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Background: It is well known that smoking is harmful to health; however, it can also 
ameliorate anxiety. To date, it is unclear whether any nanoparticles found in cigarette 
mainstream smoke (CS) contribute to this effect.
Aim: The aim of this study was to assess the particle composition of CS to identify novel 
anti-anxiety components.
Methods: Carbon dots (CDs) from CS (CS-CDs) were characterised using high-resolution 
transmission electron microscopy, Fourier-transform infrared, ultraviolet, fluorescence, X-ray 
photoelectron spectroscopy, X-ray diffraction and high-performance liquid chromatography. 
The anti-anxiety effects of CS-CDs in mouse models were evaluated and confirmed with the 
elevated plus maze and open-field tests.
Results: The quantum yield of CS-CDs was 13.74%, with a composition of C, O, and N. In 
addition, the surface groups contained O-H, C-H, C=O, C-N, N-H, C-O-C, and COO− bonds. 
Acute toxicity testing revealed that CS-CDs had low in vitro and in vivo toxicity within 
a certain concentration range. The results of the elevated plus maze and open-field tests 
showed that CS-CDs had a significant anti-anxiety effect and a certain sedative effect in 
mice. The mechanism of these effects may be related to the decrease in glutamate levels and 
promotion of norepinephrine production in the mouse brain, and the decrease in dopamine in 
mouse serum due to CS-CDs.
Conclusion: CS-CDs may have anti-anxiety and certain sedative effects. This study pro-
vides a new perspective for a more comprehensive understanding of the components, proper-
ties, and functions of CS. Furthermore, it offers a novel target for the development of 
smoking cessation treatments, such as nicotine replacement therapy.
Keywords: carbon dots, cigarette mainstream smoke, anxiety, smoking cessation therapy

Background
Based on World Health Organization (WHO) data, tobacco is one of the greatest 
global health threats ever faced by the public; approximately one person dies every 
6 s because of tobacco, including direct tobacco use and exposure to second-hand 
smoke, accounting for one in 10 adult deaths, which amounts to approximately 
6 million deaths per year. 1,2

Over 3800 chemical constituents have been identified in tobacco; moreover, 
cigarette mainstream smoke (CS) contains at least 4800 chemical constituents 
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because of chemical reactions occurring at temperatures 
up to 950°C.3 In particular, CS is an aerosol of liquid 
droplets suspended within a mixture of gases and semi- 
volatile compounds.4 Previous studies have reported that 
44 substances in CS are associated with smoking-related 
diseases.3

Despite the known disadvantages of smoking, 
a considerable number of people indulge in smoking or 
are unsuccessful at quitting the habit. This because smok-
ing provides mood relief and pleasure to individuals.5,6 In 
addition, nicotine, which is present in tobacco as well as 
CS, stimulates the release and transmission of dopamine in 
the brain. This release, is responsible for creating pleasure 
and forming a nicotine reward mechanism, a key mechan-
ism for the nicotine addiction role of dopamine in the 
behavioural actions of nicotine related to addition.7 

However, it is still unclear what components of CS relieve 
emotional distress (anxiolytic-like effect).

In recent years, a new type of carbon nanomaterial, 
called carbon dots (CDs), has been developed. The particle 
size of CDs is typically approximately 10 nm. Because of 
their special optical and excellent biological properties, CDs 
have important applications in biomedical sensors, biosen-
sors, therapeutic drug encapsulation, and disease 
diagnosis.8,9 Moreover, some studies have reported that 
CDs may also have medicinal properties. For example, 
CDs prepared from ginger can inhibit the growth of 
human hepatocellular carcinoma cells in nude mice,10 and 
CDs derived from egg yolk oil,11 schizonepetae herba 
carbonisata,12 pollen typhae carbonisata,13 phellodendri 
cortex,14 cirsii japonica herba carbonisata,15 and schizone-
petae spica carbonisata have hemostatic effects.16 

Furthermore, CDs from CS have broad-spectrum antimicro-
bial activities.17 CDs derived from aurantii fructus imma-
turus carbonisata have antihyperuricemic and anti-gouty 
arthritis activities.18 Charred fructus crataegi CDs have 
maltase and sucrase inhibitory activities and hypoglycaemic 
effects.19 Moreover, CDs derived from Puerariae lobatae 
radix have anti-gout effects20 and those from phellodendri 
chinensis cortex carbonisata can prevent deinagkistrodon 
acutus venom-induced acute kidney injury.21 In particular, 
aggregated single-walled carbon nanotubes may have ther-
apeutic effects for the treatment of methamphetamine addic-
tion by oxidation of methamphetamine-enhanced 
extracellular dopamine in the striatum.22 In summary, CDs 
from different sources have certain pharmacodynamic 
effects; therefore, these CDs could be new sources of drug 
discovery. While it has been observed that smoking has 

anxiolytic-like effects, thus far, whether the CDs in CS 
play a role in realising these properties of CS has not 
been explored.

