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ABSTRACT

Carbon-based 0D materials have shown tremendous potential in the develop-
ment of biomedical applications of the next generation. The astounding results
are primarily motivated by their distinctive nanoarchitecture and unique
properties. Integrating these properties of 0D carbon nanomaterials into various
polymer systems has orchestrated exceptional potential for their use in the
development of sustainable and cutting-edge biomedical applications such as
biosensors, bioimaging, biomimetic implants and many more. Specifically, car-
bon dots (CDs) have gained much attention in the development of biomedical
devices due to their optoelectronic properties and scope of band manipulation
upon surface revamping. The role of CDs in reinforcing various polymeric
systems has been reviewed along with discussing unifying concepts of their
mechanistic aspects. The study also discussed CDs optical properties via the
quantum confinement effect and band gap transition which is further useful in
various biomedical application studies.
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Introduction

Polymer composites (PCs) have a wide range of
physical, chemical and structural characteristics,
which are associated with their application in various
fields of science and technology. It includes elec-
tronics, robotics and more specifically biomedical
sectors due to its amazing features such as reduced
toxicity, ease of processing and sterilization,
improved shelf life and low weight [1]. However,
conventional PCs have certain limitations that restrict
their range of applications such as low mechanical
strength, and poor antimicrobial and barrier proper-
ties [2-4]. Due to the advancement in polymer sci-
ences and nanotechnology over the past few decades,
nanomaterial-based PCs, i.e. polymer nanocompos-
ites (PNCs), have shown to be a successful approach
to surpassing these restrictions. These PNCs are
synthesized when nanosized particles of various
shapes and sizes are reinforced into a polymer matrix
[5]. However, the reinforcing impact of these
nanoparticles is highly dependent on the aspect ratio,
size, orientation and dispersion [6]. The reinforce-
ment of these nanofillers ultimately enhances PNC’s
mechanical, thermal, barrier and flammability prop-
erties without compromising their processability
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[7, 8]. There are several nanomaterials used for the
manufacturing of PNCs including polymer nanofi-
bers, natural clays, metal oxides, metal particles and
carbon allotrope-based nanomaterials [9]. Among all,
carbon-based nanomaterials (CBNs) are the most
extensively studied and used nanomaterials due to
their unique properties, applicability and existence in
a variety of sizes and shapes [10].

In this context, carbon dots (CDs), a type of CBNss,
have drawn a lot of attention as nanofillers in dif-
ferent composites for a variety of biomedical appli-
cations due to their extremely small size, outstanding
optical properties and biocompatibility [11]. The tale
of CDs was started back in 2004 when it was
adventitiously obtained by Xu and their teammates
during the purification process of single-walled car-
bon nanotubes (SWCNTs) [12]. After that, in the year
2006, sun et al. originally mentioned the synthesis of
CD:s by laser ablation of macroscopic carbon material.
However, the obtained CDs showed a very low
quantum yield (QY) of around 10% [13]. The less QY
and challenging synthesis procedures heavily
delayed the development of CDs. Later, in 2013, Zhu
[14] developed a novel synthesis approach for CD
synthesis via a hydrothermal process using citric acid
(CA) and ethylene diamine as precursors. The syn-
thesized CD showed the QY up to 80% and was
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highest for CBNs at that time. Since then, CDs have
evolved swiftly, becoming a cherished topic of
research in the realm of material sciences. To tail the
development of high-end CDs with high perfor-
mance, researchers developed various techniques
and showed many significant signs of progress in
developing the novel CDs including high QYs
(> 85%) CDs [15], tunable photoluminescence (PL)
with multiple photon emission [16], functionalized
polymer dots with high fluorescence performance
[17], multicolour or near-infrared emission (NIR) [18]
and many more such applications. In recent years,
CD-based PNC fabrication and examining their
potential use become the contemporary trends in
material research. Their combination works as a
symbiotic relationship for each other and ultimately
strengthens the fabricated PNCs. The polymer matrix
maintains a suitable gap between the CDs and
restricts their agglomeration. On the other hand, CD
improves the optical and mechanical properties of
the prepared composites due to its small size, large
area and surface revamping capabilities. In the past,
few review articles have provided the details of the
synthesis methods of CDs, PL mechanisms and their
biosensing application and some are also available
with the preparation methods and applications of
CD-polymer composites [19-25].

This review paper aims to assess and incorporate
critical analyses of recent evidences that have not
been covered adequately in the contemporary
reviews on the CD-based PNCs [26-28]. Feng et al.,
[26] and Sui et al., [27] gave impetus to the methods
of synthesis of CDs while omit discussions on the
characteristic phenomenon of quantum confinement
and its role in maximizing the potential of CDs. The
review by Feng et al. concentrates more on the recent
advancement in the green synthesis methods of CDs
particularly using organic precursors. Moreover, the
review is engrossed in elaborating on energy-based
applications of CD-PNCs with a focus on superca-
pacitor and battery applications [26]. Sui et al., [27]
provide a short and summarized account of the
properties and applications of CD-based hydrogels
while maintaining abstinence from any elaborative-
segmented discussions. In a very recent review arti-
cle, Adam and their co-authors (2022) reviewed the
emerging biomedical application of CD/PNCs. It
disseminates a critical summary on CDs with the
inclusion of short discussions on the advancements in
security and agriculture-related applications [28]. The
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theme of all these articles is more or less focused on
the development, characterization and applications
of CDs and their composites and all authors did their
job quite phenomenally [19-28]. However, none of
them focused on the characteristics and the associ-
ated biomedical applications of CD-based PNCs. In
this context, the present review article is an effort to
fulfil the few shortcomings of the available articles in
terms of CD-based PNCs properties and applications.
The article also insights into the characteristic prop-
erties of CDs which are highly responsible for their
biomedical applicability with the polymer compos-
ites such as surface revamping and the quantum
confinement effect. The review article is a dedicated
attempt to provide critical analysis themed on the
development of biomedical contrivances with an
elaborated discussion on the application of PNCs in
bone, scaffold and tissue engineering. Moreover,
many areas such as neuroanatomical tracing and
wound healing are reviewed which were surprisingly
accumulated since their reporting.

Classification and synthesis routes
of carbon dots

A quasi-0D CBN with a size less than 10 nm is typ-
ically referred to as CDs and broadly classified as
graphene quantum dots (GQDs), carbon nanodots
(CNDs), carbon quantum dots (CQDs) and car-
bonized polymer dots (CPDs) (Fig. 1) distinguished-
based on their synthesis mechanism, core structure
and quantum mechanism [23]. GQDs are disc-shaped
nanostructured mostly generated by slicing off the
enormous graphene sheets. On the surface/edge or
within the interlayer defect, GQDs have one- or
multilayer graphite structures connecting chemical
groups. They are typically synthesized by “top-
down” preparation procedures and exhibit apparent
graphene lattices [29]. CNDs are a special type of CD
which are having amorphous quasi-spheres without
quantum restraints and are often synthesized via
bottom-up synthetic techniques. Their cores have a
high degree of carbonization but lack any visible
crystal structure or polymer characteristics [30]. On
the other hand, the CQDs (sometimes referred to as
special CND structures) are quasi-spherical struc-
tures with a diameter of up to 10 nm. The carbon core
of CQDs has a graphitic crystalline structure, and the
surface is functionalized by oxygen/nitrogen groups,
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Figure 1 Symbolic representation of different carbon dots.
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which exhibit intrinsic state PL and the quantum
confinement effect. As a result, the size of the CQDs
and the surface’s functionalization allow for tuning of
the PL wavelength [23, 31]. The CPDs, as the name
implies, are synthesized by the incorporation of car-
bonized fragments into a polymer matrix. As a result,
the CPDs inherit significant polymeric properties in
addition to the characteristics of CNDs. The multi-
centre fluorophore structure and unique PL mecha-
nism are thought to be responsible for the CPDs’
ability to display remarkable PL-QYs [16, 32].

