Zhu et al. Journal of Biological Engineering
https://doi.org/10.1186/513036-022-00311-x

(2022) 16:32

Official publication of the Institute of Biological Engineering

REVIEW

Applications of carbon dots and its modified

Journal of
Biological Engineering

Open Access

®

Check for
updates

carbon dots in bone defect repair

Longchuan Zhu'f, Weijian Kong', Jijun Ma? Renfeng Zhang', Cheng Qin', Hao Liu' and Su Pan"

Abstract

Bone defect repair is a continual and complicated process driven by a variety of variables. Because of its bright mul-
ticolor luminescence, superior biocompatibility, water dispersibility, and simplicity of synthesis from diverse carbon
sources, carbon dots (CDs) have received a lot of interest. It has a broad variety of potential biological uses, including
bone defect repair, spinal cord injury, and wound healing. Materials including CDs as the matrix or major compo-
nent have shown considerable benefits in enabling bone defect healing in recent years. By altering the carbon dots
or mixing them with other wound healing-promoting agents or materials, the repair effect may be boosted even
further. The report also shows and discusses the use of CDs to heal bone abnormalities. The study first presents the
fundamental features of CDs in bone defect healing, then provides CDs manufacturing techniques that should be
employed in bone defect repair, and lastly examines their development in the area of bioengineering, particularly in
bone defect repair. In this work, we look at how carbon dots and their alteration products may help with bone defect
healing by being antibacterial, anti-infective, osteogenic differentiation-promoting, and gene-regulating.

Keywords: Bone defect repair, Carbon dots, Antibacterial, Anti-infective, Good biocompatibility, Alkaline
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Introduction

In vertebrates, bones are hard organs that exercise, sup-
port, and defend the body while also creating red and
white blood cells and storing minerals. Mineralized bone
tissue, which has a strong honeycomb-like three-dimen-
sional structure within, is one of the components of bone.
The skeleton of the human body supports the body and
is an essential component of the human motion system.
However, the integrity of the bone is readily eroded by
many unfavorable events, resulting in abnormalities and
the loss of normal structure and function. The capacity
of bone regeneration allows a portion of a bone defect to
regenerate over time, but the repair process is dynamic
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and ongoing, and it is readily influenced by a range of
external variables. As a result, it is critical for bone dam-
age repair to conduct appropriate intervention and pro-
tective measures to offer a proper environment and
circumstances for bone defect repair.

Significant fractures and large bone deformities are a
difficult issue for orthopedic surgeons to cure. People are
trying to load growth factors or other compounds with
anti-inflammatory, antimicrobial, and excellent biologi-
cal activity into scaffold biomaterials using tissue engi-
neering / regenerative medicine to stimulate the healing
of bone deformities in today’s study. As a result, bone
abnormalities were treated using hydrogel [1-3], fiber
spinning [4—6], and carbon-based materials [7-9].

Carbon dots (CDs), also known as carbon nano-
dots (Cnds), are a two-dimensional carbon nanomate-
rial with a diameter of roughly 10 nanometers [10-12].
Because of its unique physical and optical qualities, CDs
are frequently employed in bioengineering-related fields
[13-15]. Their discovery may be traced back to research
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published in 2004 on the composition of fluorescent nan-
oparticles made from single-walled carbon nanotubes.
Since then, CDs have been studied extensively in a vari-
ety of domains, including biosensors, biological imaging,
drug administration, and optoelectronics.

The fast growth of nanotechnology in recent decades
has brought fresh innovations to the area of biomedi-
cine. A range of innovative therapies have emerged in
response to conventional medicine’s biological problems.
Quantum dots have been extensively employed in photo-
catalysis [16—18], light-emitting diodes [19-21], and ion
detection [22—25],notably in biomedicine, thanks to the
development of diverse precursors [26—30]. Although the
use of carbon dots as a defect repair material may protect
the wound to some degree, the carbon dots themselves
are defective owing to an insufficient manufacturing
technique and a lack of more extensive biological fea-
tures. As a result, we must change the carbon dots using
various preparation procedures to give them new quali-
ties that will aid in the repair of bone defects and pro-
mote bone healing. As a result, this study examines the
current state of CDs research in bone defect repair, as
well as the synthesis and use of CDs in the area of bone
defect repair, as well as the various features of CDs in
bone defect repair.

This paper carefully covers the characteristics, synthe-
sis techniques, yield and size of carbon dots, as well as
the extensive use of carbon dots and their modified prod-
ucts in the biomedical sector, based on a significant num-
ber of experimental research. At the same time, this work
sums up the use of carbon dots and their modified prod-
ucts in bone defect healing and discusses the features of
carbon dots and their modified products in terms of syn-
thesis process and repair mechanism. There are no other
papers that provide such a thorough examination of the
use of carbon dots in bone defect healing.

