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Carbon dots (CDs), as a new member of carbon nanostructures, have been widely applied in extensive
fields due to their exceptional physicochemical properties. While, the emissions of most reported CDs
are located in the blue to green range under the excitation of ultraviolet or blue light, which severely
limits their practical applications, especially in photovoltaic and biological fields. Studies that focused on
synthesizing CDs with long-wavelength (red to near-infrared) emission/excitation features (simply named
L-w CDs) and exploring their potential applications have been frequently reported in recent years. In
this review, we analyzed the key influence factors for the synthesis of CDs with long wavelength and
multicolor (containing long wavelength) emissive properties, discussed possible fluorescence mechanism,
and summarized their applications in sensing and cancer theranostics. Finally, the existing challenges and
potential opportunities of L-w CDs are presented.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Carbon dots (CDs), also being called carbon nanodots (CNDs),
carbon quantum dots (CQDs), graphene quantum dots (GQDs), or
carbonized polymer dots (CPDs), are generally defined as a zero-
dimensional (OD) luminescent carbon nanostructure with aver-
age size less than 20 nm [1-3]. Since their discovery in 2004
[4], CDs have attracted much attention due to their specific op-
tical properties, superior biocompatibility, economic preparation,
environment-friendliness, and excellent photostability, etc. Over
the past decade, numerous convenient and reproducible synthe-
sis methods of CDs were developed, among which the hydrother-
mal, solvothermal, and microwave-assisted one-step approaches
are commonly used [5-9]. CDs are considered to have a conju-
gated structure that consists of a graphitized sp? carbon core and
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an amorphous shell functionalized with amino, carboxyl, and hy-
droxy groups [10-13]. Owing to the special structure and features,
CDs exhibit many superiorities, such as tunable optical proper-
ties, favorable water dispersibility, convenient surface functional-
ization, and most attractively the hyperthermia and reactive oxy-
gen species (ROS) generation capability triggered by physicochem-
ical stimuli [14-17]. Thus, CDs are regarded as promising candi-
dates for various applications, including sensors, optoelectronic de-
vices, photocatalysis, anti-counterfeiting, and biomedical use [18-
23]. However, the fluorescence (FL) emission of most reported CDs
were located in blue to green range with the excitation of ultravi-
olet (UV) or blue light [24,25], which severely restricted their ap-
plications, especially in photovoltaic and biological fields. It is well
known that red phosphor is one of the indispensable components
for the fabrication of full-color and white light-emitting diodes
[26-28]. Likewise, the FL signal among blue to green range can
be interfered with autofluorescence of biological tissue; besides,
normal matrix might suffer from serious photodamage induced
by UV light irradiation [29,30]. Overall, the development of long-
wavelength (i.e., red to near-infrared (NIR)) emissive/excitative CDs
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(simply named L-w CDs) is quite necessary. So far, numerous stud-
ies have been conducted and great progress has been achieved in
the research of L-w CDs. Except for the above-mentioned superi-
orities, L-w CDs present additional advantages, including broad ab-
sorption band tail up to NIR region, FL emission with multi-photon
excitation, and favorable photoacoustic (PA) responsiveness [31,32],
which make them a very attractive photoluminescence nanomate-
rial.

Based on the unique features and great application potential
of L-w CDs, this review will summarize the existing researches
and emerging advances of such CDs from a specific perspective
to guide their synthesis with desirable optical properties. Brief in-
troductions of representative works were presented in Table 1 for
outlining this research field. Specifically, the crucial factors for the
synthesis of L-w CDs are primarily reviewed, including precursors,
reaction conditions, and post-modification routes. In particularly,
we will focus on their FL mechanism from the viewpoints of size
effect, surface state, heteroatom doping, and solvatochromic shift.
Furthermore, the applications of L-w CDs, especially in sensing and
cancer theranostics are summarized to outlook their potential val-
ues, for example as highly sensitive detection probes, smart drug
carriers, multifunctional imaging, and therapeutic agents. Finally,
the current challenges and future perspectives of L-w CDs will be
discussed, which may be helpful for their development in the fu-
ture.

2. Key influential factors for the synthesis of L-w CDs

Numerous synthesis methods of CDs have been reported since
their discovery in 2004 [4], which were generally divided into
two categories: top-down and bottom-up approaches [14,21,33],
including laser ablation [34,35], exfoliation [36,37], hydrothermal
and solvothermal synthesis [38,39], and microwave-assisted pyrol-
ysis [40,41], etc. Although great efforts have been made to pre-
pare CDs with L-w absorption and emission properties, the tailor-
ing of their emission wavelength into the red and NIR region is
still impeded by the limited understanding of the relationship be-
tween CDs’ structure and their optical performance. In this section,
we intend to clarify the key factors for the synthesis of L-w CDs
rather than focusing on the synthesis methods, which mainly in-
clude precursors [39,42-47], reaction conditions [48-51], and post-
modification routes [7,52,53].

2.1. Precursors

Precursors that selected for the synthesis of L-w CDs usu-
ally contain appropriate aromatic structures and/or various het-
eroatoms, which can narrow the energy gap via the production
of large sp? domains as well as the introduction of new en-
ergy levels, consequently causing redshifts of their FL wavelength.
Small molecules that used as synthetic precursors (e.g., aromatic
molecules and dye molecules) and biomass are discussed as fol-
lows.