Thus, in this study, we aimed to identify CS-CDs with 
low toxicity and anti-anxiety effects. In addition, nicotine 
replacement therapy is used as an effective way to quit 
smoking; however, nicotine is addictive. Hence, we sought 
to discover a substance that could replace nicotine as 
a novel therapeutic target for smoking cessation studies.

Materials and Methods
Chemicals
Cigarettes were purchased from a local store (tar content, 
5mg·stick−1. Zhongnanhai, Shanghai Tobacco Group Co., 
Ltd. Shanghai, China). Nicotine was purchased from 
Beijing Honghu United Chemical Products Co. Ltd. 
(Beijing, China). Diazepam tablets were purchased from 
Beijing Yimin Pharmaceutical Co. Ltd. (Beijing, China). 
Dialysis membranes (1 k Da) were purchased from Beijing 
Ruida Henghui Technology Development Co., Ltd. 
(Beijing, China). RPMI-1640 medium, Dulbecco’s 
Modified Eagle’s Medium (DMEM), foetal bovine serum 
(FBS), antibiotics, and antimycotics were obtained from 
Gibco BRL (Gaithersburg, MD, USA). Enzyme-linked 
immunosorbent assay (ELISA) kits were used to measure 
the concentration of 5-hydroxytryptamine (5-HT), norepi-
nephrine (NE), corticotropin releasing hormone (CRH), 
corticosterone (CORT), adrenocorticotropic hormone 
(ACTH) and dopamine (DA); these were purchased from 
Cloud-Clone Corp. (Katy, TX, USA). CCK-8 was pur-
chased from Dojindo Molecular Technologies, Inc. 
(Kumamoto, Japan).

Analytical-grade chemical reagents were obtained 
from Sinopharm Chemical Reagents Beijing (Beijing, 
China). All experiments were performed using deionised 
water.

Cells and Mice
RAW 264.7 cells were purchased from the Shanghai 
Institute of Cell Biology Chinese Academy of Sciences 
(Shanghai, China).

This study was performed in accordance with the 
Guide for the Care and Use of Laboratory Animals 
and approved by the Committee of Ethics of Animal 
Experimentation of the Beijing University of Traditional 
Chinese Medicine (approval number: BUCM- 
4-2018091109-3038). Male ICR mice, weighing 25.1 ± 
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1.0 g, were purchased from the Laboratory Animal 
Center, Weitong Lihua, with a Laboratory Animal 
Certificate of Conformity. They were maintained under 
the following conditions: temperature, 24.0 ± 1.0 °C; 
relative humidity, 55–65%; 12-h light/dark cycle; and ad 
libitum access to food and water.

Instrumentation
The morphology, size, and microstructure of CS-CDs 
were obtained using high-resolution transmission elec-
tron microscopy (HRTEM, JEN-1230; Japan Electron 
Optics Laboratory, Tokyo, Japan). Fluorescence images 
were acquired using an OLYMPUS IX73 fluorescent 
microscope (Tokyo, Japan). Pure water was produced 
using a circulating water-type multi-purpose vacuum 
pump (Great Wall Scientific Industry, Henan, China). 
UV-Vis spectroscopy was performed using a CECIL 
instruments spectrophotometer (Cambridge, UK). FTIR 
spectroscopy was performed using a Thermo spectro-
meter (Thermo Fisher Scientific, Waltham, MA, USA). 
Raman spectra were obtained using a Lab RAM HR800 
Raman spectrometer (Jobin-Yvon, HORIBA Group, 
Longjumeau, France) with an incident laser light having 
a wavelength of 514 nm. X-ray diffraction (XRD) spec-
tra were obtained using an Ultima IV X-ray diffract-
ometer (Rigaku, Tokyo, Japan).

An Agilent series 1260 high-performance liquid 
chromatography (HPLC) instrument (Agilent, 
Waldbronn, Germany) equipped with a column compart-
ment, autosampler, degasser, quaternary pump, and 
diode-array detector was used to measure amounts of 
nicotine and other small molecule compounds. 
Quantification of amino acids in mice brains was per-
formed using ultra-performance liquid chromatography- 

tandem mass spectrometer (UPLC-MS/MS, Waters 
ACQUITY UPLC I-CLASS) with a tandem mass spec-
trometer (Xevo TQ-S Micro).

A spectrophotometric microtiter reader (Multiskan 
MK3; Thermo Fisher Scientific) was used to measure 
optical density (OD). An electro-heating standing tem-
perature cultivator (DRP-9082) was purchased from 
Samsung Laboratory Instrument Co., Ltd. (Shanghai, 
China). A high-speed refrigerated centrifuge (HC- 
2518R) was purchased from Anhui USTC Zonkia 
Scientific Instruments Co., Ltd. Anhui, China. 
A circulating water multipurpose vacuum pump was 
purchased from Zhengzhou Great Wall Scientific 
Industrial and Trade Co., Ltd.