The process and mechanism of bone defect repair
Only when the force surpasses the bone strength, or
when the damage gradually accumulates under a cyclic
load (far lower than the bone strength), does bone
dynamic balance successfully avoid fracture [31-33].
Bone regeneration and repair, unlike other tissues, may
be completely returned to pre-injury composition, struc-
ture, and function, according to existing research [34].
The degree of tissue loss is one of the elements that drive
bone regeneration and may also be used to define bone
restoration. As a result, there are two forms of bone
repair: primary and secondary.

When the fracture gap is smaller than 0.1mm and the
fracture site is securely secured, primary (direct) bone
healing occurs. There is no cartilage or connective tissue
creation in this phase, and the bone gap is immediately
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filled by continuous ossification and subsequent Havers
remodeling [35], callus development is also suscepti-
ble to a number of limitations [36]. It should be men-
tioned, however, that the idea of continuous bone growth
is debatable since no histology evidence or clinical
instances exist [33].

Primary healing is only possible for most fractures with
solid internal fixation. Inhibit the development of peri-
osteal callus, encourage the creation of primary reactive
callus, enable bone marrow circulation and osteogenic
tissue passing through the fracture end, and assure bone
marrow healing with firm internal fixation. stimulate
bone cortical repair or fracture connection, and then
proceed to the fracture’s secondary healing stage.

The most frequent kind of bone healing is secondary
(indirect) bone healing, which occurs when the frac-
ture edge is less than twice the diameter of the wounded
bone. Coagulation, inflammation, fibrocartilage callus
development, intramembranous and endochondral ossi-
fication, bone remodeling, and other processes are all
involved in secondary fracture healing. Anabolic metab-
olism in fracture is first stimulated by increasing bone
volume, which is accomplished by attracting stem cells
to differentiate and preventing chondrocyte death. Ana-
bolic activity, especially catabolic activity, lasts a long
time [33]. Figure 1 depicts the timing of fracture healing
and cellular changes at various phases.

Large segmental bone defect, also known as crucial
bone defect, is a kind of bone healing disorder that may
be produced by high energy trauma, illness, developmen-
tal deformity, revision surgery, tumor excision, or osteo-
myelitis [37, 38]. Extensive bone loss in this defect has
been found to have a direct impact on revascularization
and tissue differentiation, resulting in spontaneous frac-
tures that progress to nonunion without surgery.

Biomaterial scaffolds, cells with osteogenic potential,
and growth factors are the three primary components of
current therapeutic techniques for bone defect healing. A
favorable milieu for bone regeneration is provided by the
biomaterial scaffold’s nano/micron structure [39]. Nano-
topography may directly influence osteoblast lineage cell
activity, encourage osteoblast development, and create an
advantageous bone immune microenvironment [40—42].
The growth, proliferation, differentiation, mineralization,
and final creation of bone may all occur on a basis pro-
vided by this microstructural pattern in osteoblast line-
age cells.

The use of nano/micron materials in medical therapies
has grown significantly in recent years. According to the
various spatial scales of biomaterial structures, nano/
micron materials, which comprise particles, compos-
ites, and surfaces, may be divided into three categories:
nanoscale (<100 nm), submicron (100 nm-1lpm), and
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micron (>1 m). It has been shown that adding hydrogels
containing 10% nanoparticles may improve the mechani-
cal characteristics of composite biomaterials and aid
in the development of new bone in animals. In order to
stimulate the creation of bone, multilayer cell sheets with
various patterns were created by magnetically labeling
stem cells with Fe;O, nanoparticles enclosed in graphene
oxide. Under thermodynamic control, intrafibrillar min-
eralized collagen with bone-like hierarchical nanostruc-
tures (HIMC) was created [43]. The aforementioned
research shows how the use of nano/micron materials
may provide a favorable milieu for cellular multidirec-
tional differentiation and the production of new bone.
Additionally, their high porosity, interconnecting pores,
and bone-like nanostructure enable osteoblast migration
and vascular development.

Organic and inorganic elements are combined at the
submicron scale to generate interwoven nanostructured
mineralized collagen fibers in bone tissue, which is a
functionally and physically hierarchical system [44]. The
millimeter- to nanoscale-scale hierarchical structure of
bone includes nanophases, mineralized fibers, and fiber
bundles (collagen molecules and mineral particles). As a
result, the biomaterials to which we apply must possess
complicated multiscale features and the capacity to affect
cellular activity both at the molecular and cellular levels.

