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Abstract: Biomass material serves as one of the most advantageous carbon sources for the synthesis
of carbon dots (CDs) due to its abundant availability, cost-effectiveness, and environmental sustain-
ability. Biomass-derived carbon dots (B-CDs), which are new zero-dimensional carbon nanomaterials,
have presented broad application prospects in the medical field and have become a research focus.
In recent years, the death rate caused by vascular diseases has been high, and interventional therapy
is one of the important means to treat vascular stenosis. As a material with excellent biocompatibility
and fluorescence properties, B-CDs have shown great potential in the field of vascular stents, and
their unique properties provide new ideas and possibilities for improving the biocompatibility of
vascular stents and realizing real-time tracer diagnosis. This paper reviews the preparation meth-
ods, modification techniques, and application prospects of B-CDs in the coating of vascular stents.
It discusses current challenges and potential solutions while forecasting future development direc-
tions, thereby providing innovative insights and pathways for the research and development of a
new generation of vascular stents.

Keywords: biomass material; B-CDs; vascular stent; coating; application prospect

1. Introduction

In recent years, the morbidity and mortality of cardiovascular disease have remained
high, which has become one of the biggest threats to the health of residents [1]. Interventional
therapy is one of the important means to treat cardiovascular disease [2]. Among them,
stents are commonly used in interventional therapy, but stent implantation is easy to cause
thrombosis, in-stent restenosis (ISR) [3], and other problems seriously affecting the quality
of life of patients. Therefore, it is of great significance to develop vascular stents with anti-
coagulation and anti-restenosis functions. B-CDs with excellent fluorescence properties and
biocompatibility stand out. Currently, researchers have successfully synthesized carbon-based
nanomaterials, including fullerenes, carbon nanotubes, and graphene. However, none of them
are ideal fluorescent materials. In 2004, Xu et al. [4] accidentally discovered a new type of fluo-
rescent carbon nanomaterial. They extracted fluorescent carbon nanoparticles from the lysis
of carbon nanotubes when purifying single-wall carbon nanotubes by electrophoresis. In 2006,
Sun et al. [5] found the substance again with laser ablation of graphite powder and named
it carbon dots. CDs are a highly dispersed spherical nanocarbon material with a size of less
than 10 nm. Their main components are C, H, and O. They have a highly crystalline sp2–sp3

hybrid carbon structure and can be doped with N, P, O, and S elements. The classification of
CDs and their structure diagram are shown in Figure 1.
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Figure 1. Schematic illustration of the classifications and relevant structures of CDs [6]. 
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which can make up for the shortcomings of semiconductor quantum dots in biomedicine 
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high chemical stability, controllable photoluminescence, low cost, and a simple synthesis 
route. Since their discovery, CDs have been widely used in ion probes [8,9], biological 
imaging [10,11], drug delivery [12], and other fields, as shown in Figure 2. The CDs 
prepared from biomass precursors have the advantages of a low cost, environmental 
friendliness, and good biocompatibility. Studies have shown that B-CDs can affect the 
proliferation, migration, and angiogenesis ability of vascular endothelial cells and have 
anti-inflammatory and anticoagulation effects [13]. If B-CDs are applied to the surface of 
vascular stents, perhaps the vascular stents can have the characteristics of promoting 
endothelialization and antithrombosis. In addition, the fluorescence properties of B-CDs 
enable them to be used for real-time imaging and monitoring of vascular stents. B-CDs 
can also serve as drug carriers to achieve targeted drug delivery and sustained release, 
thereby improving the therapeutic effect. In the future, by optimizing the properties and 
surface functionalization of B-CDs, it is expected to further enhance their promoting effect 
on vascular tissue regeneration, accelerate the repair process after vascular injury, reduce 
the risks of vascular restenosis and thrombosis, and provide a new approach for the 
treatment of cardiovascular diseases. 
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Figure 1. Schematic illustration of the classifications and relevant structures of CDs [6].

Compared with traditional semiconductor quantum dots, the biggest advantages
of CDs are low cytotoxicity, high biocompatibility, and good environmental friendliness,
which can make up for the shortcomings of semiconductor quantum dots in biomedicine
and other fields [7]. In addition, CDs also have the advantages of good water solubility,
high chemical stability, controllable photoluminescence, low cost, and a simple synthesis
route. Since their discovery, CDs have been widely used in ion probes [8,9], biological
imaging [10,11], drug delivery [12], and other fields, as shown in Figure 2. The CDs
prepared from biomass precursors have the advantages of a low cost, environmental
friendliness, and good biocompatibility. Studies have shown that B-CDs can affect the
proliferation, migration, and angiogenesis ability of vascular endothelial cells and have
anti-inflammatory and anticoagulation effects [13]. If B-CDs are applied to the surface
of vascular stents, perhaps the vascular stents can have the characteristics of promoting
endothelialization and antithrombosis. In addition, the fluorescence properties of B-CDs
enable them to be used for real-time imaging and monitoring of vascular stents. B-CDs can
also serve as drug carriers to achieve targeted drug delivery and sustained release, thereby
improving the therapeutic effect. In the future, by optimizing the properties and surface
functionalization of B-CDs, it is expected to further enhance their promoting effect on
vascular tissue regeneration, accelerate the repair process after vascular injury, reduce the
risks of vascular restenosis and thrombosis, and provide a new approach for the treatment
of cardiovascular diseases.
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However, there has not been any research on combining B-CDs with vascular stents
yet. The preparation and modification methods of B-CDs will be reviewed in this paper to
provide a theoretical basis and reference for further optimization of the preparation process
and preparation of excellent quality B-CDs. In addition, the application prospects and
challenges of B-CDs in the coating of vascular stents were preliminarily discussed in this
paper, and the possible development direction of B-CDs in the field of vascular stents in
the future was prospected, providing new ideas for the development of a new generation
of vascular stents.

2. Preparation of B-CDs
2.1. Precursors

CD precursors refer to the main components used in the production of CDs, and
biomass stands out as a green, cheap, readily available, sustainable, and renewable carbon
source. Natural polymers, plants, agricultural wastes, and biomass residues can be used
as precursors of B-CDs. The selection of suitable biomass raw materials as the precursor
of B-CDs has a profound impact on the performance of B-CDs [14]. From fluorescence
intensity to structural diversity to cost-effectiveness and environmental friendliness, the
choice in raw materials directly determines the ultimate application potential of B-CDs. The
functional groups in the precursors play a significant role in the fluorescence characteristics
of the synthesized B-CDs, which can significantly change the fluorescence characteristics of
B-CDs. For instance, the incorporation of nitrogen-containing precursors can enhance both
the fluorescence intensity and stability of B-CDs, as the introduction of nitrogen modifies
the electronic structure and improves light absorption and fluorescence emission [15–17].
Plant leaves are able to generate B-CDs without the need for any passivating agents, re-
ducing agents, oxidants, or organic solvents, enabling green production [18]. The structure
of B-CDs can be amorphous, crystalline, or mixed, depending on the selected synthesis
method and precursor material. Different raw materials lead to different synthetic paths,
which in turn affect the final structure of B-CDs. The higher reaction temperature usu-
ally promotes the carbonization degree of the carbon source, reduces the size of B-CDs,
increases the crystallinity, and affects the performance of B-CDs [19–22]. Conventional
CD preparation methods often rely on fossil fuels or harmful chemicals, while biomass
precursors are usually cheaper and easier to obtain, and the synthesis process of B-CDs is
straightforward and environmentally friendly [23]. The effective use of biomass materials
can minimize the emission of these noxious substances [24]. Finally, the impurity content is
also a significant element affecting the properties of B-CDs. No matter which preparation
method is used, impurities are inevitably introduced, which may include uncarbonized
precursors, polymers, or carbon particles. B-CDs solution can be purified by centrifugation,
dialysis, filtration, and other methods to remove impurities that may be introduced in the
preparation process [25].