Preparation of CS-CDs
A cigarette was lit, and the vacuum circulation pump 
was activated to simulate smoking. The smoke was 
dissolved into a water solution in the kettle; Images of 
the smoking cycle simulator created in the laboratory 
are shown in Figure 1. We burned two cigarettes at the 
same time to improve efficiency. We replaced deionised 
water in an absorption bottle (200 mL) with 20 sticks of 
burned cigarettes (each cigarette contained approxi-
mately 0.75 g tobacco). A total of 600 cigarettes were 
burned, and all water in the absorption bottles was 
collected to concentrate to 360 mL. Immediately after 
this, the solution was extracted three times using ethyl 
acetate, followed by dialysis using a 1 k Da molecular 
weight cut-off dialysis membrane. The dialysis water 
was changed every 8 h. After 7 days of dialysis, the 
solution inside the dialysis membrane was centrifuged at 
8910 g for 10 min. Next, the supernatant was collected, 

Collection Extraction Dialysis

Figure 1 Preparation of CS-CDs.
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concentrated to 71 µg·mL−1, and stored at 4°C until 
further analysis.

Characterisation of CS-CDs
The morphology, size, and microstructure of CS-CDs 
were acquired via HRTEM.UV-vis spectroscopy and 
fluorescence spectroscopy were employed to investigate 
the optical properties of the CS-CDs, where in water 
was used as a blank control. The FTIR spectrometer was 
employed to identify the organic functional groups in 
the CDs within a spectral window of 400–4000 cm−1. 
The surface composition and elemental analyses of the 
CDs were performed via X-ray photoelectron spectro-
scopy (XPS) (ESCALAB 250Xi, Thermo Fisher 
Scientific, Fremont, CA) with a mono X-ray source Al 
Kl excitation (1486.6 eV).23–26

HPLC was employed to identify the compounds 
existing in the smoke water before and after purification. 
For the HPLC analysis, a 15-µL water extract was 
filtered through 0.22-mm cellulose acetate membrane 
filters and injected into the Reliasil-C18 column (250 
× 4.6 mm, 5 µm, Orochem, Naperville, IL) and eluted at 
24°C. The mobile phase consisted of 0.25% H3PO4 

water (solvent A) and acetonitrile (solvent B). The elu-
tion system was as follows: 0–6 min, 0–12% of B; 6–10 
min, 12–18% of B; and 10–30 min, 18–58% of B. The 
flow rate was 1.0 mL·min−1, and the detection wave-
lengths were 210, 254, 320, and 365 nm.27

The obtained CS-CDs and quinine sulphate were 
dissolved in double distilled water and in 0.1 M H2 

SO4, respectively. The quantum yield of CS-CDs was 
then determined as previously reported by Hu et al.28 In 
particular, the integrated photoluminescence intensities 
and absorbency values of CS-CDs were measured, and 
then compared to the reference, quinine sulphate.

Cell Viability Assay
RAW 264.7 cells were cultured in DMEM supplemented 
with 10% FBS, 100 mg·mL−1 streptomycin, and 100 
IU·mL−1 penicillin in a 5%-CO2 atmosphere at 37°C.

Cell viability in RAW 264.7 cells was measured 
using the CCK-8 assay kit. In particular, the cells were 
seeded at a density of 1 × 105 cells·mL−1 in 96-well 
culture plates in serum-free media and incubated in 
a humidified incubator at 37°C for 24 h prior to treat-
ment with phosphate-buffered saline (PBS) as the nega-
tive control, and CS-CDs and nicotine as the positive 
controls. After incubation, 10 μL of CCK-8 was added 

to each well, and they were allowed to stand for 4 h, 
after which the OD was measured at 490 nm.12,29

Acute Toxicity Experiment in Mice
ICR mice, weighing 25.1 ± 1.0 g, were randomly 
divided into three groups and injected (intraperitoneally; 
i.p.) with 5× purified CS-CDs (355 µg·mL−1), 10× pur-
ified CS-CDs (710 µg·mL−1), or 20× purified CS-CDs 
(1420 µg·mL−1) (n = 5 per group). In this study, the 
maximum dose of the CS-CD efficacy test was used as 
the basis for the calculated dose of the toxicity test, 
namely the 1× dose. These mice were housed for 7 
days in breeding boxes after injection. Weight, diet, 
behaviour, and death were recorded daily. Following 
this period, the mice were euthanised, and sections 
were obtained and visualised.30

Behavioural Tests in Mice
Anxiety in the mice was measured using the open-field 
test (OFT) and elevated plus maze test (EPMT). ICR 
mice, weighing 25.1 ± 1.0 g, were randomly assigned to 
treatment groups (n = 8 per group). In particular, mice 
were treated (i.p.) with saline, diazepam (100 µg·mL−1), 
or CS-CDs (71, 35.5, or 17.8 µg·mL−1). Saline and CS- 
CDs were administered 10 min before the behavioural 
tests, while diazepam was administered 30 min before 
the tests. As mood is affected soon after smoking, the 
time for starting the measurement after administration 
was shortened compared with diazepam. Each mouse 
performed only one test in this study.

