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Abstract

Carbon dots (CDs) have received extensive attention in the last decade for their
excellent optical, chemical and biological properties. In recent years, CDs composites
have also received significant attention due to their ability to improve the intrinsic
properties and expand the application scopes of CDs. In this article, the syntheses of
four types of CDs composites (metal-CDs, nonmetallic inorganics-CDs, organics-CDs
as well as multi-components-CDs composites) are systematically summarized first.
Then the recent advancements on the bioapplications (bioimaging, drug delivery and
biosensing) of these composites are also highlighted and discussed. Last, current

challenges and future trends of CDs composites in the biomedical fields are discussed.
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1. Introduction

Carbon dots (CDs) are a group of quasi-spherical nanoparticles with sizes smaller
than 10 nm!, which were first discovered accidentally in 2004 by researchers from the
United States during the separation and purification of single-walled carbon
nanotubes (SWCNTSs) by gel electrophoresis®. CDs did not receive enough attention
until a groundbreaking report from Sun’s group in 20063. Structurally speaking, CDs
are generally considered to posses carbonized cores (either crystalline or amorphous)
with functionalized surfaces which could contain various functionalities such as
carbonyls, carboxylic acids, hydroxyls, epoxides, amines and etc.*. The nature and
properties of CDs surfaces are easily influenced by the precursors used and synthesis
methods adopted during the synthesis of CDs’ ¥, thus rendering CDs with the
advantage of facile surface modifications. Syntheses for CDs are simple and versatile,
which could be classified into two approaches, namely "top-down" and "bottom-up"®.
In "top-down" method, it generally involves the cleavage of large carbonaceous
materials into small CDs via harsh treatments such as arc discharge, laser ablation!'% 1,
electrochemical stripping'? as well as acidic oxidation treatment!> !4, In "bottom-up"
approach, it involves the polymerization and carbonization of small carbon-containing
molecules into CDs'>, which could be realized through microwave!® or

hydrothermal/solvothermal treatments!”.

In the past decade, the field of CDs has advanced significantly, as evidenced by their
wide applications in various fields such as chemistry, physics, engineering and
optoelectronics'®2°, Among them, CDs are especially known for their cross
applications in the biomedical fields considering their unique photoluminescence (PL)
properties, excellent photostability, extraordinary biocompatibility, tunable surface
functionalities, facile syntheses, as well as economic accessibility?!2°. As a result,
CDs have been widely investigated for their potential applications for bioimaging,
biosensing as well as drug and gene delivery?-3! in the last decade (Figure 1). In light
of the emerging studies on the biomedical applications of CDs, various excellent

review articles have been published on this topic®?3¢. For instance, recent
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advancements of near infra (NIR) C-dots and their biomedical applications have been
systematically summarized by Xiong?’, and Qu’s group?®. Reviews focused on one
specific application of C-dots in biosensing®® 4%, phototherapy*!, nanomedicine*> ** as
well as bone tissue engineering** have also been reported. Even though significant
progress has been achieved, applications of CDs in biomedical fields still face some
challenges. For instance, although enormous efforts have been devoted, majority of
(NIR) CDs still suffered from relatively low PL quantum yields (QYSs), significantly
limiting their practical applications for bioimaging and theranostics development.
Furthermore, the detection process of CDs in biosensing is often interfered by
potential interferents due to the absence of specific recognition groups on surface of
CDs for analytes; Most importantly, the interactions of CDs with biological systems
are generally poor and lack specificity®’, significantly limiting their potential clinical

applications.
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Figure 1. Number of articles published on the applications of CDs in biomedical fields, results
obtained via Google Scholar on September 6%, 2021. Blue, yellow and red columns represent articles
resulted from searching by the exact phases “carbon dots, carbon nano dots, carbon quantum dots,

graphene quantum dots and C-dots” with “biosensing”, “drug delivery”, “imaging” occurring in the

title of a paper, respectively.
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CDs composites have turned out to be very successful in addressing the
above-mentioned issues, and surface functionalization and heteroatom doping have
proven to be among the most effective methods to obtain them?** 47, Up to now,
various traditional materials such as metals/metal oxides, nonmetallic inorganic
materials as well as organics have been widely composited with CDs to enhance their
intrinsic properties and expand their application scopes. In these systems, the merits
are obvious by compositing CDs with traditional materials as regarding to their
bioapplications. Firstly, the PLQYs of CDs could be generally increased by either
compositing with metals and small organic molecules or via direct elements doping;
furthermore, by properly tuning the compositing reagents, red shifting of the
fluorescence emissions could be achieved for the resulted CDs composites compared
to that of bare CDs. The enhancements in the PLQY's and red shift of the fluorescence
emissions are extremely important for the further advancement of CDs in the
biomedical fields. Secondly, CDs composites could be endowed some unique features
that are highly advantageous for bioapplications but impossible to see in bare CDs.
For instance, by compositing with ferromagnetic materials, CDs composites could be
applied for dual mode (fluorescence and MRI) imaging, which is impossible to
achieve in bare CDs. By composting with metals or polymers, the mechanical strength
of CDs could be greatly enhanced, which are rather important for their applications as
scaffolds for bone tissue engineering. Thirdly, the composition of CDs with other
molecules such as antibodies and nucleic acids could significantly enhance their
sensitivity and specificity towards analytes, greatly expanding their application scope
in biosensing. Lastly, the interactions of CDs with biological systems are generally
lacking specificity, which limit their potential clinical applications. By compositing
with proper molecular ligands, this shortcoming could be much alleviated. For
instance, many reports have demonstrated that CDs could obtain high cancer targeting
ability by functionalized with proper ligands. Indeed, studies have undoubtedly
demonstrated the effectiveness of composites in improving the properties of CDs,
enhancing their performances in various applications and expanding their application

scopes*: 49,
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Despite the advancements, reviews specifically focus on CDs composites and their
biomedical applications have been relative limited in literature. Currently, there are
some summaries related to CDs composites, however, these reviews are generally
sporadic and limited to a specific type of materials composited with CDs>-32, Thus, a
comprehensive review that specifically focuses on CDs composites and summarizes
their biomedical applications systematically is still missing. In this context, this
review aims to summarize the recent advancements in CDs composites syntheses and
their applications in biomedical fields. Firstly, we will discuss the various materials
that are composited with CDs, with an emphasis on their synthesis approaches. In this
section, four types of CDs composites, namely metal-CDs, nonmetallic
inorganics-CDs, organics-CDs, as well as multi-components-CDs composites, will be
discussed in detail (Figure 2). Secondly, we will carefully discuss the biomedical
applications of these CDs composites, including bioimaging, drug delivery and
biosensing. Lastly, perspectives on the challenges and future trends of CDs

composites will be provided.
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Figure 2. Cartoon representations of A) metal-CDs composites. Reproduced with permission from ref
33, Copyright 2017, Elsevier. B) nonmetallic Inorganics-CDs composites. Reproduced with permission
from ref >*. Copyright 2016, Elsevier. C) organics-CDs composites. Reproduced with permission from
ref 3. Copyright 2019, WILEY - VCH. D) multi-components-CDs composites. Reproduced with

permission from ref 3¢, Copyright 2016, American Chemical Society.
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2. Synthesis of CDs Composites

There are mainly three types of materials compounded with CDs, namely metals,
nonmetallic inorganics and organics. Interestingly, syntheses for these CDs
composites are very similar, and could be realized via physical mixing (i.e., stirring,
ultrasonication), hydrothermal/solvothermal treatments, as well as microwave assisted
treatments. Depending on the actual experiments undertaken, these methods can be
regarded either as one-pot or stepwise approach. One-pot synthesis refers to reactions
in which all the precursors are treated together, so that the syntheses of CDs as well as
their composites with other materials are carried out all at once. This approach is
relatively simple, cheap and efficient; however, it’s generally suffered from inefficient
control over the desired properties (i.e., size, surface chemistry, etc.) of the
composites formed. On the other hand, in stepwise approach, CDs are prepared in
advance, and follow-up reactions are generally required to compound them with other
selected materials. This approach generally displayed a wider selection of components
and behaves better in tuning the properties of the composites compared to one-pot

approach.
2.1. Synthesis of Metal-CDs Composites

Metal-CDs composites are a major type of CDs-based composites and formed by
composition of CDs with metals/metal oxides. Metals, including noble metals and
transition metals, have been widely applied in optoelectronic, biomedicine and other
fields because of their unique electrical and optical properties®” 8. As a result,
compositing metals with CDs to improve the photoelectric properties of CDs has
attracted great attention’®!. Depending on the structure of the composites formed,
there are mainly three forms of metal presented in the metal-CDs composites,

including metal ions/atoms, metal nanoparticles (MNPs) and metal oxides (MOs)%2-63,

For the first type, it is generally regarded as metal ions/atoms doping, which not only

improves the optical properties of CDs but also gives novel functionality to CDs
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because of the modulation in the band structure. In most studies, composites of metal
ions/atoms and CDs are mainly presented in the form of M@CDs and can be obtained
through hydrothermal and chemical reductions %7 (Figure 3A) . Strictly speaking,
this type of composites is generally considered as metal-doped CDs, not CDs
“composites”. On the other hand, MNPs are the most common forms in metal-CDs
composites and they can be prepared via both physical (i.e., simple mixing and
stirring) and chemical (i.e., reduction) means. In physical method, MNPs are
generally prepared in advance, and they are normally formed through the reduction of
metal ions in situ through chemical methods®®. MNPs and CDs are mainly
compounded in the form of MNPs @ CDs (Figure 3B) , however, sometimes they
also form CDs@MNPs ( Figure 3C )  type of structures through covalent
bonding®-"!. In addition, some of them can also form a core-shell structure (Figure
3D ) , in which MNPs function as the core, and CDs cover the surface to form the
shell’?. Lastly, MOs are also commonly recognized as important components in the
metal-CDs composites and they generally form very uniform structures with CDs due
to their excellent interactions with CDs”? ( Figure 3E) . MOs-CDs composites are
mainly prepared through hydrothermal/solvothermal treatments’ 5. As can be seen,
due to the presence of different forms of metals in the composites, as well as their
different application purposes, synthesis methods for the preparations of metal-CDs
composites are also quite diverse. Among the various methods, physical mixing,
hydrothermal/solvothermal treatments and chemical reductions are the most

frequently adopted approaches.