Even if CD synthesis methods have been already
studied and reviewed in great detail, still it is
important to quickly mention the basic synthetic
approach as an overture to the topic. The two pri-
mary precursors of CDs are natural sources and
synthetic sources [33]. However, an in-depth research
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is necessary to examine the effect of the employed
precursor on the characteristics of synthesized CDs.

Numerous methods can be used to synthesize CDs;
however, they can all be categorized into two major
groups: “top-down” and “bottom-up” approaches
(Fig. 2). These two approaches are a generalized
category for the synthesis of all types of CBNs espe-
cially 1D-CNTs and 2D-Graphene. In the “top-down”
process, the macrocarbon substances (such as gra-
phite, graphene, CNTs and carbon black) break down
into smaller one, and in the “bottom-up” approach,
small organic molecule (citric acid, polyols, carbo-
hydrate, etc.) synthesizes the CDs via “decomposi-
tion—polymerization—carbonization” process [34, 35].
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CD-based PNCs and their characteristics

PNCs are multicomponent materials made up of
various phase domains, at least one of which is a
continuous phase with at least one dimension less
than 100 nm [36]. Contrary to conventional car-
bonized CDs, CD-PNCs show a hybrid structure
rather than a core carbon body structure, which
contributes to the mostly polymeric surface qualities.
As a result, fabricated hybrids have better mechanical
and optical properties than non-functionalized CDs
and simple polymers. In CD-PNCs, polymers serve
as stabilizing agents for high volume-to-surface ratios
containing CDs. Polymer structures tend to diffuse
through the nanoparticle surface to make up for the
famished nature of the CDs surface energy. Typically,
CDs can enhance the characteristics or capabilities of
the materials currently in use for certain applications.
The choice of the polymer matrix (either linear or
cross-linked) for the PNC fabrication is based on the
desired application. CDs are connected with the
polymer matrix only via two types of bonding either
covalent or non-covalent bonding. The existing
methods for fabricating CD-PNCs may be divided
into three categories: physical mixing (solution
blending or melt processing), chemical grafting and
in situ.

Physical blending includes the combination of CDs
with the polymer matrix using blending or process-
ing methods. In this process, CDs and polymer
matrices are attached via m—m interactions or weak
electrostatic bonding [37, 38]. The facile interactions
are the main driving factor for producing high-
quality PNCs with evenly dispersed CDs when uti-
lizing this approach to manufacture CD-PNCs. Due
to the carboxylic group present, CDs often have
negative surface charges and prefer to interact with
positive-charged polymers. For instance, Pinto et al.
created a PNC film utilizing chitosan as the polymer
matrix and oxidized CDs from cellulose precursors as
a nanofiller. By adjusting the pH value of the pre-
pared hybrid solution, the thickness and shape of the
films could be readily controlled [39]. In recent years,
many other researchers fabricate CD-PNCs using
physical blending processes for various applications
[40-43]. This method has the advantages of being
low-cost and simple mechanism. But, the self-stack-
ing interactions between CD particles might cause an
agglomeration issue that prevents the non-homoge-
neous dispersion of CDs in the polymer matrix,
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leading to poor mechanical strength and lower opti-
cal properties. Additionally, because CDs and poly-
mer matrix only interact non-covalently, CD
migration from the composite material is also a pos-
sibility [44].

Chemical grafting is another significant method for
the fabrication of CD-PNCs. The abundance of func-
tional groups on CD surfaces increases the potential
for chemical modifications to form covalent bonds
with polymers through different reaction mecha-
nisms such as epoxidation, acylation and esterifica-
tion [45-47]. Due to the covalent bonding between the
polymer chains and CDs, chemical grafting is a fairly
better technique than blending as the fabricated
PNCs are well versed with mechanical strength and
optical properties. There are various CD-PNCs are
fabricated using chemical grafting. For instance,
Erdal et al. [48] fabricated CD-PNCs using poly-
caprolactone (PCL) as a polymer matric and nano-
graphene oxide (nGO) produced from cellulose.
Ghosh and their teammates [49] grafted the CD-PNC
by grafting the surface of CDs with polyaniline
(PAni). By oxidizing candle soot with HNO;, fluo-
rescent CDs are produced which are further attached
to the mono-amine and are used as the key precursor
for the oxidative polymerization of aniline in diluted
acids. The synthesized CD-PNCs exhibit outstanding
electrochemical characteristics. Many other chemical
grafting methods are used for the fabrication of
PNCs.

Physical blending is the much-favoured way of
fabricating CD-PNCs, although this process involves
non-covalent bonding which is somewhat unsta-
ble and weak. Due to the covalent bond formation,
the chemical grafting may effectively bind CDs to the
polymer matrix; however, with the several prepara-
tion steps, convoluted reaction mechanisms and the
involvement of hazardous organic chemicals it is also
not without downsides. In contrast, the formation of
CDs in situ inside the polymer matrix is a simple and
environmentally friendly procedure and also the
bonding between the CDs and polymer includes both
chemical and physical interactions, thus the firmness
of the attachment can be better ensured in situ syn-
thesis of CD-PNCs is mainly done by using thermal
reactions such as pyrolysis or hydrothermal using
precursor CDs and polymer solution. In this process,
the development of CDs and the construction of PNC
happen simultaneously rather than as separate pro-
cesses [50]. A method for in situ synthesis was given
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Figure 3 Carbon dots (at core), polymer (inner circle), fabricated CD-PNCs (mid circle) and the associated biomedical applications.

by Fernandes et al., [51] in which pyrolysis of etha-
nolamine with the polymer matrix (PU, polypropy-
lene, polyethylene glycol (PEG)) was done for the
fabrication of CD-PNC florescence composite. In
addition to this, CDs will directly nucleate and
develop on the active sites of the polymer rather than
passively becoming trapped there, creating a system
that is extremely stable and homogeneous. For
example, Lian et al., [52] synthesized a multicolour
CD-PU (carbon dot—polyurethane) film for optoelec-
tronic devices. By condensing carboxylated PU in the
presence of different carbon-containing components,
stretchy, mechanically stable multicolour carbon dot-
based films are created. They can interact chemically
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with the carbonyl group of the waterborne PU to
produce CDs through the amino groups in these
compounds. Phase separation would vanish as a
result of the CDs and PU becoming a stable and
homogenous unit. Furthermore, CD/PU films exhibit
remarkable mechanical stability and stretchability in
their as-prepared state. Figure 3 displays some com-
mon polymers used in the fabrication of various CD-
PNCs for different biomedical applications.

Mechanical characteristics

The CD-PNCs are well versed with the three key
features: (1) several functional groups attached to the
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long polymeric chain, (2) CD homogenous dispersion
which enhances mechanical strength and (3) surface
revamping which enhances optoelectronic properties.
These features provide them with the greater surface,
quantum confinement and surface defects, which
ultimately increase their physicochemical properties
and chances of CD-PNCs applicability for several
biomedical sectors such as optoelectronics, tissue
engineering and bioimaging.

Different fluorescent CD added to the scaffold
(polymers with Hap or other bone-forming compo-
nents) produces positive outcomes for tissue engi-
neering applications. For the fabrication of scaffolds
or in any tissue engineering, the primary criteria are
the mechanical properties, because these properties
have a significant impact on cell adhesion and pro-
liferation [53, 54]. According to recent studies, the
inclusion of CD-PNCs significantly boosted the
mechanical characteristics of the scaffold materials.
Some of the studies related to mechanical properties
are covered in the later part under the biomedical
applications and briefly explained here to support the
fact that the incorporation of CDs with matrix
enhances the mechanical strength of fibre or fabri-
cated bone scaffolds. Gogoi et al. fabricated CD-PU-
HAp (carbon dot-polyurethane-hydroxyapatite)
composite which exhibits high cell proliferation and
alkaline phosphatase activity against MG 63 osteo-
blast cell line. The prepared composite also exhibits
better mechanical properties [55]. Erdal [37] fabri-
cated a nanohybrid using (r-nGO-CA)/PCL: reduced
nanographene oxide-caeffic acid—polycaprolactone).
The remarkable improvement in storage modulus
proves that the carbon nanodots significantly rein-
forced PCL[40]. Ghorgi [56] synthesized captopril
(CP)-loaded polycaprolactone (PCL)/carbon quan-
tum dots for bone tissue regeneration. The composite
exhibits excellent mechanical properties and porosity.
Recent studies strongly evidence that CD-PNC-based
scaffolds are much better for tissue engineering than
conventional PC-based composites.