Our group has performed notable research in the synthesis of
L-w CDs using small molecules as precursors. One of the typi-
cal examples is the facile synthesis of high efficient red-emissive
CDs (R-CDs) through microwave-mediated pyrolysis of citric acid
in formamide (Fig. 1a) [39]. The as-prepared R-CDs exhibited pure
red emission (Ae™** = 640 nm) with a high quantum yield (QY)
of 22.9%. Notably, the L-w emission feature disappeared if for-
mamide was replaced by other solvents such as water, ethanol,
and dimethylformamide (DMF), demonstrating the critical role of
formamide in the successful synthesis of R-CDs. Later, we pre-
pared CDs with NIR FL emission via microwave-assisted heating of
glutathione formamide solution (Fig. 1b) [42]. The maximum NIR
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emission wavelength of CDs located at around 683 nm with a nar-
row emission band and a QY of 16.8%.

Wang's group used polythiophene derivatives as the carbon
source to prepare functional CDs, which not only displayed red
emission (maximum wavelength at around 640 nm) but also held
photo-mediated therapeutic potential (Fig. 1c) [43]. This work
opened a door for designing L-w CDs with theranostic func-
tions. More recently, Fan’s group utilized dye molecule 1,4,5,8-
tetraminoanthraquinone (TAAQ) and citric acid to synthesize NIR
emissive CDs, which showed an excitation-independent emission
peak near 700 nm [44]. Zheng and co-workers reported a strategy
to prepare CDs with both NIR absorption and emission features us-
ing cyanine dye molecule as precursor (Fig. 1d) [45]. In contrast
with the hydrophobic cyanine dyes, the as-prepared CDs displayed
excellent water solubility and enhanced photostability, which pro-
vide a valuable method for converting hydrophobic dye molecules
into hydrophilic functional materials while preserving their optical
properties.

Interestingly, biomass is also considered as potential candidates
for the preparation of L-w CDs. For example, Li's group synthesized
NIR-light emissive CDs from spinach using a one-pot solvothermal
method (Fig. 1e) [47]. The NIR CDs can be well dispersed in wa-
ter with a typical emission maximum at 680 nm. Besides, Yang's
group utilized Taxus leaves as a carbon source to prepare CDs with
a deep-red emission at ~673 nm and an extreme-narrow full width
half maximum (FWHM) of ~20 nm (Fig. 1f) [46]. The deep-red
emission of biomass-derived CDs might be attributed to the pres-
ence of porphin structures in the chlorophyll of green leaves.

2.2. Reaction conditions

Reaction conditions play a significant role in tuning the optical
properties of CDs. Clarifying the relationship between redshifted
emission of CDs and synthetic conditions including temperature,
time, solvent, and reactants ratio could deepen the understanding
for regulating FL properties of CDs.

As discussed in our previous work, using the same approach but
with relatively low temperature and short reaction time, only blue-
light emissive CDs were obtained instead of the full-color emissive
CDs [48]. Later, Huang and co-workers also illustrated a close con-
nection between the reaction conditions (specifically the temper-
ature and time) and optical properties [49]. They found that the
L-w shift of FL emission from ~570 nm to 700 nm was mainly
caused by the structural evolution during the hydrothermal treat-
ment. Qu’s group provided solid evidence for the solvent-affected
emissive behavior of CDs that originated from the same precursors
[50]. It has been observed that compared to protic solvents (e.g.,
water), the aprotic solvents (e.g., N,N-dimethylformamide, DMF)
tend to induce higher extent of dehydration and carbonization of
carbon source. Thus, full-color emissive CDs with FL range cover-
ing blue to red region can be successfully synthesized by adjust-
ing the type and ratio of solvents. Wu’'s group proposed an acid-
assisted engineering strategy for preparing a series of CDs [51].
By using different acid reagents and adjusting the mass ratio of
o-phenylenediamine and acid, the FL emission of CDs could be
flexibly regulated from blue to red region. Most recently, multi-
color emissive carbon dots were synthesis by Lu’s group in a sin-
gle reaction system, from which the FL variation from blue to NIR
was proved to depend on the adjustment of pH and temperature
[54]. Taken together, it can be inferred that the emission of CDs is
strongly depended on the reaction conditions.

2.3. Post-modification methods

Apart from the above-mentioned factors that affect the syn-
thesis of L-w CDs, post-modification also has a direct effect on
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N,N-dimethylformamide

therapy

Table 1
Brief introductions of representative works in the research field of L-w CDs.
Precursors Synthesis methods EMpax (nm) QY (%) Applications Ref.
Waste expanded polystyrene, Solvothermal 470, 530, 630 5.2, 3.4, White/multi-color [28]
dichloromethane 3.1 light-emitting diodes
Citric acid, formamide Microwave-mediated 640 229 Multifunctional theranostic [39]
Glutathione, formamide Microwave-mediated 683 16.8 Bioimaging [42]
Polythiophene phenylpropionic Oxidative 640 2.3 Fluorescent, photoacoustic, [43]
acid polymerization and thermal theranostics
1,4,5,8- Hydrothermal 700 6.8-10.7 tumor theranostics [44]
Tetraminoanthraquinone,
citric acid
Hydrophobic cyanine dye Solvothermal 820 _ Imaging and photothermal [45]
cancer therapy
Taxus leaves Solvothermal 673 59 Deep tissue bioimaging [46]
Spinach Solvothermal 680 _ Bio-imaging [47]
Citric acid, urea Solvothermal 638 8 CDot-based LEDs [50]
o-Phenylenediamine Solvothermal 400-700 25-72 White light-emitting diodes [51]
(WLEDs)