MNPs-CDs

M @CDs MNPs @CDs CDs @MNPs ehe AR MOs-CDs
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Figure 3. Cartoon representations of the possible structures of Metal-CDs composites, A) M@CDs,
metal ions in the CDs; B) MNPs@CDs, metal nanoparticles on the surface of CDs; C) CDs@MNPs,
CDs on the surface of metal nanoparticles; D)MNPs-CDs core-shell structure, metal nanoparticles as

the core, CDs as the shell; E)MOs-CDs, metal oxides and CDs form uniform structures.

2.1.1. Synthesis via Physical Mixing

In this method, metal-CDs composites are prepared by mixing CDs solution with
metal salt solution (or dispersions of MNPs), and the interactions of metals with CDs
are generally facilitated by mechanical shearing, stirring and mixing, ultrasonic
treatment as well as mild heating. This synthesis approach generally experiences very
mild reaction conditions and is environment-friendly. However, the interactions of
metals and CDs in the composites are normally poor’®. For instance, in a recent study,
CDs were first synthesized via solvothermal treatment, then the as-prepared CDs were
stirred with alkali metal solutions to generate the desired M@CDs composites’”.
Interestingly, these metal-ion-functionalized CDs demonstrated excellent
red-emissive PL properties with QY's of 34.09% (Li@CDs), 29.29% (Na@ CDs) and
27.64% (K@CDs). The higher QY demonstrated by Li@CDs was attributed to the
fact that Li atom exhibits higher electronegativity than Na and K. Unfortunately, the
authors did not compare these composites with their counterparts, the metal-free CDs.
Applying similar strategies, CDs were also composited with various MNPs (i.e., Au,
Ag, and Pt) (Figure 4A)7%. In addition to metal atoms/ions and MNPs, the composites
of CDs with MOs have also been achieved through physical mixing”. As
demonstrated, physical mixing is a facile method to prepare metal-CDs composites.
However, it is worth noting that majority of metal-CDs composites are synthesized
via other methods such as hydrothermal/solvothermal treatments, microwave-assisted

method and electrochemical synthesis.
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Figure 4. A) Schematic illustration of the synthesis process of Au@CDs. Reproduced with permission
from ref 78. Copyright 2020, Royal Society of Chemistry. B) Schematic diagram showing the growth of
the Zn-CDs from a sp? to a sp’ structure. Reproduced with permission from ref®?. Copyright 2018,
Royal Society of Chemistry. C) Schematic illustration of the synthesis process of Pd/Au-CDs.
Reproduced with permission from ref [°!l. Copyright 2017, Elsevier. D) Schematic illustration of the
synthesis process of metal ions (Mn2*, Fe*, Co?*, Ni*")-doped CDs. Reproduced with permission from
ref [63], Copyright 2018, American Chemical Society.

2.1.2. Synthesis via Hydrothermal / Solvothermal

Currently, hydrothermal treatment is the most widely used approach for preparations
of metal-CDs composites. It is environment-friendly, easy to operate and has a unified
reaction system; however, the reaction time could be long and reaction conditions are
generally harsh (i.e., high temperature and pressure). Hydrothermal treatment could
be used to obtain composites with controlled size, shape and establish strong
interactions between the MNPs and CDs. Similarly, syntheses of metal-CDs
composites via hydrothermal treatment could be broadly divided as one-pot and

stepwise approach.

In the one-pot approach, the preparations of CDs and the composition with metals are
achieved simultaneously in a one-pot fashion by mixing and treating the precursors of

CDs and solutions of metal salts altogether. For example, Xu et al. synthesized
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Zn@CDs using this one-pot hydrothermal treatment and the obtained composites
demonstrated uniform sizes (3-10 nm) and bright blue fluorescence with QY >32%3!.
Interestingly, the same group demonstrated that the QY (35%) could be fine-tuned by
manipulating the reaction time without affecting the morphologies of the composites
(Figure 4B)°. They attributed increase of the QY of the Zn-CDs to the reason that Zn
could directly oxidize carbon-based surface passivation and prevent the aggregation
of graphene n— m stacking. With the understanding towards the PL mechanism of
metal-CDs composites, the same group further pushed their work in this area and
successfully realized the synthesis of metal-CDs composite (Ba@CDs) with
quantitative yield (99.6%). Unlike in the case of Zn-CDs, the authors attributed the
high QY to the defected structures on CDs caused by the charge transfers from Ba
atoms.?? In a different study, Cheng and co-workers realized a high QY of 51.2% on
Zn-CDs composite, which they attributed to the radiative recombination of electrons
and holes trapped on the CDs surface®’. As can be seen, the PL mechanisms for those
metal-CDs composites with high QYs varied depending on the specific synthesis
methods and compositing metals, which included increase of radiative pathways (i.e.,
surface states) of high QYs®”> 32, alleviating of fluorescence quenching?®, etc. With
similar strategy, Cu**@CDs and La@CDs have also been successfully prepared?® 34,
Stepwise approach refers to reactions in which CDs are prepared separately before
they are treated hydrothermally with metals to generate the composites. For instance,
Yu et al. successfully prepared TiO,/CDs composite via hydrothermal treatment
(140 °C for 4 h), in which the CDs were synthesized via an electrochemical treatment

in advance®>.

Depends on the nature of the carbon precursor, as well as the purpose to control the
particle size and shape of the composites, solvents other than water could be used. For
example, Zhu et al. synthesized CDs-decorated NiCo,0O,4 nanohybrid by a two-step
solvothermal method, in which ethylene glycol was used®®. Interestingly, in this
stepwise approach, when composited with noble metals (NMs), CDs tend to deposit

onto the surfaces of NMs, forming “CDs@MNPs” type structures (Figure 3C)%. The
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composites of CDs with NMs (i.e., Au, Ag, Pt) are generally mutual-beneficial: firstly,
during synthesis of NMs/CDs nanohybrids, CDs with abundant oxygen-containing
functional groups (i.e., carboxyl and hydroxyl groups) could prevent NMs from
aggregation and ensure the activity of NMs by engineering the properties (i.e., sizes)
of NMs3® 89 Secondly, the hybridized NMs also facilitate the realization of high
dispersibility of CDs. Most notably, the superior electronic properties of both CDs
and NMs can facilitate electrons transfer, resulting the restriction of charge carrier
recombination by ultrafast relaxation process of localized surface plasmon resonance
(LSPR) induced hot electrons®, which can boost the performances toward more

effective environmental sensing, pollutants treatment and energy conversion®! %2,
2.1.3. Synthesis via Chemical Reduction

Chemical reduction is a conventional method for the syntheses of metal-CDs
composites, which refers to the preparation of metal-CDs composites by reducing
metal precursors to MNPs and then compounding with CDs. For instance, Huang et al.
synthesized Au@CDs by reducing HAuCl, with sodium citrate, and then mixed with
CDs at 100 °C for 80 min®. With similar strategy, Liu and co-workers prepared CDs
which could be adsorbed on surface of AuNPs through electrostatic interaction®®. In
these syntheses, commonly used reductants for the reduction of metal ions include
boron hydride, sodium citrate and etc.”>%3. However, these metal reductants belong to
dangerous chemicals and are easy to introduce by-products during synthesis, thus the
preparations of metal-CDs composites without these traditional reductants are greatly

desired.

Considering the fact that there are generally rich reducing functionalities (i.e., amines,
alkenes, etc.) on CDs, it might be possible to use CDs separately and directly to
reduce metal ions by accelerating electrons transfer and stabilize the formed MNPs.
Indeed, studies have demonstrated the possibility of using CDs as reductants in the
preparations of MNPs-CDs composites®®. Depending on the nature of the CDs used,

the reaction conditions for the reduction of metals can vary significantly. For example,
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to prepare AuNPs—CDs core—shell nanocomposites, Sonam et al. mixed HAuCl,
solution and CDs at room temperature; while Luo and co-workers applied a much
harsher condition (100 °C). In these two examples, CDs were synthesized by
microwave irradiation and electrochemical method, respectively®”> 8. Interestingly,
the QY of AuNPs-CDs composite was only 0.5% in Luo’s study, the extremely low
QY was attributed to the quenching effect rising from the photoinduced electron
transfer from CD shells to Au cores and the nucleation of CDs. In addition to the
composition with single NMs, Huang and co-workers also reported the composition
of Pd and Au with CDs, the composite (Pd-Au@CDs) demonstrated a relatively
higher QY of 16% (Figure 4C)!%. Inspired by these studies, Ag-CDs nanocomposites

have also been reported!?!.

Generally speaking, noble metal ions tend to accumulate onto the surface of CDs
owing to the rich presence of oxygen-containing groups during chemical reductions;
this process could promote the formation of noble MNPs, leading to a reverse
core-shell structures (see Figure 3D, where CDs as core, and MNPs as shell instead).
This technique has the advantage of short preparation time and simple reaction
conditions (i.e., room temperature and atmospheric pressure), however, it could be

difficult to control the size of MNPs and it might potentially pollute the environment.
2.1.4. Synthesis via Other Preparation Methods

In addition to the above-mentioned methods, some other preparation methods such as
microwave-assisted synthesis and sonochemical method are commonly used. For
instance, Sajid et al. reported ethylenediamine-functionalized transition metal
ion-doped CDs by microwave-assisted pyrolysis at 800 W for 6 min. Compared to the
QY of the pristine CDs (48.31%), the synthesized Mn?*@CDs, Fe?*@CDs,
Co”*@CDs, Ni**@CDs exhibited QYs of 35.71, 41.72, 75.07, and 50.84%,
respectively. The authors suggested that the enhancement or quenching of PL
depended on the interactions of transition-metal ions that acted as dopants with the

surface of CDs. The Co?*@CDs presented the highest QY, which was attributed to the
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fact that Co?" prevented the formation of complexes and the secondary amine
moieties were bound to primary oxy-functional groups on the surface emissive trap
sites of CDs (Figure 4D)!°2, In a different study, Vijay et al. reported a one-step
sonochemical synthesis of a series of CDs from PEG with five different metals (Ag,
Au, Ga, Sn and Zn) that were yellow to brownish-red in color with the highest QY
reaching 16%'%. In addition to these preparation methods, carbonization under high
temperature have also been used to prepare Eu’*@ CDs!®. In summary, metal-CDs
composites have increasingly attracted more attention in recent years and many
studies regarding the synthesis, properties and applications of this type of composite
have been reported. Selective examples of metal-CDs composites systems have been

summarized in Table 1.