Optical properties: quantum confinement
effect and surface modification

The optical features of CD-PNCs have drawn a lot of
interest in several biological applications such as
biosensing, bioimaging and detection of various life-
threatening diseases [57]. This specific property of
CD is due to the quantum confinement effect (QCE)
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and the surface modulation capabilities. QCE phe-
nomena occur when the size of the CD is very small
even smaller than the exciton Bhor radius (it is the
separation between electron and hole in an electron—
hole pair). When the material’s 3D size is reduced at
the nanolevel, the valence band and conduction band
transits from continuous to discrete energy levels,
and the band gap widens, causing a band gap tran-
sition in the UV-visible region and significantly
increasing the fluorescent QY [58, 59]. Another key
reason for the phenomenal fluorescence properties is
the surface modulation at the outer core of CDs. The
reason for that is the radiation relaxation from a
higher energy level to the ground state. The photons
whose energy fulfils the optical band gap will tran-
sition and gather in the nearby surface defect traps
when the light of a certain wavelength illuminates
CDs. More surface defects and emission sites on CDs
cause higher oxidation which leads to the emission
wavelength shifting towards the red [60]. The chro-
mophores or fluorophores that are attached to the
carbon backbone of CDs either internally or exter-
nally can also emit fluorescence directly.

Due to the QCE and tunable PL, CD-PNCs exhibit
a broad-spectrum range and high-intensity emission
peaks in the ultraviolet, visible and NIR regions. The
CDs emission may be altered by changing the size of
the conjugated m-domains. With the increase in the
size of conjugated n-domains, the band gap decreases
which results to tune the emission from blue to red
shift [61]. Different degrees of surface oxidation
facilitates the colour-emitting modulation of CDs by
changing the band gap between HOMO and LUMO
state [26, 62]. The surface chemical groups of CDs
have different energy levels, which leads to addi-
tional emissive traps in the surface defect states and
results in redshift emission wavelengths due to the
lower band gap [63]. Figure 4 demonstrates the sur-
face modification via the oxidation process and the
associated reduced band gap by which colour mod-
ulation can be optimized from the range of blue shift
to redshift.

The mentioned features of CD-PNCs are widely
used for the bioimaging of cells and tissues. For
example, GQD has a nonzero band gap (T = 0 K)
which can be modified by adjusting the size and
surface chemistry of the dots which enhances its
applicability as a biosensor with the PNCs [64].
GQDs have been also used as an immune sensor for
disease diagnosis based on antigen-antibody (Ag-
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AD) reactions. These immune sensors combine with
either Ag or Ab immobilized on the solid substrate,
which, upon recognizing the corresponding Ag or
Ab, changes the signal [65]. The advantageous
structural and compositional synergy of graphene
allows GQDs to be an outstanding material for
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fabricating various immune-sensing platforms. Vari-
ous enzyme-labelled antigens have been developed
as immuno-sensors amplifying the signals upon the
interaction of the Ag-Ab. GQD-based nucleic acid
detection platforms have been developed for detect-
ing DNA. It can be used to detect the minute
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concentration of DNA due to outstanding biocom-
patibility and strong fluorescence of GQD [66].
Unlike GQDs, CQDs have a usually spherical core
coupled with surface groups. CQDs have found their
application in biological imaging due to their broad
absorption with narrow emission spectra, large QYs
higher molar extinction coefficient and great photo-
stability. A very limited number of GQDs are
required to generate the signals during the imaging
process because of the extremely stable and bright
fluorescence [67]. Additionally, CDs’ ability to image
deeper tissues is assisted by the reflectance emission
feature of NIR, which works in conjunction with low
tissue absorption and reduced light scattering in the
region of wavelengths greater than 650 nm [68].

Interestingly, CD-PNCs outperform conventional
fluorescent dye or semiconductor QDs in terms of
biocompatibility and photobleaching resistance. The
large surface, high QY and tunable PL make it the
most potent nanofiller in PNC fabrication when the
motive is to use in biosensing, bioimaging and
biodetection. Some of the recent research which is
related to CD-PNCs PL properties are explained in
the next section with their key biomedical
applications.

Applications of CD-based PNCs
in the development of biomedical devices

In the field of theranostics, low-dimensional nanos-
cale materials are being researched more and more
for the development of various biomedical con-
trivances and especially related to sensing and
detection. Among the low-dimensional structures,
metallic quantum dots (such as MXene QDs, per-
voskite and TMDCs) attracted much more attention
than CDs [69]. But, as we discussed the different
aspects of using CDs as a nanofiller in PNC fabrica-
tion, it is certainly evident that it will be a much
better option among all the QDs in the upcoming
years. All these characteristics enhance various
advancements in the fabricated CD-PNCs such as
reduced toxicity, excellent biocompatibility, tunable
PL emission and remarkable photo-induced electron
transfer. In Addition, the mechanical and electronic
characteristics of CD-PNCs permit covalent and non-
covalent conjugation of drugs with nucleic acid or
proteins for both diagnostic and therapeutic pur-
poses, such simple functionalization makes it a
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beautiful nanofiller for PNCs. All these features of
CD-PNCs make them an efficient component in
biosensing, bioimaging, phototherapy, bone and tis-
sue engineering, cancer detection, optical imaging,
thermo-chemotherapy, wound healing, etc. The var-
ious CD-based PNCs are covered in Table 1 with
their multifunctional role in biomedical applications
and devices.

Neuroanatomical tracing

The neuroanatomical tracing method is used to study
and map the complex connections found inside the
nervous system. It involves mapping the incredibly
intricate connections between neurons contained
inside a nucleus or layer of grey cerebral matter, as
well as, on a larger scale, connectivity across different
parts of the brain [94]. Traditional tracers, however,
have several significant drawbacks, including diffi-
cult immune histochemical labelling techniques, poor
fluorescence intensity and rapid fluorescence
quenching. To overcome these difficulties, CDs can
be employed as fluorescent material for neu-
roanatomical tracing.

Zhou and their co-workers [70] experimented with
a novel approach in which they use carbon dots as a
fluorescent neural tracer for retrograde tracing. The
N-hydroxysulphosuccinimide (sulpho-NHS)-modi-
fied CDs were conjugated with the cholera toxin B
(CTB: a type of protein which is non-toxic cell bind-
ing moiety of cholera toxin [95]), i.e. CTB-CDs. Suc-
cessful conjugation was characterized by the
absorption peak at 335 nm. The mass spectrum
showed m/z peak of CTB-CDs was 12.0 kDa, and for
CTB, it was 11.6 kDa. The calculated z-potential of
CTB was around + 3.8 mV due to the high amine
group presence, while the z-potential of CTB-CDs,
which was conjugated with CDs, was approxi-
mately — 17.4 mV due to excess carboxyl groups.
In vitro imaging of CTB-CDs was checked by PC12
cell lines and it was observed that CTB-CDs easily
distributed in the cytoplasm of PC12 cells without
aggregating the cells membrane and nucleus damage.
To check the in vivo imaging and tracing ability,
CTB-CDs were then injected into the sciatic nerve of
the mouse for the fluorescent signal in dorsal root
ganglia (DRGs) and spinal segments L3-L5. The
findings showed that the CTB-CDs could retro-
gradely move from axonal terminals to neuronal

@ Springer



] Mater Sci (2023) 58:6419-6443

6428

sordwres winies uewny payids ur IN-¢

(ordwres
WNISS uewny)