Cells and the nanostructures of the extracellular matrix
interact in complicated ways at the nanoscale, and as a
consequence, the nanotopography at the interface may
regulate how cells behave [45, 46]. The present study has
shown the importance of nanotopography in bone mar-
row MSC populations and bone differentiation. In this
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study, nanoparticles having a diameter of 120 nm were
created using square arrays (SQ), shifted square arrays
(DSQ 50) with points off square 50 nm, DSQ 20 (20 nm
off true center), and random insertion [47]. MSCs in the
planar control SQ group displayed fibroblast-like form
after 21 days in culture, but did not express osteocalcin
(OCN) or bone bridge protein (OPN) immunocyto-
chemically. Positive OPN and negative OCN expression
accompanied the osteoblastic morphology of DSQ20
cells. OPN and OCN were expressed positively in the
DSQ50 group, and MSCs congregated fast to form dis-
crete areas and mineralized nodules. Furthermore, MSCs
cultured under random implantation conditions revealed
osteoblastic morphology but negative OPN/OCN expres-
sion. The aforementioned experiments show how the
presence of nanoparticles alters the nanotopography of a
material’s surface, which in turn causes noticeable varia-
tions in cellular response.

In conclusion, it can be concluded that the mate-
rial utilized to repair bone defects should be based on a
nanotopological simulation of natural bone, namely a
hierarchical nanostructure created by the interlocking
assembly of collagen and nano-hydroxyapatite [43, 48]. A
highly branching, "osteoblast-like" morphology with long
filamentous pedicles and thick stress fiber production has
been shown for cells growing on hierarchical nanostruc-
tures [49]. Additionally, the hierarchical nanostructure
group had considerably greater expression levels of the
transcription factors Runt-related transcription factor 2
(Runx2) and vascular endothelial growth factor [50].

Injectable hydrogels were combined with protein-
based nanofiber particles to create a brand-new kind of
hydrogel, which helped Hou et al. enhance their biomate-
rial [51]. Due to the presence of nanoparticles, the hier-
archically constructed hydrogel displayed a nanofibrous
structure resembling an extracellular matrix. Compared
to smooth surfaces, the novel hydrogel offers superior
cell adhesion because of its larger specific surface area
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and ability to bind extracellular matrix proteins includ-
ing fibronectin and glass-linked proteins. Thus, it can be
shown that the potential of nanomaterials for bone defect
healing is demonstrated by the application of nanoscale
and nanotopographic characteristics to influence the
activity of mesenchymal stem cells [52].

The introduction of nanoparticles guides osteogen-
esis by topographically modifying the local immuno-
logical milieu, in addition to creating structures akin to
bone tissue. Nanostructures have the potential to alter
the cell shape, proliferation, adhesion, and phenotype of
macrophages, the key immune cells that mediate bioma-
terial-related responses. The surface form of nano-nee-
dle-shaped calcium-deficient hydroxyapatite is critical
in promoting macrophage production of pro-inflamma-
tory cytokines and so directing the osteogenesis process.
Furthermore, they demonstrated that specific physico-
chemical properties of nanostructured biomaterial scaf-
folds might activate macrophage immune responses [50].
They discovered that bionic graded nano-interfaces may
induce M2 macrophage polarization and IL-4 release,
promoting stem cell osteogenesis and endogenous bone
repair. The use of nanoparticles during bone regenera-
tion may directly affect the activity of osteoblast lineage
cells, improve osteogenic differentiation, and produce a
favorable bone immune environment, which is extremely
promising for bone defect repair.

Basic properties of carbon dots in bone defect
repair

CDs are carbon nanostructures with zero dimensions
and a size of about 10 nm (Fig. 2). CDs may have sp2,
sp3, or sp3 hybridized carbon atoms and can be spheri-
cal, crystalline, or amorphous. Broadband absorption
and size-dependent photoemission at 260-320 nm,
strong photoluminescence quantum yields, a tunable
surface with minimal toxicity, and appropriate electron
transport properties are all characteristics of CDs. It is

Fig. 2 Typical STEM images of (A) PEG1500N and (B) PPEI-El surface passivated carbon dots [10]. (Copyright © 2006, American Chemical Society)
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a suitable option for biological applications because of
these qualities [7].

Recent CD-based studies in bone tissue engineer-
ing have become relevant [53]. CDs-based bioscaffolds
are thought to be useful materials for bone regeneration
and repair. Gogoi et al. created CDs-peptide composites
implanted in tannic acid and polyurethane matrix for
in vivo bone regeneration. The experimental group sup-
plemented with CDs had the greatest levels of biologi-
cal activity in terms of osteoblast adhesion, osteogenic
differentiation, and cell proliferation [54]. These CDs-
based nanocomposites demonstrated better mechanical
properties and osteogenic activity in studies using MG
63 osteoblasts. The data suggest that the extraordinary
mechanical strength of the scaffolds is attributable to the
homogenous distribution of CDs in hydroxyapatite and
the cross-linking of CDs and polyurethane.

Several studies have also shown that adequate MSC
proliferation is required for the repair of injured or insuf-
ficient organs, such as bone tissue. One of the key difficul-
ties in the field of bone tissue engineering is the effective
scaffolding of body mineralization. And the right-sized
and-shaped CDs may be able to exactly resolve this prob-
lem. Shao et al. investigated the influence of CDs on oste-
ogenic differentiation. The data revealed that CDs may
significantly increase the mineralization process while
also efficiently generating osteogenic differentiation of
rBMSCs. Furthermore, CDs have the properties of being
biocompatible, non-toxic, and encouraging osteogenic
gene expression, making them appropriate as materials
for bone defect repair [55].