Table 1. Selective examples for the synthesis of metal-CDs composites

Composite Carbon Synthesis Reaction Size QY (%)
Application Ref.
Form Source 9 Method © Parameters (nm) f)
Li@CDs CA; urea PM 1/60 h 3-5 34.09  pH sensing 7
Au@CDs CA; Lys PM 37°C,1/3h 3.9-4.7 - Colorimetric 78
sensing
Zn@CDs SC Hydrothermal 185°C, 1-10 h 3-10 34.6 Biosensor 80
Cu**@CDs Tea Hydrothermal 150°C, 6h -0.85 3.26 Nanoprobe 83
3.97-4. Biosensor,

La@CDs ATP Hydrothermal 160 °C,8 h 13.9 o 84

64 bioimaging
TiO,/CDs Graphite ~ Hydrothermal 140 °C,4 h 20-30 - Photocatalytic 85

] 250-35 )
CDs-MOs®  Graphite  Solvothermal 180°C,3 h 0 - Supercapacitor 86
Pd/Au-CDs BP CR 90°C,1h 5-15 16 Biosensor 100

. 2723, 35717
M@CDs® CLE Microwave 800 W,1/10 h 6 s07 Bioimaging 102

M@CDs © PEG Sonochemical 3h 6-8 1.8-16  Cell labeling 103

Ag@CDs GR PM 1/2 min ~4 - Immunosensor 105
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CDs@Pt LasA PM 48 h ~10 - Biosensor 106

3 MOs = NiCo,04;

M= Mn, Fe, Co and Ni;

©)M = Ga, Sn, Zn, Ag and Au;

9 CA: citric acid; Lys: L-lysine; GR: graphite rod; LasA: L-ascorbic acid; SC: sodium citrate; ATP:
adenosine disodium triphosphate; BP: banana peels; CLE: citrus lemon extract; PEG: polyethylene
glycol;

©) PM: physical mixing; CR: chemical reduction;

DQy: quantum yield.

2.2. Synthesis of Nonmetallic Inorganics-CDs Composites

Nonmetallic inorganics-CDs composites are another type of composites derived from
CDs by compositing with inorganic materials such as ceramics!?’- 18 quantum dots
(QDs)'%, graphene!!? as well as carbon nanotubes (CNTs)!!'!: 112, Precisely speaking,
metals (including metal nanoparticles and metal oxides) as well as the
above-mentioned materials (ceramics, QDs, graphene and CNTs) could all be
classified as inorganics. Since there have been enormous studies on metal-CDs
composites, and the optical properties tuning, application scopes of metal-CDs
composites are quite different from other nonmetallic inorganics-CDs composites,
thus we departed a separate section for metal-CDs composites, which were discussed
above. As such, in this section, we will specifically focus on the nonmetallic
inorganics-CDs composites that involved the above-mentioned traditional inorganic

materials.

2.2.1. Synthesis of Nonmetallic Inorganics-CDs Composites by Heteroatom

Doping

Strictly speaking, heteroatom doping of CDs is hardly to be considered as
“composites” of CDs with inorganic materials, however, there have been much work
on heteroatom doping of CDs!!3 14 which was very effective in enhancing the
properties of CDs. Therefore, we dedicated a short section to discuss heteroatom

doping and their effects on CDs composites. Heteroatom doping can be divided into
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single atom doping and multiple atoms co-doping. There have been many reports
about single-atom doped CDs, including nitrogen'!3, sulfur!'®, boron'!’, phosphorus!'®,
silicon!!> 120 and fluorine'?!. By introducing atomic impurities into CDs, their
electronic structures could be adjusted to generate n- or p-type carriers. As a result,
the electronic and optical properties of CDs could be fine-tuned by using specific
doping atoms. Single atom doping exhibits great potential in tuning the intrinsic
properties of CDs, however, it also has limitations. One of the major limitations is that
the emission spectra is generally confined to single atom doped CDs. Therefore,
doping of CDs with multiple atoms has attracted much attention, since it could create
unique electronic structures due to the synergistic effects from the various doped
heteroatoms in CDs!®. Up till now, co-doping of CDs with N/S!2%125 N/P126, N/B!27.
128 'N/S/B'?%and N/S/P130. 31 have all been reported.

2.2.2. Synthesis of Nonmetallic Inorganics-CDs Composites by Compositing with

Traditional Inorganic Materials

Depending on the nature of the inorganic molecules, the nonmetallic inorganics-CDs
composites could be prepared via physical mixing, hydrothermal treatment!3% 133,

sol-gel method and microwave radiation!34-137,

2.2.2.1. Synthesis via Physical Mixing

As one of the most widely used ceramic materials, alumina (Al,O;) is often used as
adsorbent, catalyst and sensor material because of its large surface area, high thermal
stability and good mechanical strength!3% 139, Composites of alumina and CDs have
been shown to prevent aggregations and improve thermal stability of CDs; endow
alumina with better PL properties, improving its applications in the optoelectronic
fields. In most studies, CDs and mesoporous aluminas (MAs) were prepared
individually in advance, and then the two were assembled via hydrogen-bonding
interactions under simple stirring (Figure 5A)!40- 141, In another study, the MAs-CDs

composites, which were prepared through the same method, demonstrated much
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higher fluorescence QY (46.69%) and long-term stability, while the QY of CDs were
~33% and the QY of MAs were ~2.11%(Figure 5B)!4,
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Figure 5. A) Schematic illustration of the synthesis process of CDs/Al,OsNFs. Reproduced with

CDs particles

permission from ref 40, Copyright 2020, Elsevier. B) Schematic illustration of the synthesis process of
CDs/MAs hybrid materials. Reproduced with permission from ref 42, Copyright 2017, Elsevier. C)
Schematic illustration for the synthesis of composite derived from carboxyl-modified red fluorescent
cadmium telluride (CdTe) quantum dots and amino-functionalized CDs for the determination of Cu?*.
Reproduced with permission from ref 43. Copyright 2016, Royal Society of Chemistry. D) Schematic
illustration of the fabrication process of CDs—GO membranes. Reproduced with permission from ref 44,
Copyright 2014, Royal Society of Chemistry.

QDs derived from semiconductors have attracted much attention in the optoelectronic
field because of their unique electronic and optical properties, such as high extinction
coefficient, high fluorescence quantum efficiency, size-dependent broad absorption,
and excellent photochemical stability!#-147, Recently, they have been composited with
CDs to achieve unique properties. For instance, a ratiometric fluorescence sensor was
prepared via simple mixing and stirring of CDs and QDs for the detection of Hg?" and
Cu?*(Figure 5C)'*8. In addition to the above-mentioned examples, CNTs, SiO, and

GO have also been composited with CDs via simple physical mixing (Figure

5D)149—151_
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2.2.2.2. Synthesis via Hydrothermal/Solvothermal

Hydroxyapatite (HAp) is a natural mineral form of calcium apatite and the main
inorganic components of bone tissues. HAp exhibits good biocompatibility and bone
bioactivity, thus is widely used as scaffolds in bone tissue engineering (BTE) 152 153,
Recently, much attention has been paid to the composites of HAp and CDs for the
application in the biomedical field, more specifically, BTE!34155, Composites of HAp
and CDs are mainly prepared via hydrothermal treatment, which could produce
composites with uniform structures, controlled sizes and strong interactions between
HAp and CDs. Depending on the nature of the precursors, the synthesis of the
composites could be prepared via four different routes: 1) raw materials of HAp and
carbon precursors are treated hydrothermally in a one-pot fashion, and the formation
of HAp, CDs as well as their composites are achieved simultaneously (Figure 6A) 137
158:2) HAp is pre-synthesized or readily-made, and then treated hydrothermally with
carbon precursors; 3) CDs are pre-synthesized, and then treated hydrothermally with
raw materials of HAp'>®; 4) both HAp and CDs are synthesized in advance, and then
the two are treated together hydrothermally to obtain their composites'®. In addition
to HAp, the composites of CDs with other bioceramics (i.e., Si, Si0,) could also be

achieved via simple hydrothermal treatment of the two components!6!. 162,

Graphene and its derivatives (i.e., graphene oxide) have good physical and chemical
properties, however, due to their strong n-m stacking and van der Waals interaction
among the sheets, it’s common to observe irreversible agglomeration and
precipitation in their aqueous solutions, significantly limiting their practical
applications!3 164 Encouragingly, by compositing with CDs, the aggregations of
graphene and its derivatives could be effectively prevented, probably due to the
insertions of CDs between the sheets. As a result, their practical applications in the
biomedical fields are greatly improved!'®>. What’s more, CDs can function as reducing
agents during the composite process, generating CDs-reduced graphene oxide (rGO)
composites. The CDs/rGO hybrids have been demonstrated as efficient probes for the

detection of dopamine and acetylcholine, as well as electrocatalysts for
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electrochemical energy conversion!6-19, In a different study, Yang et al. synthesized
NH4F-CDs composite using citric acid, thiourea and ammonium fluoride by a
solvothermal method!”?, in which the emissions of the composite were pushed to the
NIR region by the negatively charged, electron-withdrawing F- which could reduce
the bandgap. In addition to these examples, the composites of CDs with other
inorganic materials such as NH,, TiO,/GO, HAp/Ag;PO, have also been reported
(Figure 6B)!"1: 172,
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Figure 6. A) Schematic illustration of the synthesis process of CD@HAp nanohybrid. Reproduced
with permission from ref 138, Copyright 2016, Royal Society of Chemistry. B) Schematic illustration of
the synthesis process of HA/N-CDs/Ag;PO,4, Reproduced with permission from ref'72. Copyright 2017,
Royal Society of Chemistry. C) Schematic illustration of the synthesis process of HNT-CDs.
Reproduced with permission from ref '73. Copyright 2018, Royal Society of Chemistry. D) Schematic
illustration of the synthesis process of NCQDs@MWCNTs. Reproduced with permission from ref 74,
Copyright 2020, Elsevier.