Since the discovery of CDs, numerous reports on the preparation of B-CDs from
biomass have emerged. B-CDs synthesized from tea [26], vegetables [27], and fruit pits [28]
have been successfully applied in various fields. Recently, traditional Chinese medicines
(TCMs) have attracted wide attention due to their unique medicinal value. TCM-CDs
prepared by TCM have lower toxicity and are more suitable for in vivo application [29].
Many TCMs usually contain a variety of organic compounds such as alkaloids, flavonoids,
terpenoids, and polysaccharides, which can provide abundant carbon sources and het-
eroatom doping for the formation of B-CDs during pyrolysis or hydrothermal treatment,
thus giving B-CDs unique properties [30]. TCM itself has certain biological activities and
medicinal effects, and TCM-CDs may retain part of the activity of the original components
of traditional Chinese medicine, thus presenting diversified mechanisms of action so that
it can be applied to hemostasis [31], anti-inflammatory, hemostasis [32], anticancer [33],
antibacterial, and repair blood–brain barrier (BBB) damage. Vibhute, A et al. [34] synthe-
sized B-CDs from Cherimoya leaves by the hydrothermal method, which showed good
anti-inflammatory and antibacterial properties. B-CDs prepared with peach kernel and



Coatings 2024, 14, 1432 4 of 29

safflower as the precursor system can improve the nerve function of mice after nerve injury
and traumatic brain injury, reduce brain edema, and reduce blood–brain barrier perme-
ability after injection through the tail vein. The B-CDs can also inhibit the expression of
inflammatory factors such as IL-1, IL-6, and TNF-α, which have a good anti-inflammatory
effect [35]. Bhattacharya, T et al. [36] prepared undoped and sulfur-doped B-CDs using
dried Gromwell roots as precursors. Research has proven that both of these B-CDs have
good antibacterial activity, and the sulfur-doped B-CDs enhance catalytic activity as well as
have better antioxidant activity and free-radical scavenging ability. According to Chinese
pharmaceutical research and clinical research, salvia miltiorrhiza, safflower, Chuanxiong,
notoginseng, and other TCMs have the effects of facilitating blood circulation, eliminating
blood stasis, inhibiting platelet aggregation, antithrombus, and anticoagulation. B-CDs
prepared by it may inherit or enhance these characteristics so that they have potential
application value in the field of vascular stents; integrating conventional medical wisdom
with contemporary science and technology can lead to innovative research concepts and
new areas of application.

In summary, the choice in precursors exerts a great impact on the properties of B-CDs.
Suitable precursors contribute to the synthesis of CDs with good biocompatibility and reduce
irritation to vascular tissue. If the precursor is properly selected, the prepared B-CDs can
enhance the stability of the scaffold coating and ensure its long-term function in the complex
environment in vivo. Specific precursors enable B-CDs to possess specific optical properties,
facilitating the monitoring of the position and condition of the scaffold. Good precursors
can also regulate the surface chemistry of B-CDs, promote the adhesion and growth of
endothelial cells on the scaffold surface, and accelerate the repair of vascular intima. The
selection of B-CDs precursors is very important for their application in the coating of vascular
stents, which directly affects the performance, biocompatibility, and clinical application
effect of stents.

2.2. Preparation

Studies have shown that natural biomass, including plants, animals, and microorgan-
isms, can be used as precursors for the synthesis of B-CDs. The growth of CDs usually
starts from nucleation. During the preparation process, precursor molecules form small
crystal nuclei through chemical reactions under certain conditions such as the temperature,
pressure, and solvent. After nucleation, the carbon nuclei will continuously grow by ab-
sorbing the surrounding precursor molecules or other active substances [37]. According to
the formation mechanism and reaction conditions of B-CDs, the preparation methods can
be divided into the “Top-Down” method and the “Bottom-Up” method. The two synthesis
routes of CDs are shown in Figure 3. The synthesis method, particle size, lattice spacing,
and quantum yield (QY) of B-CDs from different precursors are shown in Table 1.
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2.2.1. “Top-Down” Method

The “Top-down” method is a method that strips or breaks large carbon materials to
form small fluorescent carbon nanoparticles and then modifies their surface to improve
their performance. It is inclined to B-CDs with large production volumes, but the size
and shape of B-CDs are difficult to control, the fluorescence intensity is not high, and the
operation is complicated. The following details several “top-down” methods of B-CDs
synthesis and their merits and demerits.

The arc discharge method is the earliest method to prepare CDs. This method is to
vaporize and decompose carbon materials in an inert gas environment by arc discharge
between two electrodes to prepare CDs. Xu et al. [4] extracted fluorescent carbon nanopar-
ticles by electrophoresis when purifying single-wall carbon nanotubes, which was the
first time CDs were prepared. Biazar, N et al. [38] prepared CDs by applying arc dis-
charge between two graphite electrodes in water using the liquid DC arc discharge method.
The CDs/TiO2 nanomaterial prepared by coupling CDs with TiO2 particles showed great
photocatalytic activity in the visible light band. The preparation of CDs by the arc discharge
method is simple and relatively efficient. By adjusting arc discharge parameters, such
as current, voltage, discharge time, inert gas type, and flow rate, the size, structure, and
performance of CDs can be regulated to a certain extent, which provides a certain space
for studying the properties of CDs and optimizing the preparation process. However, this
method has high requirements for equipment, a low yield of CDs fluorescence quantum,
and certain safety risks.

The laser ablation method is the use of high-intensity laser irradiation of a carbon
target so that it evaporates and decomposes, and carbon nanoparticles are peeled off
from the carbon target to produce CDs. Kaczmarek, A et al. [39] successfully prepared
CDs with obvious lattice stripes by pulsed laser ablation of graphite targets immersed in
polyethyleneimine (PEI) or ethylenediamine (EDA) solutions, respectively. Isnaeni et al. [40]
dissolved 0.01 g coconut fiber toner in 1 mL toluene and used three laser sources with
different wavelengths of 355 nm, 532 nm, and 1064 nm to laser ablate the mixed solution
for 1 h and 2 h, respectively, and finally removed the non-ablated powder during the
ablation process by centrifugation. They found that there may be a quantum confinement
effect in B-CDs samples, increasing the ablative wavelength can produce higher emission
intensity B-CDs, and extending the ablative time can produce better B-CDs. The laser
ablation method can control the synthesis condition precisely, but it also has the problem of
a low yield. It does not depend on hazardous chemicals and utilizes relatively low energy,
positioning it as a promising candidate for sustainable synthesis [41].

The electrochemical oxidation method is under a certain potential, using carbon
material as the working electrode, after the electrolyte is oxidized in the anode, carbon
nanoparticles are peeled off from the working electrode, and then through surface passiva-
tion treatment, carbon nanoparticles are converted into CDs with fluorescence properties.
The aqueous solution was used as an electrolyte. Xu et al. [42] carried out electrochemical
oxidation of the screen-printed carbon electrode, and the prepared CDs showed obvious
photoluminescence. The cytotoxicity of CDs was detected by the MTT method, and it was
found that HeLa cell viability was negatively correlated with CDs concentration, but the
overall cell survival rate was higher than 70%, which proved that the synthesized CDs
had low toxicity. Li et al. [43] used carbonized corncob with a three-dimensional porous
structure as the anode, platinum wire as the cathode, and KOH aqueous solution as the
electrolyte to successfully prepare B-CDs dispersed in the electrolyte by the electrochemical
oxidation method and then separated and purified the B-CDs by filtration dialysis and
other steps. The B-CDs/rGO (reduced graphene oxide) aerogel composites were prepared
by combining them with rGO. The composites not only improved the poor electrical con-
ductivity of the B-CDs but also increased the sodium storage capacity of the composite
aerogel, and the presence of the B-CDs effectively inhibited the self-stacking of rGO. The
electrochemical oxidation method has the advantages of simple instruments, convenient
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operation, and a low cost and can adjust the size and luminescence properties of B-CDs by
changing the current intensity. The preparation cost is low, while the product has a low QY.

2.2.2. “Bottom-Up” Method

Among them, the “bottom-up” method is mainly used to carbonize and assem-
ble molecular precursors and synthesize CDs through combustion or heat treatment.
This method can control the size and shape of CDs more effectively, but the process is more
complicated and time-consuming. The fluorescence intensity and QY can be improved by
doping heteroatoms. The following details several methods of “bottom-up” CDs synthesis
and their advantages and disadvantages.

The hydrothermal method is the most frequently used one for synthesizing B-CDs.
For the preparation of B-CDs by the hydrothermal method, the water solubility of the pre-
cursor is an important consideration. Precursors with good water solubility, such as glucose
and some amino acids, are more likely to be evenly dispersed in the hydrothermal reac-
tion, which is conducive to the formation of B-CDs. Using deionized water as a solvent,
under high-temperature and high-pressure conditions, the organic molecules in biomass
undergo self-polymerization or mutual polymerization in the reaction kettle to form various
cross-linked structures, and then B-CDs are prepared by carbonization. Zheng et al. [44]
successfully extracted highly fluorescent nitrogen-doped B-CDs from Panax notoginseng by
the hydrothermal method for bioimaging and highly selective detection of Cr6+. Using cucum-
ber skin as a carbon source, B-CDs prepared by the hydrothermal method were integrated
into the fibrin clot network in a concentration-dependent manner. Streptokinase triggered clot
dissolution and B-CDs release, and streptokinase could be detected by fluorescence with high
selectivity [45]. This method is easy to operate, low cost, and easily modifies the surface of
B-CDs. Although the preparation period of this method is long, the synthesized B-CDs usually
contain some hydrophilic functional groups, which can not only improve the biocompatibility
of the B-CDs themselves but also provide abundant reaction sites for the surface of B-CDs, and
various functional groups can be introduced through chemical reactions to achieve functional
modification of B-CDs.