Graphite nanoparticles Mechanical exfoliation ~450-630 9.7-15.4 Optoelectronic devices [52]
p-Phenylenediamine Hydrothermal 352, 527, 20.3, 35.2 Bioimaging in vitro and in vivo [53]
610 18.9
L-/D-Tryptophan, Solvothermal 441, 546, 604 53.62(water), _ [54]

o-phenylenediamine 31.65(ethanol), 46.38
(ethanol)
o0-, m-, p-Phenylenediamines Solvothermal 435-604 4.8-26.1 Cellular imaging [56]
Urea and p-phenylenediamine Hydrothermal 440-625 8.53-35.14 Image cells and image mice [62]
1,2,4,5-Benzenetetracarboxylic Solvothermal 475-605 0.1-0.26 _ [63]
acid, 2,7-diaminofluorene
Citric acid Solvothermal 600-800 9.8 In vivo NIR imaging [64]
Polythiophene, diphenyl Hydrothermal ~731,820 ~0.2 Biomedical application, cancer [66]
diselenide diagnosis and treatment
2,5-Diaminobenzenesulfonic Hydrothermal 600 5.44 Colorimetric and fluorescent [67]
acid, 4-aminophenylboronic dual mode detection of Fe3+
acid hydrochloride ions
p-Phenylenediamine Solvothermal 540-614 20.6-71.8 _ [69]
Citric acid, urea Solvothermal 760 10 In vivo NIR fluorescence [71]
imaging
Citric acid formamide solution Microwave-mediated 466, 555, 637 11.9, 16.7, 26.2 Multicolor cellular imaging [72]
and multidimensional sensing
Aminosalicylic acid Solvothermal 416-646 5.8-16.4 Cell imaging and sensitive [90]
detection of Fe3+* in living cells
Citric acid, neutral red Hydrothermal 632-648 8.9 -12.1 Sensing of Pt>*, Au**, and [92]
Pd?*and their bioapplications
in vitro and in vivo
Citric acid, formamide Microwave reaction 640 22.9 Detection and discrimination [93]
of phosphate anions
Citric acid, formamide Microwave reaction 640 19.5 Peroxynitrite (ONOO~) [94]
detection
o-Phenylenediamine, Hydrothermal 440-624 _ Ratiometric detection of [95]
phosphoric acid intracellular lysine and pH
Citric acid, formamide Microwave reaction 640 26.2 Detection and differentiation [96]
of antibiotics
Glutathione, formamide Solvothermal 680 16.4 Determination of [97]
carcinoembryonic antigen in
pleural effusion
Sugar cane bagasse, One-step carbonization 575-630 _ Selective probing of gaseous [98]
concentrated phosphoric acid, ammonia
concentrated sulfuric acid
o-Phenylenediamine, Hydrothermal 685 33.96 Cellular sensing and [99]
dopamine light-emitting diodes
Pulp-free lemon juice, Solvothermal 704 31 Bioimaging both in vitro and [107]
formamide in vivo
Dopamine, Hydrothermal 710 26.28 In vivo bioimaging and red [108]
o-phenylenediamine LEDs
10,15,20-Tetrakis(4- Solvothermal 750 (pH 7.0), 678 (pH 8.54 Fluorescence and PA [112]
aminophenyl)porphyrin, citric 7.4) dual-modality imaging-guided
acid photodynamic therapy
Watermelon juice Solvothermal 925 0.4 In vivo renal-excreted optical [113]
imaging and photothermal
therapy
Citric acid, polyethyleneimine, Solvothermal 635 _ Fluorescence imaging and [115]
formamide synergistic cancer therapy
Polythiophene derivatives Hydrothermal 680 _ Bioimaging and photodynamic [116]
Manganese(Il) phthalocyanine Solvothermal 745 _ Bimodal imaging and [117]
(Mn-Pc) enhanced photodynamic
therapy
Pheophytin, Microwave synthesis 680 _ Bioimaging and photodynamic [118]

3655



A. Lv, Q. Chen, C. Zhao et al.

Chinese Chemical Letters 32 (2021) 3653-3664

Fig. 1. (a) Illustration of the synthesis of red emissive CDs. Reproduced with permission [39]. Copyright 2016, American Chemical Society. (b) Illustration of the fabrication
of NIR emissive CDs. Reproduced with permission [42]. Copyright 2016, Royal Society of Chemistry. (c) Synthetic route of polythiophene derivatives-based CDs. Reproduced
with permission [43]. Copyright 2015, Wiley Publishing Group. (d) Synthetic route of CyCDs. Reproduced with permission [45]. Copyright 2016, American Chemical Society.
(e) MNlustration of the preparation of CDs from spinach. Reproduced with permission [47]. Copyright 2017, Royal Society of Chemistry. (f) Illustration of the synthesis of CDs
from taxus leaves. Reproduced with permission [46]. Copyright 2020, Wiley Publishing Group.

Fig. 2. (a) Synthetic scheme of different nitrogenous functionalized GQDs. Reproduced with permission [52]. Copyright 2016, Wiley Publishing Group. (b) Post modification
of CD-B with Vitamin C and acetaldehyde and their applications. Reproduced with permission [53]. Copyright 2019, Royal Society of Chemistry. (c) Synthetic route of GQDs
with various FL emissive features and their applications. Reproduced with permission [7]. Copyright 2020, Elsevier.

their optical properties. Tetsuka’s group shifted the FL emission
of GQDs from blue to red region via post-modification of various
nitrogen-containing chemical groups (Fig. 2a) [52]. Based on the
theoretical calculation and experimental results, the narrowed en-
ergy gap between the lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO) of GQDs induced
by the nitrogenous functionalization was primarily responsible for
the redshift of their FL emissions. It is noteworthy that nucle-
ophilic substitution and dehydration reactions employed in this
work could be effectively applied for the surface modification of
GQDs. Besides, Xie's group reported that after reacting with vita-
min C and acetaldehyde, the FL emission of as-synthesized CDs
(CD-B) was tuned from blue to L-w range (Fig. 2b) [53]. Specif-
ically, the redshifted emission maxima of CD-B can be ascribed
to the introducing of sub-fluorophores such as carbonyl and C=N
groups, verifying the feasibility of using post modification strat-
egy to regulate the optical properties of CDs. Lyu and co-workers
firstly reported the gram-scale preparation of well-crystalline GQDs
under mild thermal-driven oxidation condition [7]. Subsequently,
post-modification was applied to regulate the FL behavior of GQDs
using various nitrogenous chemical molecules, which doped the
graphitic nitrogen to the carbon framework and strengthened the

3656

m-conjugation, thereby the redshift of FL emission was achieved
(Fig. 2c).