2.2.2.3. Synthesis via Other Preparation Methods

In addition to physical mixing and hydrothermal treatment as mentioned above, there
are also some other methods (i.e., microwave-assisted synthesis) for the composition
of CDs with inorganic materials. Microwave-assisted synthesis is an augmentation to

the solvothermal/hydrothermal technique where microwave is utilized instead of
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heat'”>. Compared to hydrothermal treatment, it has the advantages of short
preparation time, environment-friendly and low cost. For example, Marina et al.
synthesized fluorescent halloysite nanotubes (HNTs) by the direct covalent linkage of
CDs on the halloysite external surface (Figure 6C) '73. In another study, CDs were
shown to grow on MWCNTs via an one-step microwave-assisted treatment, and the
composites turned out to be promising electrocatalysts (Figure 6D)!74. In addition to
microwave-assisted method, there were reports showing that CDs@SiO, nano
phosphors were synthesized by reversed-phase microemulsion method and
Si-CDs/Si0, nanocomposites were generated through a calcination process!'’¢ 177,
Selective examples of nonmetallic inorganics-CDs composites systems have been

summarized in Table 2.

Table 2. Selective examples for the synthesis of nonmetallic inorganics-CDs composites

Composite Carbon Synthesis Reaction Size QY
Application Ref.
Form ® Source ® Method © Parameters (nm) (%) 9
CDs/MAs EDA PM 8h / 46.69 TP 142
CQD@f-MWC
AC PM 4h 10-50 / ES 150
NTs
CDs-SiO, CA PM 80°C,3h 84-190 34 Sensor 178
NCQDs/HAp CA Hydrothermal  190°C,24h  30-200 31.43 / 157
CD@HAp CCE  Hydrothermal 170°C,15h  50-80 / BTE 158
Si-CDs Tri-SC ~ Hydrothermal 200 °C,2h 3-7 30 Biosensor 161
CDs-Si0, APTMS  Hydrothermal 300°C,2h 1-5 42.6 TP 162
CDs@rGO GO Hydrothermal ~ 300°C,2 h / / Biosensor 166
rGO-CDs Sucrose  Hydrothermal 90°C,4h 5-15 / Biosensor 167
HNT-CDs TTA Microwave 200 W,1/20h  3.3-4.7 17 / 173
CQDs@Si0, CA RPMM / 18-159 / LED 176

3 MAs: mesoporous aluminas; f-MWCNTs: functionalized multi-walled carbon nano tubes; HAp:
hydroxyapatite; rGO: reduced graphene oxide; HNT: halloysite;
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b EDA: ethylenediamine; AC: activated carbon; CA: citric acid; CCE: corms of Colocasia esculenta;
GO: graphene oxide; Tri-SC: trisodium citrate; APTMS: 3-aminopropyltrimethoxy-silane;
APBA:3-aminophenylboronic acid; TTA: tartaric acid;

©) PM: physical mixing; RPMM: reversed-phase microemulsion;

9 QY: quantum yield.

©) TP: Temperature probes; ES: Electrochemical sensor; BTE: bone tissue engineering; LED:
light-emitting diodes.

2.3. Synthesis of Organics-CDs Composites

Organic materials utilized to compound with CDs include small organic molecules
(i.e., folic acid), organic dyes (i.e., Rhodamine B), gels and polymers. Among them,
polymers have been the mostly applied organic molecules for compositing with CDs.
Compounding CDs with polymers not only enhance the performance of the polymers
(i.e., improvising the flexibility, strength, durability, and hydrophilicity)!”®, but also
passivate surfaces of CDs to enhance their PL intensity and the optoelectronic
properties'®0. There are generally three types in which polymers were used in the
preparations of CDs: polymers as direct precursors for CDs synthesis, polymers as
indirect precursors for CDs synthesis, and polymers for CDs surface modifications>!.
And the last aspect, polymers for CDs surface modifications/passivations, will be

focused on in this section.

2.3.1. Synthesis via Physical Stirring

Physical stirring technique is normally used in stepwise synthesis strategy, in which
CDs are synthesized in advance before compounding with organics. Stepwise
approach for the preparation of organics-CDs composites has received significant
attention due to its wide applicability and good compounding effects. For instance,
modifications with polyethylenimine (PEI) can improve the PL property and
biocompatibility of CDs, since the amino groups of PEI can generate strong hydrogen
bonding with organic compounds containing oxygen- or nitrogen-functional groups.
In another example, Han and co-workers synthesized PEI-CDs by simply stirring the
mixture of PEI and CDs, and the obtained composite had a QY of 3.5%!8! 182 In

addition to polymers, small nitrogen-containing organic molecules such as 2,2’
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-(ethylenedioxy)bis(ethylamine) (EDA) was also commonly used to passivate CDs,
which could enhance the optical properties (Figure 7A)'#. In these compositions
under physical stirring, the forces that are responsible for the interactions of CDs and
organic molecules were quite different. For instance, in Wu and co-workers’ report,
negatively charged CDs interacted with tetraplatinated porphyrin (PtPor) to form
composite via electrostatic  forces'®*. While in another study, CDs-
aggregation-induced emission (AIE) composite was formed through supramolecular
assembling of CDs and hydrophobic AIEgen'®>. In some studies, CDs and organic
molecules could be composited via covalent bonding under very mild conditions (i.e.,
stirring at r.t.). For example, RhB-CDs composite was obtained by mixing the
solutions of activated CDs and RhB, in which the amino groups of RhB covalently
reacted with the carboxyl groups on the CD surface!®®. Similarly, CDs could be
facilely conjugated with folic acid (FA) via simple crosslinking chemistry!87- 188, The
compositions of CDs with these organic molecules were extremely useful in
enhancing the optical properties of CDs and endowing them with unique properties

(i.e., cancer targeting ability).
2.3.2. Synthesis via Hydrothermal/Solvothermal

Considering its environment-friendliness and strategy-convenience, hydrothermal
treatment is also generally used for the composites of organics and CDs, either via
one-pot or stepwise synthesis. Polyethylene glycol (PEG) has been widely applied to
compound with CDs since a skin layer of PEG may increase the biocompatibility,
enhance photostability, and even cause red-shifting in fluorescence emission of
CDs!#-192. To study the effects of CDs and PEG on the properties of the obtained
composites, some research groups have synthesized a series of CDs using different
precursors (i.e., TNP, chitosan) with the same preparation method but different

reaction conditions, and composited these CDs with PEG.!?3

Besides PEG, hydrothermally-prepared PEI-CDs composites were also frequently

reported (Figure 7B)'°4. For instance, Dong et al. synthesized branched
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polyethylenimine (BPEI)-CDs through the low temperature carbonization method.
The obtained BPEI-CDs exhibited strong FL activity with a high PL QY (42.5%) 3.
Interestingly, in some of these studies it was observed that fluorescence intensity of
PEI-CDs decreased with the increase of solution pH, and thus could be used to
develop pH sensors!'?. In addition to these examples, other organics-CDs composites
such as (N-(2-aminoethyl)-3-aminopropyl)tris-(2-ethoxy) silane-CDs(KH791-CDs),
N-isopropylacrylamide-CDs(NIPAAM-CDs), CDs-RhB core-shell nanocomposite
and (polyamidoamine)-PAMAM-NH,-CDs have also been reported'®’-2%, It’s also
worth to mention that the QY of NIPAAM-CDs was as high as 94%. Interestingly, in
hydrothermal reactions, the solvents used for work-up could play important roles. For
instance, Lu and co-workers prepared dopamine-CDs composites through one-pot
hydrothermal method and the resulted composites were extracted with two different
solvents (water and ethanol). Surprisingly, the two dopamine-CDs composites
exhibited different physical (i.e., solubility) and optical properties, the emission of
dopamine-CDs composite extracted from ethanol was centered at 710 nm with QY of
26.28%, while that of composite extracted from water was centered at 685 nm with a

higher QY (33.96%)01.202,
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Figure 7. A) A cartoon showing the core-shell structure of EDA-CDs. Reproduced with permission
from ref 83, Copyright 2016, Royal Society of Chemistry. B) Schematic illustration of the synthesis
process of CD-PEI and CD-PEG. Reproduced with permission from ref '%4. Copyright 2014, Royal
Society of Chemistry. C) Schematic illustration of the construction process for PEI-N-CDs based ECL
biosensor. Reproduced with permission from ref 29, Copyright 2016, Elsevier. D) Schematic
illustration of the synthesis process of CDs—Pt (IV)@PEG-(PAH/DMMA). Reproduced with

permission from ref 3¢, Copyright 2016, American Chemical Society.

2.3.3. Synthesis via Microwave-assisted Treatment

Microwave-assisted synthesis is widely used in the preparation of organics-CDs
composites due to its short reaction time and low cost. Since microwave irradiation
can provide high energy in very short duration, the selection of a suitable reaction
time is essential for tuning the properties of the composites formed. For instance, Liu
and co-workers synthesized PEI-CDs via microwave-assisted treatment and only a
specific microwave pyrolysis condition (700 W for 15 min) could result in excellent
PL performance: shorter irradiation time led to incomplete surface passivation, while
longer time led to the formation of large particles, both of which resulted low PL?%4
205 In a different study, RNase A@CDs composite with QY of 24.2% was also
prepared via microwave-assisted treatment?%°, Selective examples of organics- CDs

composites have been summarized in Table 3.

