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Introduction: Anxiety disorders have emerged as a predominant health concern,
yet existing pharmacological treatments for anxiety still present various
challenges. Chrysanthemum morifolium Ramat Carbonisata (CMRC) has been
utilized in China for approximately 400 years as a therapeutic intervention for
anxiety disorders. In this study, a novel type of carbon dots derived from the
decoction of Chrysanthemum morifolium Ramat Carbonisata (CMRC-CDs) was
identified and isolated, and their morphological structure and functional groups
were characterized. Furthermore, the effects of CMRC-CDs on m-
chlorophenylpiperazine (mCPP)-induced anxiety-like behaviour in mice were
examined and quantified. In order to investigate the potential mechanisms of
their anxiolytic effects, concentrations of hypothalamic-pituitary-adrenal (HPA)
axis hormones, amino acid neurotransmitters, and monoamine neurotransmitters
were measured.

Methods: In this study, we synthesized CMRC-CDs and evaluated their potential
anti-anxiety effects in a controlled experiment involving 48 male ICR mice. The
mice were randomly divided into six groups, treated with CMRC-CDs at different
doses for 14 days, and subjected to Open-Field (OF) and Elevated Plus Maze (EPM)
tests. Post-behavioral evaluations, blood samples and brain tissues were collected
for neurotransmitter and Hypothalamic-Pituitary-Adrenal (HPA) axis hormone
quantification via ELISA. Additionally, cytotoxicity of CMRC-CDs was assessed
using a Cell Counting Kit-8 (CCK-8) assay on RAW 264.7 cells.

Results and Discussion: CMRC-CDs were spherical and homogeneously
dispersed, with diameters ranging from 1.4 to 4.0 nm and an abundance of
chemical groups on their surface. In the open-field (OF) test, mice pre-treated
with CMRC-CDs demonstrated an increased proportion of time spent in the
central area and a higher frequency of entries into the central area. In the elevated
plus maze (EPM) test, mice pre-treated with CMRC-CDs exhibited a greater
number of entries into the open arm and an extended duration spent in the
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open arm. CMRC-CDs were observed to decrease serum concentrations of
corticotropin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH),
and corticosterone (CORT). Furthermore, CMRC-CDs were found to increase γ-
aminobutyric acid (GABA) and 5-hydroxytryptamine (5-HT) levels, while
concurrently reducing glutamic acid (Glu) concentrations in brain tissue. CMRC-
CDs demonstrated anxiolytic effects, which may be attributed to their modulation
of hormones and neurotransmitters. This finding suggests the potential therapeutic
value of CMRC-CDs in the clinical treatment of anxiety disorders.

KEYWORDS

carbon dots, Chrysanthemum morifolium Ramat, anxiety disorder, HPA axis,
neurotransmitters

1 Introduction

The prevalence of mental disorders has steadily increased since
1990. By 2019, anxiety disorders had emerged as one of the leading
causes of global burden, ranking 24th among the primary causes of
disability-adjusted life years (“Global, Regional, and National
Burden of 12 Mental Disorders in 204 Countries and Territories,
1990–2019: A Systematic Analysis for the Global Burden of Disease
Study, 2019”2022). In recent years, the COVID-19 pandemic has
further escalated the prevalence of anxiety disorders (Santomauro
et al., 2021). According to one study estimate, one-third of adults
experienced anxiety during the global coronavirus disease outbreak
in 2019 (Delpino et al., 2022). Consequently, the treatment of
anxiety disorders is garnering increased attention.

The pathophysiology of anxiety disorders remains an area ripe
for further exploration, but it is generally believed to be closely
associated with the hypothalamic-pituitary-adrenocortical (HPA)
axis and neurotransmitter secretion (Meldrum, 2000; Jacobson,
2014; Olivier and Olivier, 2020). Currently, prevalent anti-anxiety
medications include benzodiazepines, selective serotonin reuptake
inhibitors (SSRIs), and serotonin-noradrenaline reuptake inhibitors
(SNRIs). Nevertheless, these drugs present several challenges, such
as benzodiazepines causing side effects like increased talkativeness,
emotional release, excitement, and excessive movement; SSRIs
leading to sexual dysfunction; and both causing potent
withdrawal symptoms (Petursson, 1994; Mancuso et al., 2004;
Bala et al., 2018; Horowitz and Taylor, 2019). These issues have
prompted a search for and investigation intomore effective and safer
anti-anxiety drugs.

Carbon dots (CDs), featuring ultra-fine dimensions of below
10 nm, were first identified in 2004 (Cui et al., 2021). Due to their
minimal cytotoxicity, superior biocompatibility, chemical stability,
negligible toxicity, and substantial surface area-to-volume ratio, they
are finding escalating usage in the realm of biomedical applications
(Durán et al., 2016; Jaleel and Pramod, 2018; Singh et al., 2018; Ross
et al., 2020; Khayal et al., 2021; Mansuriya and Altintas, 2021). A
myriad of studies have underscored the potential of carbon dots,
suggesting their prospective utility as innovative carriers for drug
delivery systems targeting the central nervous system. These studies
further posit that carbon dots may serve as a therapeutic
intervention for an array of psychiatric and cognitive disorders
(Ashrafizadeh et al., 2020; Henna et al., 2020). For instance,
nanodiamonds have been observed to exhibit neuroprotective
effects against Alzheimer’s disease (Alawdi et al., 2017), graphene

oxide has been shown to mitigate neurotoxicity and improve
cognitive impairment (Ren et al., 2018; Chu et al., 2021), and
graphene quantum dots have been found to enhance learning
abilities (Xiao et al., 2016).