The solvothermal method is an advancement derived from the hydrothermal method.
Different from the hydrothermal method, the solvothermal method uses organic mat-
ter or non-aqueous solvents as solvents under high temperatures and pressure. Under
solvothermal conditions, the interdependence of solvent density, viscosity, and dispersion
significantly alters their properties compared to normal conditions. This environment
greatly enhances the dissolution, dispersion processes, and chemical reactivity of the re-
actants, which are typically in solid form. Liu et al. [46] extracted fresh mulberry leaf
juice with ethanol and reacted at 150 ◦C to produce red B-CDs with hydrophobic groups.
After feeding the B-CDs to silkworms, fluorescent silk with good biocompatibility and
mechanical properties was successfully obtained. Chen et al. [47] used gallic acid and
o-phthalaldehyde as raw materials and acetone, methanol, and DMF (dimethylformamide)
as solvents, respectively. Through the aldol condensation reaction, they prepared B-CDs
with orange-red, green, and blue luminescence, which have good optical and thermal
stabilities. It was found that the reaction solvent directly affected the carbonization process
of the late precursor, changed the size of the sp2 conjugated domain, and directly led to
the difference in the fluorescence color of B-CDs. Solvothermal methods can be performed
at relatively low temperatures, thus reducing energy consumption and equipment costs.
However, the response procedure demands the use of organic solvents, which may pollute
the surroundings to some extent.

The microwave-assisted method uses biomass as a precursor. Under the action of
microwaves, the carbon chains in biomass molecules begin to break, recombine, and car-
bonize. As the temperature rises and the reaction proceeds, small molecular carbon aggregates
gradually form, and these aggregates continue to undergo structural adjustment and sur-
face modification, and eventually form B-CDs with nanoscale. Liu et al. [48] adopted the
microwave-assisted polyol one-step method, using 1 mL 30% sucrose as a carbon source,
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3 mL diethylene glycol as a reaction medium, and adding 200 µL concentrated sulfuric acid
as a catalyst for sucrose dehydration and carbonization; B-CDs could be prepared within
1 min of microwave irradiation. The prepared B-CDs had low cytotoxicity, green photolumi-
nescence, and obvious lattice fringes, indicating that they had a high degree of graphitization.
Tabaraki, R et al. [49] prepared nitrogen-doped B-CDs using citric acid as a precursor and
potassium cyanide as a nitrogen source by the microwave-assisted method. The B-CDs were
used to detect the concentration of Pb2+. Studies have shown that, in comparison with the
old-fashioned hydrothermal method, microwave-assisted preparation of B-CDs has higher
self-doped nitrogen, and as a result, the position of the fluorescence emission peak or ab-
sorption peak of the B-CDs moves to the long-wavelength direction, that is, redshifts [50].
The microwave-assisted method has a short reaction time and high efficiency, but the par-
ticle size of the CDs is not easy to control, and the preparation process has high require-
ments on the equipment, and attention needs to be paid to the uniformity and safety of
microwave radiation.

Pyrolysis is the process of heating the precursor to a high temperature in an inert
atmosphere. The chemical bonds of macromolecular organic compounds within biomass
(such as cellulose, hemicellulose, lignin, etc.) are broken. After a series of complex chemical
reactions, including dehydration, decarboxylation, and polymerization, a nanoscale carbon
core structure is gradually formed. With the progress of the reaction, these carbon nuclei
continue to grow and aggregate, while the surface will form a variety of functional groups,
such as hydroxyl, carboxyl, carbonyl, and so on, and finally form B-CDs with unique
optical properties. Chen et al. [51] adopted the method of carbonized sucrose oleate to
rapidly synthesize CDs under magnetic stirring at 215 ◦C. The B-CDs synthesized by this
method are monodisperse and amorphous, and their photoluminescence intensity remains
almost unchanged under the conditions of ultraviolet excitation for a short time and long-
term storage within the pH range of 2~8. The pyrolysis method has the characteristics of
simple operation, short reaction time, and strong controllability. However, the purity of the
prepared B-CDs is relatively low, and some harmful gases and wastes may be generated
during the pyrolysis process, which may cause environmental pollution.

Table 1. Synthesis method, particle size, lattice spacing, and QY of B-CDs from different precursors.

Precursors Specific Type Synthesis
Method

Particle Size
(nm)

Lattice
Spacing

(nm)

QY
(%) Applications References

Natural
polymer

Biomass bacterial
cellulose

Hydrothermal
method 1~5 0.21~0.32 - Highly sensitive

bacterial detection [52]

Collagen waste Hydrothermal
method 1.2~9 0.32 3.5~7.5 Cell imaging [53]

Microcrystalline
cellulose

Hydrothermal
method 1~7 0.26 28.4 Fe2+ detection [54]

Chitosan/
ethylenediamine

MW-assisted
method 15 - 1.16~7.07 Fluorescence imaging of

Candida albicans [55]

Hyaluronic acid MW-assisted
method 7 - 7~12 Dual active targeting and

imaging of HeLa cancer cells [56]

Plants and
their

extracts

Spent tea leaves Hydrothermal
method 2.0~5.0 2 - Supercapacitor electrode [57]

Citric
acid/piperazine

MW-assisted
method 3.2~7.8 0.22~0.3 - LED and fingerprint detection [20]

Osmanthus Hydrothermal
method 3.6 0.21 - Cell imaging and NIR

photothermal therapy [58]

Pivalic acid/gelatine Pyrolysis
method 2.5 - 22.4 Drug delivery and antioxidant [59]

Citric acid/zinc
chloride

MW-assisted
method 2~4 - 51 CDs with controllable emission

characteristics were prepared [60]
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Table 1. Cont.

Precursors Specific Type Synthesis
Method

Particle Size
(nm)

Lattice
Spacing

(nm)

QY
(%) Applications References

Agricultural
waste

Rice husk Hydrothermal
method 3.6~7.1 0.22~0.24 54 Cellular imaging and

drug delivery [61]

Charcoal Laser ablation
method 2~10 - - Optical sensing and

biological imaging [62]

Peanut shell/
citric acid

Pyrolysis
method 2~13 - 21 Selective detection of Cu2+ [63]

Green tea residue Hydrothermal
method 2.2 0.3 10.4 Detection of heavy metal

ions in food [64]

Corncobs
Electrochemical

oxidation
method

1~4 - 10.16 Na+ batteries [43]

Biomass
residue

Cow milk Hydrothermal
method 7~8 - 38 Sn2+ detection [65]

Cow milk/
phosphoric acid

Hydrothermal
method 10 - 17.15 Au3+ detection [66]

Orange peel MW-assisted
method 4.2 0.26 16.2 Detection of Escherichia coli

in milk [67]

Lemon peel Hydrothermal
method 1.5~5.0 0.36 - Tumor cell detection [68]

Hawthorn Hydrothermal
method 3.17 0.2 22.96

Rapid determination of
chlortetracycline in

pork samples
[69]

2.3. Optical Properties

B-CDs have good photoluminescence properties. They usually exhibit strong absorp-
tion in the ultraviolet region (200~400 nm), and the absorption band can be attributed to the
π–π* transition of carbon–carbon double bonds or the n–π* transition of carbon–oxygen and
carbon–nitrogen bonds [70]. TEM is a commonly used method for characterizing the size
and morphology of B-CDs. The size of most B-CDs is below 10 nm. The quantum confine-
ment effect causes the change in the electron transition energy of B-CDs, thus generating
a luminescence phenomenon. This quantum confinement effect not only influences the
intensity of fluorescence but also affects its spectral characteristics, providing researchers
with an additional means to adjust the fluorescence properties [71]. For example, due to
the stronger quantum confinement effect, smaller-sized B-CDs have their luminescence
wavelength shifted towards the blue light direction. Singh, V et al. [72] used beetroot as a
precursor to prepare blue and green fluorescent B-CDs with an average diameter of 5 nm
and 8 nm, respectively, by hydrothermal treatment and orthophosphoric acid treatment.
In addition, the surface state, doping elements, and synthesis conditions of B-CDs can
also adjust their emission wavelength, enabling B-CDs to exhibit different fluorescence
colors and fluorescence intensities [73]. Zhou et al. [74] synthesized a kind of blue B-CDs
using hydrogenated rosin as a precursor by the hydrothermal method. These B-CDs can be
used as a fluorescent probe for Fe3+ and for bio-imaging. The researchers found that the
fluorescence intensity of the B-CDs increased with the increase in the ratio by adjusting the
proportion of glycerol and water. Some researchers prepared B-CDs using three different
agricultural wastes as precursors and found that the luminescence wavelength of these
B-CDs had a redshift, and the QY also increased with the increase in the synthesis temper-
ature. Some B-CDs have room-temperature phosphorescence characteristics, which are
generated by two key processes: intersystem crossing from the lowest excited state to the
triplet state and radiative transition from the lowest excited triplet state to the ground state.
Zhao et al. [75] prepared silicon-doped B-CDs with room-temperature phosphorescence
and then chemically cross-linked them with carboxymethyl cellulose to successfully prepare
a gel. Compared with the individual B-CDs, this gel has a longer phosphorescence lifetime
and greater phosphorescence intensity and can be used for luminescent anti-counterfeiting
materials. Compared with other fluorescent carbon nanomaterials, such as traditional
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fullerenes, carbon nanotubes, and graphene, they have good luminous stability in common
and have applications in catalysis, sensing, and biomedicine [76–78]. However, B-CDs
have better biocompatibility. The abundant functional groups on the surface of B-CDs
endow them with high surface reactivity. B-CDs usually have relatively irregular crystal
structures with more defects. Fullerenes, carbon nanotubes, and graphene have ordered
crystal structures and better electrical conductivity. The thermal conductivity and thermal
stability of carbon nanotubes and graphene are also far superior to those of B-CDs.

