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Abstract: Nitrogen-doped carbon dots (N-CDs) were synthesized using a one-pot hydrothermal 

treatment with citric acid in the presence of polyethylenimine. Transmission electron microscopy 

analysis revealed that the N-CDs were monodispersed and quasi-spherical with an average 

size of ~2.6 nm. Under ultraviolet irradiation the N-CDs emitted a strong blue luminescence 

with a quantum yield as high as 51%. Moreover, the N-CDs exhibited a negligible cytotoxicity 

and could be applied as efficient nanoprobes for real-time imaging of live cells. In addition, 

the ability of the N-CDs to cross the blood–brain barrier (BBB) in a concentration-dependent 

manner was demonstrated using an in vitro BBB model. Therefore, these PEI-passivated N-CDs 

with real-time live-cell imaging and BBB-penetration capabilities hold promise for traceable 

drug delivery to the brain.
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Introduction
Carbon dots (CDs) are emerging as superior luminescent nanomaterials as they possess 

a high aqueous solubility, outstanding photoluminescence (PL) properties, favorable 

biocompatibility, and chemical inertness and are easily functionalized.1–4 As such, 

CDs have considerable advantages in cell labeling and bioimaging over semiconductor 

quantum dots (QDs) and conventional organic dyes. Nevertheless, the quantum yield 

(QY) of CDs is far lower than that of QDs,5,6 limiting their applications in cell labeling 

and bioimaging.

Doping of heteroatoms such as nitrogen atoms, in conjunction with appreciable 

surface passivation, has been proven to be an effective way to enhance the QY of 

CDs.5 So far, a variety of methods has been employed to synthesize nitrogen-doped 

carbon dots (N-CDs). In particular, the hydrothermal method is extremely attrac-

tive because of advantages such as relatively mild reaction conditions, inexpensive 

equipment,7 and the potential for functionalization.8 For example, N-CDs with QYs 

of 17.6% and 18.98% have been prepared by hydrothermal treatment of spider silk 

and papaya powder, respectively.9,10 However, such QYs are still less than those of 

QDs. Therefore, it remains highly desirable to produce N-CDs with an enhanced QY 

by hydrothermal methods.

This study aims to fabricate N-CDs with an enhanced QY via a hydrothermal 

method. This was accomplished by hydrothermal treatment of citric acid (CA) in 

the presence of polyethylenimine (PEI; Figure 1). In addition to acting as a nitrogen 

dopant, PEI simultaneously serves as a surface passivation agent to further improve 
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the QY. The as-prepared PEI-passivated N-CDs could emit 

a strong blue luminescence, and the QY was up to 51%, 

which is comparable to that of QDs. These N-CDs, with a 

high QY, are particularly useful for sensitive biosensing and 

bioimaging applications.11

CDs have also attracted increasing attention for their prom-

ising applications in drug delivery.12,13 For instance, Wang et 

al used CDs as a drug delivery system for doxorubicin (DOX), 

which produced a pH-controlled DOX release.14 Recently, 

an in vitro study demonstrated that CDs can potently inhibit 

insulin fibrillation, which is associated with neurological 

diseases.15 However, it remains a major medical challenge to 

deliver drugs to the brain, as a result of the presence of the 

blood–brain barrier (BBB), which exhibits tight junctions 

between endothelial cells, which inhibit the passage of thera-

peutic agents to pathological tissues in the brain. Fortunately, 

the tight junctions in the BBB possess a gap of 4–6 nm. Thus, 

it is possible that nanoparticles with a size ,4 nm, such as 

CDs, could pass through the BBB via such gaps.16 Another 

important factor in nanoparticle BBB penetration is their 

electrostatic charge. It has been suggested that cationic mol-

ecules might occupy anionic areas at the BBB endothelium 

and thus produce an increased endothelial cell permeability.17 

As a cationic macromolecule, PEI renders CDs with a positive 

surface charge under physiological conditions, which could 

improve the biomembrane permeabilities.18 In this context, 

the BBB-penetration ability of PEI-passivated N-CDs was 

investigated using an in vitro biomimetic BBB model.19

Experimental
Materials
CA (Sinopharm Chemical Reagent Co. Ltd, Beijing, China), 

PEI (molecular weight (MW) =2,000; Sigma-Aldrich Co., St 

Louis, MO, USA), 3-(4,5-dimethylthiazolyl-2)-2,5-diphe-

nyltetrazolium bromide (MTT; Nanjing Jiancheng Bioengi-

neering Institute, Nanjing, China), dimethyl sulfoxide (DMSO; 