Table 3. Selective examples for the synthesis of organics-CDs composites

Composite Carbon Synthesis Reaction Size QY o
Application ~ Ref.
Form® Source Method Parameters © (nm) (%) 9
Composite
EDA-CDs CNP Stirring 120°C, 72 h ~5 15-20 183
films
Cancer
CDs@PtPor CA Stirring R.T, 24h 6~9 36 184
therapy
Dandelio
FA-CDs eaf Stirring R.T, 24h 5~8 / Bioimaging 187
n lea

PEGg000-CDs TNP Hydrothermal 180°C, 12 h 51-120 / Bioimaging 193

. : <200 © . 195
BPEI-CQDs CA Pyrolysis 200°C,1/3h 4-10 42.5 Chemical
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se€nsor

Fluorescen
PEI-CDs EG, PEI = Hydrothermal 180 °C, 24 h 6-10 38 196
ce probe
KH791-CDs LasA Hydrothermal 92 °C, 12h 3-4 8.6 Solar cells 197
NIPAAM-CDs CA Hydrothermal 160/200°C, 5 h 2-3 94 Bioimaging 198
Gene
PEI-CDs Glycerol Microwave 700W,1/12-1/4 h 3-13 7-15.3 delivery, 204
bioimaging
RNase A-CDs CA Microwave 700 W, 1/15 h 25-45 242  Bioimaging 206

a) BPEI: branched polyethylenimine; EDA: 2,2’-(ethylenedioxy)bis(ethylamine); PtPor: tetraplatinated
porphyrin; FA: folic acid; PEGgy: polyethylene glycol 6000; PEI: polyethylenimine; KH791:
(N-(2-aminoethyl)-3-aminopropyl)tris-(2-ethoxy) silane; NIPAAM: N-isopropylacrylamide; RNase A:
ribonuclease A;

b) CA: citric acid; CNP: carbon nano powder; TNP: 1,3, 6-trinitropyrene; EG: ethylene glycol; PEI:
polyethylenimine; LasA: L-ascorbic acid;

¢) R.T: room temperature

d) QY: quantum yield.

2.4. Synthesis of Multi-Components-CDs Composites

Multi-components-CDs composites refer to two or more different types of materials
composited with CDs. Compared to single-component-CDs composites,
multi-components-CDs composites generally demonstrate better performances (i.e.,
enhanced fluorescence properties, increased QYs, and expanded application
scopes)??7-2°, For example, study showed that Mg-CDs and EDA-CDs composites
had QYs of 18.2 and 73.1%, respectively; however, the multi-components composite
Mg-EDA-CDs presented a much higher QY than the two, reaching 83.0%2!°. Despite
multi-components-CDs composites bear superior properties; they come with some
indelible shortcomings: 1) due to the involvement of multi components, the
preparations of multi-components-CDs composites are much more complicated
compared to those of single-component-CDs composites?!!> 212, 2) The
characterizations of multi-components-CDs composites are also much more

challenging, and spectra are generally more complex?!3-215, As a result, studies
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reported so far regarding multi-components-CDs composites fabrications are
generally focusing on the doping effects of different elements from these components

composited with CDs.
2.4.1. Synthesis via Hydrothermal/Solvothermal

By compounding with more than one type of materials, various elements (atoms)
could be introduced into CDs, which can endow CDs with excellent properties (i.e.,
high QYs, wide emission). Thus, multi-atoms co-doping composites have attracted
significant attention. Among the elements, N is the most commonly used dopant
considering its comparable size and the ability to form strong bonds with carbon. On
the other side, chelation of metal ions are conducive to the combination of amino and
carboxyl groups on CDs through chemical reaction procedures, thus N- and metal
ions-containing materials are commonly composited with CDs?'®, Most of these
composites can be achieved via simple hydrothermal treatment, for instance, Au,
N-CDs; Ag, N-CDs; Cu, N-CDs; Al, N-CDs and Mg, N-CDs composites have all
been reported, in which Mg, N-CDs demonstrated the highest QY of 58.8% 2!7-221,
Interestingly, the coordination bonds between silver ion and nitrogen atom can
enlarge the band gap of CDs, resulting in enhanced fluorescence emission®??. In
addition to these examples, Fe, Br-CDs and N, S-CDs-MnQO; nano-composites have

also been synthesized through simple hydrothermal treatments 223224,
2.4.2. Synthesis via Microwave-assisted Treatment

Known for short preparation time and simple procedures, microwave-assisted
synthesis is also commonly applied for the preparation of multi-components-CDs
composites. For instance, Sai et. al. successfully synthesized nitrogen and zinc
co-doped CDs (N, Zn-CDs) with microwave-assisted treatment (130 °C for 60 min).
Interestingly, the N, Zn-CDs exhibited bluish-green luminescence with a high QY
(74%), while control sample (N-CDs) displayed blue luminescence with a much lower

QY (2.63%). Authors attributed this phenomenon to the presence of oxygen
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functionalities in the ZnO lattice structure, which might have lowered the energy
required for the electronic transitions responsible of the radiations??. In addition,
synthesis of PEI-N-CDs?? (Figure 7C) and N,S-CDs-P25%%¢ hetero structural

nanocomposites via microwave-assisted treatments have also been reported.

2.4.3. Synthesis via Other Preparation Methods

In addition to hydrothermal- and microwave-assisted synthesis, some other
approaches such as physical stirring, ultrasound, chemical coupling have also been
reported for the composites of CDs with more than one type of components??’. In
these approaches, however, it generally requires a separate step to prepare CDs in
advance, following which the obtained CDs can be then compounded with other
components. For instance, Deng et al. prepared a N-CDs-AuNPs nanosensor by
assembling the N-doped CDs shell on AuNPs??®, Tao et. al. reported a
CDs—Pt(IV)@PEG-(PAH/DMMA) composite which was based on cisplatin(IV)

prodrug-loaded charge-convertible CDs (Figure 7D).

3. CDs Composites for Biomedical Applications

3.1. CDs Composites for Bioimaging

Considering the wunique properties of CDs composites, such as excellent
biocompatibility, outstanding photostability, low toxicity with multicolor emission,
they have been widely applied for bioimaging. Among the various applications,
majority of reports focus on fluorescence imaging, while a few present other types of

imaging (i.e., photoacoustic imaging).
3.1.1. CDs Composites for Fluorescence Imaging

Fluorescence is the most effective tool for tracking the cellular system in vitro and in
vivo, thus fluorescence imaging is one of the most common applications of CDs and
their composites in recent years. In general, fluorescence imaging requires a certain

ability of photon scattering and light absorption from the imaging probe. As a type of
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luminescent materials, CDs have unique PL properties and high QYs, which makes
them suitable as probes for fluorescence imaging??*-23!. Despite the advantages, CDs
also face challenges, for example, it’s generally difficult to access red/NIR emitting
CDs and functional CDs with tissue- or cellular compartment- specificity?*2. In this
context, heteroatom (i.e., N, S, P) doping and surface modifications are among the
most effective means to improve the fluorescence properties of CDs, and thus are

commonly applied for all kinds of bioimaging?33-23>.

For most in vitro cell imaging, CDs composites were generally found to accumulate in
cell membranes and cytoplasm (Figure 8 A)>3%238 only a few examples demonstrated
the ability of entering and imaging the nucleus®® %%, To enhance the imaging
specificity of CDs, it is a common practice to conjugate additional targeting moieties.
For instance, Wu and co-workers reported PEI-ML-CDs, which could specifically
target and image lysosome due to the presence of morpholine group?*!. Lu et al.
reported dopamine-CDs composites which could penetrate cell membrane and
distribute in the cytoplasm region in AGS and K562 cells?®?. In addition, Zhang et al.
synthesized CDs-AIE through supramolecular assembling of CDs and hydrophobic
AlEgen. The CDs-AIE exhibited superior imaging ability in vivo and could be ideal

fluorescent probe for noninvasive long-term tracing and imaging applications!®>.

Multiplex fluorescence imaging exhibits the advantage of detecting multiple
emissions from a single fluorescent source, and thus the images have higher
resolution???. Recently, applications of CDs composites in multiplex fluorescence
imaging have been reported’#-24¢, Zhang and co-workers synthesized Au-CDs and
successfully applied this system for the ratiometric fluorescence imaging to monitor
Fe’* level in cells, in which both blue and red channels were excited under a single
excitation (Figure 8B)?¥7. Fe*' can significantly quench red fluorescence through
combining with the COOH and NH, groups on the surface of Au-CDs; however, the
change of blue fluorescence is very small. With the addition of 30 uM Fe3' to

osteoblast cells after 10 h, the fluorescence of the red channel was almost quenched,
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however, there was almost no change in blue channel. To explore the interactions of
M@CDs (M: Ag, Au, Ga, Sn and Zn) with neurons, Vijay et al. co-cultured M@CDs
with PC12 cells and the images showed the differentiation progress of the cells at
different time intervals, which demonstrated the potential application of M@CDs in
neural tissue engineering!?®. Furthermore, by compounding CDs with specific small
molecules, CDs composites could exhibit unique properties. For instance, FA can
bind to the folate receptors on the surface of cancer cell membranes and then enter
cells via receptor-mediated endocytosis with non-immunogenicity>*®. Zhao et al.
reported FA@CDs for specific anchoring to the nucleus of MCF-7 cells and the
cytoplasm of HepG-2 cells**. The confocal laser scanning microscopy images
showed the receptor-mediated endocytosis, expression level of FR, and target
recognition of cancer cells of the fluorescent FA-CDs. Furthermore, FA@CDs were
further applied for nucleus-targeting photodynamic therapy (PDT) in H413 cells, and
the result showed FA@CDs could function as targeting and delivering agents, and

thus enhanced PDT efficiency?*.
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Figure 8. A) Laser scanning confocal microscope (LSCM) images of 786—0 cells incubated with 0.30
mg/mL N-CDs/10 mM Fe?(top) and Fe**(bottom). The first, second, third and fourth panels are cell
images taken of bright field, 405/422+25, 488/500+25, and 543/650+25 nm (Aex/Aem), respectively.
Reproduced with permission from ref 236, Copyright 2014, Elsevier. B) Fluorescence images of
MC3T3-El cells incubated with Au-CDs in the absence (top) / presence (bottom) of 30 uM Fe*. The
first, second, third and fourth panels are cell images taken from bright-field, overlay of fluorescence
images, blue channel and red channel. Reproduced with permission from ref 247. Copyright 2016,

American Chemical Society.