S)Op u0qIed

[#L] 30 uonoIdp 2y} 10} AIAIIOQ[OS JUS[[OOXD PAIQIYXS JOSUIS Y], onIA uf (vad) surwedopAjod  judosaurunjoioyd
DD 9y uey} y(J JO UONIAP Ay} spremo} asuodsar oy, (saD)
[eL] [BIIWIDYO01I[d PAJUBYUD Pamoys dDD/SO-SAD YL uonodep aurwedoq AD9D/SO-sAD S)op uoqie) Josuasorg
uonesSiw pue uonerdjijord ((ele)e))
1199 €1¢-HIN JO JUSWOoURYUS pue A)NANOE [eLIdJoRqNUE S)Se[qoIqYy AS-SdNIS-SaOD sjop
[zL] 19119q ‘senodoid uore3uold 19y31y pamoys sjnsay €LE-HIN -VAd PU® 4S-SdNIS-Sa0D-09d wmuenb uoqie)
S[199 (aoo)
uo1ssa1dxa auag Ioyew OBIPIEd YIm Jse[qoAw Jel Zo6H sjop uonerudgal
(1] snnpow SunoA Y31y pue uoIsaype ‘AN[IqeIA [[90 PIduB|UH onIA uj vI1d-d0D-3S wnuenb uoqre) onssn pue un|s
(sDSdAdu) s[[ed
we)s poALIop-ped (aoo)
Ananoe JTv pue uonerdjrjord [0 JeJ [eoonq uewNH sjop
[29]  peoueyuo pamoys DN AU Ol ¢dDL, PUE SAD JO %M ('] onIA uJ (SAD-€dDL-VAd-10d)  wmuenb uoqre)
(sado) s1oa
Kyianoe (S]199 18€]qOAISO wnjuenb (@aop)
(d1V) Ananoe osejeydsoyd surpeyy pue uonerdjijord s[jeo uewny uoqres/(1Dd) suojoejordeskjod sjop
[es] oy ur asearour JueoyIuGIS B 03 PI[ PLIGAYOURU PIZISIYIUAS oY ], €9-DIA) ONIA U] papeol-(dD) udoyde) wmuenb uoqie)
Knanoeorq sy
PAQIYX? saIsodwiodoueU POPeO] YD-ODU-1 3} JO dJBLINS S}0poueU U0qIed
o uo pawLIoy ey seIsAio (VH) amyededxoipAy “10d (S[199 158[q091SO (0Du-1) oprxo
oy m sjopoueu Jo A1iqnedwos0}Ad JUI[[9OXd PIMOYS uewny suoydei3oueu
[L€] S[[00 I[-1SL[qORASO 9D 03 ANJIQEIA [[9D JUS[[IXD Y], €9-DIN) onIA uf 10d/VD-0Du-1) paonpay
OAIA Ul Sp[ojgeos YHU/SD dind 03 paredwod syoom 1
JB 9NSSI) JUOQ MU PIZLIB[NISBA JO UOHRULIO) Ay} pasoxduur sjop @aop)
Apueoyruis Yorym “S[[oo wols [BWAYOUISIUL dUO0q I8l uoqied/aedeAxoIpAyousu/uesoyy)) sjop
[0L] ur A1ADONPUIOL)SO PUB UOISAYPE [[20 paAoidl Spjojyess Ay ], OAIA UI/OINIA U] (@Q/vHWSD) wnjuenb uoqre)
quI| [[99 ISB[qO1S0 €9 DA Isurede Kanoe asejeydsoyd (S[199 158[q091SO ((ele)e)) Surooudud
Jurreye pue uonerdjrjord [[00 ‘Apquedwosoifo uewny sjop plojeds
[zs] JUS[[29Xd NqIYXd Isodwod prgAyouru pajesLiqe) Ay €9-DIA) ONIA U] suepamnkjod-dyH-aD wnjuenb uoqre) pue suog
sjop
UBIXOP-16SAV 0} paredwod se sonijiqedes Juroer jouadns 0AIA UI (96DSY (441d) JowAod
[69] aARYy sAdD-VAd (S19981) [EOIIORUEOINAU IPRITOINUY) ‘210d) omIA up 9ednfuoo qddD~(vag) paziuoqie)
sjop
K1o1%0) uoqgJed pajednfuod-(urjord) g urxoy,
-uou pue Ajigels [eondo @oudosaurunjoloyd jueoyrugis OAIA UI BIJ[OYD) s payipowr S190e)
[89] NqIYXd sAD-g1D (SI99eI) [BOIUOIRURBOINAU IPLRISONY) A(T1D0d) oA ug (sap-d1d) -19)S9-SHN  [BOTWO)JRUBOINAN
SOURIYY Jwodno Jolew/3urpuy Aoy Apmg JowAjod/ausodwo) AN Jo 2dA1, uonedrddy

suopeordde [eorpawolq ur SONJ Pseq-D JO 901 [euonounjinu oAReIuasaIday | d[qeL

pringer

s



6429

J Mater Sci (2023) 58:6419-6443

(18]

[9.]

(5]
SAJURIRJY

Jo1eq rewoprds o o juowdo[oasp
Y} pue anssy uonenueid ay) Jo uonezieroylide-a1 yomb
B Ul S)[NSAI YoIym ‘uonesdiw [[9o [eroynds udjsey ued sq)
uononpoid [euayyojoyd
10y Ayoedes euondaoxe ue 9[OIYoA DINH Y} SIAIS os[e sqD
vdad Jo
uoneale oy YIN pue HSO ‘Hd Jo osesjar aarsuodsarnnua
Ay 10y s1adooyeres oy) se JurAlds 0 uonIppe uj
sani[iqeded uonoOA)IP I10UBD OAIA UL
PUE SSOUQAISOUPE SUIPUEB)ISINO SAIRHSUOWAP punodwod oy
‘SOY 10 HSD JO uonenuaduod Y3y e 03 amsodxa Suimoqoq
S[190
[ewou jo suonendod paxiw uryim s[[ed 19oued 9AnIsod
-4 SuiAnuapr 10y nyasn st 2qoid sqD-vd pisedsns ayy,
SAep {] JOAO JUBISUOD A[OATJR[AI UIR)SNS
YA ‘sAOD pareod-yad Aq pekedsip st Ajiqers 1d 1enog

(11 01 1 Hd wouiy) uonere Hd £q
PJ0d)Je JoU pue SUOI3aI JqISIA Y} [[B PAISAOD UOISSIWD Td
Josuasolq urjoid aanemuenb e pue Josuos
amjeradwo) Je[n[eoenul Uk ‘IoIEW SurSewIolNq B Se pasn
osye st jonpoid oy, “Aiquedwooorq Jus[[e0Xa Pojersuowap
uonnjos sqO-TIAd snoanbe o1 ), €€ JO LSOT Ue Yim
pIe1A wnuenb ySiy pue A)1o1x0) moj
Joy Jo asnedoq SuiSewnolq pue sisAfeue uojord Jurpnjour
suoneordde [eosr3ojo1q 10y [enuajod Jo 10] & daRY sqD-IINA
Anpiquedwosolq y3iy
pue AJI9IX0J01A0 MO[ PIMOYS 0P U0qIed Ay} 159} LN 2y uQ
SONISLIO)ORIEYD
J1qIs1aAal pue dsuodsar armeradwdy pakerdsip
UOISSIWO [enp yim swiy pLqAy sad/Nd Do 06 0} 01 WoL]

Uo10d)IP SNIIA

A sniedoy 10J JOSUds [eo1wAYI0103[ paredard Ajnyssadong
s10su2s d[qeyiod pue 9[qepioyje

quartuaAuod are souoydirews 10J sy Aesse soded JNUYD

owooino Jofew/Surpuy A3y

OAIA U]

onIA uf

OAIA UI/ONIA U]
(¢6T

-MdH pue 7OdoH
‘@TOH) OMIA U]

OAIA U]