These results demonstrated that the regulation of optical prop-
erties of CDs can be realized via the selection of precursor, reaction
condition, and post-modification.

3. FL mechanism of CDs

Understanding the FL mechanism is the cornerstone to obtain
desirable CDs with specific optical characteristics. Although it is
still difficult to elucidate the exact FL mechanism of L-w CDs, sev-
eral reasonable explanations have been proposed to deepen the
comprehension of FL origins, such as size effects [55-58], surface
state emission [42,59-63], heteroatom doping [21,64-67], and sol-
vatochromic shift [68-71], which are discussed in the following
subsections.

3.1. Size effects
Similar with the traditional semiconductor quantum dots, the

FL properties of CDs could be regulated via size changing. Typically,
CDs exhibit L-w shifted emission along with the increase of parti-
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Fig. 3. (a) TEM images and size distribution of m-CDs, 0-CDs, and p-CDs. Reproduced with permission [56]. Copyright 2015, Wiley Publishing Group. (b) Digital photos of
six kinds of CDs with different particle size under daylight and UV light and corresponding normalized FL spectra. Reproduced with permission [58]. Copyright 2019, Wiley
Publishing Group. (c) FL spectra of NIR CDs and their absorption spectra at various pH values. Reproduced with permission [42]. Copyright 2016, Royal Society of Chemistry.
(d) Photographs of CDs with increasing number of oxygen-contained defects at excited status. Reproduced with permission [63]. Copyright 2020, American Chemical Society.
(e) Synthesis and FL mechanism of S, Se-codoped CDs. Reproduced with permission [66]. Copyright 2017, Springer. (f) Schematic illustration of the synthesis of N-CDs-
F. Reproduced with permission [31]. Copyright 2020, Wiley Publishing Group. (g) Normalized FL spectra in aprotic and protic solvents. Reproduced with permission [69].
Copyright 2017, Royal Society of Chemistry. (h) Normalized FL spectra of CDs embedded in different polymer films and corresponding photographs of these films at excited

status. Reproduced with permission [70]. Copyright 2017, Elsevier.

cle size, which is primarily ascribed to the narrowing energy gap
of sp2-carbon-constructed core [72]. In 2015, our group proposed
a facile method for the preparation of red, green, and blue photo-
luminescent CDs with the excitation of single UV light. The chem-
ical composition and surface functional groups of these CDs were
similar, while their average size changed from 6.0 nm of blue-CDs,
8.2 nm of green-CDs, to 10.0 nm of red-CDs (Fig. 3a), which indi-
cated that the particle size might be responsible for the redshift of
emission wavelength [56].

Ke and co-workers synthesized a series of GQD/graphene oxide
(GQDs/GO) composites with the emission wavelength ranged from
blue to red region [57]. It can be observed that the redshift of FL
wavelength was accompanied with the size increase of GQDs/GO,
which essentially attributed to the quantum confinement effect.
Notably, GQDs produced from coal [73], carbon fibers [74], and
carbon black [75] displayed similar size-dependent emission prop-
erties. Subsequently, Qu’'s group prepared full-color emissive CDs
from the same reactants and revealed the hidden mechanism that
the particle size increasing was accompanied by the sp2-domains
expanding and L-w absorption/emission bands shifting, which re-
sulted from the different extents of dehydration and carboniza-
tion of precursors [50]. Moreover, Zhu et al. also verified the size-
dependent FL phenomena of CDs at solid state [58]. As illustrated
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in Fig. 3b, the emission color of six kinds of CDs varies with the
particle size. This size-dependent redshifted FL emission feature is
primarily attributed to the increased mr-conjugated domains of CDs
[76-78].

3.2. Surface state emission

In addition to the size effects, the surface states, such as sur-
face chemical composition and functional groups, are regarded as
another prominent factor in affecting the emission behavior of CDs
[59,60]. Specifically, surface state emission of CDs is generated via
the recombination of electrons and holes, which is closely associ-
ated with m-electron conjugation and surface chemistry [79]. Thus,
the created sub-levels of surface state might take the responsibility
for the L-w shifted emission of CDs [2]. Our group has developed
NIR emissive CDs (NIR-CDs) that displayed excitation-independent
but pH-dependent emission properties (Fig. 3c), suggesting the sur-
face state-governed emission mechanism [42]. Subsequently, we
prepared CDs with FL emission extends to the NIR region and a
high QY of 22.0% using tartaric acid (TA) and o-phenylenediamine
as precursors [61]. Notably, FL intensity of CDs usually decreased
with the increase of their surface oxidation degree, indicating a
surface state-dependent FL nature.



A. Lv, Q. Chen, C. Zhao et al.

Further, Xiong’s group successfully obtained a series of CDs
with tunable FL emission and high QYs via separation process
based on silica gel column chromatography [62]. These CDs have
similar particle size and graphitic structure, but the extent of sur-
face oxidation and carboxyl content gradually increased along with
the redshift of their FL emission. Therefore, the surface state is
speculated to be a predominant influential factor on the FL tun-
ability of CDs. Along with the increase of surface oxidation, the
energy gap between LUMO and HOMO of CDs is reduced, leading
to a redshift of the FL emission maxima [60]. It is well known that
post-modification is a common route to improve the FL QY of CDs
[34,80]. This strategy has also been used to modulate the optical
properties of CDs through simple reactions with vitamin C and ac-
etaldehyde by Zheng et al. [53]. The details have been discussed in
Section 2.3. To date, the relationship between FL and the oxidized
surface defects of CDs is still unclear. However, Gruebele’s group
provided direct evidence to explain the FL mechanism using scan-
ning tunneling microscopy (STM). From the images of individual
CDs at sub-particle resolution (Fig. 3d), it could be learnt that the
increase of oxidation effects of CDs leads to a red-shifted emission
[63].