In recent years, the number of raw material options for
synthesizing CDs has expanded significantly, and the extraction
of CDs from various natural sources, especially plants, is attracting
increasing attention due to its convenience and affordability. As a
result, numerous studies have emerged on the biomedical
applications of carbon dots derived from herbal medicines,
particularly carbonized traditional herbs (Chen et al., 2019; Luo
et al., 2021; Li et al., 2022). A variety of herbs used in traditional
Chinese medicine to treat mental symptoms have been investigated
for their active ingredients and mechanisms of action, such as
Rhodiola rosea, ginseng, and Ginkgo biloba (S. Lee and Rhee,
2017; Liu et al., 2015; Xie et al., 2018; Panossian et al., 2010).
However, the herbs that have been evaluated so far represent
only a small proportion of those in daily use, suggesting that the
effects andmechanisms of single herbs in improvingmood disorders
still warrant further research.

Given this background, we embarked on a study aimed at
exploring the anxiolytic effects and underlying mechanisms of
carbonized derivatives sourced from a commonly used and
widely available traditional herb. Chrysanthemum morifolium
Ramat (CMR), known as “Jv Hua” in Chinese, boasts a
longstanding medicinal tradition within China. Chrysanthemum
morifolium Ramat Carbonisata (CMRC) is a CMR product obtained
through the carbonization process. It has been used as a sedative in
China since its first documentation in the “Guide to Clinical Practice
with Medical Records” over 300 years ago. Nevertheless, its efficacy
and underlying mechanisms remain incompletely understood,
highlighting the need for further investigation.

In this study, we synthesized CMRC-based carbon dots (CMRC-
CDs) using an eco-friendly approach and evaluated their
physicochemical properties, such as morphology and functional
groups. We utilized a variety of analytical techniques,
encompassing roadmaps, heat maps, and regional dwell times, to
yield a thorough evaluation of the behavioral outcomes. These
metrics were utilized to determine the capacity of CMRC-CDs to
alleviate anxiety-like behavior induced by mCPP administration in
mice. The underlying mechanisms of the anxiolytic effects were
explored bymeasuring the levels of corticotropin-releasing hormone
(CRH), adrenocorticotropic hormone (ACTH), corticosterone
(CORT), 5-hydroxytryptamine (5-HT), dopamine (DA),
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norepinephrine (NE), glutamic acid (Glu), and γ-aminobutyric acid
(GABA). Our findings may provide a valuable contribution towards
comprehending the anxiolytic properties of CMRC-CDs and offer
valuable insights into the potential utility of carbon dots obtained
from traditional herbs for the development of novel, efficacious, and
safer anti-anxiety therapies.

2 Results

2.1 Analysis of the properties and features of
CMRC-CDs

As depicted in Figure 1A, TEMmicrographs reveal that the CMRC-
CDs exhibit a nearly spherical morphology and are uniformly dispersed
throughout the sample. The diameters of the CMRC-CDs span between

1.4 and 4.0 nm, with a majority of particles concentrated within the
1.8–2.8 nm interval. Furthermore, HRTEM imaging demonstrates a
lattice spacing of 0.205 nm for the CMRC-CDs, as illustrated in
Figure 1B. Figure 1C presents the results obtained from the Fast
Fourier Transform (FFT) analysis performed on CMRC-CDs,
facilitating a clearer visualization of the lattice structure.

Figures 1D–F depict TEM elemental mappings of the CMRC-
CDs, illustrating the primary constituents within the carbon dots as
carbon (C), oxygen (O), and nitrogen (N), while concurrently
displaying their spatial distribution.

Figure 1G illustrates a distinct diffraction peak at 2θ = 22.0° in
the X-ray diffraction (XRD) pattern of CMRC-CDs. When
considered in conjunction with the High-Resolution
Transmission Electron Microscopy (HRTEM) imaging results, it
becomes apparent that CMRC-CDs represent a carbon structure
that resides between amorphous and lattice morphologies.

FIGURE 1
Characterization of CMRC-CDs. (A) Transmission electron microscopy (TEM) image of CMRC-CDs, with histogram depicting particle size
distribution of CMRC-CDs. (B) High-resolution TEM (HRTEM) image of individual CMRC-CDs (C) FFT image processing was performed on CMCR-CDs.
(D–F) TEMmapping of CMRC-CDs, showing the main elements in carbon dots, including C, O, and N. (G) XRD pattern spectrum of CMRC-CDs. (H) UV-
vis absorption spectrum of CMRC-CDs. (I) Fluorescence excitation spectra and emission spectra of CMRC-CDs.
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In the aqueous solution, the UV-Vis absorption spectrum of the
CMRC-CDs exhibited a subtle absorption peak at 310 nm, which is
indicative of the π–π* electronic transitions of the aromatic C=C and
C≡C bonds (Figure 1H) (Y. Zhang et al., 2021). Furthermore, the
fluorescence characterization of the CMRC-CDs revealed a
maximum emission at 465 nm upon excitation at a wavelength of
369 nm (Figure 1I).

To gain further insights into the surface functional groups of CMRC-
CDs, FTIR spectroscopy was employed, and the corresponding results
are presented in Figure 2A. Upon purification, the CMRC-CDs exhibited
characteristic peaks at 3,447, 2,921, 2,851, 1,638, 1,381, 1,079, and
557 cm−1. The peak observed at 3,447 cm−1 can be attributed to the
stretching vibrations of O-H and N-H functional groups, whereas the
C-H stretching vibrations are discernible through the peaks at 2,921 and
2,851 cm−1, respectively (Atchudan et al., 2020). The peak arising at
1,639 cm−1 is associated with C=O groups, while the C-H and N-H
functional groups give rise to the peak at 1,381 cm−1 (Muhammad et al.,
2019). Lastly, the peak observed at 1,058 cm−1 can be ascribed to the
C-O-C absorption vibrations (Muhammad et al., 2019; Wei et al., 2019).