2.4. Modification Methods

By changing the biomass raw materials used in the synthesis process or through
post-treatment methods, the surface chemical properties of CDs can be adjusted to meet
different application requirements [79]. Doping is a general and convenient functional-
ization technique for modifying the inherent structure of CDs by inserting heteroatoms
into the CD structure, while surface modification is a functionalization method guided by
application requirements. Both can effectively regulate the chemical, optical, and electrical
properties of CDs to meet different application requirements.

2.4.1. Heteroatom Doping

Doping heteroatoms such as nitrogen, phosphorus, and sulfur into B-CDs can change
the electronic structure and energy band structure of B-CDs, thereby affecting their optical,
electrical, catalytic properties, etc. Purposeful regulation of B-CDs is conducive to promot-
ing their effective applications. Biomass itself usually contains multiple elements such as
C, N, and O, which is helpful for naturally introducing heteroatoms during the synthesis
process, changing the physical or chemical properties of B-CDs and thus regulating the
performance of B-CDs. Research by Liu et al. [80] has proven that exogenous nitrogen
doping can modify B-CDs more effectively compared to biomass self-doping, endowing
them with more nitrogen-containing functional groups, and a slightly elevated reaction
temperature can increase the doping level.

Heteroatom doping is capable of enhancing the optical properties of B-CDs [81].
Nitrogen doping can increase the fluorescence intensity of B-CDs, make the fluorescence
emission peak redshift or blue shift, broaden the fluorescence emission range of B-CDs,
and help to obtain B-CDs with specific fluorescence characteristics to meet the needs of
different optical applications [50,82]. Olla, C et al. [83] compared the “bare carbon point”
prepared with citric acid as the precursor system and nitrogen-doped B-CDs and found
that the QY of the nitrogen-doped carbon point was as high as 9.6%, much higher than that
of undoped samples. Oh, GH et al. [84] prepared B-CDs using citric acid as a carbon source,
urea as a nitrogen source, and DMF as a solvent by the solvothermal method at 200 ◦C
for 12 h. The B-CDs were added to ethyl acetate, isopropyl alcohol, and acetone to obtain
blue, green, and red emission B-CDs, respectively. Through the incorporation of nitrogen,
the luminescence wavelength of B-CDs can be adjusted, thereby achieving different colors
of luminescence. This may be because the introduction of nitrogen atoms changes the
electronic structure and energy-level distribution of B-CDs, thus having an impact on
its fluorescence emission wavelength, intensity, QY, etc. [85,86]. Heteroatom doping can
regulate the chemical properties on the surface of B-CDs. The doping of heteroatoms will
introduce more active sites on the surface of B-CDs, such as nitrogen-containing groups
(such as amino group, pyridine nitrogen, etc.) and oxygen-containing groups (such as
carboxyl group, hydroxyl group, etc.), which can enhance the interaction between B-CDs
and other substances [87]. Heteroatom doping is able to enhance the electrochemical perfor-
mance of B-CDs. Heteroatom doping can introduce additional energy levels, which can be
located between the conduction band and the valence band, thus decreasing the band gap.
The decrease in the band gap facilitates the jump of electrons from the valence band to the
conduction band, thereby enhancing the conductivity of the material. This phenomenon is
particularly evident in nitrogen-doped B-CDs, where the nitrogen atoms provide additional
electrons, increasing the concentration of charge carriers and thus improving electrical
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conductivity [88,89]. In addition, phosphorus doping has also been found to effectively
increase electron concentration and provide additional electrochemically active sites, pro-
moting the improvement of electrical conductivity [90]. Heteroatom doping can broaden
the application of B-CDs in the medical field. Heteroatom doping can improve the biocom-
patibility and targeting of B-CDs, which makes it more widely used in bioimaging [91],
drug delivery [92], biosensing [93], and other fields. Heteroatom doping increases the
surface-active site of B-CDs, thus enhancing its adsorption capacity to drug molecules. For
example, Shi et al. [94] prepared B-CDs with a one-step carbonization method using wheat
straw as a single precursor. Then, H3BO3 and Na2B4O7 were mixed with B-CDs and reacted
at 200 ◦C for 10 h to obtain boron-doped B-CDs and finally coated with isophthalic acid
(IPA). B-CDs@IPA has been successfully applied to live cell imaging and detection of Cu2+

content. B-CDs@IPA solid powder can display different solid fluorescence under different
wavelength ultraviolet irradiation. Darwish, HW et al. [59] used valeric acid and natural
gelatin as precursors to prepare nitrogen-doped B-CDs with good cellular compatibility by
pyrolysis and loaded the anticancer drug molecule doxorubicin hydrochloride into B-CDs.
It was found that B-CDs have a strong antioxidant activity (>80%) and act as a nanoparticle
carrier, and the loaded doxorubicin hydrochloride release is pH-dependent.

2.4.2. Surface Modification

Surface modification refers to the modification of the surface of a material by chemical
or physical methods in order to change its surface properties and functions. For B-CDs,
surface modification can include changing its size, shape, adding functional groups, doping
of heteroatoms, etc. Small and uniform B-CDs usually have good photoluminescence
properties, capable of emitting intense fluorescence at specific wavelengths. Studies have
shown that using different surface modification methods, such as amide coupling reactions,
can effectively change the shape of B-CDs, making them more uniform and regular [95].
Doping can change the surface polarity and water solubility of B-CDs [96]. Nitrogen dop-
ing and phosphorus doping can increase the number of polar functional groups such as
the amino (-NH2), pyridine-N, and phosphate group (-PO4) on the surface, improve the
hydrophilicity of B-CDs, enhance their dispersion in water, and then improve the surface
wettability of B-CDs. Or by introducing hydrophilic groups, biocompatible polymers,
or specific biomolecules, the surface properties of B-CDs can be improved, their surface
energy can be reduced, and non-specific interactions with biological tissues can be reduced.
Polyethylene glycol (PEG) and polyethylenimine are often used as passivating agents to
modify the surface of B-CDs. Sangjan, A [97] et al. prepared B-CDs containing a large num-
ber of hydroxyl groups by using an oil palm empty fruit cluster as a carbon source and PEG
as a passivating agent in a one-pot hydrothermal method. The hydroxyl group of PEG was
successfully grafted onto the surface of B-CDs, which improved the hydrophilicity of the
B-CDs. This is very important for the application of B-CDs in biomedicine, environmental
monitoring, and other fields so that B-CDs can better interact with biological systems or
environmental media. The optical properties of B-CDs are highly relevant to their surface
state. Their luminescent properties, such as luminescent intensity, luminescent wavelength,
and QY, can be adjusted by surface modification. Javeria, H et al. [63] prepared B-CDs
by carbonizing peanut shells and then pyrolyzed B-CDs with citric acid at 400 ◦C for 4 h.
The citric acid combined with the oxygen-containing functional group on the surface of
B-CDs overcame the defect site, successfully passivated the B-CDs, and improved the QY.
Zhang et al. [69] prepared B-CDs from hawthorn powder and diethylenetriamine (DETA)
by the one-step hydrothermal method. As the ratio of DETA and Hawthorn powder in-
creased, the fluorescence intensity of B-CDs first increased and then decreased. The surface
modification exerts a profound influence on the material properties of B-CDs. As research
progresses further, the future surface modification technology will further promote the
application of B-CDs in various fields and open up new directions for the development of
new materials.
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3. The Coating Technology for Vascular Stents and Its Surfaces
3.1. Evolution of Vascular Stent