The OFT apparatus was a non-transparent container 
(50 × 50 × 30 cm) with a black floor divided into 25 
zones (10 × 10 cm).31 The container was illuminated 
using a 60-W floor lamp, which provided illumination in 
the testing room only. A digital camera controlled by 
a computer was placed 2.6 m above the centre of the 
container. The 16 zones that were adjacent to the walls 
represented the safe area (peripheral area), and the nine 
zones in the centre represented the exposed area (central 
area). Each mouse was placed individually into the 
centre of the container and allowed to explore the con-
tainer freely for 5 min. Mice were recorded using the 
digital camera on the ceiling and videos were analysed 
using EthoVision XT 7 software (Noldus Information 
Technology, Wageningen, Netherlands).

The EPMT apparatus consisted of two non- 
transparent opposite open arms (30 × 5 cm) and two 
opposite closed arms (30 × 5 × 25 cm) in a cross 
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configuration. The arms were connected via a central 
platform (5 × 5 cm), and they were elevated by 45 cm 
above the floor.32 The maze was illuminated using a 60- 
W floor lamp. A digital video camera was suspended 
above the maze to record the movements of the mice. 
Each mouse was placed gently in the centre of the 
platform facing an open arm, and their actions were 
video recorded for 5 min. The time spent in the open 
arms, and the number and percentage of entries into 
open arms were calculated from the video recordings 
to study the anxiolytic-like activity in the mice. If 
a mouse fell from the maze, it was removed from the 
experiment.

Estimation of Serum CRH, ACTH, CORT, 
and DA
After the EPMT test, mouse blood was collected from the 
venous sinus retro-orbitally into serum tubes immediately, 
allowed to clot for 2 h at 25°C, and then centrifuged at 802 
g for 10 min at 4°C. The serum was separated and stored 
at –80°C for further analysis. CRH, ACTH, CORT, and 
DA concentrations were determined using commercially 
available, enzyme-linked immunosorbent assay (ELISA) 
kits according to the manufacturer’s instructions. The 
absorbance of each sample was measured at 
a wavelength of 450 nm. CRF, ACTH and DA are pre-
sented as pg·mL–1, and CORT is presented as ng·mL–1.31

The mice that were administered saline and had EPMT 
were used as model groups (Model), while those that were 
not subjected to EPMT were used as normal saline groups 
(NS). The mice that were given CS-CDs (71 µg·mL−1) 
were used as CS-CD groups (CS-CDs).

Determination of Neurotransmitter 
Concentrations in Mouse Brains
Preparation of Mouse Brain Tissue Samples
After the EPMT test, and mouse blood collection, their 
brains were isolated after decapitation. These brains were 
stored at −80°C until further analysis. The experimental 
group is the same as above.

Quantification of Glutamate (Glu) and γ-Aminobutyric 
Acid (GABA)
Samples for UPLC-MS/MS analysis were prepared by 
placing 50 mg of mouse brain in a tube with 1 mL of 
acetonitrile and water (1:1); this mixture was homogenised 
by shaking for 30 min and centrifuged at 13,200 rpm for 

10 min. The supernatant was further diluted 6-fold with 
acetonitrile and water (1:1) before analysis.

Glu and GABA quantifications of mouse brains were 
performed using a UPLC-MS/MS with an electrospray 
ionisation (ESI +) ion source and analytical column 
(Acquity UPLC BEH Amide, 1.7 μm, 100 × 2.1 mm, 
water, Milford, MA, USA). The mobile phase included 
A (water and 0.1% formic acid) and B (acetonitrile with 
2.5 mmol·L−1 ammonium formate and 0.1% formic acid) 
solutions. A volume of 1 µL of the extract was injected 
into the system. Spectrometric parameters were as follows: 
the capillary voltage was set to 1.5 kV with a cone voltage 
of 10 V and cone gas flow of 10 L·h−1. The ion source 
temperature was 150°C, and the desolvation temperature 
was 400°C; The desolvation gas flow was 800 L·h−1. The 
mass spectrometer was operated in multiple reaction mon-
itoring (MRM) mode with an ion pair for Glu of 148.1 > 
102.1, and GABA of 104.101 > 87.1.

Quantification of 5-Hydroxytryptamine (5-HT) and 
Norepinephrine (NE)
Samples for ELISA analysis were prepared by weighing 
300 mg of mice brain placed into a 2-mL centrifuge tube, 
which was then homogenised with 3 mL of PBS. After 
centrifuging the tube for 10 min in a high-speed refrigerated 
centrifuge (10,000 rpm, 4°C), the 5-HT and NE in the super-
natant was measured using commercially available, ELISA 
kits according to the manufacturer’s instructions. The OD of 
each sample was measured at a wavelength of 450 nm.