Sigma Chemicals, Perth, Australia), and Dulbecco’s Modified 

Eagle’s Medium (DMEM; Thermo Fisher Scientific, Waltham, 

MA, USA) were used in this study. Other reagents were of 

analytical grade and were used without further purification.

Synthesis of N-CDs
The procedure for preparation of the N-CDs is illustrated in 

Figure 1. Briefly, 1.26 g of CA was dissolved in 10 mL of 

distilled water containing 40 mg of PEI. The mixture was 

then transferred into a stainless steel autoclave with a Teflon 

liner of a 25-mL capacity (Tech Tai Beijing Technology Co, 

Ltd, Beijing, China) and heated at 100°C for 2 h. After cool-

ing to room temperature, the resulting light yellow solution 

was centrifuged at 15,000× g for 30 min to remove the large 

precipitate and agglomerated particles, followed by dialyza-

tion against distilled water using a dialymksis bag (molecular 

weight cut-off [MWCO] =500). The purified products were 

lyophilized and collected for further use.

Characterization of N-CDs
The morphology and size of the N-CDs were examined using 

transmission electron microscopy (TEM) with a JEM-2100F 

microscope (JEOL, Tokyo, Japan). The specimen for TEM 

was prepared by dropping an aqueous dispersion of N-CDs 

onto a copper grid-coated carbon film, which was subse-

quently dried under vacuum. Fourier transform infrared 

(FTIR) spectra were collected using the IR Prestige-21 

spectrophotometer (Shimadzu, Kyoto, Japan). The X-ray 

photoelectron spectroscopy (XPS) spectra of the CDs were 

measured using an Axis Ultra Imaging Photoelectron Spec-

trometer (Kratos Analytical Ltd, Manchester, UK), using a 

monochromator of Al-Kα as the source of excitation (hν 

=1,486.7 eV), and the binding energy calibration was based 

on C1s at 284.8 eV. The X-ray diffraction (XRD) pattern 

was obtained using a Rigaku Ultima IV X-ray Diffractometer 

(Rigaku America, Woodlands, TX, USA), using Cu⋅Kα 

Figure 1 Schematic illustration of hydrothermal synthesis of N-CDs using citric acid and PEI.
Abbreviations: N-CDs, nitrogen-doped carbon dots; PEI, polyethylenimine.
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radiation (λ =1.5405 Å) at a voltage of 40 kV and a current 

of 40 mA with 2θ scanning mode. The ultraviolet–visible 

(UV–Vis) absorption spectrum of the N-CDs was collected 

using a UV-2550 spectrophotometer (Shimadzu). The PL 

measurements were performed using an F-2500 spectrofluo-

rophotometer (Hitachi Ltd., Tokyo, Japan) with a slit width 

of 2.5 nm for both excitation and emission.

Measurement of QY
QY (Φ) measurement was conducted according to a previously 

established procedure by comparing the integrated PL intensi-

ties. Quinine sulfate in 0.1 M H
2
SO

4
 (QY =54%) was chosen 

as a standard.19,20 The absorbance of the aqueous solutions of 

the N-CDs and quinine sulfate was kept ,0.10 at 360 nm. 

The QY was calculated using the following equation:

Φ Φ
η
η

X ST

X

ST

Grad

Grad
X

ST

= 
















2

2
,

where the subscripts ST and X denote the quinine standard 

and N-CDs, respectively; Φ is the QY, Grad is the gradient 

from the linear regression analysis; and η is the refractive 

index of water (1.33).