A vascular stent is a kind of medical device used to treat vascular stenosis or occlusion.
It is mainly made of metal or polymer material. It is an internal stent inserted in the diseased
segment (narrow occlusive segment of blood vessels) on the basis of luminal balloon
expansion and formation and belongs to one of the vascular interventional instruments.
Vascular stents are mainly divided into coronary stents, intracranial stents, and peripheral
vascular stents. Its main purpose is to support the narrow-occluded blood vessels, reduce
the elastic retraction and remolding of blood vessels, and keep the lumen blood flow
unobstructed. The diameter of the stent is usually 2~6 mm, the wall thickness is 0.1~0.2 mm,
and the length has different specifications according to the location of the lesion, ranging
from a few millimeters to tens of millimeters. However, studies have proven that the length
of stents is linearly correlated with the incidence of restenosis, and the implantation of long
stents is accompanied by an increase in the incidence of restenosis [98]. Vascular stents can
be used to treat a variety of vascular diseases, such as atherosclerosis [99] and coronary
artery stenosis. Coronary atherosclerosis is the main cause of coronary artery stenosis [100].
Figure 4a shows the phenomenon of coronary artery stenosis caused by the blockage of the
coronary artery by fat or cholesterol accumulation. Percutaneous transluminal coronary
angioplasty (PTCA) represents the primary interventional procedure for the management
of coronary artery stenosis. However, restenosis is a major problem it faces. The processes
of PTCA and restenosis are shown in Figure 4b. Percutaneous coronary intervention (PCI)
with stent deployment, as shown in Figure 4c, is the main form of current treatment.
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The wound caused by vascular stent implantation is small, the surgical risk is low, and
the impact on the patient’s body is relatively small. As shown in Figure 4c, after the vascular
stent is implanted in the body, it goes through two stages. Even strenuous activities, sudden
postural changes, severe coughing, etc. are unlikely to cause displacement. Therefore, there
is no need to worry that vascular stent implantation will significantly affect normal life.
Under the action of the human body’s self-repair function, platelets with the hemostatic
function will gather at the site where the vascular stent is placed, which is likely to cause
restenosis of blood vessels [102]. Consequently, following the implantation of vascular
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stents, patients are required to adhere to a regimen of antiplatelet medications (such as
aspirin, clopidogrel, etc.) for a long time to maintain the patency within the stents, but this
also increases the risk of bleeding in the body. Clopidogrel can prolong the recovery of
platelet reactivity and inhibit platelet aggregation, but it still has significant inter-individual
variability in clinical treatment. Anemia may occur in some people due to a reduced
response to the drug; in addition, some people may experience massive bleeding due to an
excessive response to the drug. Moreover, there is also the possibility of restenosis of the
stent [103,104]. After the implantation of a vascular stent, while propping open the blood
vessel, it also damages the vascular endothelium, leading to inflammation, proliferation of
vascular smooth muscle cells, and neointima formation [105]. All of these will lead to the
occurrence of stent restenosis, as shown in Figure 4c, and eventually lead to an increase in
the mortality rate of postoperative patients [3,106].

The development of vascular stents has gone through several important stages.
Its first revolution occurred in the 1990s when the bare metal stent (BMS) was born.
Sigwart et al. [107] were the first to apply a stent made of knitted stainless-steel metal
in clinical practice and completed the world’s first coronary artery bare metal stent implan-
tation. However, after stent dilation, vascular damage causes an inflammatory response.
The probability of IRS after BMS implantation is as high as 20%~30% [108,109]. In order
to solve the problem of ISR in the later stage, the attempt to cover the surface of the metal
stent with an anti-proliferative drug coating successfully reduced the restenosis rate in the
stent to less than 10%, injecting new vitality into PCI treatment [110]. It was the first gener-
ation of drug-eluting stents (DESs) and the second revolution in interventional cardiology.
The drug coatings of the first generation of DES were mainly paclitaxel and rapamycin,
which inhibited smooth muscle cell proliferation while also inhibiting vascular endothe-
lial repair, easily causing late stent thrombosis [111]. To address the above challenges,
Fu et al. [112] developed an integrated hydrogel (Cur-NO-Gel) that regulates arterial re-
modeling. This integrated hydrogel employs a three-pronged approach to combat stenosis
post-angioplasty, as shown in Figure 5. Cur-NO-Gel combines the vasodilator effect of NO
with curcumin’s function of inhibiting neointima and protecting the endothelium to inhibit
post-angioplasty vascular stenosis in three ways (promoting endothelial cell regeneration,
inhibiting intima hyperplasia, and improving contractile remodeling). The new generation
of DES has improved the drug-carrying coating, which includes three kinds of biocom-
patible polymer coating, degradable polymer coating, and non-polymer coating. The new
generation DES improves the late clinical prognosis of patients and is the mainstream
device in PCI therapy. However, the implantation of permanent foreign bodies may have
the possibility of in-stent restenosis ISR [113], and the occurrence of late restenosis after
long-term implantation is thought to be related to the degradation of drug carriers on
the stent, so the third-generation biodegradable vascular stent (BVS) was introduced for
the treatment of vascular diseases. To address complications of DES, this type of stent is
usually made of biodegradable materials such as polylactic acid, polyglycolic acid, and
magnesium-based and iron-based alloys [114]. It can avoid the long-term complications
potentially induced by the long stay of vascular stents in the body. Moreover, the biodegrad-
able materials used usually have good biocompatibility, which reduces the irritation to the
blood vessel wall and the inflammatory response and is beneficial to the long-term health
of blood vessels. However, this type of vascular stent also faces some challenges. First of
all, in comparison with metal stents, the mechanical strength of biodegradable vascular
stent (BVS) may be inferior to that of metal stents, and its early degradation might result in
blood vessel collapse. Secondly, the degradation rate of the BVS needs to match the blood
vessel repair process, etc. [114,115].
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3.2. Coating Technology of Vascular Stent

Vascular stents have gone through three development stages, mainly reflected in
improvements in two key aspects. One is the optimization and innovation of the stent
material itself, and the other is the innovation and development of the stent coating.
Firstly, the drugs in the DES directly diffuse into the blood vessel wall, and targeted drug
delivery improves the utilization rate of drugs. However, after the drugs are released into
the blood flow, they directly contact the endothelial cells inside and downstream of the
stent, affecting the proliferation and migration speed of these cells [116]. Secondly, the
coating can improve the biocompatibility between the stent and the blood vessel wall,
decreasing the risk of inflammatory reactions and thrombosis formation. For example,
Sun et al. [117] combined sulfonated hyaluronic acid and metal–organic framework copper
to form a composite coating with anticoagulation, anti-inflammatory, and endothelialization
properties on the surface of magnesium alloy vascular scaffolds. Currently, there is still
much room for improvement in aspects such as the perfect degree of blood compatibility
of vascular stents, the precision of drug-controlled release, and the guarantee of long-term
stability [118]. After stent implantation, both overgrowth and hypo-endothelialization
of endothelial cells may cause restenosis and thrombosis, and how to achieve the ideal
balance of the endothelialization process is still a hot research topic and a challenging
problem [119,120]. It is a complex problem to develop a new type of vascular stent with the
function of integrated diagnosis and treatment and to effectively integrate functions, such
as antithrombotic, anti-inflammatory, and endothelialization, into one coating and make
them work in synergy.

B-CDs may be a way out of this dilemma. B-CDs with low toxicity and good biocom-
patibility have mild interaction with vascular tissue, do not easily cause serious immune
response or inflammation, can reduce the stimulation and damage to the vascular wall,
and help reduce some complications after stent implantation [121]. By surface modifi-
cation or with drug loading [122], B-CDs can confer new properties on vascular stents.
For example, we can graft anticoagulants or platelet inhibitors onto the surface of B-CDs



Coatings 2024, 14, 1432 14 of 29

or apply modified B-CDs with anticoagulant properties to the coating of vascular stents.
This can effectively prevent blood from coagulating on the surface of the stent and is of
great significance for preventing thrombosis after stent implantation. In addition, the size,
surface charge, and optical properties of B-CDs can be controlled by synthetic methods
and surface modification [123]. When fluorescent B-CDs are applied to the coating of
vascular stents, the small-size B-CDs can clearly display the fine structure of the stent, thus
providing high-resolution imaging to realize the visualization of the position, shape, and
integrity of the vascular stent in vivo, which is convenient for timely detection of potential
problems and intervention measures [124,125]. Nanoscale B-CDs can also be combined
with other materials to construct composite scaffold coating materials with higher prop-
erties, which will bring new breakthroughs in the treatment of vascular diseases. B-CDs
have a broad application prospect in vascular stent coating, which is expected to improve
biocompatibility, antithrombotic properties and promote endothelialization, bringing new
breakthroughs in the treatment of vascular diseases and providing more possibilities for
the development of new vascular stent products.