Statistical Analysis
Statistical analysis was performed using the Statistical 
Package for the Social Sciences (SPSS, version 16.1, 
Chicago, IL, USA) software. Normally distributed variables 
and those with homogeneous variances are expressed in the 
mean ± standard deviation (SD) form. Multiple comparisons 
were performed using one-way analysis of variance 
(ANOVA) followed by the least significant difference test. 
Data were considered statistically significant if p <0.05.

Results
Characterisation of CS-CDs
The obtained HRTEM results (Figure 2A–C) revealed that 
CS-CDs were nearly spherical with a size distribution 
range of 1–6 nm, the average of the CS-CDs diameter is 
about 3.23 nm and that these CS-CDs were dispersed 
uniformly at nanoscale. In addition, the CS-CDs had 
a lattice spacing of 0.282 nm (Figure 2C). Furthermore, 
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Selected Area Electron Diffraction (SAED) patterns were 
also obtained using the same instrument as that used for 
HRTEM. The corresponding SAED patterns reveal the 
formation of an amorphous carbon phase and hexagonal 
carbon.33,34 In a quartz glass bottle, CS-CDs had a light 
cyan fluorescence at 365 nm (Figure 2D).The quantum 
yield of CS-CDs was 13.74%.

The UV spectrum of CS-CDs is shown in Figure 2E. 
The UV–Vis spectrum showed a clear adsorption peak at 
260 nm, which can be ascribed to the π–π* transition of 
the aromatic C=C bonds. Moreover, the emission spectrum 
of CS-CDs showed the strongest emission and excitation 
at approximately 452 and356 nm, respectively (Figure 2F).

The Raman spectrum is shown in Figure 3A; the peaks 
centred at 1365 cm−1 and 1583 cm−1 are the D and G bands of 
sp2 carbon materials, respectively. The intensity ratio ID/IG 
was 0.56, indicating a good crystalline nature for CS-CDs.35,36

The 2θ angle in the XRD spectrum (Figure 3B) of CS-CDs 
was 31.589°, while the atomic lattice spacing was 0.283 nm, 
which is in agreement with the result of 0.282 nm measured on 
the HRTEM magnified image.

The FTIR spectrum (Figure 3C) revealed the presence of 
O-H groups at 3422 cm−1, and C-H groups at 2922 cm−1 and 
1384 cm−1. Furthermore, the peaks at 1632 cm−1 and 1402 cm−1 

were identified as C=O, C-N, N-H, C-O-C, and COO− groups, 
while the peaks at 1384 cm−1 and 1033 cm−1 were attributed to 
the benzene structure of CS-CDs.11,14,37

The CS-CD surface composition and elemental analysis 
were characterised using the XPS technique. Figure 4A shows 
that the CS-CDs were primarily composed of the elements C, 
O, and N with relative percentage compositions of 72.74%, 
23.87%, and 2.61%, respectively. In particular, the elements C, 
O, and N might correspond to C–C, C=C, C=O, C–N, N–H, C– 
OH, and C–O–C bonds (Figure 4B–D).This result was in 
accordance with the surface composition of the CS-CDs 
shown in the FTIR analysis.

In addition, small amounts of P and S were also observed in 
the CS-CDs with relative percentage compositions determined 
to be 0.63% and 0.29%, respectively, which could be derived 
from tobacco combustion products. In particular, tobacco 
containsS38 and P.39 Thus, during tobacco combustion in the 
process of smoking, these two elements might become part of 

Figure 2 Characterisation of CS-CDs. (A) HRTEM images of CS-CDs displaying ultra-small particles. Inset: electron diffraction image of selected area. (B) HRTEM images of 
CS-CDs. Inset: histogram depicting particle size distribution. (C) HRTEM images of CS-CDs. Inset: line profiles of the corresponding HRTEM images of CS-CDs. (D) Images 
obtained using 365-nm light. (E) UV–vis and (F) fluorescence spectra.
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the CDs during their formation. In Figure 4E, the peaks at 
133.1 and 133.9 eV could be attributed to P−C and P−O bonds, 
respectively.40 Furthermore, in Figure 4F, the S2p peak could 
be divided into five components with peaks located at 163.1, 
164.2, 167.5, 168.3, and 169.2 eV, that could be ascribed to - 
S2p2/3-, -S2p1/2-, -C−SO2-, -C-SO3-, and C−SO4- bonds, 
respectively.41

Moreover, the HPLC results showed several com-
pounds in the collected smoke water before purification, 

such as nicotine (highest peak in Figure 5A); however, 
we detected no active small molecule compounds in the 
collected smoke water after purification (Figure 5B).