Cytotoxicity
The cytotoxicity of the N-CDs was assessed using the MTT 

assay. 293T cells were seeded in a 96-well plate at a density of 

2×104 cells/well and were incubated overnight at 37°C under 

5% CO
2
. Subsequently, the culture medium in each well was 

replaced with 100 μL of fresh DMEM. Then, serial dilutions 

of N-CDs (20 μL) were performed, resulting in a range of 

known concentrations in the treatment wells. After incubation 

for 24 h, the medium containing the N-CDs was removed and 

replaced with 120 μL of fresh medium containing 20 μL of 

MTT, and the cells were incubated for another 4 h. Finally, 

the entire medium was removed and 150 μL of DMSO was 

added, followed by shaking for 15  min. The absorbance 

of each well was measured at 490 nm using a Synergy HT 

Multi-Mode Microplate Reader (BioTek, Winooski, VT, 

USA) with pure DMSO as a blank. Non-treated cells (in 

DMEM) were used as a control, and the relative cell viability 

(mean ± standard deviation [SD]) was expressed as 

Abs
sample

/Abs
control

 ×100%.

Confocal microscopy and imaging
In total, 293T cells were seeded in 35 mm cell culture plates 

at a density of 3×104 cells/mL and were incubated at 37°C 

under 5% CO
2
 for 24 h. Then, 20 μL of N-CDs (1.5 mg/mL) 

was added to each well. The real-time live-cell images were 

captured using Leica confocal laser scanning fluorescence 

microscopy (velocity 6-cell analysis system; PerkinElmer Inc., 

Waltham, MA, USA) for 12 h with a time interval of 30 min. 

The fluorescence intensity in the real-time images of the 293T 

cells incubated with the N-CDs was analyzed using the ImageJ 

image processing software (Bethesda, MD, USA).

Establishment of an in vitro BBB model
Primary rat microvascular endothelial cells and astrocytes 

were isolated, and an in vitro biomimetic BBB model 

was established as described in previous studies.16,21,22 

Briefly, Millipore-R transwells (EMD Millipore, Billerica, 

MA, USA) were coated with 100 µL of poly-l-lysine for 

3 h, washed twice with phosphate-buffered saline (PBS), and 

dried before use in a 24-well plate. The backsides of the tran-

swells were inverted and seeded with 100 µL of astrocytes at 

a density of 8×105 cells/mL and incubated for 1.5 h at 37°C 

under 5% CO
2
, after which the astrocytes had successfully 

attached to the transwell surface. Then, the transwell was 

reinverted, and 600 µL of DMEM medium containing fetal 

cattle serum was added to the wells and cultured for 3 days. 

On the fourth day, 300 µL of ECM medium containing fetal 

cattle serum was added to the transwells, and then rat brain 

microvascular endothelial cells (RBMEC) at a density of 

1.5×106 cells/mL (100 µL) were seeded. The transendothelial 

electrical resistance (TEER) of the RBMEC monolayers in 

the presence of astrocytes was measured ~10 days later using 

a Millicell-ERS (EMD Millipore). The experiments were 

performed when the TEER reached 200 Ω⋅cm2.

Assessment of the BBB-penetration 
ability of the N-CDs
The N-CDs at different concentrations (0.25 and 0.5 mg/mL) 

in PBS were investigated using the in vitro BBB model (n=3). 

After predetermined incubation intervals, the fluid in the 

lower chamber containing the N-CDs, which had penetrated 

the in vitro biomimetic BBB, was withdrawn and transferred 

to a 96-well plate for measuring the fluorescent signal 

at 360-nm excitation and 452-nm emission wavelengths 

(Gemini EM Fluorescence Microplate Reader; Molecular 

Devices, Sunnyvale, CA, USA). The lower chamber of the 

transwell was then refilled with fresh PBS.

Statistical analysis
Statistical analysis was performed using the paired Student’s 

t-test and one-way analysis of variance. P-values ,0.05 were 

considered to indicate significant differences between the 

groups. The values were expressed as mean ± SD.
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Results and discussion
Characterization
In this study, the N-CDs were synthesized using a one-pot 

hydrothermal treatment with CA in the presence of PEI. 