OINIA UJ

onIA uf

ONIA U

onIA uf

ALpmg

pIoE [A108/U1)09d

(1ad) eurwroud]Ayakjod

(vad) surwedopAjoq

unelasd payednluod-suouruniAdoprorn

(SYVd) (wnipos sye[Aroe)A1od

SSVd-dD-vd

(vad) eurwedop&jod

[0yod[e [AuIAK[0d

(weyoejordesjAuia-N)Ajod

eAioeyowr

[AypowAod pue (Sq) dua1fisA[od

UBSO)IYO pue yjueoeern wnon

(Nd) sueyrmAjod

uvd-dNnV
SA0O-SN

ungy
JowAjod/eusodwo)

S)o0p uoqre)

(sad)
$10p uoqgre)

(@oo)
sjop
wmuenb uoqre)
(e(e)0)]
sjop
wmuenb uoqie)

S)Jo0p uoqie)
sjop

wmuenb ouoydein
(LNDMIN
WOl PIALIdD)
S)Op uoqied

pasiadsip-ouon

(aod)
sjop
wnjuenb uoqre)
(@od)
sjop
wmuenb uoqre)

S}Op U0QIBOOUBN
(@do)
sjop
wmuenb uoqie)
(sado)
sjop
wmuenb Judydern
S}0p u0qIed ‘sjop
wmuenb 91 p)
AN Jo 2dAL

Sureay punopy

pringer

AN

uonoIP Iodue))

Suidewnorg

uoneorddy

panunuod 1 9d[qe],



] Mater Sci (2023) 58:6419-6443

6430

pateryur Jeau YN ‘uoqied snorodosowr Mofjoy DWH so10ads uoSAxo aAnoear Oy ‘euoryen|s (SO ‘epruolq wnijozensl-He-[Ausydip-¢ z-(14-z-jozerpiAyiowip
-§‘p)-¢ LIW ‘(weioejordesjAua-N)Aod TOAJ $10J0e UimoIS [eroyjopud Ienosea 974 ‘eimeroduwio) Uonnjos [eonud Iomo] [§)7 ‘eurue uenxop pajejlunorg yqg

W31[ J[qIsIA qiosqe
KJoA10a[Jd SO PAPPAqUIS ) ISNBIQ UOBIPLI JB[0S
[16] Jouq SeAleda1 sueiquiawr Y usym suaddey uonezieis-yjog

SoUI0}AD Alojeuuuegur
[06] Surssaxddns o[Iym Anud pue JUSWYOENE [BIIA PIONPAY

s1op D pPHQAY Aq paysijdwoooe AJUsIoyjo SI S[OSsaA
[68] pooiq [eprotoyd ur sisousForSue pajenuns-JOHA Funiqryuy

uorjerouagar anssy pue Juljedy
punom urys dn poaads Apeaid ‘sA|d pue [¢gD Jo 1oedwr
JNSISIoUAS A, "SnaIne °S I0J %76 PUe 1[09 " 10} %06 JO
[g88] soyer Surfeay ypm ‘IsaIsey oY pa[edy SA[d-qD UO Spunom Y[,
(e11930BQq JUB)SISAT
-3nup jsureSe UGAQ) JUBIqUISW [BLIJOBQ ) padewep
Apuedgrusdis s Posed[al oy} asneodq ANANJR [BLISIOBqIUER
wnnoods-peoiq Suons wel-3uo] pamoys [950IpAY Y[,

SIOURIJY owooino Jofew/Surpuy A3y

Jsewr a%eq

61 p1aoc)

OAIA UI/OIJIA U]
(Knanoe
[elI)oRqIIUE
‘Kesse
LIN) onia ur

/(9o1W1) OAIA U
onIA ul /(jopowt
nqqee ur A1Anoe
[eL0RqIUE)

OAIA U]

Apmg

(IaAd) (spuony susprAura)Ajod

(s10p

U0QIEO POALIOP WNALYS WNI[Y)

San-Sv

pIoE J19[oNN

(s£1d) ousK[&jod

JowAjod/eusodwo)

(@do)
sjop
wmuenb uoqie)

sjop
uoqIed paziuoqre))
(@oo)

sjop
wmuenb uoqie)

(sad)
Sjop uogre)

(sad)
AN Jo od&L

UONI2JOp SNIIA

SOSBOSIP JB[NOQ

pringer

uoneorddy

s

panunuod 1 9d[qe],



J Mater Sci (2023) 58:6419-6443

Bright field

Fluorescence

(b)

©]

Figure 5 Results of anterograde tracing with BDA-CPD in PNS;
L5 spinal segment labelled with saline (a); BDA-CPD (b); labelled
primary afferents in the dorsal root ganglion (DRG) of L5 spinal
segment with BDA-CPD NCs. Some representative neurons were
indicated by white arrows; d histochemical staining revelling the

soma in 4 days and could bind to monoganglioside—
monosialic acid (GM1) with great affinity.

Liu and their co-workers [62] fabricated a new class
of fluorescent nanoneural tracers for anterograde
tracing (neuron tracing within the central and
peripheral nervous system). The fabrication was done
by using carbonized polymer dots (CPDs using
polymer: poly(tetrafluoroethylene)) with biotinylated
dextran amine (BDA): BDA-CPD. In vitro imaging
was checked by using two types of neural cells rat
adrenal pheochromocytoma cells (PC12) and rat
Schwann cells (RSC96). Similar to AF594-Dextran,
BDA-CPDs may quickly disperse within the cells and
produce intense red fluorescence. For in vivo, BDA-
CPDs and AF594-Dextran were subcutaneously
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Overlaid

(e)

L5 segment

presence of BDA-CPD NCs in DRG; scale bars are 100 um in A
and B, and 500 pm in (c) and (d), (e). Schematic view of rat
model demonstrating the injection site and tracing the pathway of
BDA-CPD NCs. (Adapted with permission from ref [62]
Copyright 2019, Royal Society of Chemistry.

injected into the backs of naked mice (Fig. 5E). A
strong fluorescence signal of BDA-CPDs with a high
signal-to-noise ratio was then observed at excitation
and emission wavelengths of 570 and 640 nm. In
addition, two metabolic routes were also discovered
in the in vivo biodistribution of BDA-CPDs which
reveals that it can be absorbed and transported
anterogradely by a rat’s peripheral nervous system
(PNS) very efficiently (Fig. 5).

Bone and scaffold engineering
The decent biocompatibility, cellular uptake and low

toxicity nature of CDs are used to replace QDs in
biological detection and imaging applications. Due to
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its spherical shape, it provides a high surface-to-
volume ratio and increases the cell-nutrient interac-
tion which makes it suitable as a nanocomposite for
bone and tissue engineering [96]. To study the CD’s
capability as a nanocomposite, Gogoi et al. prepared
CD-decorated hydroxyapatite (HAp) implanted in
tannic acid and polyurethane (PU) matrix. An ele-
mental study revealed that the Ca/P ratio of pre-
pared nanohybrid was 1.69, which is close to the Ca/
P ratio (1.67) of natural bone. A biological study
revealed that the fabricated nanohybrid composite
showed superior cytocompatibility, cell proliferation
and alkaline phosphatase activity against MG 63
osteoblast cell line. These CD-based nanocomposites
demonstrated better mechanical properties (tensile
strength ~ 20 MPa; elongation at break 221%) and
osteogenic activity in studies using MG 63 osteoblasts
[55]. The homogeneous distribution of CDs in
hydroxyapatite and the cross-linking of CDs and
polyurethane are responsible for the scaffolds’
remarkable mechanical strength.

Lu et al, [71] investigated the CD impact as a
composite in the osteogenesis process. By using a
simple freeze-drying technique, they fabricated a
unique CD-doped chitosan/nanohydroxyapatite
(CS/nHA/CD) scaffold with the potential to support
bone regeneration. By up-regulating genes involved
in focal adhesion and osteogenesis in vitro, the CS/
nHA/CD scaffolds improved cell adhesion and
osteoinductivity in rat bone mesenchymal stem cells,
which significantly improved the formation of vas-
cularized new bone tissue at 4 weeks compared to
pure CS/nHA scaffolds in vivo. Due to the well-
known fluorescence property of CDs, the prepared
hybrid was also used in tumour photothermal treat-
ment (PTT) using near-infrared (NIR) irradiation
808 nm, 1 W/cm), ie. CS/nHA/CD + NIR, and
showing the excellent capability of killing tumour
cells (Fig. 6). The scaffolds successfully stopped
tumour development in vivo and greatly reduced
osteosarcoma cell proliferation in vitro. Studies
showed that CD can potentially be used in PTT
treating cancers and infections, as well as enhancing
the osteogenesis-inducing capability of bone repair
scaffolds.

