethylenediamine (EDA) and from

refluxing polyethylene glycol showed a tendency to stain nucleoli [44]. However, these results

do not reveal the physical state of carbon dots around nucleoli, and a direct side-by-side com-

parison with a known nucleoli staining is needed to confirm nucleoli targeting ability.

Carbon dots made from citric acid (CA) and ethylenediamine (EDA) have also been stud-

ied for bioimaging [45,46]. However, the influence of surface charge to nucleoli staining ability

has not been reported. Here, CA and EDA, are used simultaneously to produce carbon dots

with controlled surface charge under hydrothermal conditions. The surface charges of carbon

dots have been tuned by adjusting the molar ratio of CA and EDA to achieve impressive nucle-

oli targeting with high selectivity. While decreasing the molar ratio of CA: EDA in precursor,

the zeta potential of carbon dots decreases accordingly, which enhances nucleoli staining. The

effects of incubation time and carbon dot concentration have been examined. The nucleoli

selective staining of these carbon dots has been observed in different cell line, and thus can be

extended to other cell lines in general.

Experimental sections

Chemicals: Citric acid (CA), and polyethylenimine (PEI) were purchased form Alfa Aesar.

Ethylenediamine (EDA), Dulbecco’s modified Eagle’s medium (DMEM, Hyclone), fetal

bovine serum (FBS), penicillin and streptomycin were obtained from Corning. SYTO RNA-

select green fluorescent cell stain and Hoechst 33342 were from ThermoFisher. Phosphate

buffer solution (PBS) was obtained from ThermoFisher. Others were from Sigma-Aldrich. All

the chemicals were used as received. Milli-Q water (Millipore) was used to make all the

solutions.

Carbon dots preparation: carbon dots were made according to literature [45] with slight

modification. Briefly, 1.6 g of CA (1 mol) was dissolved in 10 mL of water, and mixed with

0.21 (0.5 mol), 0.42 (1 mol), 0.83 (2 mol) or 1.66 mL (3 mol) of EDA, respectively, followed by

stirring to form a homogeneous solution. The mixture was transferred to a 50 mL of Teflon-

lined stainless autoclave and heated at 180˚C for 12 h. After reaction, the reactor was cooled

down to room temperature naturally. The resulting solution was subjected to dialysis with

molecular weight cut-off (MWCO) of 1000 to remove unreacted precursors, followed by

lyophilization. Two carbon dots had also been synthesized using CA as carbon resource and

PEI as a passivation agent, where the molar ratio of CA: PEI was 1:0.5 and 1:2, respectively.

The carbon dots made using CA and EDA as a single carbon resource were used as controls.

Measurement: The fluorescence spectra were measured with Cary Eclipse Fluorescence Spec-

trophotometer. Fourier-transform infrared (FTIR) spectroscopy was conducted on a Shi-

madzu IR Prestige21 spectrometer. The morphology was observed on a JEM-1010

Transmission Electron Microscope (TEM) operating at 60 kV using ultrathin carbon sup-

ported grid. A Renishaw Raman spectrometer (Invia) was operated at 532 nm excitation wave-

length to obtain Raman spectrum of each sample. Zeta potential was measured on a NANO ZS
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ZEN3600, Malvern Instruments. The photoluminescence (PL) quantum yield (QY) of the car-

bon dots with the different molar ratio of CA:EDA were derived with the following Eq (1)

[47]:

QYCDs ¼ QYR
ICDsARðnCDsÞ

2

IRACDsðnRÞ
2

ð1Þ

where, QYCDs and QYR are the PL QY of the CDs and reference (Rhodamine 6G), the QYR of

Rhodamine 6G in water solution is 0.95[48]. ICDs and IR is the measured integrated emission

intensity of CDs and reference, respectively. ACDs and AR is the UV-vis absorption intensity of

CDs and reference, respectively. nCDs and nR is the refractive index of the solvent (1.33 for

water) for both CDs and reference.

Cell culture and viability test: HeLa (human cervical cancer) cells were cultured in 5% CO2

at 37˚C in DMEM supplemented with 10% FBS and 1% mixed solution of penicillin and strep-

tomycin. For cell viability test, 8,000 HeLa cells were seeded in 96 well plates overnight.