In summary, the purified CS-CDs solution have no 
nicotine or other small molecule compounds, and the CS- 
CDs have graphite structure cores consisting primarily of 
N and O with traces of S and P containing functional 
groups, such as hydroxyl groups, carbonyl groups, and 
amino groups on their surface.

Figure 3 (A) Raman spectrum of CS-CDs. (B) XRD pattern spectrum of CS-CDs. (C) FTIR spectra of CS-CDs.
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Acute Toxicity in vitro
The ODs of PBS, CS-CDs, and nicotine were recorded. The 
viability of RAW 264.7 cells was calculated as follows:

Viability% = (ODsample-ODPBS)/ODPBS×100

Figure 6 shows the viability of cells treated with CS-CDs 
at different concentrations (2.3–71 µg·mL−1) for 24 h. The 
CS-CDs promoted RAW 264.7 cell growth at concentrations 
below 35.5 µg·mL−1 and inhibited cell proliferation at 71 
µg·mL−1. This trend is consistent with the effect of nicotine.

Figure 4 XPS of CS-CDs. (A) XPS survey spectra. (B) C 1s, (C) N1s, (D) O 1s,(E) P2p, (F) S2p XPS spectra.
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Acute Toxicity in vivo
No mice died during 7 days after 355 µg·mL−1, 
710 µg·mL−1, and 1420 µg·mL−1 administration of CS- 
CDs (i.p.). In addition, there were no differences in 
weight, diet, or behaviour. Dissection did not 
reveal any congestion in the lungs, heart, liver, 
spleen, or kidney, indicating that CS-CDs toxicity 
was low.

Anti-Anxiety Effects of CS-CDs
The EPMT results are shown in Figure 7A. Mice injected 
with 71 µg·mL−1 CS-CDs or 100 µg·mL−1 diazepam spent 
significantly more time in the open arms (p < 0.01) than 

those in the NS group. Furthermore, mice that were admi-
nistered 35.5 µg·mL−1 and 17.8 µg·mL−1 CS-CDs spent 
more time in the open arms than those in the NS group; 
however, this difference did not reach statistical signifi-
cance. Thus, the effect of CS-CDs on time spent in the 
open arms was dose-dependent.

Figure 7B and C show that the number and percen-
tage of entries into the open arms by mice injected with 
CS-CDs or diazepam decreased compared to those in 
the NS group. A significant difference was found 
between the NS and high-dose CS-CD groups. This 
finding indicates that the locomotor activity of mice 
decreased and that CS-CD injection produced a certain 
sedative effect.

Figure 5 HPLC chromatograms of CS-CDs (A) before purification, and (B) after purification.

Figure 6 RAW 264.7 cell viability after incubation with various concentrations of cigarettes smoke carbon dots (CS-CDs), PBS (negative control) or nicotine (positive 
control) for 24 h The cell viability of RAW 264.7 cells was calculated by the OD of the sample minus the OD of the negative control, PBS, then divided by the OD of the 
negative control, and then multiplied by 100. The value of cell activity was greater than zero, indicating that it can promote cell proliferation, and less than zero, indicating 
that it can inhibit cell proliferation.
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The results of the OFT are shown in Figure 7D. Mice 
in the groups that were administered 71 µg·mL−1 CS-CDs 
and 100 µg·mL−1 diazepam spent significantly more time 
in the central areas than those in the NS group (p < 0.01). 
Thus, there was a significant dose-dependent effect of CS- 
CDs on the time spent by mice in the central areas.

Effect of CS-CDs on Serum DA, CRH, 
ACTH, and CORT Concentrations
As shown in Figure 8, one-way ANOVA revealed no 
significant differences in the concentrations of CRH, 
ACTH, and CORT between groups. However, the concen-
trations of CRH, ACTH, and CORT in the CS-CDs (71 
µg·mL–1) group were higher than those in the model 

group. Additionally, the concentrations of DA decreased 
significantly in the CS-CD group compared with those in 
the model groups.

Determination of Neurotransmitter 
Concentrations in Brain
Glu and GABA quantifications of mice brain were acquired 
via a UPLC-MS/MS; these results are shown in Figure 9A 
and B. After administration of the CS-CDs, the concentra-
tions of Glu (Figure 9A) and GABA (Figure 9B) decreased 
in the brains of those groups compared with those in model 
groups, and the reduction of Glu reached significance.

Furthermore, the concentration of 5-HT and NE in 
mice brains were acquired using ELISA kits; these results 

Figure 7 Effect of CS-CDs on the (A) time spent in the open arms of the elevated plus maze, (B) number of entries into open arms, (C) percentage of entries into open 
arms, and (D) time spent in the central area in the OFT. The results are presented as mean ± SD and significant difference compared with NS (*p<0.05; **p<0.01).
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are shown in Figure 9C and D. The concentrations of NE 
(Figure 9D) in model groups considerably reduced com-
pared with the NS groups and CS-CDs groups. The con-
centrations of 5-HT (Figure 9C) and NE followed the 
same change trend but were not significant.