XPS was utilized to execute an elemental analysis of CMRC-
CDs; the obtained results revealed that CMRC-CDs primarily

consist of carbon (71.77%), oxygen (24.50%), and nitrogen
(3.73%). The binding energies corresponding to C 1s, O 1s, and
N 1s are delineated by three distinct peaks in Figure 2B, observed
respectively at 284.8, 531.8, and 400.0 eV. Three prominent peaks
can be seen in the high-resolution C 1s XPS spectra with binding
energies of 284.8, 286.4, and 288.3 eV, which are associated with the
C-C/C=C, C-O, and C=N/C=O bonds, respectively (Figure 2C)
(Godavarthi et al., 2017). Characteristic peaks are visible in the
high-resolution O 1s spectra at 531.5 and 533.0 eV, which can be
individually attributed to the C-O and C=O functional groups
(Figure 2D). In the N 1s spectra, two peaks emerge,
corresponding to the N-H and C=N bonds at approximately
399.6 and 400.3 eV, respectively (Figure 2E) (Li et al., 2019).

In conclusion, we conducted a comprehensive investigation of
the physical appearance and elemental composition of CMRC-CDs
using a combination of techniques, including TEM, HRTEM, TEM
mapping, FTIR, and XPS. The consistent results from these methods
indicate that the purified CMRC-CDs predominantly consist of
carbon, oxygen, and nitrogen elements. The CMRC-CDs feature
surface adornment with multiple functional groups, encompassing
carbonyl, amino, and hydroxyl entities.

2.2 Effect of CMRC-CDs on mCPP-treated
mice in the of test

Figure 3 delineates the spatiotemporal dynamics of mice during
the open-field (OF) test. As depicted in Figure 3C, compared to the
control group, which spent 18.75 ± 5.46% of the time in the central
zone, themodel group demonstrated a significant reduction, spending
only 12.24 ± 2.99% of the time in the same area (p < 0.01). In contrast,
central zone occupancy increased in the medium- (19.27 ± 3.23%),
and low-dose groups (18.39 ± 3.91%) relative to the model group (p <
0.05), with a more pronounced enhancement observed in the positive
and high-dose groups (p < 0.01). Figure 3D presents the frequency of
central zone entries as a proportion of total entries across all areas. The
model group demonstrated a marked reduction in central zone entry
proportion (18.24 ± 4.85%) relative to the control group (39.83 ±
7.62%, p < 0.01). Conversely, the positive (43.99 ± 6.09%), high-
(38.37 ± 6.39%), medium- (34.55 ± 3.12%), and low-dose groups
(33.87 ± 3.59%) all displayed a substantial increment in comparison to
the model group (p < 0.01). These findings indicate that each dosage
administration group effectively increased the inclination of mice to
explore and remain in the open central area, as opposed to the model
group. This trend is further visually exemplified in the group mean
heatmap (Figure 3A) and the movement trajectory map (Figure 3B).
Figure 3E reveals the aggregate locomotor distance traversed by the
mice, with no significant discrepancies observed among the groups.
Consequently, it can be inferred that diazepam and CMRC-CDs
modulate the exploratory predilection of mice in the open field
without affecting the total distance covered.

2.3 Effect of CMRC-CDs on mCPP-treated
mice in the EPM test

Figures 4A, B depict the movement of distinct mouse groups in
the elevated cross-maze experiment using mean heatmaps and

FIGURE 2
Elemental composition and functional group of CMRC-CDs. (A)
Fourier transform infrared (FTIR) spectrum of CMRC-CDs. (B) Full
survey spectrum of X-ray photoelectron spectroscopy (XPS). (C–E)
High-resolution survey spectra of different elements by XPS.
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FIGURE 3
Effect of CMRC-CDs on mCPP-treated mice in the OF test. (A)Mean heatmap of mice activity in the OF test. (B) Path diagram of mice activity in OF
test. (C) The proportion of time spent in the central zone relative to the total area (%). (D) The percentage of entries made into the central area relative to
the total area (%). (E) Total distance (cm). The data were presented as the mean ± standard deviation (SD). #p < 0.05 and ##p < 0.01 vs. control group, *p <
0.05 and **p < 0.01 compared to the model group.

FIGURE 4
Effect of CMRC-CDs onmCPP-treatedmice in the EPM test. (A)Mean heatmap ofmice activity. (B) Path diagram ofmice activity in EPM test. (C) The
proportion of time spent in open arms relative to total arms (%). (D) The percentage of entries made into open arms relative to total arms (%). (E) Total
distance (cm). The data were presented as the mean ± standard deviation. #p < 0.05 and ##p < 0.01 compared to control group, *p < 0.05 and **p <
0.01 compared to the model group.
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roadmaps, respectively. The closed arms are represented
horizontally, while the open arms are shown vertically. In
Figure 4A, color-coded regions delineate mouse movement, with
red, yellow, green, and blue indicating the amount of time spent in
descending order. The red line in Figure 4B traces the specific path
taken by the mice. As observed, the model group’s activity area was
considerably smaller compared to the control group, primarily
restricted to the closed arms. Conversely, each dosing group
broadened their scope of motion and ventured more extensively
into open arms. Notably, the positive and high-dose groups
demonstrated greater efficacy than the medium- and low-dose
groups. Figure 4C reveal that the time spent in open arms was
significantly lower in the model group (8.00 ± 1.73%) than in the
control group (24.67 ± 6.96%, p < 0.01). The positive (30.54 ± 5.09%)
and high-dose groups (22.47 ± 7.70%) exhibited significantly higher
values than the model group (p < 0.01). Although no statistically
significant increase was observed in the medium-dose (15.56 ±
3.00%) and low-dose groups (15.13 ± 2.79%) relative to the
model group, an upward trend was evident. Figure 4D presents
the ratio of open arm entries to total arm entries for each group. The
model group (21.47 ± 6.26%) had significantly lower values than the
control group (42.31 ± 2.88%, p < 0.01). Conversely, the positive
(42.66 ± 7.06%), high- (38.25 ± 3.92%), and medium-dose groups
(33.29 ± 5.85%) displayed significantly higher values compared to
the model group (p < 0.01). Despite the lack of statistically
significant differences observed between the low-dose group
(29.01 ± 8.40%) and the model group, an increasing trend was

still apparent. Lastly, Figure 4E illustrates the total distance traveled
by each group, with a significant increase observed in the positive
group relative to the model group, but no significant differences
detected among the remaining groups.