Although a detailed mechanism remains unclear, it was 

proposed that first the reactions of CA and PEI form a large 

network due to the existence of multiple functional groups 

at both the precursor molecules and then the polymerized 

network carbonizes at the elevated temperature and results in 

the formation of the N-CDs. Meanwhile, PEI as the surface 

passivated agent was covalently attached to the N-CDs by 

the amide linkages (–NHCO–), derived from the thermal 

dehydration of ammonium carboxylate moieties between 

the –COOH groups of N-CDs and the –NH
2
 groups of PEI. 

The simultaneously progressive carbonization and func-

tionalization of PEI lead to the formation of a hydrophilic 

photoluminescent N-CD.

The size and morphology of the hydrothermally 

synthesized N-CDs were examined using TEM. The TEM 

images (Figure 2A and B) reveal that the N-CDs are mono-

dispersed and form semispherical shape with an approximate 

diameter of 2.6  nm, which is obtained via averaging the 

diameters of 50 N-CDs (Figure 2C). The results indicated that 

there is good coincidence between the average hydrodynamic 

diameter (~2.99 nm) and the dynamic light scattering analysis 

(Figure 2D). Moreover, it was observed from high-resolution 

transmission electron microscopy (HRTEM) images of single 

N-CD particles that the in-plane lattice spacing of the N-CDs 

is ~0.22 nm (inset, Figure 2B). Additionally, the XRD pattern 

of the as-prepared N-CDs (Figure 3A) shows a broad dif-

fraction peak centered at 2θ =20°, which is attributed to the 

turbostratic carbon phase.

Next, the surface functional groups and chemical compo-

sition of the N-CDs were identified using FTIR (Figure 3B). 

Figure 2 The image and size distribution of N-CDs.
Notes: The TEM image (A) and size distribution (C) of N-CDs. An HRTEM image of a single N-CD particle. The inset shows one in-plane lattice spacing of the N-CDs, as 
indicated by arrows (B). The size distribution of N-CDs measured by DLS analysis (D).
Abbreviations: DLS, dynamic light scattering; HRTEM, high-resolution transmission electron microscopy; N-CDs, nitrogen-doped carbon dots; TEM, transmission 
electron microscopy.
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The FTIR spectra of CA and PEI are provided for comparison. 

The FTIR spectra of the N-CDs are obviously different from 

those of the PEI and CA, suggesting that the N-CDs are 

successfully formed. Specifically, the bands at 1,396 and 

1,074 cm-1 are attributed to the stretching and bending vibra-

tions of N–H. A sharp band at 1,698 cm-1 is attributed to 

C=O stretching. In addition, a band at 1,187 cm-1 is apparent, 

which is usually found in oxidized carbons and has been 

assigned to C–O stretching. The band at 1,380 cm-1 reveals 

the presence of CH
2
 in the N-CDs. Meanwhile, the carbo-

genic core of the N-CDs results in an infrared (IR) band at 

1,567 cm−1, which is attributed to C=C stretching.

The surface functional groups of the N-CDs were fur-

ther investigated using XPS. The XPS survey spectrum 

(Figure 4A) shows characteristic peaks corresponding to 

C1s (284.89 eV), O1s (531.84 eV), and N1s (401.32 eV), 

confirming that the N-CDs are mainly composed of C, O, 

and N elements. The high-resolution O1s XPS spectrum 

(Figure 4B) is dominated by one peak attributed to C–O. 

The high-resolution N1s XPS spectrum (Figure 4C) exhibits 

two peaks located at 399.29 and 401.32 eV, which can be 

attributed to C=C–N and O=C–N, respectively. The C1s 

high-resolution XPS spectrum (Figure 4D) shows three 

peaks assigned to the carbon atoms in C=C (284.80 eV), 

C=O (286.12 eV), and COOH (288.42 eV).