3.3. Heteroatom doping

Heteroatom doping is an effective strategy to regulate the
chemical composition and optical properties of CDs due to the gen-
eration of r-type or n-type carriers [21]. Thus, the introduction of
atomic impurities might be a possible cause for the L-w shift of
CDs emission. Due to the doping process and similar atomic size
of C and N atoms, doping N atoms in the form of graphitic, pyri-
dinic, and amino N is a widely-adopted approach to induce the FL
redshift of CDs. In an earlier study, we established that the content
of N plays a vital role in controlling the optical properties of CDs
[56]. Inspired by this result, we proposed a facile strategy to pre-
pare N-doped CDs with intense yellow emissive capacity, further
demonstrating the feasibility of N-doping in tuning FL of CDs [65].
Furthermore, Katefina Hola and co-workers also confirmed that the
FL shift of CDs from blue to red region was mainly controlled by
the doping of graphitic nitrogen in which mid gap states were gen-
erated [81].

Other dopants like sulfur (S) [82], selenium (Se) [66], boron (B)
[67], and fluorine (F) [31] were also used to shift the emission of
CDs into L-w region. For example, Lan and co-workers synthesized
S, Se co-doped CDs with excitation-independent NIR emissive fea-
ture under both one- and two-photon excitation modes (Fig. 3e)
[66]. The bandgap opening induced by the doping of heavy atoms
into the graphitic lattices was considered to be a possible reason
for the NIR emission [83,84]. Another kind of B, N, S co-doped CDs
(BNS-CDs) was prepared by Ren’s group [67]. Since the optical fea-
tures of BNS-CDs was significantly influenced by the reagent ratio,
elemental doping is regarded as a key factor to govern their emis-
sion behavior. Interestingly, distinct optical variations stem from
different dopants. Specifically, the enhanced FL intensity might be
induced by the doping of N, B, and S, which could weaken the
nonradiative recombination through the increase of surface defects
[85]. However, N coming from 4-aminophenylboronic acid might
be responsible for L-w shifted emission due to its capability of
narrowing bandgap [86]. Among these dopants, F holds great po-
tential to reduce the energy gap between LUMO and HOMO due
to its strong electron-withdraw ability, which leads to the red-
shift of both excitation and emission wavelengths [87,88] .Based
on these facts, Jiang and co-workers designed F- and N-doped CDs
by using ammonium fluoride (NH4F), which exhibited the charac-
teristics of UV-vis-NIR full-spectra responsiveness and multipho-
ton excitation up-conversion FL emission (Fig. 3f) [64]. Further,
they proposed a reliable mechanism based on the inter/intra-dot
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hydrogen bonds existing in N-H-..-F that could expand the conju-
gated sp? domains, which not only decreased the HOMO-LUMO
energy level but also enhanced the cross section of multiphoton
absorption.

3.4. Solvatochromic shift

Apart from the structure-related luminescence mechanisms of
CDs, solvent can also be used to control the luminescence of CDs.
Specifically, solvatochromic shift, which implies the solvent relax-
ation or dipolar rearrangement occurring in the band edge, leads
to a distinguished redshift of FL emission [68]. Based on Lippert-
Mataga theory, redshift of FL emission is commonly induced by
higher polarity of solvents [89].

Zhang and co-workers reported that the FL variation trend of
CDs was different among aprotic and protic solvents (Fig. 3g) [69],
which was primarily attributed to the hydrogen bond interac-
tions between solvent molecules and CDs. Moreover, Yu's group
designed excitation-independent CDs that displayed varied emis-
sion behavior when dispersed CDs in different solvents [70]. Ac-
cording to the effect of solvatochromic shift, CDs were further
embedded in various kinds of polymer matrices to prepared CD
films, which also exhibited multicolor FL from green to red re-
gion (Fig. 3h). The solvent dependent optical properties were also
demonstrated by Li and co-workers, which showed that the ab-
sorption and FL emission spectra, and the QY were different if the
CDs were dispersed in water or aprotic polar solvents [71]. The
electron-acceptor groups of organic solvent enable them to link
with the surface functional groups of CDs, leading to the variation
of optical band gap and the enhancement of electron transition.

Overall, L-w emission originates from the combination of sev-
eral factors, among which the size effect and surface state emis-
sion play much more important roles. A deep understanding of FL
mechanism is vital to achieve desirable applications of CDs by reg-
ulating their particle size, surface states, doping elements, and so
on.

4. Applications of L-w CDs

Different from the conventional QDs and commercial organic
dyes, CDs hold numerous advantages such as convenient prepa-
ration, controllable surface functionalization, excellent photostabil-
ity, superior biocompatibility, and valuable therapeutic functions.
Apart from these features, L-w CDs also exhibit L-w emission
and/or absorption property, which promotes their application in
sensing (in vitro and in vivo) and cancer theranostics.

4.1. Sensing

Since surrounding environment has an obvious effect on the
FL intensity of CDs, the emission quenching/enhancement of CDs
could be induced by the ambient chemicals. Therefore, CDs can
be developed as sensitive fluorescent probes for the qualitative
and quantitative analysis of target substances. Among CD-based
sensors, L-w CD-based probes exhibit unique advantages due to
their large penetration depth and high signal-to-noise ratio. Ac-
cording to detection targets, L-w CD-based sensors can be classi-
fied into the following three types: 1) metal ion sensors [48,90-92],
2) biomolecular sensors [65,93-95], and 3) other sensors [96-98].