2.4 Effects of CMRC-CDs on HPA axis
hormones and neurotransmitters in mCPP-
treated mice

After 14 days of treatment with CMRC-CDs followed by 2 days
of behavioral testing, alterations in the levels of HPA axis hormones
and neurotransmitters in mice were observed, as illustrated in
Figure 5. Specifically, changes in HPA axis hormones in mice
serum are demonstrated in Figures 5A–C. In comparison to the
control group (CRH: 399.32 ± 60.12 ng/L; ACTH: 39.87 ± 7.42 ng/L;
CORT: 22.41 ± 1.82 μg/L), the serum concentrations of CRH,
ACTH, and CORT were significantly elevated in the mCPP-
treated mice (CRH: 588.71 ± 85.07 ng/L, p < 0.01; ACTH:
54.77 ± 7.84 ng/L, p < 0.01; CORT: 30.30 ± 4.57 μg/L, p < 0.05).
Nevertheless, each dosing group demonstrated a varied extent of
reduction relative to the model group. Notably, the most
pronounced decreasing trend was observed in the positive group
(CRH: 339.33 ± 32.93 ng/L, p < 0.01; ACTH: 173.88 ± 20.17 ng/L,
p < 0.01; CORT: 20.89 ± 2.15 μg/L, p < 0.01). The high-dose group
exhibited a smaller reduction (CRH: 410.75 ± 43.02 ng/L, p < 0.01;
ACTH: 129.56 ± 14.31 ng/L, p < 0.01; CORT: 22.50 ± 2.35 μg/L, p <

FIGURE 5
Effect of CMRC-CDs on HPA hormone and Neurotransmitter. The serum concentration of (A) CRH, (B) ACTH, and (C) CORT. Brain tissue
homogenization concentration of (D) 5-HT (E) DA, (F) NE, (G) Glu, and (H) GABA. n = 8/group. #p < 0.05 and ##p < 0.01 compared to the control group,
*p < 0.05 and **p < 0.01 compared to the model group.
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0.05) in comparison to the positive group. Meanwhile, the group
administered a medium dosage (CRH: 423.32 ± 24.61 ng/L, p < 0.05;
ACTH: 127.15 ± 11.23 ng/L, p < 0.01; CORT: 24.44 ± 2.10 μg/L, p >
0.05) demonstrated a less pronounced reduction compared to the
group receiving a high dosage, and the group administered a low
dosage (CRH: 423.89 ± 80.81 ng/L, p < 0.05; ACTH: 104.68 ±
8.08 ng/L, p < 0.01; CORT: 26.61 ± 2.09 μg/L, p > 0.05) exhibited
a smaller reduction than the medium-dose group. These findings
suggest that CMRC-CDs can decrease serum concentrations of
CRH, ACTH, and CORT in mice in a dose-dependent manner.

Figure 5D illustrates the disparities in serum 5-HT
concentrations among the groups, revealing a notable reduction
in the model group (87.04 ± 5.00 pg/mL, p < 0.01) in comparison to
the control group (153.68 ± 17.28 pg/mL). Furthermore, a marked
elevation was observed in the positive (173.88 ± 20.17 pg/mL, p <
0.01), high- (129.56 ± 14.31 pg/mL, p < 0.01), medium- (127.15 ±
11.23 pg/mL, p < 0.01), and low-dose groups (104.68 ± 8.08 pg/mL,
p < 0.01) when contrasted with the model group. Figure 5E depicts
DA concentrations in the serum of each experimental group,
exhibiting no significant divergence between the model and
control groups or between the distinct CMRC-CDs
concentrations and the model group. Nevertheless, a considerable
increase was detected in the positive group relative to the model
group (p < 0.01). Figure 5F demonstrates that the NE concentrations
in the serum of mice from each group did not exhibit significant
variations, indicating that the intervention strategy employed in this
study did not exert a substantial impact on the NE concentrations of
the mice.

Figures 5G, H depict the alterations in the concentrations of
amino acid neurotransmitters in the brain tissue of mice subjected to
various intervention strategies. As illustrated in Figure 5G, the
model group exhibited a marked elevation in Glu concentrations
(33.85 ± 6.36 μmol/L, p < 0.01) compared to the control group
(9.45 ± 1.35 μmol/L). Conversely, the positive (7.79 ± 1.27 μmol/L,
p < 0.01), high- (11.52 ± 1.98 μmol/L, p < 0.01), medium- (15.32 ±
1.89 μmol/L, p < 0.01), and low-dose groups (19.27 ± 2.23 μmol/L,
p < 0.01) all demonstrated significantly diminished Glu
concentrations relative to the model group. Figure 5H presents
an inverse trend for GABA concentrations. Relative to the control
group (4.80 ± 1.00 ng/L), the model group displayed a significant
reduction in GABA concentrations (2.11 ± 0.29 ng/L, p < 0.01). In
contrast, the positive (5.01 ± 0.76 ng/L, p < 0.01), high- (3.78 ±
0.65 ng/L, p < 0.01), medium- (3.60 ± 0.29 ng/L, p < 0.01), and low-
dose groups (3.08 ± 0.39 ng/L, p < 0.01) all exhibited significantly
elevated GABA concentrations when compared to the model
group. These findings suggest that CMRC-CDs can modulate Glu
and GABA concentrations in a dose-dependent manner, resulting in
decreased Glu levels and increased GABA levels in the brain tissue
of mice. Figure 6 briefly illustrates the entire experimental
procedure.