PL properties
The optical properties of the N-CDs were investigated using 

UV–Vis absorption and PL spectra. The UV–Vis absorption 

spectrum of the as-prepared N-CDs demonstrates peaks at 

360 and 235 nm (Figure 5A). Specifically, the peak at 235 nm 

is ascribed to the π–π* transition of aromatic domains in the 

carbonized core of the N-CDs, while the peak at 360 nm is 

attributed to the n–π* transition of surface functional groups, 

such as C=O. The PEI-passivated N-CDs could be easily 

dispersed in water, forming a transparent yellow dispersion. 

Under UV irradiation, the N-CD aqueous dispersion emitted 

a blue luminescence (inset, Figure 5A). Accordingly, the PL 

emission spectrum showed a peak at ~452 nm under excita-

tion at 360 nm (Figure 5A). The QY of the N-CDs was as high 

as 51% (Figure S1). Moreover, these N-CDs demonstrated 

good photostability under continuous excitation at 360 nm 

(Figure S2).

A detailed study of this behavior was implemented by 

varying the excitation wavelength from 300 to 420 nm, in 

20 nm increments. It was determined that the emission of 

the N-CDs is excitation independent, that is, the position 

of the emission peak is consistent (up to 460 nm). However, 

the intensity of the photoluminescence decreased with an 

increase in the excitation wavelength. The observed exci-

tation-independent emission thereby indicates a relatively 

uniform emission at the N-CD surface (Figure 5B).

Cytotoxicity
Aside from a high QY and photostability, another prerequisite 

for N-CDs in bio-applications is low cytotoxicity. To assess 

their cytotoxicity, the 293T cells were exposed to the N-CDs at 

a series of concentrations for 24 h and cell viability was exam-

ined using the MTT assay. The viability of 293T cells exposed 

to the N-CDs was still .80% compared with the control 

cells, even at a concentration as high as 5 mg/mL (Figure 6), 

indicating that the N-CDs possess a low cytotoxicity.

Figure 3 The XRD pattern and FTIR spectra of N-CDs.
Notes: (A) XRD pattern of N-CDs. (B) FTIR spectra of N-CDs (a), CA (b), and PEI (c).
Abbreviations: au, arbitrary units; CA, citric acid; FTIR, Fourier transform infrared; N-CDs, nitrogen-doped carbon dots; PEI, polyethylenimine; XRD, X-ray diffraction.
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Figure 4 Compositions of N-CDs.
Notes: (A) XPS survey spectra, (B) XPS O1s spectra, (C) XPS N1s spectra, and (D) XPS C1s spectra of N-CDs.
Abbreviations: au, arbitrary units; N-CDs, nitrogen-doped carbon dots; XPS, X-ray photoelectron spectroscopy.

Figure 5 The optical properties of N-CDs.
Notes: (A) UV–Vis absorption, PL excitation (λex =360 nm), and PL emission (λem =452 nm) spectra of N-CDs. The inset shows the photos of N-CD dispersion under 
daylight (left) and 365 nm UV light (right). (B) PL emission spectra of N-CDs at different excitation wavelengths.
Abbreviations: Abs, absorbance; au, arbitrary units; EM, emission wavelength; EX, excitation wavelength; N-CDs, nitrogen-doped carbon dots; PL, photoluminescence; 
UV–Vis, ultraviolet–visible.
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Figure 6 Viability of 293T cells via incubation with N-CDs at different concentrations 
for 24 h (mean ± SD, n=3).
Abbreviations: N-CDs, nitrogen-doped carbon dots; SD, standard deviation.

Figure 7 In vitro real-time (0–12 h) imaging of live 293T cells using the N-CDs.
Abbreviation: N-CDs, nitrogen-doped carbon dots.

In vitro real-time live-cell imaging
In light of their high QY, excellent photostability, and low 

cytotoxicity, the N-CDs are thereby applicable as optical 

nanoprobes for in vitro real-time live-cell imaging. Time-

lapse laser scanning confocal images were acquired every 

30 min for 12 h and then combined to form a cell video 

(Video S1). The representative time-lapse images collected 

at 0, 1, 2, 4, 8, and 12 h are shown in Figures 7 and S3. It was 

showed that, with an increase in incubation time, the N-CDs 

yielded increasingly stronger blue fluorescence signals, 

suggesting that a gradually underwent uptake existed via 

the cells. These signals could persist up to 12 h, indicating 

that these N-CDs, with a high QY and photostability, are 

promising optical nanoprobes for real-time cell imaging and 

tracking. The increase in fluorescence intensity against the 

control cells was also confirmed by confocal microscopy 

images (Figure S4).