Desired amounts of carbon dots were added to the media, and the cells were incubated with

another 24 h. The cells were washed thrice with PBS (pH 7.4), and then the viability of the cells

were tested with MTT method.

Cell staining and imaging: 100,000 cells were seeded in 12-well plate and incubated over-

night with carbon dots at certain concentration. After certain time, the cells were washed with

PBS twice and fixed with 4% formaldehyde for 15 min in an incubator. 1 mL of DMEM that

contains 16.2 μM of Hoechst 33342 and 0.5 μM of RNA-select green fluorescent cell stain was

applied on the cells and incubated for another 20 min in dark. After removing the solution, the

cells were rinsed twice with fresh DMEM, and the cells were rest for 5 minutes in medium at

37˚C. The coverslip was taken out and inversely placed on a glass slide pre-dropped with

mounting medium (a mixture of 30% 2×PBS and 70% glycerin) and the cells were ready for

imaging.

Results and discussions

The hydrothermal method has been used to make carbon dots from various carbon sources

Fourier transform infrared spectroscopy (FTIR) provides abundant information of the surface

groups of carbon dots (Fig 1A1–1A4), where the broad peaks centered at 3440 cm-1 corre-

spond to the stretching vibration of O-H and N-H bonds, respectively. Both O-H and N-H

bonds improve the hydrophilicity and stability of carbon dots in an aqueous solution. The

strong peaks at 1700 and 1200 cm-1 are attributed to the stretching vibration of C = O and C-N

bonds, while that at 1600 cm-1 to the bending vibration of N-H bond. With the decrease of

CA: EDA, the signal intensity of N-H bond increases relative to that of C = O bond, which

indication that relatively more EDAs are involved. The FTIR results also indicate that these as-

made carbon dots possess abundant hydroxyl and carboxylic groups, which ensure their good

biocompatibility.

The surface charges around carbon dots enable excellent dispersion in aqueous solution.

Fig 1B1–1B4 inset shows the aqueous solutions of four carbon dots emit bright blue light

under ultraviolet excitation (365 nm) and also the PL spectra of the four aqueous solutions of

carbon dots with excitation wavelength from 320 to 420 nm. The emission spectra of carbon

dots synthesized from CA and EDA exhibit excitation-wavelength dependence, and the nar-

row emission peak reflects narrow size distribution of carbon dots. At the same CA: EDA

molar ratio, the emission peak shifts to long wavelength (red shift) at long excitation wave-

length, and the peak intensity decreases sharply when excitation wavelength is above 400 nm.

Unlike a simple organic fluorophore that has one excitation level in visible region, carbon dots
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have multiple excitation levels in the visible region, and show excitation dependent emission

[49].

Fig 1C shows transmission electron microscopy (TEM) images of carbon dots deposited on

ultrathin carbon films supported on copper grid. The carbon dots made from different molar

ratio of CA: EDA show a uniform size distribution (Fig 1C1–1C4) with diameter of carbon

dots increasing from 10 to 15 nm. The samples have been tested for their Raman characteris-

tics under 532 nm excitation. The fourth sample with less amount of negative charges shows

strong sp3 diamond peak at 1332 cm-1, while the other three samples with more negative char-

ges do not show the peak (Figure not shown). This formation of crystalline diamond structure

could also be indicated from the higher electron contrast in TEM image (Fig 1C4) than other

three samples. The PL QY of carbon dots made from different molar ratio of CA: EDA were

calculated, the QY of CA: EDA(1:0.5), CA: EDA(1:1), CA: EDA(1:2) and CA: EDA(1:3) was

around 0.87, 0.84, 0.89 and 0.84, respectively. These four carbon dots exhibit high PL QY.