2.5 Cytotoxicity of CMRC-CDs

In order to assess the cytotoxicity of CMRC-CDs, we employed the
murine mononuclear macrophage cell line, RAW 264.7. The cell
survival rate was measured after 24 h of exposure to various
concentrations of CMRC-CDs, ranging from 19.53 to 1,250 μg/mL,

as depicted in Figure 7. Our findings revealed a marked decrease in cell
viability at concentrations between 312.5 and 1,250 μg/mL in
comparison to the control group (p < 0.01), suggesting that CMRC-
CDs exert an inhibitory effect on cell proliferation within this
concentration range. Interestingly, at a concentration of 156.25 μg/
mL, no significant difference in cell viability was observed in relation to
the control. Furthermore, cell viability demonstrated a significant
enhancement at concentrations between 19.53 and 78.13 μg/mL
when compared to the control (p < 0.01). Taken together, these
results suggest that CMRC-CDs exhibit low cytotoxicity at
concentrations below 156.25 μg/mL, indicating their potential
biocompatibility for various applications.

3 Discussion

Anxiety disorders, representing a predominant health issue in
the 21st century, are governed by intricate mechanisms that are not
yet fully comprehended. Current understanding implicates
neurotransmitters and HPA axis-related hormones in the
development of anxiety. Upon HPA axis activation, the
hypothalamic paraventricular nucleus synthesizes CRH, which
enters the hypophyseal portal blood, subsequently reaching the
anterior pituitary to stimulate ACTH synthesis. ACTH, released
into the bloodstream, reaches the adrenal cortex and promotes
glucocorticoid biosynthesis and release, including corticosterone
(Tafet and Nemeroff, 2020). A notable proportion of individuals
identified as having chronic anxiety disorders demonstrate
heightened activity in the HPA axis (G. E. Tafet et al., 2001;
Risbrough and Stein, 2006), suggesting a strong association
between elevated HPA axis-related hormones and anxiety
(Arborelius et al., 1999; Kinlein et al., 2019), particularly in
children experiencing stress-induced events (Faravelli, 2012; Liu
andWang, 2020). Several studies have demonstrated that a variety of
anxiolytic drugs, such as tricyclic antidepressants (TCAs), selective
serotonin reuptake inhibitors (SSRIs), and benzodiazepines (BZDs),
possess the capacity tomodulate the hypothalamic-pituitary-adrenal
(HPA) axis (Barden et al., 1995; L S Brady et al., 1991; Brady et al.,
1992), such as escitalopram’s inhibitory effect on CRH and cortisol
(Lenze et al., 2011; Flandreau et al., 2013; Benatti et al., 2018).

Neurotransmitters, another group of substances intimately
linked to anxiety production, primarily encompass Glu, GABA,
5-HT, DA, and NE. Glu and GABA, quintessential
neurotransmitters within the Central Nervous System (CNS),
respectively govern excitatory and inhibitory neurotransmission.
Disruptions in excitatory/inhibitory (E/I) balance underpin
numerous neuropsychiatric disorders, including anxiety disorders
(Prager et al., 2016; Yu et al., 2020). As one of the most
phylogenetically ancient neurotransmitters, 5-HT is abundant in
the cerebral cortex and synapses, regulating a wide array of brain
activities, such as mood modulation (Wirth et al., 2017). Alterations
in serotonin 5-HT levels have been shown to substantially impact
anxiety-related behaviors (Riedel et al., 2002; Pobbe et al., 2011;
Zangrossi and Graeff, 2014), while SSRIs have emerged as first-line
therapy for anxiety (H. J. Lee and Stein, 2023). SNRIs, also employed
as first-line clinical agents, imply an effect of NE on mood.
Hyperactivity of the central noradrenaline system can potentially
result in a range of symptoms, such as insomnia, emotional
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instability, irritability, and anxiety (Yamamoto et al., 2014).
According to an expanding corpus of evidence from human
brain imaging and preclinical animal research, the
mesocorticolimbic dopaminergic system is also suggested to be
involved in anxiety disorders (Wee et al., 2008; Zweifel et al.,
2011; Russo and Nestler, 2013; Berry et al., 2019).

Due to the complexity and incomplete understanding of anxiety
disorder pathogenesis, treating these disorders presents numerous
challenges. Current first-line clinical drugs, such as TCAs, SSRIs,
and BZDs, are associated with unstable efficacy, significant side
effects, or addiction. Consequently, the pursuit of novel anti-anxiety
medications remains ongoing. Nanomaterials, characterized by
distinct physicochemical properties, have demonstrated
promising biological implications in the field of psychiatric
disorders (Xue et al., 2016; Ran and Xue, 2018). Furthermore,
nanoparticles can traverse the blood-brain barrier (BBB) via
receptor-mediated endocytosis, and functionalization or
modification facilitates a variety of nanoparticles to cross the
BBB through protein and protein-associated receptor interactions
(Ran and Xue, 2018). As such, nanoparticles can also serve as drug
carriers (Wang et al., 2017). This suggests that nanomedicines may

represent potential candidates for the next-generation of anti-
anxiety therapeutics.

Traditional herbal medicine, usually derived from natural plants
and characterized by its accessibility and lower potential for
addiction, represents another promising research avenue. Various
herbal medicines have been demonstrated the capacity to ameliorate
mood disorders through a range of mechanisms. For instance,
Hypericum perforatum exhibits antidepressant properties akin to
those of TCAs and SSRIs(Zirak et al., 2019), while Radix rehmanniae
extract may exert anxiolytic effects by modulating brain
neurotransmitters and neurotrophic proteins (Zhou et al., 2019).
Moreover, a specific decoction has been shown to significantly
improve cognitive and mood disorders by regulating the GABA/
Glu pathway (Xu et al., 2022).