In conclusion, the unique structure and capabilities of
CDs enable innovative medicinal and biological appli-
cations. CDs might be one of the best biological appli-
cations for bone tissue engineering right now. The low
toxicity and ease of manufacture of CDs in bone tis-
sue engineering scaffolds are the most prominent fea-
tures. Scaffolds for bone regeneration have exceptional
mechanical properties due to efficient cellular interaction
and CDs cross-linker synthesis. Furthermore, the homo-
geneous and regular distribution of CDs in the matrix
influences cell bioactivity. CDs are unique in comparison
to other types of nanostructures in possessing the afore-
mentioned capacity.

Preparation method of carbon dots in bone defect
repair

CDs preparation may be separated into two approaches
based on the direction of increase of the size of the real-
ized materials: "Top-down" and "Bottom-up" (Fig. 3).
These two tactics will be addressed in detail in the fol-
lowing sections. The synthesis of CDs used to repair
bone abnormalities will be explored in the parts that
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Fig. 3 Relative expression levels of cell adhesion-related genes in
scaffolds. The expression of the adhesion patch pathway genes FAK
and VCL was significantly enhanced in the CS/nHA/CD scaffold. the
expression of PXN was also higher in the CS/nHA/CD scaffold [56]

follow from both a Top-down and Bottom-up perspec-
tive. Table 1 details various synthesis processes, including
size, and physicochemical attributes.

Top-down approach

The top-down strategy involves using arc discharge, laser
ablation, chemical oxidation, and ultrasonic synthesis to
create CDs from macroscopic carbon structures such as
graphite, activated carbon, and carbon nanotubes.

A top-down approach is used by relatively few CDs in
bone defect repair applications, and we speculate that
this is because bone defect repair frequently requires the
addition of some ions and related cell growth-promot-
ing components from a microscopic perspective, and
the top-down approach is often not well suited to this
requirement.

Bottom-up approach

Microwave synthesis, thermal breakdown, hydrothermal
treatment, template-based techniques, and plasma treat-
ment are all used in bottom-up ways to make CDs from
molecular precursors such citric acid, sucrose, and glu-
cose. These approaches will be briefly described and their
properties will be described in full below.

According to existing study data statistics, CDs used
in bone defect healing are often produced from the
bottom up. Among them, studies using the pyrolysis
method account for the majority, and we speculate that
it has now become the most widely used method for
the synthesis of CDs, owing to advantages such as low
cost, non-toxicity, environmental friendliness, and the
ease with which the particles required for the study can
be added to it [24, 77-79]. Microwave-assisted synthe-
sis is the second most frequent synthesis technique.
Microwave synthesis typically needs just carbohydrates,
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followed by the addition of inorganic ions, and the whole
reaction step may be accomplished in a few minutes
without the requirement of surface passivators, making
it a popular method for CD synthesis [80—83].

Application of carbon dots in the repair of bone
defects

Carbon dots and modified carbon dots have been shown
and extensively utilized in the area of biomedicine. CDs
are becoming more important in biomedicine due to
their distinctive hydroxyl and carboxyl structures on the
surface, particularly in the healing of bone deformities,
where CDs have piqued the interest of all researchers. As
a result, we believe it is vital to highlight CDs” involve-
ment in bone defect healing. We’'ll talk about them in
words like anti-infection, osteogenic differentiation stim-
ulation, and cell adhesion promotion.

Scavenging free radicals

Because of their hydroxyl structure, CDs may rapidly
scavenge harmful free radicals that cause oxidative stress
damage and cell senescence, making them valuable for
cell protection.

Using phloroglucinol and phenol as raw materials, Lu
and colleagues used a one-step hydrothermal technique
to manufacture biocompatible carbon dots (CDs-OH)
with numerous hydroxyl groups [69]. The generated
CDs-OH exhibits strong fluorescence, high photostabil-
ity, and low cytotoxicity. According to LU et al, CDs-OH
may also scavenge free radicals. As a free radical scaven-
ger, it may significantly reduce the quantity of ROS in cell
culture while also promoting cell growth and survival.

Das et al used a simple hydrothermal process to create
carbon quantum dots (CQDs) doped SPIONS (FECD)
[63]. According to their findings, the nanoparticles cre-
ated have great cytocompatibility and blood compat-
ibility. Wharton gel was used to grow bone marrow
mesenchymal stem cells (MSCs), which were subse-
quently subcutaneously implanted. The generated tissue
has osteogenic and chondrogenic stem cell differentiation
capabilities in vivo. The MTT test was used to assess the
short and long term cytocompatibility of FECD powder.
The FECD sample’s cell survival rate was found to be
higher than the control sample’s (tissue culture plate).
The survival rate of FECD samples was up to 10 days,
with the exception of the first day, which had significant
advantages over the control group.