Erdal et al. [40] also fabricated a nanohybrid using
poly(-caprolactone) and nanographene oxide (r-nGO)
carbon dots (PCL) in which caeffic acid (CA) was also
incorporated as a reducing agent (r-nGO-CA)/PCL).
The study showed that the dispersion of r-nGO-CA
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was enhanced by the positive interactions between
r-nGO-CA and PCL. The remarkable improvement in
storage modulus proves that the carbon nanodots
significantly reinforced PCL. The osteo-bioactivity
and cytocompatibility of the PCL films containing
r-nGO-CA were also assessed. The hydroxyapatite
(HA) crystals that formed on the surface of the
r-nGO-CA loaded nanocomposites served as a
bioactivity indicator. The excellent cell viability to
MG63 osteoblast-like cells showed that PCL’s good
cytocompatibility had been preserved, which bodes
well for applications involving bone tissue engi-
neering. Ghorgi et al., [56] synthesized captopril (CP)-
loaded polycaprolactone (PCL)/carbon quantum
dots for bone tissue regeneration. The results of the
nanohybrid showed excellent Excellent porosity (for
first layer ~ 80%) and decent mechanical properties
(tensile strength ~ 22 MPa; elongation ~ 36%). The
synthesized nanohybrid led to a significant increase
in the cells” proliferation and Alkaline phosphatase
activity (ALP) activity. Using CQDs as a nanofiller,
Shafiei et al. [72] synthesized PNC made up of poly(e-
caprolactone)—polyvinyl alcohol-tricalcium phos-
phate/carbon dots (PCL-PVA-TCP3-CDs) nanofi-
brous scaffolds via electrospinning method and
checked its osteoconductivity. Results revealed that
1.0 wt% of CDs and TCP3 into the PNC showed
enhanced cell proliferation and ALP activity, which
in turn increased osteogenic differentiation as a result
of CDs and TCP3 working together.

Skin and tissue engineering

Tissue engineering is the procedure of producing
bioartificial tissues in a laboratory setting as well as
changing how cells grow and function in the body by
implanting the right cells, which are extracted from
donor tissue, and biocompatible scaffold materials.
To encourage the best cell adhesion, motility and
deposition of endogenous extracellular matrix com-
ponents by the cells, biomaterials for tissue engi-
neering must have regulated surface chemistry,
porosity and biodegradability. The nanodimension-
alities and all the above characteristics make the
CBNs the most potent precursor for the synthesis of
PNC scaffold materials [97, 98]. Yen et al. fabricated a
bioactive PNC scaffold made up of p-phenylenedi-
amine surface functionalized CQD with the silk
fibroin/PLA (SF/PLA): CQD@SF/PLA. The micro-
graph findings showed that the SF/PLA bioactive
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Figure 6 In vitro PTT effect of scaffolds. a Scaffolds showing
tumour cell killing effect in the presence or absence of laser
irradiation. b Confocal laser scanning microscopy images of live/
dead stained tumour cells (red colour is showing the dead cells
which are highest in CS/nHA/CD + NIR group (i.e. symbolized
as (i) in each image) indicating the outstanding tumour ablation

cardiac scaffolds had an equal distribution of the
morphologically enhanced spherical functionalized
CQD. The fabricated CQD@SF/PLA scaffolds were
extremely porous and had uniform pores, which
substantially increased implantability, cell adhesion
and enhanced young modulus (1610 kPa). The
mRNA expression of cardiac marker genes is signif-
icantly altered and increased by CQD integration
without any electric supply [73]. The study’s findings
suggested well-organized cardiac nanofibrous scaf-
folds with improved mechanical and biocompatibil-
ity properties for use in cardiac tissue engineering.
Abolghasemzade et al. fabricated surface-modified
CQDs with bacterial cellulose (BC), polyvinyl alcohol
(PVA)-based /silica nanoparticle (Si NP)/silk fibroin

effect. ¢ SEM image of the tumour cell with different treatments.
Tumour cells were swollen and the cell membrane was damaged
(highlighted by white arrows) in the CS/nHA/CD + NIR group,
whereas they showed normal morphology in the other groups.
(Adapted with permission from ref [71]. Copyright 2018,
American Chemical Society).

(SF) nanocomposite: BC-CQDs-SiNPs-SF and PVA-
CQDs-SiNPs-SF nanofiber for skin tissue and hair
regeneration applications. In vivo skin regeneration
was accelerated by PVA-CQDs-SiNPs-SF nanofiber
(93.3 per cent reepithelization on day 14), which was
much faster than BC-CQDs-SiNPs-SF nanofiber (65
per cent), because of its higher elongation property,
better antibacterial activity and enhancement of NIH-
3T3 cell proliferation and migration [74].

Biosensors

Due to the distinctive properties of modulating the
energy gap between their HOMO and LUMO state
(as described in Sect. 3.2), CDs are frequently used

@ Springer



6434

with various polymers to fabricate the PNCs for the
biosensors. In recent times, researchers synthesize the
potential PNCs as a biosensor by using these CDs as a
nanoparticle. Huang et al. synthesized a modified
glassy carbon electrode (GCE) using CD-chitosan as a
PNC: (CDs-CS/GCE) for the determination of
dopamine (DA). The study revealed that the GCE
performance was electrochemically lower than the
CDs-CS/GCE for the detection of DA. With a limit of
detection of 11.2 nM, the oxidation peaks current
(Ipa) of DA was linear with the concentration of DA
in the range of 0.1 mM to 30.0 mM. The CDs-CS/
GCE was used to successfully detect the presence of
DA in an injectable solution of DA [75]. Jalili and
Amjadi (2018) fabricated a novel sensor by using
polydopamine (PDA) as a receptor in which 3-NT (3-
nitrotyrosine) was used as a template and green-
emitting CDs as a transducer. Imprinted binding sites
that only recognize the target molecules are left in the
composite after the embedding template (3-NT)
molecules have been removed. 3-NT considerably
reduces the fluorescence intensity, which is the basis
for its sensitive detection. The CDs and PDA interact
with each other via H bonding and/or n — = stacking.
Results showed that synthesized probes have better
sensitivity (in pM levels) than many of the HPLC and
ELISA methods used for 3-NT detection in human
serum samples [76]. Acute hepatitis, a viral condition
in which even low levels of the virus represent a
potentially lethal hazard, is caused by hepatitis E
virus (HEV) infection. Chowdhury et al. described
the development of an electrical pulse-induced
immunosensor for the impedimetric quantification of
the hepatitis E virus (HEV) based on graphene GQDs
with co-doped nitrogen and sulphur (N, S-GQDs)
and gold-embedded polyaniline nanowires (AulNP-
PAni): N,S-GQDs@AuNP-PAni. By altering the elec-
tronic properties, the chemically bound nitrogen
atom can significantly enhance the electrochemical
properties. The target HEV had a large surface area
thanks to the AuNP-PAni, which improved the
electron transfer process. The biosensing platform
easily determined the HEV genotypes with a detec-
tion limit of 0.8fgmL ™" [78].