Utilizing various characterization techniques, such as high-
resolution electron microscopy, FTIR spectroscopy, and XPS
spectroscopy, this study uncovers the presence of carbon dots in
Chrysanthemum morifolium Ramat Carbonisata - an herb that has
been traditionally used for over 400 years to treat mental illness. The
1.4–4.0 nm diameter of the CMRC-CDs and the abundance of
functional groups on their surface suggest their potential as

FIGURE 6
Diagram of the experimental procedure. (A) Intervention methods, behavioral testing methods, sample collection, and indicator testing. (B)
Behavioral testing day process, including site adaptation, gavage intervention, modelling, and behavioral test (Created with BioRender.com).
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biologically active nanomaterials. Moreover, considering the novelty
of these nanoparticles, addressing safety concerns is of paramount
importance. CCK-8 assay results demonstrate that CMRC-CDs
exhibit negligible toxicity at concentrations below 156.25 μg/mL.

mCPP, a metabolite of trazodone and nefazodone, functions as an
agonist for the 5-HT receptor (Pigott et al., 1993; Barbhaiya et al.,
1995; Eriksson, 1999). Empirical evidence demonstrates that mCPP
injections can modulate the performance of mice in behavioral
experiments, and induce anxiety in humans (N. Zhang et al., 2018;
Pigott et al., 1993). The OF test is a widely employed paradigm in
animal psychology, where subjects are positioned in the center or near
the perimeter of the apparatus. In such settings, rodents innately
exhibit a preference for navigating the periphery, rather than the
central region of the open field. Anxiolytic effects are signified by
prolonged time allocation within the central zone and an increased
ratio of central area/total activity (Prut and Belzung, 2003). In the
present investigation, the square field was subdivided into smaller 5 ×
5 squares, designating the central nine squares as the central region.
The trajectory of mice within the open field over a 5-min interval was
monitored and assessed via video recording. Subsequent calculations
were made for the proportion of time spent in the central area relative
to the total area, the ratio of entries into the central area to the total
area, and the cumulative distance traversed. Our findings reveal that
CMRC-CDs substantially enhanced the frequency of mice entering
the central region and the proportion of time allocated within this
designated area.

In the EPM test, an apparatus comprising four elevated arms
arranged in a cross-shaped configuration is utilized to assess anxiety-
related behaviors in rodents. The EPM consists of two opposing
enclosed arms with walls and two opposing open arms, devoid of any
barriers. In the test, experimental mice are placed in the central area of
the maze and allowed to explore for a defined short period of time.
Given their innate aversion to open or elevated spaces, mice displaying

lower anxiety levels will exhibit a higher frequency of open arms visits
(Kraeuter, Guest, and Sarnyai, 2019). Our findings demonstrate that
the administration of CMRC-CDs results in a significant increase in
the proportion of entries to open arms and the duration of time spent
in the open arms. Importantly, this effect is dose-dependent, as the
observed increase in open arms’ exploration becomes more
pronounced with escalating doses of CMRC-CDs. The consistency
of the outcomes from both behavioral tests provides strong evidence
that CMRC-CDs may ameliorate mCPP-induced anxiety-like
behavior in a dose-dependent manner. Notably, there was no
substantial difference in the total distance traversed by the mice in
either test, implying that CMRC-CDs selectively influence behavioral
tendencies without affecting locomotor capabilities. This observation
further underscores the potential of CMRC-CDs as a targeted
intervention for anxiety-like behaviors in mice.

To elucidate the potential mechanisms underpinning the
anxiolytic properties of CMRC-CDs, we quantified the
concentrations of HPA axis hormones in serum and
neurotransmitters in murine brain tissue. Our data demonstrated
a dose-dependent decline in the serum concentrations of all three
HPA axis hormones in mice pre-treated with CMRC-CDs.
Moreover, compared with the model group, CRH concentrations
exhibited significant differences in all three dosage groups, while
ACTH levels were significantly different between the high- and
medium-dose groups, and CORT levels were significantly different
exclusively in the high-dose group. This suggests that the
modulatory capacity of CMRC-CDs on HPA axis activity may
diminish as their synthesis progresses. Our findings indicate that
CMRC-CDs may exert anxiolytic effects by reducing HPA axis
hormone concentrations, with the principal site of regulation
potentially being the CRH synthesis in the hypothalamus.

Investigations into neurotransmitter concentrations revealed
a decline in Glu levels alongside a concurrent elevation in GABA

FIGURE 7
Cell viability for 24 h by CCK-8 method. *p < 0.05 and **p < 0.01 compared to the control group.
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concentrations within cerebral tissues of the mice administered
with CMRC-CDs. A noteworthy influence was observed across all
three dosages. These findings suggest that CMRC-CDs may
contribute to the alleviation of mood disorders by modulating
the Glu/GABA pathway. Considering that GABA can be
synthesized via the decarboxylation of Glu (Sarasa et al.,
2020), a plausible hypothesis is that CMRC-CDs may facilitate
this decarboxylation process, thus promoting the
reestablishment of E/I homeostasis.

In a comparative analysis of the three primary monoamine
neurotransmitters, CMRC-CDs exhibited a significant increase in 5-
HT concentrations in relation to the model group. This elevation
was statistically significant across all three administered dosages. In
contrast, the administration of various CMRC-CDs doses did not
produce significant effects on DA and NE concentrations.
Considering that DA is posited to maintain a close relationship
with exercise capacity (Meeusen and De Meirleir, 1995; Dohnalová
et al., 2022), these findings are consistent with the results of the
behavioral experiments, wherein no significant differences were
observed in the total distance traversed.

4 Conclusion

In summary, we have successfully synthesized carbon dots derived
from Chrysanthemum morifolium Ramat (CMRC-CDs) that exhibit
exceptional fluorescence properties and a surface abundant in
functional groups. Our thorough behavioral investigations
demonstrated that CMRC-CDs effectively ameliorate mCPP-induced
anxiety-like behavior in murine models in a dose-responsive manner.
This therapeutic effect is primarilymediated through themodulation of
HPA axis hormone levels, amino acid neurotransmitter concentrations,
and serotonin 5-HT levels. Owing to their environmentally benign
nature, cost-effectiveness, and facile preparation, CMRC-CDs hold
immense potential as novel nanomedicines for the management of
anxiety disorders. Furthermore, our findings offer valuable insights into
the therapeutic prospects of traditional Chinese herbal medicine for
treating mood disorders, which could inspire further investigations in
this field.