4. Application of B-CDs in Vascular Stent Coating

How to coat the surface of vascular stent with B-CDs is the key step to developing new
B-CDs coatings. However, since there are no practical examples of B-CDs being applied to
the coating of vascular stents, several possible methods of preparing B-CDs coatings will be
described in the following sections, taking into account the physical/chemical properties
of B-CDs. And the excellent potential of applying B-CDs to vascular stent surfaces will be
shared, which is summarized in Figure 6.
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4.1. Method and Challenges of Coating B-CDs on the Surface of Vascular Stent

B-CDs can be directly coated on the surface of the vascular stent by soaking, spraying,
etc. The surface of a vascular scaffold usually has a certain roughness and chemically
active site, which provides a physical attachment point for B-CDs adsorption. The high
surface energy of B-CDs can also increase the tendency to interact with vascular stents.
The abundant hydroxyl, carboxyl, amino, and other functional groups on the surface
of B-CDs can interact with metal ions and oxides on the surface of vascular scaffolds,
such as forming hydrogen bonds and ionic bonds so that B-CDs can be firmly adsorbed
on the surface of vascular scaffolds [126]. In addition, the vascular scaffold surface can
also be activated to make it have groups that can react with the functional groups of
the B-CDs surface. Through chemical reactions, such as the condensation reaction and
amidation reaction, B-CDs were covalently grafted to the surface of the vascular stent
to form a stable coating. Zhao et al. [127] reported the preparation of antifouling film
grafted with B-CDs. The carboxyl group of B-CDs is aminated with the amine group of
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polydopamine, and B-CDs are fixed on the polydopamine film. B-CDs can be directly
coated on the surface of the vascular stent by layer self-assembly. The B-CDs surface carries
a specific charge, and the B-CDs and other functional molecules are alternately assembled
on the surface of the vascular scaffold to form a B-CDs coating with a multi-layer structure.
Deng et al. [128] prepared a positive permeable membrane using PEI as a positive layer
and B-CDs prepared with milk as a precursor system as a negative layer through the layer
self-assembly method. Or by the electrochemical deposition method, a certain voltage or
current is applied to the vascular stent in the electrolyte containing B-CDs so that the B-CDs
move to the surface of the stent under the action of an electric field and are deposited on the
surface so as to achieve the purpose of coating the B-CDs on the surface of the vascular stent.
Wang et al. [129] used electrochemical deposition to fix CDs prepared by arc discharge on
the outer wall of TiO2 nanotubes.

Vascular stents have complex geometric shapes, including tubular structures, grids,
or pores of the scaffolds. It is a great challenge to achieve a uniform distribution of B-CDs
coatings on these irregular surfaces; otherwise, the substrate of the vascular stent will be
exposed, reducing the biocompatibility of the vascular stent. Coating thickness is also an
important parameter to consider. A too-thick coating may affect the mechanical properties
of the stent, and a too-thin coating may not be able to play the functions of B-CDs coating,
such as drug slow release, anticoagulation, and other functions that may be greatly reduced.
Stents can be used for periods ranging from a few days to several years, and it is important
to be able to maintain stability in the complex physiological environment in the body.
Under the wash of blood, the coating may dissolve, peel, or change its chemical structure,
affecting the therapeutic effect of the stent. Moreover, the surface properties of different
stent materials vary greatly, and the way of coating B-CDs needs to be matched with the
specific stent materials.

4.2. The Potential of B-CDs as Coating Materials for Vascular Stents
4.2.1. Anti-Inflammatory

After the implantation of vascular stents, the inflammatory mechanism plays a crucial
role, affecting the function of the stents and the long-term prognosis of patients. Excessive
inflammatory response is one of the important factors leading to restenosis after vascular
stent implantation. The inflammations that may be triggered after vascular stent implanta-
tion mainly include foreign-body-reactive inflammation and inflammatory responses after
local tissue injury. When a vascular stent is implanted, the body regards it as a foreign
body and will initiate an immune response. At the same time, the implantation of the stent
may cause certain damage to tissues such as the vascular endothelium, resulting in the
deposition and activation of platelets. These platelets release inflammatory mediators at
the damaged site, attracting more immune cells such as macrophages and lymphocytes
to gather around the stent, producing inflammatory mediators and causing an inflamma-
tory response [130]. In addition, the inflammatory response promotes the migration and
proliferation of smooth muscle cells towards the intimal area, leading to the formation
of neointima. It may also cause vascular remodeling and negative remodeling, thereby
increasing the risk of ISR [131,132].

Macrophages (MAs) are distributed in almost every organ in the human body. Studies
have shown that the mitochondria of macrophages play a crucial role in inducing chronic
inflammation [133]. Reactive oxygen species (ROS) are mainly synthesized by mitochondria,
and excessive ROS can induce inflammation [134]. ROS can regulate the synthesis of multiple
inflammation markers, and its high reactivity will cause severe damage to cells and even cell
apoptosis [135,136]. Yang et al. [137] prepared water-insoluble lutein into B-CDs with good
water solubility and biocompatibility by the hydrothermal method and retained their high
reducing ability. Non-fluorescent DCFH-DA (ROS fluorescent detection probe) is hydrolyzed
into DCFH by cellulase after entering the cell, and then DCFH is converted into fluorescent
DCF after combining with intracellular ROS. The research results show that after B-CDs enter
the cell through endocytosis, the fluorescence intensity of the cell decreases, indicating that
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B-CDs can effectively scavenge intracellular ROS and prevent the combination of DCFH and
ROS. This may be due to the redox reaction between the oxygen-containing functional groups
(such as hydroxyl groups, carboxyl groups, etc.) on the surface of B-CDs and ROS, thereby
converting reactive oxygen species into more stable substances to achieve the scavenging
effect. Therefore, the presence of B-CDs can reduce the damage of oxidative stress to cells
and further reduce excessive cellular inflammation. Qiang et al. [138] prepared safflower- and
Angelica-derived B-CDs by the hydrothermal method. The research results demonstrated
that these two types of B-CDs can not only reduce the friction coefficient but also inherit
the anti-inflammatory effects of their Chinese medicine precursors. Injection of B-CDs can
reduce the expression of pro-inflammatory cytokines (IL-1, IL-6, TNF-α) in the serum of rat
models with rheumatoid arthritis. Zhao et al. [139] synthesized a negatively charged B-CD
named Vaccaria Semen by pyrolysis, which has good low toxicity and blood compatibility.
In this experiment, CCK-8 was used to determine the proliferation effect of RAW264.7 cells
under different B-CD concentrations, and the cell survival rate was as high as 195% when the
concentration reached 125 µg/mL. B-CDs significantly decreased the levels of TNF-α, IL-6,
and IL-1β in the liver tissue of mice with hepatic fibrosis, suggesting that B-CDs inhibited
inflammatory response. The application of ROS scavenging ability or anti-inflammatory effect
of B-CDs on the surface of vascular stents may reduce the inflammatory response after stent
implantation and help to improve the biocompatibility of stent coating with vascular tissue so
that the stent can better integrate into the vascular environment.

4.2.2. Endothelialization Promotion

The first contact of B-CDs after entering the blood is the ECs of blood vessels, so it is very
important to evaluate the effect of B-CDs on endothelial cells (ECs). Rapid endothelialization
in situ after stent implantation is a promising therapeutic method to inhibit local thrombosis
and restenosis, which has been paid more and more attention. The effect of B-CDs on ECs may
depend on a number of factors, including the size of the B-CDs, surface chemistry, surface
functional groups, concentration, and preparation method. Sharma, A et al. [13] used citric
acid and urea as precursors to prepare B-CDs by the solvothermic method and evaluated the
effects of B-CDs on the proliferation and migration of ECs. As shown in Figure 7a, ECs treated
with B-CDs have a significant proliferation phenomenon compared with ECs not treated with
B-CDs. As shown in Figure 7b, after B-CDs entered the ECs, most of them were distributed in
the cytoplasm. As shown in Figure 7c, compared with ECs treated without B-CDs, the ECs
scratch area after B-CDs treatment becomes narrower, indicating that B-CDs can stimulate
ECs migration. As shown in Figure 7d, the formation of new vascular networks indicates the
formation of blood vessels. Compared with the control group, the branches, ring numbers, and
tube lengths of the new vascular networks in cells treated with B-CDs are increased, indicating
that B-CDs can promote angiogenesis. Cheng et al. [121] synthesized B-CDs with citric acid
and resveratrol, which still proved that B-CDs can promote the proliferation and migration
of ECs, and B-CDs can be rapidly taken up by cells within 12 h and well-metabolized by
cells after 24 h. In particular, the effect is most significant when the concentration of B-CDs
is 200 µg/mL. The rat skin defect model showed that the B-CDs group had a large number
of new angiogenesis and rapid wound healing. This again suggests that B-CDs promote the
proliferation of endothelial cells in the blood vessel wall and increase the rate of endothelial
cell migration, leading to faster vascular healing. The introduction of B-CDs may promote
rapid cell division and growth by activating the proliferation signaling pathway of endothelial
cells or regulating the cell cycle-related proteins.

B-CDs, which have the ability to clear ROS, also play an important role in its prolif-
eration. Oxidative stress usually inhibits cell growth, while B-CDs can effectively reduce
ROS levels under cell culture conditions, thereby protecting cells and promoting their
proliferation [140]. B-CDs were also found to inhibit TNF-α-induced endothelial inflam-
mation. This effect is achieved by clearing hydroxides and upregulating the expression of
antioxidant genes, thereby improving the living environment of ECs and further promoting
their proliferation [141]. In summary, B-CDs show great potential in promoting EC prolif-
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eration, but the specific mechanism of regulating EC proliferation and migration remains
to be further explored. The design and preparation of specific B-CDs may promote the
proliferation, migration, and angiogenesis of ECs by providing suitable surface properties,
releasing bioactive molecules, or regulating cell signaling pathways. Therefore, if B-CDs
with these properties are applied to the coating of a vascular stent, it may also promote
endothelialization and angiogenesis of the stent.