We hypothesized that the considerable cell survival in
the experimental group with the addition of CDs was due
to CDs’ capacity to scavenge free radicals, and hence the
addition of CDs might effectively restrict infection at the
location of bone abnormalities and successfully promote
cell survival.
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Promote cell adhesion and proliferation

Carbon dots’ spherical form boosts the surface area to
volume ratio, resulting in a larger contact area with cells,
improved interaction between cells and more nutrients,
and increased cell adhesion and proliferation.

Lu et al. prepared a novel cadmium-doped chitosan/
nanohydroxyapatite (CS/nHA/Cd) scaffold by lyophiliza-
tion method, which enhanced the adhesion, proliferation
and osteogenic activity of rat bone marrow mesenchy-
mal stem cells in vitro by upregulating local adhesion
and osteogenic-related genes, and significantly promoted
osteogenic differentiation and the formation of vascular-
ized neointima at the fourth week (Fig. 3 [56],. As shown
in Fig. 3, the expression of adherent spot kinase (FAK)
and nucleoprotein (VCL) was significantly higher in CS/
nHA/CD scaffolds than in CS/nHA scaffolds (p<0.01 and
0.05). the expression of PXN in CS/nHA/CD scaffolds
was higher than in CS/nHA scaffolds, and the difference
was statistically significant (p=0.054). These results sug-
gest that cadmium-doped scaffolds promote the adhesion
properties of rBMSCs through local adhesion and actin
cytoskeleton pathways.

Transmembrane integrin receptors and intracellu-
lar proteins, including as FAK, PXN, and VCL, make
up focal adhesion complexes [84]. FAK may influence
alterations in actin and microtubule architecture, con-
trol cell-cell interactions, and recruit other focal contact
proteins or their regulators [85]. PXL interacts with FAK
and/or VCL and is linked to actin-based cytoskeletons,
cell proliferation, and cell adhesion [86]. VCL interacts
with actin, tensin, and PXL to play a role in cell adhesion,
morphology, and growth [87]. These genes’ up-regulation
in focal signaling pathways causes the creation of focal
adhesions, modifications to the actin cytoskeleton, and
cell spreading. Additionally, rBMSCs attached in a flat-
tened, spread-out form improve osteogenesis, according
to a prior research [88].

Carbon dots modified hydroxyapatite (HAP) nano-
hybrids (Cd@HAP) were synthesized by hydrothermal
method by Gogoi et al. Biological evaluation showed
that the experimental group with added CDs showed sig-
nificantly better cytocompatibility, cell proliferation and
alkaline phosphatase activity on MG 63 osteoblasts than
the other groups (Fig. 4 [54],.

Ghorghi et al created captopril (CP) supported poly-
caprolactone (PCL) / carbon quantum dots (CQDs)
nanocomposite scaffolds for bone tissue regeneration
using electrospinning and other methods [66]. Figure 5A
displays the cell morphology during a seven-day period.
On the first day of culture, the cells were attached to the
scaffold and spherical in shape. After 7 days, the cells
joined to form a larger matrix, and cell growth and adhe-
sion rates were at their highest. The presence of DAPI
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bar represents 100 mm

Fig. 4 Fluorescent microscopic images showing MG 63 cells growing in tissue culture wells after 7 days of culture: (@) control (without
nanomaterial), (b) HAP (100 ug mL™), (€) CD (100 ug mL™"), (d) CD@HAP composite (100 ug mL™") and (e) CD@HAP composite (200 mg mL™). Scale

nuclear staining in Fig. 5B indicates that MG-63 cells
may survive and attach effectively to the scaffold. Accord-
ing to the results, CQDs increased cell survival and
proliferation.

Using a hydrothermal / coprecipitation approach,
Khajuria et al investigated the effect of nitrogen-doped
carbon dots (NCDs) combined with hydroxyapa-
tite (HA) nanoparticles NCDs-HA on the function of
MC3T3-E1 osteoblasts and the osteogenic capability
of the zebrafish (ZF) jaw regeneration (JBR) model.
According to the results, NCDs-HA may induce osteo-
genesis via altering osteoblast proliferation, differen-
tiation, and mineralization [58].

Dave et colleagues created a biodegradable polymer
nanocomposite using polylactic acid and CDs [71]. The
biocompatibility of PLA and PLA-CD scaffolds was
evaluated using cell growth. Because the fusion layer of
Saos-2 cells was visible on PLA-CD scaffolds, researchers
determined that they had better cell adherence than PLA
scaffolds. This observation is consistent with the find-
ings of the MTS cell proliferation assay. Figure 5C reveals
that polylactic acid-CD scaffolds outperformed polylactic
acid scaffolds in terms of cell proliferation.