5 Materials and methods

5.1 Chemicals

CMRwas purchased from Beijing Qiancao Herbal Pieces Co., Ltd.
(Beijing, China). Diazepam (DZP) tablets were obtained from Beijing
Yimin Pharmaceutical Factory (Beijing, China). Dialysis membranes
with 1,000 Da molecular weight cutoff (MWCO) were provided by
Beijing Ruida Henghui Technology Development Co., Ltd. (Beijing,
China). ELISA kits for measuring neurotransmitter and HPA
hormone concentrations were purchased from Jiangsu Kete
Biotechnology Co., Ltd. (Jiangsu, China). The cell counting kit-8
(CCK-8) was acquired from Dojindo Molecular Technologies, Inc.
(Kumamoto, Japan). Dulbecco’s Modified Eagle’s Medium (DMEM),
fetal bovine serum (FBS), and antibiotics were sourced from Gibco
BRL (Gaithersburg, MD, United States). Deionized water (DW) was
used in all experiments.

5.2 Animals and cells

All mice were maintained under standardized conditions,
including ad libitum access to food and water, an ambient
temperature of 25.0°C ± 1.0°C, a relative humidity ranging from
55%–65%, and a diurnal rhythm of 12 h light and 12 h darkness.
Behavioral experiments were carried out in a tranquil laboratory
environment between the hours of 09:00 and 15:00. RAW 264.7 cells
were employed in cell viability assays due to their ease of culture and
expansion, as well as their ability to maintain high proliferation
capacity and in vitro cell viability. Furthermore, RAW 264.7 cells
exhibit pronounced sensitivity to stimulating substances and
promptly respond to external stimuli, eliciting diverse biological
effects.

5.3 Preparation of CMRC-CDs

The synthesis of CMRC-CDs was achieved utilizing CMR as the
carbon source. In the initial stage, CMR was situated in hermetically
sealed porcelain crucibles and subjected to carbonization at a
temperature of 350°C for a duration of 1 h, utilizing a muffle
furnace. After cooling down to ambient temperature, the
resulting CMRC was pulverized into fine fragments using a
micro mill. The fine CMRC powder was subsequently dispersed
in deionized water at a 1:30 ratio and heated to 100°C for three 1-h
boiling sessions. The mixture was then filtered through a 0.22 µm
microfiltration membrane. Following this, the solution was dialyzed
against deionized water for 7 days using a dialysis membrane with a
1,000 Da molecular weight cut-off, changing the dialysis solution
every 8 h. Afterward, the CMRC-CDs solution was placed in a
refrigerator at 4°C so that it could be utilized in the future. Figure 8
illustrates a schematic diagram outlining the preparation process.

5.4 Characterization of CMRC-CDs

The physical structure and morphology of CMRC-CDs were
meticulously investigated and quantified using transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
at an accelerating voltage of 200 kV. The X-ray Diffractometer was
employed to acquire X-ray diffraction (XRD) patterns. The
photoluminescence characteristics of CMRC-CDs were
scrutinized utilizing a fluorescence spectrophotometer, while the
ultraviolet-visible (UV-vis) absorption spectra were probed with a
UV-vis spectrometer. In the range of 400–4,000 cm−1, Fourier
transform infrared (FTIR) spectroscopy was employed to analyze
the organic functional groups present in the CMRC-CDs.
Additionally, X-ray photoelectron spectroscopy (XPS) was
utilized to determine elemental characterization of the CMRC-CDs.

5.5 Open-field (OF) test

The OF test was employed to assess the autonomous behavior,
exploratory tendencies, and anxiety levels of experimental animals
when introduced to a novel environment. The open-field apparatus
consists of a reaction chamber measuring 30 cm in height, featuring
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a square base with dimensions of 50 cm × 50 cm, a black interior,
and a floor partitioned evenly into 25 smaller squares. The
experiments are meticulously documented using a high-
resolution camera positioned directly above the experimental
apparatus. This camera is operated by a sophisticated computer
program, ensuring accuracy and consistency in data capture. The
peripheral area comprised 16 zones situated adjacent to the walls;
the central area consisted of the remaining nine central zones. In the
experimental setup, every mouse was carefully positioned at the
center of the container and subsequently granted a 10-min period
for exploration. Prior to testing, animals were acclimated to the
experimental environment for 60 min. To mitigate the potential
confounding influence of olfactory cues from prior experimental
subjects, the apparatus underwent a rigorous cleaning procedure
with a 75% ethanol solution following each trial, aimed at
eliminating residual odors. This measure was taken to minimize
the risk of contamination and reduce the possibility of spurious
experimental outcomes stemming from olfactory stimuli.

Anxiety levels and exploratory behavior were assessed by
quantifying the proportion of time spent in the central area, the
proportion of entries in the central area, and the total distance
traveled, respectively (Carola et al., 2002; Saitoh et al., 2004).

5.6 Elevated plus maze (EPM) test

The primary components of the Elevated plus maze (EPM)
apparatus consist of two opposing closed arms (30 cm × 5 cm) and
two opposing non-transparent open arms (30 cm × 5 cm × 25 cm),
arranged in a cross-shaped configuration. The apparatus is elevated
to a height of 50 cm from the ground, with the arms connected to a
central platform measuring 5 cm × 5 cm. The experiments are

meticulously documented using a high-resolution camera
positioned directly above the experimental apparatus. This
camera is operated by a sophisticated computer program,
ensuring accuracy and consistency in data capture. Every murine
subject is delicately situated at the core of the apparatus, oriented
towards an open arm, and meticulously monitored for an interval of
10 min. Prior to testing, animals are acclimated to the experimental
environment for a period of 2 h. To mitigate potential bias from
olfactory cues left by previous subjects, the apparatus is thoroughly
cleaned with a 75% ethanol solution after each trial (Guo et al.,
2011).

Parameters indicative of anxiolytic-like behavior, such as the
percentage of time spent in open arms [(open arm duration/total
duration) × 100] and the proportion of open arm entries [(open
arms entries/total entries) × 100], are assessed through analysis of
the recorded video footage. To gauge alterations in exploratory
activity, the total distance traversed by the subjects is calculated. Any
mouse that inadvertently falls out of the maze is excluded from the
experiment.