Naghdi and their co-workers (2020) prepared a
chitin-based nanocomposite fibre (ChNF) optical
sensor by using AgNPs (Silver Nps) and AuNPs
(Gold Nps) as a plasmonic NPs and CdTe and CDs as
colour emitting nanofillers (PLNPs). The proposed
ChNF paper-based systems’ applicability and
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performance for analytical tasks were confirmed by
optical sensing of a range of (bio)chemicals as model
analytes. Because the synthesized ChNF paper-based
sensors are optically transparent, variations in their
colour or fluorescence caused by the addition of test
analytes may be seen both visually with the naked
eye and spectroscopically [77]. Jiang et al.,, (2020)
prepared a hybrid dual light-emitting biosensor
through the consistent blending of blue fluorescent
polyurethane and green—yellow fluorescent carbon
dots (CDs). On the composite film, the CD distribu-
tion was rather consistent. After 550 nm in the optical
band, the composite film showed a comparatively
strong light transmittance of more than 85%. The
synthesized film also showed high ductility, flexibil-
ity and mechanical stability. The produced CDs’
green—yellow emission showed good temperature
responsiveness and reversible characteristics [79].

Fluorescence and photoluminescence
bioimaging

Bioimaging is a type of optical biosensing method to
provide visual images of biological functions or
processes for more precise illness diagnosis and
treatment. CDs are used for a variety of bioimaging
techniques due to their properties of fluorescence and
photoluminescence. Morgadi and co-workers (2018)
fabricated the photoluminescent nano-CDs via
hydrothermal carbonization technique by using gum
tragacanth and chitosan as a biopolymer. The pre-
pared composite showed excellent luminescent
properties and also showed good photostability with
low cytotoxicity and decent biocompatibility on the
MTT test [80]. Gu et al., (2018) synthesized the CD
DME-CDs which were easily doped with the polymer
matrix of polymethyl methacrylate (PMMA) and
polystyrene (PS), the prepared composite exhibited
outstanding luminescence stability, superior bio-
compatibility with the high fluorescence. Under UV
radiation (365 nm), the produced CDs released blue
light and the quantum yields up to 30%. Results
revealed minimal toxicity and high quantum yield,
which have significant promise for biological appli-
cations such as protein analysis and bioimaging [81].
A carboxyl-terminated PVCL derivative was com-
bined with carbon dots (CDs) through N-(3-
(dimethylamino)propyl)-N-ethylcarbodiimide
hydrochloride coupling to create a fluorescent
thermo-responsive polymer composite PVCL-CD.
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The composite temperature-dependent fluorescence
characteristics were investigated for biological uses.
Due to thermo-induced accumulation of the PVCL
chains, fluorescence quenching was seen above the
lower critical solution temperature (LCST) in the
fabricated PVCL-CDs. These luminous thermo-re-
sponsive PVCL-CDs had high biocompatibility and
were used as both a marker for bioimaging and a
thermometer for measuring intracellular tempera-
tures [82]. The 0D-based PNC film with high lumi-
nescence using PVA as polymer matrix and
MWCNT-derived monodispersed CDs as nanofillers
was synthesized for bioimaging application. In con-
trast to the pH-dependent fluctuations in photolu-
minescence intensity often seen for C dots distributed
in aqueous solution, the study produced films that
display pH-independent photoluminescence (PL)
emission, which is a beneficial attribute in terms of
biomedical fields [83].

Cancer detection and treatment

CBN'’s are most frequently researched for their uti-
lization as a nanocarrier in drug delivery. Different
methods, such as covalent conjugation or non-cova-
lent adsorption have been developed in recent years
to load tiny compounds, such as chemotherapeutic
cancer medicines, on CBNs [99]. Besides the
nanocarrier, CDs can also be used as a nanofiber in
PNCs for cancer detection and treatment. In this
context, various studies have been done in recent
years. Nurunnabi et al., (2013) evaluated the in vivo
biodistribution and possible toxicity of carboxylated
photoluminescent GQDs. In vitro analysis of poly-
dopamine-assisted photoluminescent GQDs was
assessed against A-549 Cancer cells, MDA-MB231
and MDCK normal cell line. The optical imaging of
naked mice and isolated organs showed that 24 h
after intravenous injection of GQDs, carboxylated
GQDs accumulated in the liver, spleen, kidney and
tumour. Blood biochemistry and haematological
studies exhibit that the carboxylated GQDs do not
appear to be hazardous to rats at different dosages (5,
10 mg/kg) over 22 days [84]. Liu et al. developed a
one-step synthesis of green fluorescence carbon dots
(CDs) with poly(acrylate sodium) (PAAS). A unique
turn-on fluorescence probe was developed for imag-
ing cancer cells via the hydrogen-bond interaction
between folic acid (FA) and CDs: (FA-CDs). Study
findings indicated that the FA-CDs probe could
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reliably identify cancer cells that expressed the folate
receptor (FR) in various cell mixes when turned on.
Particularly, the targeting of FA-CDs probes and the
superb photostability of CDs have enormous impli-
cations for real-time tumour cell monitoring and
fluorescence-assisted surgical excision [85].

Cancer detection and healing mechanism were also
checked using diselenide-containing carbon dots
(dsCDs) and ureidopyriminone-conjugated gelatin
(Gel-UPy) hydrogels by formulating stimuli-respon-
sive electrochemical wireless hydrogel biosensors.
The creation of hydrogen bonds, which have an
impact on the self-healing capacity, conductivity and
adhesiveness of the Gel-UPy/dsCD hydrogels, is
triggered by the cleavage of the diselenide groups of
the dsCD inside the hydrogels by glutathione (GSH)
or reactive oxygen species (ROS). Due to the deteri-
oration of dsCD, the breakage of diselenide bonds
also impacts the electrochemical signals. A high
concentration of GSH or ROS causes the hydrogels to
demonstrate outstanding adhesion and in vivo cancer
detection abilities [86]. In another study on PNCs, a
photothermally improved multifunctional system
(MFS) was formed using the NIR-absorbing agent
polydopamine (PDA) and carbon dots (CDs). Both
were gated on the apertures of hollow mesoporous
carbon (HMC). It was observed that the prepared
MFS’s fluorescence emission wavelength was red-
shifted by the Forster resonant energy transfer
(FRET) interaction between PDA and CDs, which
eliminated the problem of fluorescence quenching in
CDs and made cell imaging easier. Modification with
PDA@CDs not only makes the multiresponsive
release of pH, GSH and NIR, but it also gives the
HMC vehicle outstanding photothermal generating
capacity, the ability to conduct bioimaging and
improved stability [87].

Wound healing

Wounds arise more frequently from accidents, surg-
eries, burns and chronic illnesses and exaggerate by
the microbial infection occurred due to the various
pathogens. Due to their unique physicochemical and
biological characteristics, CBNs demonstrated broad
antimicrobial activity against invasive bacteria, fungi
and viruses causing wound infection [100]. Wang
and their co-workers (2020) studied the CD’s effec-
tiveness against wound infection. By stimulating the
transforming growth factor-/p-38 mitogen-activated
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Figure 7 In vivo wound healing and histological assessment a Images of cutaneous wounds on different days. b Relative Wound area
(ratio of the wound area of different time points to the initial wound area) on different days treated with control and CDots. ¢ Histological
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kinase/Snail signalling pathway, the CDs cause the
epithelial-mesenchymal transition (EMT), which
increases cell motility. The study also demonstrated
that CDs can speed up epithelial cell migration in
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full-thickness cutaneous wounds through EMT by
evaluating several in vivo wound healing tests and
histological exams (Fig. 7). As a consequence, the
granulation tissue and epidermal barrier are rapidly
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re-epithelialized, blocking external stimuli, reducing
the inflammatory response and granulation tissue
area, and ultimately promoting wound healing with
fewer scars [88].

Cui et al. (2021) fabricated cationic carbon dots
(CDs), acrylic acid (AA) and pectin network by a
cross-linker which worked as an effective fluorescent
hydrogel with antibacterial efficacy, phenomenal
optical performance and excellent biocompatibility.
Due to the bacterial membrane being severely dis-
rupted by the released CDs, the hydrogel demon-
strated long-term  powerful  broad-spectrum
antibacterial efficacy (even against drug-resistant
bacteria). This hydrogel’s inhibition capacity was
108.5 times more than that of the other hydrogel [89].