Regulatory genes induce mineralization

and vascularization

Jin et al created ascorbic acid carbon dots in a single
microwave process (CDs) [64]. The results indicated that
CDs may effectively stimulate matrix mineralization,
osteogenic differentiation, and new bone regeneration in
a vivo skull lesion model in vitro.

Lu et al. combined biocompatible carbon dots nano-
particles (CDNPs) with collagen to form an injectable
hydrogel (called collagen-genipin-CD nanoparticles,
CGN) using a natural product crosslinker (genipin) [57].
The expression of cartilage-specific genes in newborn
tissues was determined using qRT-PCR. Figure 6 shows
that the cartilage-specific expression levels of Acan2 and
Col2al in the CGN group were higher than those in the
collagen group at each time point. Concurrently, the

mineralization of bone injury was seen. According to the
results, cadmium sulfide may increase bone mineraliza-
tion and regeneration by altering the expression of cer-
tain genes.

As raw materials, Gogoi et al employed carbon dots and
four different peptides (tannic acid, tannic acid, tannic
acid, and tannic acid) to create water dispersible hyper-
branched polyurethane (SVVYGLR,PRGDSGYRGDS)
[53]. The study revealed that biological nano-hybrid-
ization of carbon dots and a collection of peptides may
enhance osteoblast proliferation and differentiation,
induce angiogenesis, and improve bone conductivity and
bone differentiation capabilities of the materials. MG63
cell adhesion, proliferation, and differentiation on bio-
logical nanocomposites were all enhanced, demonstrat-
ing the biological nano-significance hybrid’s role in bone
repair. Mineralization and vascularization studies, on the
other hand, have indicated that calcification and angio-
genesis improve bone recovery.

Antibacterial properties

Bacterial infection is the primary problem in the repair of
infective bone abnormalities. Many studies are currently
being carried out to coat the implant surface with antibi-
otics in order to prevent the formation of infectious bio-
film and enhance bone repair. Toxic drugs, on the other
hand, not only promote the development of multidrug-
resistant bacteria but also reduce the osteogenic activity
of scaffold materials. As a consequence, it is necessary to
find a novel and efficient method of dealing with infec-
tion during the bone defect operation. Carbon dots have
been widely used in biomedicine since research indicated
that they had powerful anti-oxidation and anti-inflamma-
tory capabilities.

Unlike carbon dots, which offer anti-infection and free
radical scavenging properties. Carbon dots that have
been modified with various functional groups may subse-
quently be used to perform an efficient anti-infection role
in bone defect healing. Lu et al. used clinically obtained
Staphylococcus aureus and Escherichia coli scaffolds to



Zhu et al. Journal of Biological Engineering (2022) 16:32

Page 10 of 17

A

o

Time (day) Time (day)

1

S1

wn
w

S5

S6

1 i

[l PLA Conditioned media
[l PLA-CD Conditioned media

0.7 [l Ce!ll Culture media

Absorbance (0.D.)

Day 1

Day 3
Cell culture (Days)
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Azad University)
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Fig. 6 (A, B) expression of chondrocyte-specific genes Acan and Col2a1 at 4 and 8 weeks after subcutaneous implantation in nude mice [57] (C =
collagen, CN = collagen mixed with CD NPs, CG = collagen crosslinked with genipin, CGN =collagen crosslinked with genipin and CD NPs, CGN +

PDT=CGN after 808 nm laser irradiation at a power density of 8.3 mW/cm2 for 3 min). (© 2019 Elsevier Ltd. All rights reserved)

test the impact of NIR on the antibacterial efficacy of
CDs by adjusting the presence or absence of near-infra-
red light (NIR) (Fig. 7A) [56]. The additional CDs were
shown to have clear antibacterial capabilities, with inhibi-
tion rates of 99 percent and 97 percent against the harm-
ful bacteria S. aureus and E. coli, respectively, whereas
the antibacterial rates of the other groups were about 75
percent. More notably, the scaffold’s antibacterial activity
under NIR light boosted its antibacterial action. When
the in vivo antimicrobial effect of photothermal therapy
(PTT) was investigated later, as shown in Fig. 7C, Groups

that use only NIR still had a large number of S. aureus
and E. coli colonies, whereas the group where NIRs and
CDs are applied simultaneously had a significant reduc-
tion in the number of bacteria, indicating that the addi-
tion of CDs could significantly inhibit bacterial growth.
H&E examination of the specimens (Fig. 7B) revealed
that the group without CDs had a high number of lobu-
lated neutrophils (orange arrows) owing to inflammation
and injected bacteria. The group with additional CDs, on
the other hand, exhibited very little inflammation, which
was owing to the improved antibacterial action after NIR
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and E. coli (bottom) were then counted. The mean and standard deviation

irradiation. Furthermore, Giemsa staining revealed the
existence of bacteria in the group without CDs (Fig. 7D),
but no visible bacteria were discovered in the group with
CDs, showing that the addition of heat favored the sup-
pression of bacterial growth. Thus, the scaffolds con-
taining CDs following NIR radiation had the strongest
antibacterial activity, indicating that light conditions
and CDs may effectively cooperate to remove clinically
important bacterial infections.