For in vivo fluorescence imaging, CDs are expected to emit light with long
wavelengths; however, most CDs are often emitted in the blue or green regions®!.
Therefore, it is very meaningful to obtain a yellow or red emitting CDs composites
and apply them in in vivo fluorescence imaging?32-234, For instance, Cui et al. injected
red emitting CDs (R-CDs) into mice intravenously and observed red fluorescence

scattering throughout their bodies. Considering tumor cells specifically recognize
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folic acid, the authors also prepared a folic acid @R-CDs nanomaterial composite.
After injecting folic acid @R-CDs into tumor-bearing nude mice for 24 h, the images
showed that red fluorescence concentrated at the tumor site and positively correlated
with the concentration of the composites (Figure 9 A-D)%>3°. In a different study, Lu
and co-workers injected dopamine-CDs composites into the back of a mouse and a
strong fluorescence signal was observed when excitation and emission wavelengths
were 540 and 600 nm, respectively?’!. Among the CDs composites applied for in vivo
fluorescence imaging, there are also many reports with N-doped CDs?®. In addition,

PEI and polydopamine (PDA) modified CDs have also been reported and achieved

excellent in vivo fluorescence imaging (Figure 9 E-H) 237> 238,

A In;! r

Figure 9. In vivo fluorescence images of HepG2 tumor mice after intravenous injection of A) saline,
B) folic acid, C) R-CDs, D) folic acid@R-CDs. Reproduced with permission from ref 255. Copyright
2019, American Chemical Society. In vivo fluorescence images of nude mice after intravenous
injection of PDA@N-CDs (Mn) NPs in nude mice for E) 0, F) 3, G) 6, H) 12 h. Reproduced with

permission from ref 238, Copyright 2019, Elsevier.

3.1.2. CDs Composites for Non-PL Imaging

As discussed above, fluorescence-based imaging techniques for in vivo imaging
applications are sometimes restricted due to the limited tissue penetration depth and
tissue auto fluorescence interference. To bypass these restrictions, photoacoustic (PA)

imaging has been developed, making imaging above the optical diffusion limit
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feasible through the integration of optical excitation with ultrasonic detection based
on the PA effect. Compared to fluorescence imaging, PA imaging could provide
deeper tissue-imaging penetration and higher spatial resolution, which is very suitable
for real-time and noninvasive diagnosis of diseases?’. As such, CDs composites
(N-CQDs, GNR@Si10,-CDs) with high photostability and strong absorption in the
near-infrared region (NIR) have been developed and applied for non-invasive PA
imaging?®% 261 For instance, P, N-CQDs were used as both PA and fluorescence
imaging agent for cancer diagnosis®>. The P, N-CQDs showed dual wavelength
emissions in green and red where QYs were 30% and 78%, respectively. The results
revealed that P, N-CQDs were taken up by RAW 264.7 cells and mainly incorporated
into the cytoplasm region surrounding the nucleus. The PA images of the tumors
showed that P, N-CQDs extravagantly amassed in the tumor and preserved relatively
constant PA signals after extended circulation in blood vessels during the whole
imaging process (Figure 10A). The organs and tissues were removed and imaged
(Figure 10B), and the results showed tumor and liver tissue exhibited strong
fluorescence intensity (Figure 10C). Otherwise, the intensities of tumor increased
with time after injection, and the green emission reached maxima at near about 3 h

post-injection, while the red emission at 6 h (Figure 10D).

24h

8 w &
8 & 8
-

Fluo. Intensity (a.u.)

-
[=]
o

(=]
=
]
>
|
]

Page 32 of 62



Page 33 of 62

Journal of Materials Chemistry B

Figure 10. A) In vivo PA images after intravenous injection of P, N-CQDs in nude mice for different
time. B) Ex vivo images of mice tissues from top to bottom: heart, liver, spleen, lung, kidneys, and
tumor. C) Fluorescence intensity graph of different mice tissues after intravenous injection of P,
N-CQDs. D) In vivo PA images of nude mice after intravenous injection with P, N-CQDs for different
time. Reproduced with permission from ref 262, Copyright 2017, Springer Nature.

In addition to PA imaging, magnetic resonance imaging (MRI) is another commonly
used imaging technique with excellent sensitivity and high spatial resolution. MRI is
regarded as one of the most powerful techniques in modern diagnostic medicine,
which has the advantages of high spatial resolution and lacking X-ray radiation,
providing anatomical details and high quality three-dimensional images of soft tissue
in a non-invasive monitoring manner?®>. Due to their excellent magnetic properties
and contrast efficiency, Fe?*, Mn?*, and Gd** are commonly used as MRI contrast
agents?% 265, However, the depositions of these metal ions in vivo cause biosafety
concerns, limiting their practical applications for in vivo imaging?® 267, Excitingly,
studies showed that doping these ions on CDs could effectively reduce their leakage
to a great extent, increase their longitudinal relaxation rate, and show a better
magnetic resonance effect?68-270, For instance, systems based on Gd-CDs and Mn-CDs
composites have been developed and applied as MRI probes, respectively?’!> 272, For
the Gd-CDs as MRI probe, it was observed that the Gd-CDs were quickly excreted by
kidney and accumulated in bladder after 30 minutes intravenous injection into the
mice (Figure 11A)*>. In another report, the TIl-weighted images of
Gd@C-dots-Cys-ZEGFR:19p; in HCC827 tumor xenografts nude mice models showed
that SBR/SBRO at 1 h after injection was higher than that before and 2 h or 4 h after
injection (Figure 11B)?’4. Zhao et. al. also reported a Gd/Yb@CDs composite with
excellent photostability and MRI signal. Interestingly, this composite could
accumulate at tumor area through free tumor vessels with enhanced permeability and
retention, making it a potential cancer diagnosis sensor through MRI imaging (Figure

11C)275,
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Figure 11. A) In vivo Tl-weighted MR images of mice after intravenous injection of Gd-CDs for
different time. Reproduced with permission from ref 273. Copyright 2015, Royal Society of Chemistry.
B) In vivo MR images of HCC827 tumors in mice after intravenous injection of
Gd@CDs-Cys-ZEGFR:1907 for different times. Reproduced with permission from ref 27* . Copyright
2020, Royal Society of Chemistry. C) In vivo MR images of mice after intravenous injection of
Gd/Yb@CDs for different time. Reproduced with permission from ref 27°. Copyright 2018, American

Chemical Society.

CDs are known to have many superior properties, such as excellent PL properties,
high biocompatibility as well as economic and easy accessibility. These unique
properties render them as excellent candidates for fluorescence imaging agents.
However, due to the very nature of CDs (i.e., broad size distributions,
non-magnetisms), their applications in bioimaging are generally limited to PL
imaging. As discussed above, the applications of CDs in bioimaging could be greatly
extended (i.e., PA, MRI imaging) via compositing with other materials. Thus, the
continuous pursuit of CDs-derived composite materials is of great importance for the

further development of CDs-based bioimaging applications.

Page 34 of 62



Page 35 of 62

Journal of Materials Chemistry B

3.2. CDs Composites for Drug Delivery

Due to their small size, high surface area, excellent fluidity, biocompatibility, easy
surface functionalization and intrinsic fluorescence properties, CDs have potential in
the application of drug delivery systems (DDS) construction. CDs cannot only
transport drugs into cells, but also can be served as a bioimaging agent for tracking
drugs. The doping of metal/non-metal ions and surface functionalization could further
promote the properties of CDs, increasing the applicability of CDs composites in drug

delivery related applications.
3.2.1. CDs Composites for Anti-Cancer Drug Delivery

Doxorubicin (DOX) is a commonly used anticancer drug for tumor cure, it functions
by breaking the DNA chain for replication, thus prevents the helix from being
resealed and thereby stops the process of tumor replication?’®. However, due to the
nonspecific drug giving, chemotherapy (cure of cancer using chemicals such as DOX)
generally faces significant challenges from side effects. As such, various CDs
composites have been tested to accurate treatments and avoid drug side effects
through designing and constructing structures and functions together with diagnostic,
self-targeting, and drug-delivery functions in anticancer treatment?’”- 28, In DDS
constructions, DOX could be attached to CDs or their composites via n-n stacking
interaction, weakening the fluorescence of CDs through the fluorescence resonance
energy transfer (FRET) mechanism?7°-281, After delivered to tumor cells, DOX could
be released from CDs or their composites upon proper stimulations (i.e., pH change,
light excitation, etc.), killing cancer cells specifically and effectively 282. This process
could also restore the fluorescence of CDs that was previously quenched, the

phenomenon of which could be used to track the location of DOX.