5.7 Sample collection

Mice were granted a 24-h recovery period following the behavioral
assessments before blood collection commenced. Blood samples were
procured employing serum collection tubes, subsequently permitting
coagulation for a duration of 2 h at room temperature. Following this,
samples were subjected to centrifugation at 3,000 revolutions per
minute and 4°C for a 10-min interval, resulting in the isolation of
the serum component. Subsequent to the blood sampling, the mice,
under anesthesia, were euthanized via decapitation. Their brains were
then delicately excised on ice, with rigorous care taken to mitigate any

FIGURE 8
A procedural schematic represents the synthesis of carbon dots obtained from Chrysanthemum morifolium Ramat (CMRC-CDs) (Created with
BioRender.com).
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potential tissue damage. For subsequent analysis of the relevant
variables, samples were preserved at −80°C.

5.8 Quantification of neurotransmitter

Neurotransmitter concentrations, encompassing 5-HT, NE, DA,
GABA, and Glu, were ascertained from brain tissue samples through
the implementation of ELISA. Murine ELISA kits were employed in
strict adherence to the guidelines provided by the manufacturer. The
samples were measured for optical density (OD) with a wavelength
of 450 nm, utilizing a microplate spectrophotometer (Biotek, VT,
United States). Subsequently, neurotransmitter concentrations were
denoted in units of either ng/mL or pg/mL, as appropriate.

5.9 Quantification of HPA hormone

ELISA was employed for the quantification of HPA axis
hormones, including CRH, ACTH, and CORT, in serum
samples. Adherence to the manufacturer’s guidelines for the
utilization of murine ELISA kits was ensured. Optical density
(OD) measurements were performed at 450 nm.

5.10 Cell viability assay of CMRC-CDs

In this investigation, RAW 264.7 cells were propagated in DMEM
with 10% FBS, 100 mg/mL streptomycin, and 100 IU/mL penicillin,
followed by an incubation period at 37°C within a humidified
environment containing 5% CO2. The cytotoxic effects of CMRC-
CDs on RAW 264.7 cells were evaluated employing the CCK-8 assay
(Jia et al., 2017). Cells were cultured in 96-well plates at a density of 1 ×
105 cells/mL employing serum-free media, followed by a 24-h
incubation period under standard conditions. Next, the cells were
treated with various concentrations of CMRC-CDs (1,250, 625, 312.5,
156.25, 78.13, and 39.06 μg/mL) by adding 100 μL of the solution to
the corresponding wells, followed by a 24-h incubation period. Upon
the elimination of the culture media and subsequent dual rinsing with
PBS, each well was supplemented with 10 μL of CCK-8 solution,
followed by incubation of the cells for an additional 4 h. The OD of
each well was measured at a 450 nmwavelength utilizing a microplate
reader. The relative cell viability was determined by calculating the
percentage relative to the control group using the following formula:

Cell viability % of control( ) � Ae − Ab

Ac − Ab
× 100 (1)

The absorbance values for the experimental, blank, and control
groups are denoted as Ae, Ab, and Ac, respectively.

5.11 Experimental procedure

A total of 48 male ICR mice were randomly and equally divided
into six groups. After 3 days of acclimatization, the intervention
protocol for each group began as follows: control group, model
group, and positive group (normal saline [NS] 10 mL/kg, i.g.), high-

dose pretreatment group (CMRC-CDs 0.1 mg/kg, i.g.), medium-
dose pretreatment group (CMRC-CDs 0.05 mg/kg, i.g.), and low-
dose pretreatment group (CMRC-CDs 0.025 mg/kg, i.g.). The
intervention was performed for 14 consecutive days.

The OF test was conducted on day 15 and the EPM test was
conducted on day 16, respectively. The mice were brought to the
experimental site 2 h before the start of the experiment for
acclimatization. One hour before the experiment began, each
group received the following interventions: control group (NS
10 mL/kg, i.g.), model group (NS 10 mL/kg, i.g.), positive group
(DZP, 2 mg/kg, i.g.), high-dose pretreatment group (CMRC-CDs
0.1 mg/kg, i.g.), medium-dose pretreatment group (CMRC-CDs
0.05 mg/kg, i.g.), and low-dose pretreatment group (CMRC-CDs
0.025 mg/kg, i.g.). Anxiety models were established 30 min before
the experiment using the following protocols: control group (NS
10 mL/kg, i.p.), other groups (mCPP 2 mg/kg, i.p.) (N. Zhang et al.,
2018).

After the EPM test, mice were fasted for 24 h with ad libitum
access to water. Samples were collected on day 17. Mice received
the intervention 1 h after arriving at the experimental site.
Anxiety models were established 30 min later. Following an
additional 30-min period, the mice were humanely euthanized
via decapitation, after which blood samples and brain tissue were
systematically collected. The intervention methods and anxiety
model establishment were the same as during the behavioral
experiments.

Following sample collection, HPA axis hormone concentrations
in serum and neurotransmitter concentrations in brain tissue were
determined using ELISA. Video analysis software was used to
observe and extract data from videos of the mouse behavioral
experiments. For the OF test, observations included time spent in
the central area, the number of entries into the central area, the total
number of entries into all areas, and the total distance traveled. For
the EPM test, the metrics observed included dwell time in open
arms, total dwell time in the open and closed arms, number of
entries into open arms, the total number of entries into the open and
closed arms, and total distance traveled.

5.12 Statistical analysis

Statistical analyses were performed using SPSS 20.0. For data
adhering to normal distribution with equal variances, means and
standard deviations were computed. Multiple comparisons were
carried out using one-way analysis of variance (ANOVA). Non-
normally distributed data were presented as the median
(interquartile range). A non-parametric test was employed for
within-group comparisons of such data, whereas between-group
differences were examined with the Kruskal–Wallis test. A p-value of
less than 0.05 was deemed to indicate statistical significance.
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