Discussion
It is generally acknowledged that CS contains particulate 
material; however, previous studies have focused on investi-
gating its chemical composition. To date, there are only a few 
particles reported among CDs from CS, and one reported that 
CS-CDs have broad-spectrum antimicrobial activities against 
drug-resistant bacteria.17 The process of collecting CS 
between previous studies and our work is similar, which is 
common practice. However, after collection, in our study, 
extraction using ethyl acetate was performed, which removed 
fat-soluble components or fat-soluble CDs; therefore, the 

CDs prepared in our study were water-soluble, which is not 
the same as the CDs in previous work.

The identification methods of small molecular com-
pounds developed from TCL to HPLC to UHPLC/ESI- 
Q-TOF-MS/MS.42 In this study, although the absorption 
peak of CS-CDs could not be directly observed using the 
HPLC method, we demonstrated that the extracted and 
purified CS-CD solution did not contain nicotine or other 
small molecular compounds.

In general, nanoparticles with dimensions of 1–100 nm 
have a high surface area to volume ratio and possess 
unique physical and chemical properties. Nanoparticles 
have important biological applications, such as, in antibo-
dies, membrane receptors, nucleic acids, and proteins. 
Therefore, nanoparticles have become a powerful tool in 
the field of medicine.43 For example, oral efficacy can be 
improved by preparing a poorly soluble drug as 

Figure 8 Effect of cigarettes smoke carbon dots (CS-CDs) on serum CRF (A), ACTH (B), CORT (C) and DA (D) after behavioural tests.
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a nanoparticle.43 In addition, drug targeting could be 
enhanced by preparing small molecular compounds in 
the form of nanoparticles.44 CDs consist of nano-sized 
particles derived from carbon sources; CDs typically 
have sizes <10 nm, and have useful properties, such as 
biocompatibility, non-toxicity, and fluorescence. Thus, in 
recent years, due to their superior properties compared 
with other nanomaterials, CDs have been widely investi-
gated for biomedical applications.45

Thus far, various carbon sources have been used to 
prepare CDs, such as by heating carbohydrates. Tan et al 
used plant soot as a carbon source for CD fabrication.46 

Hsu et al reported the preparation of CDs by heating 
coffee grounds.47 CS-CDs are small carbon particles pro-
duced by the combustion of tobacco, which float in the air 
with smoke. The formation mechanism of CS-CDs is 

similar to that of coffee residue,48 and it thought to involve 
the assembly of nicotine and other organic molecules due 
to hydrogen bonding. During cigarette burning, organic 
molecules undergo dehydration, polymerisation, and car-
bonisation, leading to a short single burst of nucleation; 
then, these nuclei grow by solute diffusion towards the 
particle surfaces.

In humans, smokers commonly report that they feel 
a reduction in stress after smoking. Quitting smoking can 
lead to anxiety, depression, or irritability,6 which may be 
why people find it difficult to stop smoking. In particular, 
nicotine in cigarettes induces stimulation and pleasure, and 
reduces stress and anxiety.5 Therefore, smokers use nico-
tine to modulate their level of arousal and for mood con-
trol in daily life. In addition, smoking may improve 
concentration, reaction times, and performance in certain 

Figure 9 The concentration of Glu (A), GABA (B), 5-HT (C) and NE (D) in mice brains. The results are presented as mean ± SD and significant difference compared with 
model (*p<0.05; **p<0.01).
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tasks.5 To reduce the negative impact of smoking cessa-
tion, nicotine replacement therapy has been developed. 
Smoking cessation medications (including nicotine) do 
not increase the risk of serious cardiovascular events in 
the general population of smokers.49 Additionally, nicotine 
affects the peripheral and central nervous systems, and 
increases heart rate and blood pressure while constricting 
cutaneous and coronary blood vessels.50,51 Moreover, 
nicotine promotes DA secretion, making it addictive.7 

Thus, there are potential health safety concerns with nico-
tine replacement therapy.

When entering the body, nanoparticles may first inter-
act with the immune system. They can be ingested by 
macrophages and concentrated in the lymph.52,53 We 
selected RAW 264.7 cells, a widely used mouse macro-
phage cell line, for toxicity testing.18 ICR mice were 
chosen because they are widely used in experiments, 
selected and bred by the Swiss mouse population for 
fertility, and used in central nervous system activity 
experiments.54

Our cytotoxicity tests showed that CS-CDs inhibited 
cell proliferation at high concentrations (71 µg·mL−1), 
which is consistent with the results in HepG2 cells 
(0.2–2 mg·mL−1),55 but promoted cell proliferation at 
low concentrations in vitro. Notably, the cell viability 
was greater than 60% when the CS-CD concentration 
was less than 4.5 µg•mL−1, which may be desired (regen-
eration, neurogenesis, etc.) or undesired (tumours and 
cancers) cell proliferation. Because the type of cell prolif-
eration is unknown, it is difficult to determine whether 
toxicity is high or low. Further study on cell proliferation 
is required. However, the results only indicated that the 
cytotoxicity of CS-CDs was low between 8.9 and 35.5 
µg·mL−1. In addition, we found that the in vivo toxicity 
of the CS-CDs was low. Although no LD50 value was 
obtained in the acute toxicity test in vivo, there was no 
obvious toxicity at a 20× concentration of the purified 
solution.