Among the various reports, N-CDs were often combined with DOX for anticancer
drug delivery (Figure 12A)?%. For instance, Gong et al. reported N-CDs as a

nanocarrier for cancer therapy, which exhibited high quality single- and two-photon



Journal of Materials Chemistry B

fluorescence (QY=45%), realizing the real-time monitoring of the endocytosis,
intracellular distribution and release of DOX (Figure 12B)?%*. In addition, metal and
organics-CDs composites were also used to combine with DOX as DDS?#5-2%, For
instance, Yao et al. prepared magneto fluorescent CQDs (MFCQDs) using a
combination of waste crab shell and three different transition-metal ions (Gd3*, Mn?",
and Eu?') by microwave-assisted pyrolysis. These composites could integrate with
DOX and specifically target cancer cells via the overexpressed folate receptors®!.
Other groups have synthesized CDs conjugated HAp nanocomposites and applied
them simultaneously for PL imaging and DOX delivery (Figure 12C)*2. In these
nanocomposites, CDs were synthesized through the in sifu mineralization and
carbonization of HAp. It’s worth noting that DOX molecules were loaded through
electrostatic interactions with carboxyl groups and eventually released through a

diffusion-controlled mechanism (Figure 12D)>%3.
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Figure 12. A) Illustration of the intracellular release behavior of DOX from the CDs—Heparin/DOX
drug delivery system. Reproduced with permission from ref 283, Copyright 2017, Royal Society of
Chemistry. B) Illustration of the intracellular release behavior of DOX from the N-CDs/DOX drug
delivery system by two-photon fluorescence imaging. Reproduced with permission from ref 28,
Copyright 2018, Elsevier. C) Illustration of the intracellular release behavior from the DOX-loaded
FA-PEG-HAp-CDs theranostic nanogels. Reproduced with permission from ref 2°2. Copyright 2016,
Elsevier. D) Schematic illustration of the intracellular release behavior of DOX from CDs decorated
carboxymethyl cellulose-HAp nanocomposite (CDs-CMC-HAp). Reproduced with permission from ref
293 Copyright 2017, Elsevier. E) Representation of the preparation of CDs@PAMAM nanohybrids and
the applications for bioimaging and gene delivery. Reproduced with permission from ref 1°°. Copyright
2021, American Chemical Society. F) Cartoon representation of HNT-CDs multifunctional nanocarrier.
Reproduced with permission from ref 2°4. Copyright 2019, Elsevier.

Paclitaxel (PTX) is another commonly used anticancer agent, which can affect
nuclear morphology and promote apoptosis through interacting with microtubule
polymer and restraining dissociation of tubulin?®>> 2%, Jennifer et al. synthesized
N-CDs by microwave-assisted method and constructed a DDS by coupling these CDs
with PTX via a carbodiimide condensation reaction. In this DDS, PTX could be
readily released from N-CDs carriers after internalization due to the hydrolysis of the
ester bond between PTX and N-CDs?7- 2%, Unfortunately, unlike in other reports, the
anticancer efficiency of the PTX conjugates was not better than that of free PTX, they
held similar efficiencies. Metronidazole (MET), as an antibiotic, can cause strand
damage to the bacterial DNA through the reduction of its nitro-group by an electron
transport protein®”®. Sara et al. reported conjugated cCQD-MET could rapidly
internalize into the H413 cells and exhibit enhanced antimicrobial activity’®. In a
different study, the CDs@PtPor composite demonstrated strong photocytotoxicity

under light irradiation and therapeutic efficacy as well as low side effects in vitro,

which was developed as drug nanocarrier in the cancer therapy'$4.
3.2.2. CDs Composites for Gene Delivery

In addition to antitumor drug delivery, there have also been significant interests on the
applications of CDs composites for gene delivery3?!- 392, Gene delivery is the process
of introducing foreign DNA into host cells’%3, and could be regarded as a special case

of “drug” delivery. Gene delivery is one of the necessary steps required for gene
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therapy and genetic modifications’?4. Gene delivery systems could protect genetic
materials from premature degradation during the systemic blood circulation and
effectively transport therapeutic genes to the target cells’®>. CDs are extremely
suitable for gene transmission due to their rich surface functionalities. Firstly, the rich
presence of surface functionalities endows CDs with excellent water solubility;
Secondly, one can engineer the surface functional groups of CDs so that the loading
and release of gene therapeutics could be precisely controlled through the interactions
(i.e., covalent interaction) of the two 39-39  Among the various CDs composites,
PEI-CDs composites have been paid much attention due to their synthetic
maneuverability and high DNA-binding ability3?3!1, For instance, both Dou and
Liu’s groups have reported PEI functionalized CDs applied for DNA delivery?®4 312,
It’s worth to mention that in these systems, PEI molecule played two roles: 1) as the
surface passivation agent to enhance the fluorescence of CDs; 2) as polyelectrolyte to
condense DNA through electrostatic interactions. Further, PEI-CDs have also been
composited with folic acid/hyaluronic acid /fluorine/nitrogen and applied for gene
delivery313-316_ In addition, Ivo et al. reported (polyamidoamine)-PAMAM-NH,-CDs
nanohybrids for DNA delivery. The nanohybrids showed mild cytotoxicity and
presented very high transfection efficiencies(Figure 12E)'*°. Marina and co-workers
established a CDs@HNT-DNA model through electrostatic interactions between
CDs@HNT with DNA. And the result showed that the model did not cause alteration
in the DNA structure and DNA was slowly released through a dialysis membrane in

physiological media(Figure 12F)>%4,
3.3. CDs Composites for Optical Biosensing

Biosensors, including enzymatic sensors, immunosensors, and nucleic acid sensors,
are analytical devices used to detect important organic or inorganic molecules in
organisms, which combine biological components with physicochemical detectors®!”-
318 Recently, applications of CDs and their composites in biosensing have been
widely investigated®'®. Thanks to the unique properties of CDs, sensors derived from

CDs and their composites demonstrate various advantages: 1) tunable PL emissions,

Page 38 of 62



Page 39 of 62

Journal of Materials Chemistry B

which render the sensors with superior optical sensing abilities; 2) excellent PL
stability, which could avoid many analysis errors caused by the degradation of
fluorescent probes; 3) extremely low toxicity of the sensors due to the very nature of
CDs (i.e., carbon composed), which warrants their eventual in vivo applications; 4)
rich presence of surface functionalities in the CDs composites, which can provide
abundant binding sites for specific bioreceptors that is an essential part in biosensing
process; 5) most importantly, by composition with other materials, sensors derived
from CDs could demonstrate high sensitivity and selectivity towards some specific
detection objects (i.e., enzymes, nucleic acids)*?-322, Therefore, studies focusing on
the combining of CDs with various materials for the development of CDs

composites-derived sensing systems have been widely reported.

Optical sensors are among the most investigated CDs composites-derived systems. In
such a typical optical biosensor, specific targets could be bound to CDs composites
and being recognized by bioreceptors. During this process, interactions of target
analytes and CDs composites could interfere the optical signals of CDs composites;
by monitoring the alternation of the optical signals, information (i.e., concentrations)
regarding the target analytes could be obtained. Generally speaking, based on their
sensing mechanisms, the sensors could be divided as three classes, namely “on-off”,

“on-off-on” and “off-on-off” (Figure 13).
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Figure 13. Cartoon representations of typical optical biosensing strategies: A) “on-off” strategy; B)
“on-off-on” strategy; C) “off-on-off” strategy.

The type of “on-off” sensors relies on the decrease (or even complete quenching) of
CDs composites PL to detect the target analytes. In other words, by developing a
negative correlation between the PL intensity of CDs composites and the
concentration of the target analyte, the concentration of an unknown sample could be
calculated from the calibration curve developed (Figure 13A). Currently, various
mechanisms have been elucidated. Among them, three main mechanisms for PL
quenching, namely forster resonance energy transfer (FRET)??3-3%5, photoinduced
electron transfer (PET)3?6-328 and inner filtering effect (IFE)??°-33! have been widely
used for the design and development of CDs composites-based optical biosensors. On
the other hand, in a typical “on-off-on” biosensor, the optical signal of CDs
composites undergo a stepwise change: the PL is first turned off due to the interaction
with a non-analyte quencher, then it could be restored in the presence of the target
analyte; thus the degree of recovery of the PL of the CDs composites could be used
for the detection and determination of the target analyte (Figure 13B)332 333, Although
uncommon, sensing platform based on “off-on-off” strategy has also been reported334,
in which the quenched PL could be restored due to the interaction with a non-analyte,

then the PL could be turned off again in the presence of the target analyte (Figure
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13C). With these sensing strategies, CDs composites-derived sensors have been
widely developed and achieved great success in the detection and determination of
substances such as biologically important molecules333-337, environmentally concerned

substances®3® as well as metal iong33-341,

3.3.1. CDs Composites for the Sensing of Biologically Important Molecules

There are many biologically important molecules closely related to our health, their
presence in proper concentrations are essential for body functions. Thus, it is
important to develop facile and reliable sensors to monitor these molecules?4? 343,
Glutathione (GSH) and cysteine (Cys) are such molecules that could prevent reactive
oxygen species from destroying cellular components. Following the “on-off” strategy,
Wu et al. established a fluorometric nanoprobe with N-doped CDs for the sensitive
detection of GSH, in which the PL of CDs was in reverse relationship with the
concentration of GSH due to the thiol group triggered IFE3#* 345, On the other hand,
Cai and co-workers designed novel “on-off-on” biosensors using CDs—
MnO, nanocomposites for the sensing of GSH346: 347, In this system, PL of CDs was
initially quenched by the MnO, nanosheets through energy transfer between the two;
in the presence of the target analyte GSH, the MnO, nanosheets were reduced to

Mn?* ions, causing the release of CDs and restoration of CDs PL (Figure 14A).