Furthermore, it was observed that after 4 h of incubation, 

the N-CDs were primarily located around the nuclear region. 

However, after 8 h of incubation, a number of the N-CDs 

entered the nucleus, suggesting that they could traverse the 

nuclear membrane. In addition, no notable change in the 

morphology of the cells was observed during the entire 

period of imaging, further confirming the low cytotoxicity 

of the N-CDs.

BBB-penetration ability of the N-CDs
The BBB is the most important barrier system in the central 

nervous system.23 This barrier has a high transendothelial 
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resistance that prohibits the diffusion and transport of 

some therapeutic agents from the blood to the brain. However, 

the tight junctions in the BBB have gaps of within 4–6 nm. 

Thus, it is possible that nanoparticles with a size ,4 nm 

could pass through the BBB via such gaps. Given that the 

size of the N-CDs is ~2.6 nm, their ability to cross the BBB 

was investigated using a biomimetic BBB model, which was 

constructed using RBMECs and astrocytes, corresponding 

to the anatomical situation in brain capillaries. The high 

TEER value obtained demonstrates that the co-culture BBB 

model can be successfully used to mimic the in vivo BBB 

environment (Figure S5). The BBB-penetration ability of 

the N-CDs was evaluated via monitoring the fluorescence 

intensity of BBB-penetrating N-CDs, which accumulated in 

the lower chamber of a BBB-biomimetic transwell. As shown 

in Figure 8, the N-CDs are able to cross the BBB in a con-

centration- and time-dependent manner, which is attributed 

to their small size. Moreover, the cationic PEI on the surface 

of the N-CDs could facilitate BBB penetration as well.

Conclusion
The N-CDs were fabricated using a one-pot hydrothermal 

method using CA as the carbon source and PEI as a simul-

taneous nitrogen dopant and surface passivation agent. The 

PEI-passivated N-CDs emit a bright blue PL under UV 

excitation with a high QY of 51%. This taken together with 

their excellent photostability and low cytotoxicity makes the 

N-CDs promising optical nanoprobes for real-time live-cell 

imaging. Moreover, their small size and the surface positive 

charge rendered by the PEI endow them with the ability to 

cross the BBB, making them potentially useful in traceable 

drug delivery in brain disorders.
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Supplementary materials

Video S1 N-CDs as optical nanoprobes for in vitro real-time live-cell imaging.
Abbreviation: N-CDs, nitrogen-doped carbon dots.

Figure S3 FL intensity forms real-time cell imaging of N-CDs for 12 h with a 30-min interval.
Abbreviations: au, arbitrary units; FL, fluorescence; N-CDs, nitrogen-doped carbon dots.

Figure S2 PL intensity of N-CDs against excitation time (λex =360 nm).
Abbreviations: au, arbitrary units; N-CDs, nitrogen-doped carbon dots; PL, photoluminescence.

Figure S1 QY measurement of N-CDs using quinine sulfate as the reference.
Abbreviations: Abs, absorbance; au, arbitrary units; N-CDs, nitrogen-doped carbon dots; PL, photoluminescence; QY, quantum yield.
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λ

Figure S4 Confocal laser scanning microscopy images of 293T cells incubated with N-CDs at different dosages (0, 2, and 4 mg/mL).
Abbreviation: N-CDs, nitrogen-doped carbon dots.

⋅

Figure S5 TEER values of rat brain endothelial cell monolayers in monoculture and coculture with astrocytes for 10 days in transwells after coated with poly-l-lysine.
Note: All data are expressed as mean ± SD (n=3–4).
Abbreviations: SD, standard deviation; TEER, transendothelial electrical resistance.
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