EPMT and OFT are useful behaviour animal models to 
evaluate anxiolytics. In the EPMT, the time spent in the 
open arm is considered an indicator of anxiety; mice are 
less anxious if they spend more time in the open arms. 
Moreover, in the OFT, mice show less anxiety if they 
spend more time in the central areas. Diazepam is used 
as a standard drug for anxiety.56 Smokers obtain a rapid 
feeling of emotional relief; therefore, assessment of the 
pharmacodynamics and mechanism of action should be 
performed in a short time after administration. In this 

study, we tested the anti-anxiety effect of CS-CDs at 10 
min after administration to mimic the temporal effect of 
smoking. We found that the mice spent more time in the 
open arms and central areas when administrated CS-CDs 
or diazepam, demonstrating that CS-CDs are anxiolytic. 
Meanwhile, in the EPMT, the parameters that reflect the 
locomotor activity of mice decreased, thereby showing 
a certain sedative effect.

Central neurotransmitters mainly include monoamine 
neurotransmitters, amino acid neurotransmitters, peptides 
and other classes. Monoamine neurotransmitters include 
5-HT, DA, NE, etc.; amino acid neurotransmitters include 
glycine, Glu, GABA, etc.; peptides include neuropeptides, 
P substances, vasopressin, cholecystokinin, CRF, etc. 
Neurons of monoamines, amino acids and peptide neuro-
transmitters are widely distributed in different brain 
regions and nuclei, and are involved in emotional regula-
tion. 5- HT, NE, DA, GABA, and Glu in synaptic space 
changes are closely related to the occurrence and develop-
ment of anxiety disorders. When a variety of causes lead 
to abnormal levels of neurotransmitters in the synaptic 
space, and transmitter transmission dysfunction, indivi-
duals show anxiety symptoms.57,58 Acute stress triggers 
the release of CRF, ACTH, and CORT. CRF peptides play 
a critical role in the human stress response, and therefore, 
there has been increasing interest in investigating the 
potential pharmacological modulation of this system to 
reduce anxiety disorders.59 To explore the mechanism of 
CS-CDs, we sacrificed the mice after EPMT and collected 
their serum and brain tissue to detect changes in neuroen-
docrine and neurotransmitter levels. The results showed 
that the concentrations of CRF, ACTH and CORT in the 
CS-CD groups were not significantly different from those 
in the model groups. However, CS-CDs promote the secre-
tion of 5-HT and NE in the mouse brain; in particular, NE 
reached significance. In addition, the secretion of the exci-
tatory amino acid Glu and the inhibitory amino acid 
GABA in the mouse brain decreased. It is noteworthy 
that the decrease in Glu secretion was faster than that of 
GABA. Additionally, CS-CDs significantly reduced the 
DA content in mouse serum. Therefore, overall, a trend 
of anti-anxiety was observed in the mice, which might be 
the mechanism for the anti-anxiety effect of CS-CDs. The 
decrease in Glu, DA and GABA secretion may be respon-
sible for the sedative effect.

In summary, we isolated and purified a novel substance 
(CD) from CS, and described its anti-anxiety properties, 
chemical composition, and pharmacodynamics activity in 
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mice. In vitro and in vivo toxicity tests showed that CS- 
CDs had low toxicity. Anti-anxiety tests showed that CS- 
CDs reduced anxiety-like behaviour, similar to the effect 
of diazepam administration, and this effect was dose- 
dependent. Its mechanism causing anti-anxiety effects 
may be related to the decrease in Glu and DA and promo-
tion of NE. Thus, our data suggest that the CS-CDs may 
be active components in CS that have anti-anxiety effects 
in smokers. In particular, CS-CDs could reduce dopamine 
production, making them less addictive, and may be 
a more valuable substitute for cigarette withdrawal.

Conclusion
Novel CDs were isolated and purified from CS (ie, CS-CDs). 
Acute toxicity testing in vitro and in vivo revealed that CS-CDs 
have low toxicity. The results of EPMT and OFT showed that 
CS-CDs had a significant anti-anxiety and a certain sedative 
effect on mouse behaviour. The mechanism for the anti-anxiety 
effect may be related to the decrease in Glu and DA and 
promotion of NE in the brain.

In conclusion, this study provides a new perspective 
towards a more comprehensive understanding of the compo-
nents, properties, and functions of CS. The data we presented 
may offer a novel avenue for the development of smoking 
cessation substitutes and novel smoking cessation therapeutics.
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