Geng et al. proposed for the first time that altering
the surface charge of carbon quantum dots (CQDs)
may be used to control their antibacterial and osteo-
genic properties. Positively charged CQDs (p-CQDs)
show excellent antibacterial activity and the ability to
inhibit biofilm formation, according to Geng et al’s
study [72].

As shown in Fig. 8A, increasing the concentration
of p-CQDS from 0 mg/mL to 9 mg/mL results in a

substantial inhibitory impact against all three species
of bacteria. On an LB Agar plate for gram-negative
bacteria, no colony was identified at a concentration
of 6 mg/mL of p-CQDs (Escherichia coli). Figure 8B
depicts scanning electron microscope images of
Escherichia coli, Staphylococcus aureus, and methi-
cillin-resistant Staphylococcus aureus. The number
of germs in the p-CQD group was much lower than
in the control group, indicating that p-CQD exhibited
excellent antibacterial potential. Figure 8C demon-
strates rat wound infection with different materials.
The frequency of wound infection is substantially
lower in the p-CQDs group than in the other groups,
indicating that p-CQDs has a definite antibacterial
effect [72].

The antibacterial activity of p-CQDs was also inves-
tigated. The prevalence of Staphylococcus aureus (S.
aureus) and methicillin-resistant Staphylococcus aureus
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(MRSA) was significantly lower in the P-CQD group
than in the control group. According to the results,
positively charged p-CQDs may kill multidrug-resistant
bacteria while also reducing biofilm formation.

The above study illustrates that the addition of CDs
can significantly increase the antimicrobial effect of the
scaffold material, and this antimicrobial effect can be
further enhanced with the presence of light conditions.

Increase alkaline phosphatase activity

The glycoprotein alkaline phosphatase (ALP) is located
on the surface of cells. Increased ALP levels in bone
defects are an early phenotypic indicator of osteogenic
differentiation, indicating that bone regeneration is taking
place [55, 70, 89]. Previous study has shown that carbon
dots and their composite products significantly increase
the level of ALP in bone defects, and bone regeneration
has been active in the follow-up experiment.

Geng et al created biocompatible and positively
charged near infrared sensitive carbon dots using an
ultrafast microwave-assisted hydrothermal technique
(CDs) [68], Geng et al reported that hMSCs treated with
Cd/WS2 had considerably greater alkaline phosphatase
(ALP) activity than the control group, demonstrating that

the presence of CDs might enhance osteogenic differen-
tiation and bone regeneration.

Meng and colleagues developed a unique kind of
bifunctional Zn2+ doped carbon dots using a one-step
hydrothermal method (Zn-Cd) [60]. Figure 9 shows that
the ALP expression of Zn-Cd was 4.5 times higher than
that of the control group on the seventh day. This reveals
that Zn-Cd may significantly boost ALP activity. Meng
et al observed that Zn-Cd has a significant capacity to
promote osteoblast differentiation, implying that it has a
greater potential to induce osteogenesis than the control
group and may aid in bone regeneration.

Promotes osteogenic differentiation

In biomedicine, the investigation of carbon point pro-
cesses has long been popular. The present research found
that the presence of CDs greatly accelerated the process
of osteogenic differentiation by upregulating bone matrix
mineralization-related gene expression and osteoblast
development. Additionally, CDs may boost intracellu-
lar calcium ions and activate the PERK-elF2-ATF4 and
endoplasmic reticulum stress pathways, which in turn
can promote osteoblast production and bone repair.
We now have a microscopic understanding of how CDs
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encourage osteogenic differentiation and subsequently
bone defect repair.

As previously stated, Lu et al. revealed that the CS/
nHA/CD scaffold may promote cell adhesion and pro-
liferation via regulating related genes. Furthermore,
Lu et al. observed that CS/nHA/CD scaffolds could
significantly increase the mRNA expression levels of
osteogenic-related genes in rBMSCs in the scaffolds,
as well as alkaline phosphatase (ALP) gene expression

levels (Fig. 10 [56],. Early alkaline phosphatase activity
is an important sign of osteogenic differentiation, imply-
ing that rBMSCs in the CS/nHA/CD scaffold grow into
osteoblasts sooner than rBMSCs in the CS/nHA scaffold
alone. As the study progressed, type I collagen (Col-I)
and osteocalcin (OCN) expression levels in the CS/nHA/
CD scaffold alone were considerably higher than in the
CS/nHA scaffold alone. This shows that the addition of
CDs stimulated bone matrix synthesis by increasing the
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Fig. 10 (A, B) Gene expression levels associated with osteogenesis after 7 and 14 days in culture. On day 7, ALP expression levels in the CS/NHA/CD
scaffold were considerably greater than those in the CS/NHA scaffold, and on day 14, Col-1 and OCN expression levels in the CS/NHA/CD scaffold