Fig 1. FTIR spectrum (A), fluorescent emission spectra at the same concentration (B), and TEM (C) of carbon dots made from different molar ratio of CA:

EDA. The Raman spectrum of one sample is also included as inset in C4.

https://doi.org/10.1371/journal.pone.0216230.g001
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Fig 2A–2D shows cell outlines observed using carbon dots of different CA: EDA, where a

trend of strong image contrast can be seen when the CA: EDA ratio increases from 1:0.5 (Fig

2A), 1:1 (Fig 2B), 1:2 (Fig 2C) and 1:3 (Fig 2D), respectively. Since fluorescent intensity of car-

bon dots from different molar ratios show the same according to PL spectra in Fig 1B, the best

local selective staining ability, which can be seen from Fig 2C and 2D, indicates more carbon

dots aggregated in the centre of nucleus. The selective staining ability is quantified by image

according to intensity differences between nucleoli and cytoplasm, which shows higher inten-

sity difference in Fig 2C (24) and 2D (18) than that in Fig 2A (0) and 2B (8), proving the possi-

ble ability of selectivity. The following nucleoli staining test was practiced at CA: EDA molar

ratio of 1:2 rather than 1:3 to achieve sufficient contrast while avoiding heavily staining which

may alter cellular functions. The Table in Fig 2E shows the Zeta potentials of carbon dots with

different molar ratio of CA: EDA, where the zeta potential increased with the molar ratio of

CA: EDA decreased, meaning more amine groups are presented on the surface of carbon dots.

Figures of Zeta potential are presented in S1 Fig. Compared Zeta potential and staining ability

among these four samples, the increasing trend of Zeta potential is correlated to the ability of

staining nucleoli due to cell uptake affinity of positive or neutral species[50]. The in vitro cellu-

lar toxicity of the carbon dots was examined with MTT method. Fig 2F shows that cells

exposed to four different carbon dots showed good viability over a large concentration range

after 24 h incubation, where no evident toxicity was observed at 800 μg/mL of carbon dots,

and over 80% of cells remain alive at 1,500 μg/mL of carbon dots, indicating excellent biocom-

patibility of carbon dots. The concentration of carbon dots in the staining solution was thus

determined to be 400 μg/mL.

Cell incubated with 400 μg/mL of carbon dots at CA: EDA ratio of 1:2 for different time

was investigated to determine the suitable incubation time for selective staining ability. Fig 3

shows the gradual enrichment of carbon dots around nucleoli during a 24 h period of time,

Fig 2. Fluorescent images of HeLa cells incubated with 400 μg/mL of carbon dots with the molar ratio of CA: EDA at 1:0.5(A), 1:1 (B), 1:2 (C), 1:3 (D) for 24 h

(under blue light excitation). Table of the Zeta potentials of carbon dots with different molar ratio of CA: EDA (E). Viability of HeLa cells incubated with

various carbon dots with different concentrations for 24 h (F).

https://doi.org/10.1371/journal.pone.0216230.g002
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where the nucleoli become brighter and clearer as the incubation time increases. No obvious

nucleoli image can be recognized before (Fig 3A) and after incubation for 1 h (Fig 3B); vague

outline of nucleoli with weak contrast can be seen after staining for 2 h (Fig 3C); clear nucleoli

with strong contrast can be seen after staining for 4 h and 8 h (Fig 3D and 3E). Since exposure

to 400 μg/mL of carbon dots for 24 h does not lead to significant higher contrast of nucleoli

and nucleus (Fig 3F), staining for 4 h is determined to be appropriate for the further

experiments.

In order to specific determine the location of carbon dots inside cells, cells are co-stained

with carbon dots (CA: EDA molar ratio of 1:2), and nucleus selective dye that tends to bind

A-T rich regions of DNA (Hoechst 33342), and commercial RNA selective dye (SYTO RNA-

select green fluorescent cell stain) that has been known the capability of RNA staining is pro-

vided as a comparison. Fig 4A–4C shows fluorescent images of cells co-stained with carbon

dots from CA: EDA 1:2 and Hoechst 33342.