Mou et al., (2022) developed a group of anionic
CDs, particularly CD31, into effective broad-spec-
trum bactericides. Additionally, CD31 was coupled
with polylysine (Plys) to create an injectable, self-

healing hydrogel (CD-Plys) that has outstanding
wound healing capabilities, amazing broad-spectrum
antibacterial activity and satisfying biocompatibility
(Fig. 8). The in vivo study results that the size of the
wound rapidly decreased in the CD-Plys composites
as compared to the pristine plys. The epidermis
started to regenerate only after 3 days of treatment
and on the 7th day, the CD-Plys showed remarkable
healing up to 90 and 92% for E.coli and S. aureus,
respectively. The results showed that the synergistic
impact of CD-Plys promotes angiogenesis and
epithelization, which ultimately speeds up wound
healing [90].

Other biomedical application
The CD-PNCs are also used in several other appli-

cations which are less studied in comparison with the
above biomedical applications, for instance ocular
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disease. Pathogenic angiogenetic eye illnesses are
brought on by the vascular endothelial growth factor
(VEGF). Developing carriers for the regulated release
of VEGF inhibitors that are located in the rear of the
eye region is a difficult scientific task. Shoval et al.,
(2019) synthesized the hybrid CDs functionalized
with the VEGF aptamer. When applied topically, the
CDs serve as efficient transporters of the anti-VEGF
aptamer throughout the cornea. Because of the CDs’
natural fluorescence, the hybrids also allow for non-
invasive intraocular concentration monitoring. They
exhibit no toxicity in both in vitro and in vivo mouse
animal models. Additionally, choroidal blood vessels
with the hybrid CDs significantly block VEGF-stim-
ulated angiogenesis [91]. The viral illness COVID-19
mostly affects the lungs and results in severe respi-
ratory distress and fever. Globally, a recent epidemic
has caused a significant number of fatalities due to
this virus. Since immune cells produce mediators like
interleukins, which cause inflammation after the
virus connects to receptors and attacks lung cells
[101]. For the rapid determination of the virus, CDs
can be employed for the pandemic COVID-19 diag-
nosis and therapy. Herbal CDs, i.e. made from the
carbonization of medicinal plants, can play a vital
role as potent anti-COVID-19 agents. Kalkal et al.
synthesized CDs via carbonization using allium sati-
vum (AS) as a biomaterial. CDs derived from garlic
reduced viral attachment and entry while suppress-
ing inflammatory cytokines [92]. However, the study
was hypothetical and has not yet been tested in vivo
or in a human patient. But, the low toxicity, enhanced
cell viability and cytocompatibility suggested that by
preventing the spread of illness, AS-CDs can aid with
preventative measures. The suggested theory can be
used as a forward-looking strategy to pave the way
for the creation of a unique treatment that may prove
to be very effective in dealing with such pandemics.
In addition, CD-PNC systems are also used for the
fabrication of facemasks due to their excellent quality
of inhibiting viruses. Additionally, CD-PNCs can also
be used for the fabrication of high-end quality face-
masks. Singh et al. created CD-poly(vinylidene flu-
oride) (PVDF) nanoporous membranes and their
potential for usage in reusable, self-sterilizing face-
masks. Notably, the composite CD-PVDF films have
a hydrophobic surface that avoids moisture build-up
and a dense nanoporous network that permits effi-
cient filtering of particles larger than 100 nm in
diameter while yet allowing for breathability.
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Importantly, self-sterilization happens when the
membrane receives brief solar radiation because the
embedded CDs effectively absorb visible light while
simultaneously raising the temperature through heat
dissipation [93].

Challenges and opportunities

With the rise in the structural analogues of CBNs, an
exponential upturn has been seen in the fabrication of
smart polymer composites. The CD-PNCs also exhi-
bit such characteristics and applications which make
them one of the most suitable nanocomposites for the
fabrication of several biomedical devices as we dis-
cussed in the application part of this review. The
synthesis methods, biocompatibility, environment-
friendly nature and optical properties make CDs a
vital nanomaterial for several applications. It is evi-
dent from several studies that the CDs are the most
biocompatible and low toxicity-containing CBNs.
Among all its physicochemical characteristics, one of
the most important nature is its tunable PL property
which is very useful in the biomedical sector from
cancer detection to biosensor fabrication. The study
of CDs in terms of their synthesis, properties as well
as mechanistic research and application develop-
ment, has advanced significantly. The findings of
these studies show that CDs can offer a variety of
unique opportunities to examine novel phenomena
and features discovered in multifaceted settings.
However, there are still several challenges associated
with CD-based nanocomposites which need to be
resolved for better future opportunities of the CDs in
material science and technology.

The studies on CDs and their properties are quite
stagnant in their earlier stages when compared to
other QDs and other CBNs (such as CNTs or gra-
phene). The lack of an appropriate and scaled
method to generate high-quality CDs with required
morphology (such as shape, type, size, number of
defects and functional groups) is now one of the most
basic and significant challenges. Due to the uncon-
ventional synthetic routes, their precise reaction
mechanism, reactivity or response towards the other
functional group molecules are also not clear.
Therefore, the effects of precursors and reaction
conditions on the performance of CDs should be
systematically explored, and a purification strategy
based on size or polarity also needs to be developed,
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to produce CDs on a large scale with high perfor-
mance via an efficient route.

Owing to the various reaction mechanisms and
precursors used by several researchers, the PL mech-
anism of CDs is still up for debate. The key factors
influencing their PL behaviours include the structures
of their carbon cores and the attachment or bonding of
different functional groups on their surfaces (as shown
in Fig. 4). However, there are no clear pathways for
optimizing the PL properties of CDs which is one of
the major hindrances to using CDs efficiently for the
fabrication of CD-PNCs composites, especially for
biosensors. Hence, to facilitate the synthesis of CDs
with high QYs and tunable PL mechanisms, it is
important to thoroughly evaluate the structure and
investigate the PL processes of CDs by combining
experimental studies and advanced computer tech-
niques. Besides the PL issue, the other concern is to
synthesize the CD as per their applicability. Future
studies should concentrate on creating CD structures
in accordance with application needs in addition to
synthetic approaches and the PL mechanism.

In the biomedical field, the CD-based PNCs showed
enhanced selectivity in different sensing and imaging
applications due to the functional polymer attached to
the surface of the CDs. So, there is also a need to develop
a more convenient and appropriate approach for the
synthesis of CD-based PNCs. For potential future clinical
applications in phototherapy and smart medical devices
(such as health monitoring gadgets, brain mapping
systems, neural tracers and cancer-detecting sensors),
CD'’s red to NIR radiation is highly desirable due to its
reduced dispersion and less damage to the tissues and
deeper light penetration. So, there is also a need to create
such multiphoton emitting CDs which have high QYs,
biocompatibility and outstanding water solubility. All
these properties can alter the nature of a polymer com-
posite in multiple dimensions. For CDs to be used in
therapeutic in the future with polymeric systems, a
thorough study on the toxicity and metabolic pathways
of PNC-based CDs in animal models is much needed
and also a thorough investigation of the precise molec-
ular mechanism of drug/PNC-CDs is necessary.

Conclusion

This review paper attempts an elaborative discussion
on the fabrication and applications of the CD-based
innovative composite structures. It emphasizes the
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mechanistic understanding of the synthesis, fabrica-
tion and properties of reinforced polymer nanocom-
posites. Inferences have been made based on an
extensive literature survey based on the representative
literature with significant results. The substantial
findings reported in this article insinuate the immense
potential of CDs in the development of biosensors and
bioimaging tools. The structural remodelling and
extraordinary tuneable PL emission properties can be
harnessed for the development of several significant
devices, materials for bone and tissue engineering,
tracers, biosensors or disease detection. It is antici-
pated that the novel method of synthesis and alter-
ations through doping and polymer conjugation will
play a key role in the field of biological sciences for the
development of futuristic novel biomedical con-
trivances. This review article can be seen in the back-
drop of a suitable compact and rational literature for
the inception of several CD-based research endeav-
ours, especially in biomedical applications.
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