4.1.1. Metal ion sensors

We has fabricated a full-color emissive CDs (F-CD)-based mul-
tidimensional sensor array for the simultaneous detection and dis-
crimination of diverse metal ions, including heavy, transitional, and
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Fig. 4. (a) Three dominate emission maxima responses of F-CDs toward 13 metal ions and corresponding principal component analysis (PCA) plot for discrimination of a
variety of metal ions. Reproduced with permission [48]. Copyright 2015, Wiley Publishing Group. (b) Preparation of color-tunable NCDs and their application in cell imaging
and sensitive detection of Fe3* in MCF-7 cells. Reproduced with permission [90]. Copyright 2017, American Chemical Society. (c) Synthesis of red emissive CDs for bioimaging
and noble metal ions sensing both in vitro and in vivo. Reproduced with permission [92]. Copyright 2018, American Chemical Society.

rare-earth metal ions (Fig. 4a) [48]. Three dominant emission of F-
CD were quenched in different degrees if encountered with various
metal ions. Thus, by analyzing the FL variation among three emis-
sion channels, types of metal ions could be easily clarified. Song
and co-workers also proposed a strategy to prepare FL sensors us-
ing color-adjustable N doped carbon dots (NCDs). Due to the su-
perior optical property and favorable biocompatibility, NCDs have
been used for cell imaging and Fe3* sensing in living cells (Fig. 4b)
[90]. A dynamic quenching mechanism has been proposed to ex-
plain the quenching phenomena induced by Fe3* ions, where Fe3+
can coordinate with phenolic hydroxyl and amino groups on the
surface of NCDs and consequently result in the transfer of excited
electrons as well as enhanced nonradiative transition. Sun’s group
also reported that sensitive detection of Fe3+ could be achieved
using S,N-doped CDs (S,N-CDs) probes [91]. The -COOH and thio-
cyanate (-SCN) on the surface of S,N-CDs could serve as active
sites for the selective recognition of Fe*+ with detection limit of
9.7 mol/L. Moreover, the NIR emissive CDs with outstanding quan-
tum yield of 33.96% were developed by Lu’s group for selective
Fe3* sensing in living cells, which could also be used for the fab-
rication of light-emitting diodes [99]. To apply the L-w CDs sen-
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sors in a more complicated environment, Gao and co-workers syn-
thesized red emissive CDs for noble metal ions detection (includ-
ing Pt2+, Au3*, and Pd?*) both in vitro and in vivo (Fig. 4c) [92].
It was observed that FL intensity of the CDs gradually decreased
along with the increase of Pt>* concentration in zebrafish, which
illustrated the feasibility of L-w CDs for metal ions detection in or-
ganisms.

4.1.2. Biomolecular sensors

Biomolecules play an indispensable role in flora and fauna,
including signal transmission, phosphorylation, nutrition balance,
physiological, and pathological processes [100]. Thus, it is quite sig-
nificant to explore novel sensor systems for the sensitive detection
of biomolecules, especially in complicated environments. By utiliz-
ing the specific optical properties, L-w CDs have been developed
as fluorescent sensors for biomolecules detection both in vitro or
in vivo, such as phosphate anions [93], peroxynitrite [94], ascorbic
acid [101], and lysine [95].

Our group has fabricated a multi-channel fluorescent sensor ar-
ray by utilizing ensembles of CDs and metal ions as sensing units
for the discrimination of diverse phosphate anion (i.e., ATP, ADP,
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Fig. 5. Schematic Illustration of (a) the construction of CDs-based multichannel FL sensor array for the recognition and distinguish of phosphate anions. Reproduced with
permission [93]. Copyright 2017, American Chemical Society. (b) The design and preparation of PET probe for ONOO~ sensing. Reproduced with permission [94]. Copyright
2017, American Chemical Society. (c) The fabrication of RCDs-CoOOH nanoprobe for the detection of AA. Reproduced with permission [101]. Copyright 2018, Royal Society of
Chemistry. (d) Preparation of CDs as dual emissive sensor for ratiometric detection of lysine and pH. Reproduced with permission [95]. Copyright 2017, American Chemical

Society.

AMP, PPi, and Pi) (Fig. 5a) [93]. The FL of RCDs can be quenched
differently by adding three kinds of metal ions (i.e., Ce3*, Fe3*, and
Cu2*). Interestingly, the diverse phosphate anions lead to the re-
covery or further quenching of FL due to the further disaggregation
or aggregation of CD-metal ion ensembles. Therefore, phosphate
anions can be successfully recognized according to the FL variation
of CDs. Subsequently, we designed a photo-induced electron trans-
fer (PET) probe for peroxynitrite (ONOO~) detection based on fer-
rocene (Fc)-modified CDs (Fig. 5b) [94]. The electron transfer from
Fc to CDs is largely promoted by the introduction of ONOO~ due
to the lowered HOMO of CDs, which could lead to an obvious FL
quenching. Owing to the excellent biocompatibility, nanoprobe can
be utilized for intracellular ONOO~ sensing. To further expand the
applicable range of L-w CD-based probes, our group fabricated a
bifunctional probe for ascorbic acid (AA) sensing in biological sys-
tems (Fig. 5c) [65]. RCDs and cobalt oxyhydroxide (CoOOH) were
selected as FL and PA responsive units, respectively. Due to the FL
resonance energy transfer (FRET) between RCDs and CoOOH, the FL
signal of composite probe was kept at “off” state, while the PA per-
formance was preserved. When encountering AA, CoOOOH was re-
duced to Co?t and accompanied with the release of RCDs, leading
to diminished PA signal as well as recovered FL emission. In addi-
tion, our group also developed CD-based sensors for the detection
of other biomolecules such as cysteine [65], hypochlorite [102],
dopamine [103] and glutathione [104], which exhibited satisfactory
sensing results, specifically in physiological environment. To fur-
ther improve the detection accuracy and reduce the interference
that caused by environmental variation and excitation source fluc-
tuation, Song and co-workers developed dual emissive nanoprobe
based on functional CDs for the ratiometric detection of both ly-
sine and pH at cellular level (Fig. 5d) [95]. Under the excitation
of 380 nm light, the as-prepared CDs displayed two characteris-
tic emission peaks at around 440 and 624 nm, which were partic-
ularly sensitive to lysine and pH, respectively. The dual emissive
property, low cytotoxicity, and favorable colloidal stability make
these CDs to be promising candidate for the ratiometric detec-
tion in cellular system. Moreover, to achieve the sensing of specific
biomolecular in deep tissues, two-photon fluorescent probe was
developed by Wang and co-workers based on red emissive CDs
for the detection of formaldehyde in living cells and zebrafishes.
This nanoprobe exhibited rapid response, favorable sensitivity, out-
standing selectivity and deep tissue penetration capacity as high as
240 pm [105].
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4.1.3. Other sensors