Coatings 2024, 14, x FOR PEER REVIEW 17 of 29 
 

 

4.2.2. Endothelialization Promotion 
The first contact of B-CDs after entering the blood is the ECs of blood vessels, so it is 

very important to evaluate the effect of B-CDs on endothelial cells (ECs). Rapid endothe-
lialization in situ after stent implantation is a promising therapeutic method to inhibit 
local thrombosis and restenosis, which has been paid more and more attention. The effect 
of B-CDs on ECs may depend on a number of factors, including the size of the B-CDs, 
surface chemistry, surface functional groups, concentration, and preparation method. 
Sharma, A et al. [13] used citric acid and urea as precursors to prepare B-CDs by the sol-
vothermic method and evaluated the effects of B-CDs on the proliferation and migration 
of ECs. As shown in Figure 7a, ECs treated with B-CDs have a significant proliferation 
phenomenon compared with ECs not treated with B-CDs. As shown in Figure 7b, after B-
CDs entered the ECs, most of them were distributed in the cytoplasm. As shown in Figure 
7c, compared with ECs treated without B-CDs, the ECs scratch area after B-CDs treatment 
becomes narrower, indicating that B-CDs can stimulate ECs migration. As shown in Fig-
ure 7d, the formation of new vascular networks indicates the formation of blood vessels. 
Compared with the control group, the branches, ring numbers, and tube lengths of the 
new vascular networks in cells treated with B-CDs are increased, indicating that B-CDs 
can promote angiogenesis. Cheng et al. [121] synthesized B-CDs with citric acid and 
resveratrol, which still proved that B-CDs can promote the proliferation and migration of 
ECs, and B-CDs can be rapidly taken up by cells within 12 h and well-metabolized by cells 
after 24 h. In particular, the effect is most significant when the concentration of B-CDs is 
200 µg/mL. The rat skin defect model showed that the B-CDs group had a large number 
of new angiogenesis and rapid wound healing. This again suggests that B-CDs promote 
the proliferation of endothelial cells in the blood vessel wall and increase the rate of endo-
thelial cell migration, leading to faster vascular healing. The introduction of B-CDs may 
promote rapid cell division and growth by activating the proliferation signaling pathway 
of endothelial cells or regulating the cell cycle-related proteins. 

 
Figure 7. (a) MTT assay of HUVEC treated with B-CDs for 24 h and 48 h; (b) confocal images of 
HUVEC incubated with B-CDs (100 µg/mL) for 24 h: (1) cell nucleus stained blue with Hoechst, (2) 
CDs–urea (red) uptake in the cells, and (3) merged images of parts 1 and 2. The scale bar represents 
20 µm; (c) migratory response of HUVEC to B-CDs. (d) Confocal images of the network formed by 
untreated control cells and in cells treated with B-CDs (100 µg/mL) for 6 h. (***) p value of ≤0.001 
(student’s t test). The scale bar represents 200 µm [13]. 

Figure 7. (a) MTT assay of HUVEC treated with B-CDs for 24 h and 48 h; (b) confocal images of
HUVEC incubated with B-CDs (100 µg/mL) for 24 h: (1) cell nucleus stained blue with Hoechst,
(2) CDs–urea (red) uptake in the cells, and (3) merged images of parts 1 and 2. The scale bar represents
20 µm; (c) migratory response of HUVEC to B-CDs. (d) Confocal images of the network formed by
untreated control cells and in cells treated with B-CDs (100 µg/mL) for 6 h. (***) p value of ≤0.001
(student’s t test). The scale bar represents 200 µm [13].

4.2.3. Anticoagulant

Blood coagulation is achieved by the clotting system (clotting factors, fibrinogen, and
platelets), and platelet activation and aggregation are key steps in thrombosis. B-CDs prepared
by the hydrothermal method of α-cyclodextrin and KH2PO4 have anticoagulant properties at
high concentrations, which may be the reason for the interaction of B-CDs with coagulation
factors or fibrinogen and possibly impair their biological function [142]. B-CDs with specific
surface modifications may extend the clotting time and exhibit anticoagulant properties. For
example, the introduction of carboxyl groups may increase the electronegativity of B-CDs,
and these groups reduce the binding of platelets to B-CDs and inhibit platelet aggregation
through electrostatic repulsion, thus achieving an anticoagulant effect. The introduction of
amino groups can enhance the positivity of B-CDs, thereby affecting their interaction with cells
and proteins in the blood. Positively charged B-CDs may bind to clotting factors or platelets,
change the active conformation of clotting factors, or prevent them from participating in the
clotting cascade, thus inhibiting the clotting process. Albumin is the most important protein in
human plasma, which has the role of maintaining body nutrition and osmotic pressure. Fedel,
M et al. [143] demonstrated that carbon-based materials can bind to protein globular molecules
and inhibit the adhesion and activation of platelets on the surface of carbon coatings. B-CDs,
as a new type of nano-carbon material, may also inhibit platelet adhesion and activation and
thus play an anticoagulant effect. The application of B-CDs with anticoagulant properties to
the coating of vascular stent can change the properties of the stent surface, which may inhibit
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the adhesion and aggregation of platelets, improve the blood compatibility of vascular stent,
maintain the normal flow of blood, and reduce the risk of thrombosis after stent implantation.

Ca2+ is an essential element in the clotting process. It is involved in almost all the
clotting stages except coagulation factor XII, XI, and kinin pathway. It is involved in
the activation of thrombin and the conversion of prothrombin to thrombin. Therefore, by
reducing the concentration of Ca2+ in the blood, it can interfere with the clotting process and
play an anticoagulant effect [144]. Yue et al. [145] prepared non-toxic CDs modified based
on ethylenebis (oxyethylenenitrilo) tetraacetic acid (EGTA) by a two-step hydrothermal
method. First, citric acid and ethylenediamine were hydrothermal prepared in a one-
step CDs solution, and after cooling, 1 g additional EGTA was added to the solution for
secondary hydrothermal synthesis to achieve the cross-linking of the carboxyl and amino
groups of CDs. As shown in Figure 8, a copper ion can coordinate with multiple CDs, and
the CDs can be aggregated through complexation. If B-CDs with this characteristic are
applied to the surface of the vascular stent, it can reduce the concentration of Ca2+ in blood,
achieve the purpose of anticoagulation, and then reduce the possibility of thrombosis.
In addition, the combination of B-CDs with other anticoagulant drugs may also further
enhance its anticoagulant effect. This is particularly important for reducing acute and
subacute stent thrombosis events.
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4.2.4. Drug Loading and Controlled Release

The surface of B-CDs can be chemically modified to introduce different functional
groups, such as a carboxyl group, amino group, hydroxyl group, etc. [146]. These func-
tional groups can interact with drug molecules through covalent or non-covalent bonds
to achieve drug loading [147]. By modifying the B-CDs surface, the loading and release
of different drugs can be realized, and then the combination therapy and targeted drug
delivery can be realized, and the therapeutic effect can be improved [23,148]. B-CDs with
smaller particle sizes may have a higher specific surface area and can provide more drug-
loading sites, and some B-CDs with pore structures can achieve high drug-loading [149].
The release of drug molecules may be controlled by adjusting pH [150], temperature, or light.
For example, some BCDs accumulate when exposed to light, resulting in accelerated drug
release [151]. This controlled release property allows the drug to be released at a specific
time and place, improving the therapeutic effectiveness of the drug while reducing the
side effects of the drug. In addition, because B-CDs have good dispersion and stability,
they can effectively improve the solubility of hydrophobic drugs and extend their half-life
in vivo. This property is particularly suitable for drugs that are difficult to dissolve in water
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and can be released slowly in the body, thus reducing the side effects of the drug [149,152].
B-CDs coatings can also combine with drugs to form DES. By controlling the concentration
and distribution of B-CDs, the drug release rate can be adjusted so that anti-proliferative
drugs can be released continuously after implantation and the incidence of vascular resteno-
sis can be reduced [153,154]. B-CDs with a nanoscale size can easily pass through various
barriers in organisms, such as blood vessel walls, cell membranes, and the BBB, etc., thereby
achieving efficient drug delivery. The existence of the BBB makes it difficult for many drugs
to enter the brain, which brings difficulties to the treatment of cerebrovascular diseases by
vascular stents carrying drugs. However, numerous studies have proven that B-CDs and
their conjugates can successfully penetrate the BBB [155]. Applying drug-loaded B-CDs
to vascular stent coatings can enhance the drug’s ability to cross the blood–brain barrier,
which provides new ideas for the treatment of cerebrovascular diseases using vascular
stents. The synergy between B-CDs and drugs makes it possible to develop multi-functional
vascular stents. For example, B-CDs can be combined with drugs that have functions such
as anticoagulation, anti-inflammation, and promotion of vascular endothelialization to
fabricate vascular stents with multiple therapeutic functions. B-CDs coatings containing
drugs or drug carriers can be used to control the rate at which drugs are released in a spe-
cific area, providing a more precise therapeutic effect. The fluorescent properties of B-CDs
allow them to be used as a probe for bioimaging, helping researchers monitor the process
of drug release on the stent and its distribution in the body in real-time. This is important
for understanding the drug release mechanism and biological interactions [148,156].