Fig 4A shows that cells emit bright green fluorescence upon blue excitation due to presence

of carbon dots. Fig 4B shows the same cells emit blue fluorescence of Hoechst 33342, which

shows void spots in nucleus as nucleoli (indicated by green arrows) because there is not

enough DNAs in nucleoli region. The bright green spots in the nucleus match void regions

perfectly, suggesting that carbon dots are selective staining agents for live cell nucleoli. Since

nucleolus is composed of proteins, ribosomal RNA (rRNA) and rDNA, cells were stained with

commercial RNA selective dye (SYTO RNA-select green fluorescent cell stain) to further con-

firm that carbon dots have high selectivity to nucleoli. The fact shown in Fig 4D that the fluo-

rescence image of cells stained with SYTO dye is virtually non-distinguishable from those of

carbon dots, confirming that the carbon dots have a strong affinity to cell nucleoli. The above

nucleoli staining with carbon dots suggests that carbon dots with less negative charge (lower

CA: EDA ratio) provide better selectivity. To clarify the cause, CA and EDA were used to

Fig 3. The fluorescent images of HeLa cells incubated with 400 μg/mL of carbon dots from CA: EDA 1:2 for 0 h (A), 1 h (B), 2 h (C), 4 h (D), 8 h (E) and 24 h

(F), respectively (under blue excitation).

https://doi.org/10.1371/journal.pone.0216230.g003
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prepare carbon dots respectively as controls. Figure of PL spectra in S2 Fig. indicate that car-

bon dots from CA shows much lower intensity than those from EDA. Cells had been treated

with the two carbon dots, respectively. Carbon dots from CA or EDA does not show selective

staining ability (Fig 4E and 4F, respectively), indicating that the nucleoli selectivity is achieved

only when both EDA and CA are used. In order to test whether a combination of PEI and CA

would contribute to the selectivity, carbon dots at two different CA: PEI ratios were used to

stain cells. Both carbon dots of different CA: PEI show high PL intensity and can enter cells

(Fig 4G and 4H), but without any selectivity. This fact proves that the nucleoli staining ability

is strongly related to carbon dots derived from different carbon source. The selective nucleoli

staining with surface charge controlled carbon dots is not limited to HeLa Cells. Fig 4I shows

the fluorescence image of LN229 (glioblastoma) cells stained with carbon dots at the CA: EDA

ratio of 1:3 for 4 h, where bright green emission from nucleoli of LN229 cells confirms the gen-

eral applicability of carbon dots in selective nucleoli staining. The selectivity only presented in

the case of both EDA and CA can be explained as surface charge heterogeneity on carbon dots.

Fig 4. The fluorescent image of HeLa cells incubated with carbon dots from CA: EDA 1:2 and Hoechst 33342, (A) for blue bright excitation, (B) for UV bright

excitation, (C) for overlap of (A) and (B). Fluorescent image of the HeLa cells stained with SYTO RNA-select green fluorescent dye (D). The fluorescent images

of HeLa cell incubated with 400 μg/mL of carbon dots made from CA (E), EDA (F), and CA and PEI with CA: EDA 1:0.5 (G) and 1:2 (H) for 24 h. The

fluorescent images of LN229 incubated with 400 μg/mL of carbon dots for 4 h (I).

https://doi.org/10.1371/journal.pone.0216230.g004
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Given appropriate sizes, nanoparticles with both negative and positive surface charges may

have better ability to penetrate cell and nucleus membranes. The charge heterogeneity also

helps carbon dots to bind preferentially to nucleoli regions, where the electrostatic environ-

ment is favoured.

Conclusions

Surface charge of carbon dots plays a significant role in selective nucleoli staining and imaging.

Fluorescence carbon dots were made using CA as carbon source and EDA as surface modifica-

tion under hydrothermal conditions. The surface charges of carbon dots are controlled in the

range of -17.9 to -2.84 mV by changing the molar ratio of two precursors. All carbon dots sam-

ples show strong fluorescence and excitation-dependent photoluminescence, and samples

with less negative charge show characteristic Raman peaks of nano-diamond. Remarkable

selective nucleoli staining of HeLa and LN229 cell lines is found when both negative and posi-

tive charges are presented on carbon dots. The selective nucleoli staining has been confirmed

by co-staining with carbon dots, Hoechst dye and RNA specific dye. In contrast, carbon dots

made from citric acid and urea with more negative charge do not show selective nucleoli imag-

ing ability. In addition, carbon dots of different surface charge have shown low toxicity and

good cell compatibility.

Supporting information

S1 Fig. Zeta potentials of carbon dots with different molar ratio of CA: EDA at pH 7.0 at

25˚C.

(TIF)

S2 Fig. The emission spectra of different carbon dots under 349 nm of excitation wave-

length.

(TIF)
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