were significantly higher than those in the CS/NHA scaffold [56]
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Table 2 The contribution of metal ions to bone and their mode of action
Role Mechanism of action References
Lit Osteogenesis Lithium has the ability to block the expression of GSK3, a blocker of the Wnt signaling pathway. [90]
Other studies showed that lithium acts as an agonist of the Wnt/b-catenin pathway to enhance
fracture healing.
Zn’*t  Osteogenesis It has been discovered that zinc participates in the structural, catalytic, or regulatory aspects of ALP [91-94]
expression, where it is crucial for osteogenesis and mineralization. Additionally, it is thought that
zinc has the power to stop the osteoclastic resorption process.
Mg?*  Osteogenesis, Angiogen- Magnesium stimulates the synthesis of HIF and PGC-1a in undifferentiated and differentiated hBM-  [95-99]
esis, Neural stimulation SCs, respectively. This promotes the VEGF synthesis.
Mg?* penetrates DRG neurons, induces the release of CGPR, and subsequently activates PDSCs to
produce the osteogenic differentiation-related genes.
Sr’*  Osteogenesis Strontium stimulates the activity of osteoblastic cells while decreasing the activity of osteoclasts. [100, 101]
It stimulates CaSR and signaling pathways downstream. It enhances the synthesis of OPG and
reduces the expression of RANKL. This stimulates osteoblast proliferation, differentiation, and viabil-
ity and causes osteoclast death, which decreases bone resorption.
Cu™  Angiogenesis, Osteogenesis  Copper is known to be a factor that induces angiogenesis by imitating hypoxia. Cu2-induced immu- [102, 103]
nological milieu may indirectly promote robust osteogenic differentiation of BMSCs by activating
the Oncostation M (OSM) pathway.
Co**  Angiogenesis Co**ion is hypothesized to stimulate hypoxia cascade formation, hence stabilizing HIF-1a. The cells  [104-106]
will then produce genes (such as VEGF and EPO) that promote neovascularization and angiogenesis
in response to this hypoxic environment.
Si** Angiogenesis, Osteogenesis  Silicon has been demonstrated to stimulate angiogenesis by upregulating NOS, resulting in an [107,108]

increase in VEGF production at low concentrations when human dermal fibroblasts are cultivated.
Osteogenic process is not fully known. However, it has been shown that Si4 at greater concentra-
tions plays a crucial part in the mineralization process.

Reprinted from Ref. [33]

expression of key genes involved in osteoblast growth
and bone matrix mineralization. This study shows how
CDs may stimulate osteogenic differentiation and, as a
result, bone defect repair.

The findings show that CDs can promote osteogenic dif-
ferentiation by regulating the mRNA expression levels of
osteogenic-related genes and increasing the expression lev-
els of alkaline phosphatase (ALP) genes, which promotes
osteogenic differentiation, indicating that CDs have a sig-
nificant advantage in promoting osteogenic differentiation.

Although it has been demonstrated that modified CDs
can often play a positive role in bone defect repair and
effectively upregulate the expression of related genes to
promote osteogenic differentiation, the mechanism of
CDs themselves in promoting osteogenic differentia-
tion has yet to be fully investigated, and we have yet to
link their effects to the CDs’ surface motifs, nor have
we been able to systematically elucidate this. We have
not yet been able to link their effects to the surface
groups of CDs, nor have we been able to interpret them
systematically.

However, biomaterials such as metal nanoparticles,
particularly magnesium ions and zinc ions, have been
extensively employed in the therapy of bone abnormal-
ities, and their methods of action have progressively
been elucidated. As a result, we want to offer the study
in Table 2 to demonstrate their effects and processes in

a more accessible manner, and then make a meaningful
comparison with the CDs and their modified CDs in
this publication, pointing out the route for future CD
research in bone defect healing.

Conclusion and prospect

Infection in the defect location, poor biocompatibility of
the filling material, and delayed osteogenic differentiation
of local bone tissue all impede the healing of bone defects.
CDs are a unique nanomaterial that has the potential to
be used in bone regeneration, spinal cord injury repair,
and wound healing [91-95]. As previously stated, carbon
dots and modified carbon dots have anti-infection, anti-
bacterial, gene regulation for osteogenic differentiation,
and enhanced alkaline phosphatase activity, which may
greatly improve bone defect healing. In bone defect repair,
the use of CDs may successfully solve the issues of infec-
tion, poor biocompatibility of filler materials, and delayed
osteogenic differentiation of local bone tissue. However,
existing studies on the microstructure of carbon dots
are not very comprehensive; for example, we still cannot
accurately link the hydroxyl and carboxyl groups on the
surface of CDs with genes and proteins such as those reg-
ulating osteogenic differentiation, which will be the main
research direction in this field in the future. We hope that
further study on CDs will give more precise assistance for
bone defect healing in the future.
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