Apart from the metal ions and biomolecules, L-w CD-based
sensors have also been utilized for the detection of drugs, va-
por, and biomarkers by exploring the FL variation between “on”
and “off” states. Our group has constructed an antibiotic sensing
platform based on the ensembles of full-color emissive CDs (F-
CDs) and screened metal ions [96]. Multi emissive channel of F-
CDs with different quenching degrees are used as various sens-
ing units. In the presence of different antibiotics, FL restoration
or further quenching of F-CDs appears due to the competition of
metal ions between F-CDs and antibiotics, leading to distinguish-
able FL responsive signals. By using standard statistical methods,
the multi-channel sensing platform can be applied for the differ-
entiation of antibiotics in real food samples. For early diagnosis
of lung cancer, Pan’s group designed a NIR emissive CDs-based
aptasensor for the specific recognition of carcinoembryonic anti-
gen (CEA, a biomarker of tumors) in pleural effusion [97]. DNA-
modified NIR CDs and SiO,-coated gold nanorods (AuNRs) that
decorated with aptamer were used as building blocks for the con-
struction of nanosensor. By FRET effect between AuNRs and NIR
CDs, the as-fabricated probe was kept at quenched state, and the
FL emission would be activated only in the presence of CEA due
to the specific combination between CEA and decorated aptamer.
This nanosensor displayed satisfactory CEA recognition capacities
especially in real pleural effusion samples. Solid-state sensors con-
structed with L-w CDs have also been developed for vapor de-
tection. Liang’s group fabricated a gaseous ammonia probing plat-
form by coating RCDs onto polyvinylidene fluoride membrane [98].
Noxious gaseous ammonia could be sensitively and specifically de-
tected within tens of seconds using the solid-state FL sensor. Be-
sides, the responsive mechanism was further analyzed, i.e., the de-
protonation of carboxyl groups and Michael addition reaction of
unsaturated groups were mainly responsible for the quenching of
CDs FL in the presence of ammonia gas.

4.2. Cancer theranostics

Theranostics, which finely integrates diagnostic imaging func-
tions (e.g., ultrasonography, magnetic resonance imaging (MRI),
positron emission tomography (PET), FL, and PA imaging) and ther-
apeutic modalities (e.g., chemotherapy, radiotherapy, immunother-
apy, and phototherapy), not only improves the therapeutic efficacy
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Fig. 6. (a) Nucleolus targeted FL images of RCDs among MCF-7 cells and corresponding quantitative results. Reproduced with permission [39]. Copyright 2016, American
Chemical Society. (b) Stomach FL images of living mouse with and without the gavage injection of CDs/PVP. Reproduced with permission [71]. Copyright 2018, Wiley Publish-
ing Group. (c) FL images of HeLa cells and nude mouse after incubation and subcutaneous injection with NIR emissive CDs, respectively. Reproduced with permission [107].
Copyright 2019, Elsevier. (d) Two photon FL images of zebrafish larvae cultured with T-CQDs. Reproduced with permission [109]. Copyright 2019, Royal Society of Chemistry.
(e) PA and ultrasound images of tumor section in living mouse after intravenous (i.v.) injection of modified CDs. Reproduced with permission [32]. Copyright 2019, American
Chemical Society. (f) PA images of PNDs dispersed in various pH buffer and intratumorally injected into tumor area after conjugated with Cetuximab. Reproduced with

permission [112]. Copyright 2018, American Chemical Society.

but also spurs the development of personalized medicine [106].
Among various nanomaterial-based theranostic platforms, L-w CDs
are regarded as a powerful candidate for biological applications
due to their favorable biocompatibility, superior stability, broad ab-
sorption range, limited photodamage, and most importantly large
tissue penetration capacity and treatment potentials, which enable
real-time imaging and non-invasive therapy.