4.2.5. Corrosion Resistance and Lubrication

In the early stages of vascular repair, a BVS needs to provide sufficient radial support
to keep the blood vessels open. If the degradation rate is too fast, the BVS will lose its
supporting role before the blood vessel is fully repaired, which may cause the blood vessel
to narrow again or collapse, affecting the effect of surgery. When the blood vessel is repaired
to a certain extent, the BVS completes its supporting task and needs to be timely degraded
in order to restore the normal physiological function and elasticity of the blood vessel.
Studies have proved that B-CDs also have a good performance in the field of corrosion
prevention. B-CDs can form a single molecular layer on the metal surface by electrostatic
adsorption. This adsorption mainly depends on the nitrogen and oxygen elements rich in its
surface, which are relatively electronegative, so that B-CDs can effectively combine with the
metal surface to form a protective film so as to isolate the corrosive medium. This protective
film can significantly reduce the corrosion rate of the metal and reduce the damage degree
of the metal in a corrosive environment [157,158]. Many studies have proven that B-CDs
have great potential in inhibiting the corrosion of carbon steel, copper alloy, magnesium
alloy, etc. [159–162]. Darani, MK et al. [163] dispersed B-CDs prepared with citric acid and
m-phenylenediamine in aqueous epoxy electrodeposition coatings, and a series of anti-
corrosion studies proved that coatings with B-CDs added had better corrosion inhibition
and protection of metal matrix. If there are some functional groups (such as nitrogen atoms,
etc.) on the surface of B-CDs that can provide lone pairs of electrons, and the magnesium
atoms on the surface of magnesium alloys have empty orbitals, then the nitrogen atoms
on the surface of B-CDs can provide lone pairs of electrons to the magnesium atoms to
form coordination bonds. It has been reported that nitrogen-doped CDs synthesized by the
hydrothermal method were added to an electroplating solution to an electroplate nickel-
based coating on the surface of magnesium alloy, which significantly improved the wear
and corrosion resistance of magnesium alloy [164]. The degradation rate of magnesium
alloy biodegradable gold vascular stents is too fast. Grafting it to the surface of the stent
may reduce the degradation rate of the stent and prolong the service life of the stent. B-CDs
also have unique tribological properties, such as rolling effects and repair effects, which
can improve the lubrication properties of metal surfaces. This lubricating layer not only
reduces friction but also effectively reduces wear on the surface of the bracket, further
enhancing its corrosion resistance. Bilas, P et al. [165] prepared B-CDs with sargasso, and
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the average friction coefficient measured by adding it to lubricating oil was 78% lower than
that measured by pure water-based lubricating oil. B-CDs prepared from safflower [138],
citric acid [166,167], glucose [168], and other biomass materials have been successfully used
as lubricants or lubricating oil additives. B-CDs as a new type of environmental protection
corrosion-resistant material, through their rich functional groups, excellent lubrication
performance, and the ability to form a protective film, significantly improve the properties
of the metal surface. These characteristics make B-CDs have broad application prospects in
the field of corrosion prevention and vascular stent coating.

4.2.6. Other Potential

Studies have shown that combining B-CDs with other biocompatible materials can
improve the self-expanding properties of the scaffold. For example, Duarah, R et al. [169] de-
signed a bio-based hyperbranched polyurethane/silver carbon point (HPU/CD-Ag) nanocom-
posite and used it to develop a rapid self-expanding scaffold that achieved 20 s rapid self-
expansion (>99%) at 37 ◦C. This indicates that the addition of B-CDs can significantly improve
the mechanical properties of the stent. Mahmud, A et al. [170] designed a bioabsorbable
polymer scaffold using 3D printing technology based on fuse manufacturing. The composite
material of the scaffold was composed of bioabsorbable polylactic acid and B-CDs, wherein
B-CDs were prepared by the curcumin hydrothermal method. This may be due to the fact
that there are many hydrophilic groups on the surface of B-CDs, and the high surface area to
volume ratio of B-CDs makes it form an effective strengthening effect in the microstructure of
the scaffold material, thereby improving some mechanical properties of the scaffold. If B-CDs
are applied to the coating of vascular scaffolds, it may also increase some mechanical proper-
ties of the scaffolds, such as hydrophilicity, wear resistance, and promoting cell proliferation,
so as to improve the long-term stability and durability of the scaffolds.

B-CDs coating can act as a physical barrier, reduce the direct contact between the
metal scaffold substrate and body fluid, reduce the dissolution of metal ions, and reduce
the possible toxic reaction. It can also reduce the friction and stimulation of the blood
vessel wall and reduce the irritation and damage to the blood vessels. In addition, the
coating can also play a certain physical barrier effect to prevent the stent material from
contacting with blood and vascular tissue directly. There are studies using waste co-
conut shell fiber as a carbon source and using the thermal calcination method to prepare
B-CDs. The hemolysis rate of human blood increased linearly with the increase in B-CD
concentration, but the overall hemolysis rate was less than 5%, indicating that B-CDs
had good blood compatibility [171]. B-CDs themselves are characterized by low toxicity
and outstanding biocompatibility, and a large number of experiments have proven that
B-CDs composite with other materials can improve the performance of other materials.
For example, the binding of CDs to porphyrins not only preserves the pH sensitivity of
CDs but also reduces the hemolysis rate of the complex [172]. A novel multi-functional
CDs-drug delivery system synthesized by the agitation method AMP-CDs@5-Fu (AMP is a
polysaccharide from Allium macrostemon Bunge, 5-Fu is a classic anticancer). The toxicity
and hemolysis rate of 5-Fu were significantly reduced, and the anti-tumor ability of 5-Fu
was significantly improved [173]. In the future, it is possible to combine B-CDs with other
functional materials to design a composite coating doped with B-CDs, which can not only
retain the characteristics of B-CDs themselves but also have the functions of other materials
and prepare a new type of vascular stent with more functions.

The fluorescent properties of B-CDs enable them to be used as imaging agents, which
can be used for real-time tracer diagnosis after vascular stent implantation, helping doctors
monitor the position and distribution of the stent and ensuring that the stent is correctly
supporting the blood vessel [148]. Specifically, the fluorescence properties of B-CDs can
be used to make a contrast agent for fluorescence imaging, through imaging techniques
such as fluorescence microscopy or imaging spectrometers, to observe the distribution and
interaction of scaffolders in blood vessels in real-time. This real-time tracer capability is of



Coatings 2024, 14, 1432 21 of 29

great significance for optimizing interventional therapy strategies, reducing complications,
and improving therapeutic outcomes.

5. Conclusions and Outlook

In this paper, the selection, preparation, and modification of B-CDs as well as the
application prospect of B-CDs in the field of vascular stent coating are reviewed in de-
tail. By exploring new biomass sources and improving the preparation process or surface
modification, B-CDs can be made to have anti-inflammatory, endothelialization-promoting,
anticoagulation, and fluorescence imaging properties, which will play an important role
in the application of vascular stents. Although B-CDs show extraordinary potential in
the coating of vascular stents, there may be some challenges in practical applications,
such as ensuring coating uniformity, long-term stability, and the feasibility of large-scale
production. Future research may focus on improving B-CDs synthesis methods, synergies
with drugs, optimizing coating processes, and exploring more functionalization strategies
to fully realize the potential of B-CDs in vascular stents. At the same time, the long-term
biosafety and biodegradability of B-CDs coating in vivo is also one of the future improve-
ment directions. In addition, the study of B-CDs coatings also involves the combination of
composites with other materials, such as metals or other nanoparticles, to create scaffolders
with additional functions, such as promoting endothelialization or anti-inflammatory prop-
erties. The research and development of these composites may overcome the limitations
that traditional stent materials may have and provide a more comprehensive treatment
solution. In this paper, the application prospects and challenges of B-CDs in vascular stent
coating were preliminarily discussed, and further research and practical verification are
needed in the future. It is believed that along with the continuous development of science
and technology, more innovative applications based on B-CDs are expected to appear in
the field of cardiovascular and cerebrovascular stents in the future.
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B-CDs Biomass-derived carbon dots
BBB Blood–brain barrier
BMS Bare metal stent
BVS Biodegradable vascular stent
CDs Carbon dots
DMF Dimethylformamide
DESs Drug-eluting stents
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MA Macrophage
ISR In-stent restenosis
PEI Polyethyleneimine
PEG Polyethylene glycol
PCI Percutaneous coronary intervention
QY Quantum yield
ROS Reactive oxygen species
TCMs Traditional Chinese medicines
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