Alkaline phosphatase (ALP) in serum is another biologically important molecule,
which is closely related to various diseases including cancer and bone disease;
therefore, the sensitive detection of ALP is also of great importance®*®. As such, Li et
al. established a sensing platform with N-doped CDs (QY=49%) for the quick and
sensitive detection of ALP. In this system, CDs were presented together with
p-Nitrophenylphosphate (PNPP), a substance that could be transformed into
p-nitrophenol (PNP) under the catalysis of ALP. Since the emission of CDs and the
absorption of PNP overlap very well, PL of CDs could be effectively quenched
through IFE by PNP, thus realizing the sensing of ALP3%.
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In addition to molecules discussed above, nucleic acids are another class of
biologically important molecules, as a result, sensing platforms designed for the
detection of nucleic acid based on CDs composites have also been heavily studied*>%
331 For instance, Somaye et al. developed an ultrasensitive homogeneous biosensor
for the detection of HIV-related DNA sequences, the sensing of which was realized
by FRET between CDs and AuNPs?32 333, Interestingly, the PET mechanism was also
adopted to detect DNA using CdTe—CDs as probe and Mitoxantrone as an “on-off-on”
signal reagent 334, In addition to the above examples, the sensing of other biologically
important molecules such as ATP, trypsin, dopamine, glucose and RNA have also

been successfully realized using CDs composites as probes333-363,
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Figure 14. A) Schematic illustration of CDs—MnO, nanocomposites for GSH detection. Reproduced
with permission from ref 347. Copyright 2015, Elsevier. B) Schematic illustration of CDs-MnO,
nanosheets for OPs detection (“off-on-off” strategy). Reproduced with permission from ref 334,
Copyright 2018, American Chemical Society. C) Schematic illustration of N, B-doped CDs for sensing
Hg?" and TNP. Reproduced with permission from ref 364, Copyright 2016, Elsevier. D) Schematic
illustration of N, S-CDs-PBA for sensing Fe** in PC12 cells. Reproduced with permission from ref 393,
Copyright 2018, Elsevier.
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3.3.2. CDs Composites for the Sensing of Environmentally Concerned

Substances

Organophosphorus compounds (OPs) are the most widely used pesticide in modern
agriculture. Due to their strong inhibitory effects on cholinesterase, they have great
threat to human health. Therefore, attempts to detect OPs with CDs composites-based
sensors have been frequently carried out?%®-3%°, For instance, Hou et al. developed a
system based on quarternized CDs (Q-CDs) for the detection of dichlorvos. In this
sensing system, the detection of the analyte was realized through a FRET process, in
which 5-thio-2-nitrobenzoic acid anion (TNB) acted as the energy acceptor while
Q-CDs as the energy donors. The sensor was based on Ellman’s test:
acetylcholinesterase (AChE) can catalyze the forming of TNB, which can quench the
fluorescence of Q-CDs, and dichlorvos can inhibit the activity of AChE, which can
recover the fluorescence of Q-CDs, forming the “on-off-on” sensor3”. Following the
same mechanism, Yan et al. developed an “off-on-off” fluorescence platform for the
sensitive detection of OPs by utilizing MnO,—CDs nanosensor’3*(Figure 14B).
Specifically, the quenched PL of CDs by MnO,; nanosheets through FRET was first
recovered by adding butyrylcholinesterase (BChE) and acetylthiocholine (ATCh).
However, the BChE activity could be significantly inhibited in the presence of OPs,
causing the PL of CDs was quenched again, and thus realizing the detection of
OPs. It’s worth to mention that MnO, nanosheets served not only as the nanoquencher

but also recognition unit for OPs in this sensing platform.

Known as picric acid, 2,4,6-Trinitrophenol (TNP) is a general precursor for the
production of fireworks, explosives and dyes with low safety factor and strong
explosive ability®’!. Thus, the accurate and sensitive detection of TNP is also very
important®’? 373, To detect TNP, Ye et al. developed a TNP sensing platform using N,
B-doped CDs. This system demonstrated a high sensitivity towards TNP, the limit of
detection was 0.35 uM (Figure 14C)*%4. Exploiting similar sensing mechanism, Wang

et al. also developed a platform using mesoporous SBA-15 functionalized with
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3-glycidyloxypropyltrimethoxysilane and multi-hydroxyl CDs as probe with the limit
of detection down to 0.17 uM374, Interestingly, (3-chloro-2-hydroxypropyl)
trimethylammonium chloride functionalized CDs synthesized by Gao et al. had much
lower detection limit down to 70.4 nM?37, In addition to the above-mentioned
substances, other environmentally concerned molecules such as drugs, tetracycline,
H,0,, and H* (pH) have also been successfully detected and determined by CDs

composites-based sensing platforms376-382,

3.3.3. CDs Composites for the Sensing of Metal Ions

Metal ions play important roles in various physiological activities and are essential
chemicals for all lives. Therefore, sensing methods for the highly sensitive and
selective detection of metal ions in biological systems are greatly desired. As such,
there have been many studies focusing on the applications of CDs composites as
fluorescent probes for metal ion detection’® 38, Generally speaking, most of the
sensing platforms for the detection of metal ions were designed by following the
“on-off” strategy38- 386, When interact with CDs composites, the empty d or f orbitals
of the metal ions could host the energized electrons from the excited states of CDs,
and thus effectively quench the PL of CDs through PET. As a result, most of the
sensing platforms were designed by utilizing the PET between CDs composites and
metal ions. For instance, Li et al. reported a N and S co-doped CDs (N, S-CDs)-based
sensor for the sensitive detection of Hg?" in living cells, the sensing of which was
achieved through the PL quenching of N, S-CDs caused by the electron-transfer and
coordination interaction between N, S-CDs and Hg?" ion®¥’. Following the same
strategy, another group successfully accomplished the sensing of Fe’" ions using a
system in which N and S co-doped CDs were tagged with phenylboronic acid (N,
S-CDs-PBA)?*¢, In this specific system, Fe3* could coordinate with phenolic hydroxyl
and carboxyl groups on the surface of CDs and thus excited electrons of N,
S-CDs-PBA were transferred to Fe’', causing the PL quenching (Figure 14D).

Although as not frequent as PET, FRET was also a common mechanism used for
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detection of metal ions. For instance, in Yan and co-workers’ study, glyoxylic
acid-modified CDs (GA-CDs) were used as a FRET ratiometric fluorescent probe for
the detection of Cu?"in aqueous solution®®®. Similarly, Chen et al. also applied
cyclam-functionalized CDs as FRET nanoprobe for the detection of Cu?*and S?73%. In
addition to the above examples, the detection of other important metal ions such as
Ag*, Cu?*, Cr®", Pb?* have also been successfully realized with CDs composites-based

sensing platforms390-401,
4. Summary and Outlook

In this review, recent advancements of CDs-derived composites from their synthetic
routes to bioapplications have been comprehensively summarized. First, we briefly
introduced the properties, synthesis methods and applications of CDs. Then we
carefully discussed the synthesis approaches for four types of CDs composites,
namely  metal-CDs,  nonmetallic inorganics-CDs, organics-CDs  and
multi-components-CDs composites. After that, the recent advancements of these CDs
composites for their applications in the biomedical fields were also detailed. As
discussed, CDs composites have unique fluorescence and biological properties,
rendering them as suitable platforms for biomedical research, which was witnessed by
the ever-increasing reports on this topic. Despite the above-mentioned advancements,
studies on the preparation, characterization and applications of CDs composites are

still in their early stage, and there are several challenges that need to be addressed.

Current synthesis of CDs composites generally requires two or more steps to complete,
which not only demands high manufacturing costs, but also causes significant

complexities in their characterizations and applications. Also, the construction of CDs

composites is highly empirical and heavily relies on a “trial and error” approach!

Thus, there is an urgency to streamline the current synthesis approaches for CDs
composites, so that rational design of CDs composites could be realized. Furthermore,

most of CDs composites have not been properly isolated and purified, leaving them as
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mixtures of complex components with very distinct spectroscopic and biological
properties after fine fractionalization. Thus, it would make sense to develop
convenient and effective separation techniques to purify the as-prepared CDs
composites so that samples with better uniformity could be obtained. To fulfill the
potential industrial applications of CDs composites, in addition to the streamlined
synthesis and utilization of convenient but effective purification techniques,
researchers should also focus on the development of low cost and large-scale
production of CDs. Although there have been a few groups reported the large-scale

(i.e., kilogram-scale) preparation of CDs?3!: 492/ currently, the preparation of CDs in

large-scale is still very hard to achieve. Recently, Xiong’s group reported a novel
strategy for the large-scale preparation of NIR CDs with solid-state reaction, in which
neither high pressure reactors nor complicated post-treatment procedures were
required*®3. This safe, convenient synthesis approach might provide some inspiration
for the mass production of CDs and CDs composites that meet for the industrial

requirements.

Much effort has been devoted for the syntheses and bioapplications of CDs and CDs
composites; however, their biocompatibility and nano safety issues have been less

concerned. Generally speaking, carbon-based materials are inherently less toxic than

metal- or semiconductor-based materials considering the intrinsic nature of carbon.
Still, the cytotoxicities of CDs have raised much concern**4-4%_ gince the toxicity of
bare CDs are often dose and time dependent*’’. Surprisingly, there has been report
that CDs derived from the same precursors, but with different synthesis methods
demonstrated different cytotoxicities*®®. As such, researchers should devote more
efforts to study and evaluate the bio-related properties of bare CDs. As regarding to

the biosafety of CDs composites, things become more complicated since additional
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components (i.e., metals, nonmetallic inorganics and organic molecules) are
introduced, thus these factors should be carefully reevaluated. For instance, doping
with metals has been a conventional strategy to enhance the PL of CDs, however, this
might reduce the biocompatibility of CDs, since some of the metals might increase the
toxicity of CDs composites significantly. On the other hand, compositing with some
materials (i.e., polymers) indeed improves the biological properties of CDs, however,
the enhancement of the PL performance may not be as good as by doping with metals.
Thus, to obtain CDs composites with superior properties for bioapplications, the types
and ratios of compositing materials have to be carefully balanced! And a proper
evaluation method of the cytotoxicity and biocompatibility of CDs composites should
be carefully selected, so that biosafety of CDs composites in the context of

bioapplications could be accurately and adequately assessed.

Still, we anticipate much more efforts will be devoted to CDs composites and much
more exciting CDs composites-based applications in the biomedical fields will be
developed. Especially with the streamline of the synthesis methods, introduction of
effective purification techniques and accurate and adequate biosafety evaluations,
CDs composites with controlled compositions, tailored properties, and high
biocompatibility would be feasible, which would significantly accelerate the

applications of CDs composites in biomedicine related fields.
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