4.2.1. Bioimaging

Benefiting from their attractive optical properties, L-w CDs have
been developed as multifunctional bioimaging probes. For instance,
our group reported efficient RCDs that could serve as nucleolus-
targeted imaging agent. It has been found that nucleoli of cancer
cells could be specifically lighted up by the bright red light emit-
ted from CDs (Fig. 6a) [39]. The observed nucleoli-selective imag-
ing capacity of RCDs was resulted from spatial accumulation in-
stead of their interaction with RNA. Li and co-workers synthesized
poly(vinylpyrrolidone) (PVP)-decorated NIR emissive CDs that were
capable of stomach imaging of living mice [71]. Intense lumines-
cence signal was observed in mouse stomach under safety laser
irradiation power after gavage injection of CDs/PVP (Fig. 6b). This
work illustrated the great potential of surface-engineered CDs in
bioimaging. Ding’s group also designed NIR-emissive CDs for both
in vitro and in vivo bioimaging by using lemon juice (a renewable
and green resource) as precursor (Fig. 6¢) [107]. The outstanding
water solubility, L-w emissive property (A = 704 nm), and high QY
(31%) made the as-prepared CDs become a valuable imaging agent
in physiological environment.

Besides, motivated by the minimized photodamage, enlarged
tissue penetration depth and the lowered auto-fluorescence, CDs
with multiphoton excited L-w emissive capacity were further ap-
plied for bioimaging. For example, Lu and co-workers reported
the polymer-carbon nanodots with both L-w emissive (centered
at around 710 nm) and two-photon FL properties. Their feasibil-
ity for in vivo bioimaging was confirmed as well [108]. Jia’s group
proposed a novel strategy for the preparation of red emissive CDs
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(named T-CQDs) with narrow FWHM [109]. The T-CQDs displayed
excellent imaging performance in zebrafish larva under one-photon
or two-photon excitation modes, and the penetration depth of T-
CQDs could reach to ~500 pm (Fig. 6d). Multiphoton (including 2,
3 and 4 photon) excited upconversion L-w emissive CDs were de-
veloped by Liu and coworkers via the in-situ solvent-free approach.
The superior imaging capacity was demonstrated by their two-
photon FL imaging performance toward murine melanoma cells
under the excitation of 800 nm [110].

PA imaging is a novel non-invasive imaging technique, which
provides high-resolution and ultra-sensitive imaging results in
deep tissue by integrating the superior selectivity of laser light
and large diffusive domains of ultrasound [111]. L-w CDs, espe-
cially those with broad absorption band tail up to the NIR region,
have garnered significant attention as PA imaging agents. We syn-
thesized photosensitizer modified RCDs with favorable PA imaging
ability [32]. PA and ultrasound dual-modal imaging results illus-
trated the feasibility of utilizing CDs for PA imaging with satis-
factory contrast (Fig. 6e). Wu and co-workers designed porphyrin-
implanted CDs (PNDs) with solvent-dependent NIR emission and
absorption, which were successfully applied for FL and PA imag-
ing [112]. The PA response of PNDs was further confirmed through
intratumoral imaging results (Fig. 6f).

4.2.2. Phototherapy

Several studies have revealed that the therapeutic potentials of
L-w CDs, specifically the generation of hyperthermia and ROS un-
der laser irradiation, which enable applications in photothermal
therapy (PTT) and photodynamic therapy (PDT). Hao’s group re-
ported that the NIR-II-emissive CDs (NIR II CDs) that were synthe-
sized from watermelon can serve as efficient photothermal agent
(Fig. 7a) [113]. Activated by 808 nm laser, they not only exhib-
ited favorably NIR-II-emission property but also excellent pho-
tothermal performance with high photon-thermal conversion ef-
ficiency of 30.6%, demonstrating their advantages in bioimaging
and thermal ablation of tumor. To enhance the therapeutic effi-
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Fig. 7. Schematic diagram of (a) preparation of NIR II CDs for bioimaging and thermal ablation of tumor. Reproduced with permission [113]. Copyright 2019, American
Chemical Society. (b) Synthetic route of MSNs-CDs@DOX and the application in multicolor FL imaging guided PTT combined chemotherapy. Reproduced with permission
[114]. Copyright 2020, Wiley Publishing Group. (c) Synthesis of Cu/CC NPs and for TEM stimuli-responsive FL imaging and synergistic therapy. Reproduced with permission
[115]. Copyright 2020, Wiley Publishing Group. (d) Conventional (left) and multistate (right) photosensitization process. Reproduced with permission [116]. Copyright 2014,
Nature. (e) Fabrication of Mn-CD assembly as in-situ oxygen-supplied theranostic platform for enhanced PDT. Reproduced with permission [117]. Copyright 2018, Wiley
Publishing Group. (f) Synthesis of pheophytins-derived CDs for FL imaging and PDT-contained synergistic therapy. Reproduced with permission [118]. Copyright 2019, Wiley

Publishing Group.

cacy and diminish potential adverse effects, L-w CD-based PTT was
also collaborated with other treatment modes, such as chemother-
apy, PDT, and chemodynamic therapy (CDT). Our group has fabri-
cated CDs-mesoporous silica nanohybrids (MSNs-CDs), which com-
bines multicolor-emitting property, photothermal function, and
drug loading capacity into one therapeutic platform (Fig. 7b) [114].
Compared to single therapeutic mode, MSNs-CDs loaded with dox-
orubicin (DOX, a typical anti-tumor drug) are endowed with PTT
and chemotherapy effects, which provide extremely high therapeu-
tic efficiency due to the accelerated release of DOX induced by
photothermal effects. In addition, our group designed intelligent
tumor microenvironment (TME) stimuli-responsive nanoconstruc-
tion assembled from chlorine e6 (Ce6)-conjugated CDs and copper
ions (named Cu/CC NPs) for FL imaging-guided synergistic ther-
apy (Fig. 7¢) [115]. Ce6-decorated RCDs (CDs-Ce6) facilitated deep-
tissue imaging and synergetic PTT and PDT effects, meanwhile cop-
per ions could act as chelate center as well as CDT agent. Notably,
the FL imaging, CDT, and PDT abilities of as-fabricated nanoassem-
blies could only be triggered in TME due to the influence of mild
acidic condition, overexpressed hydrogen peroxide (H,0,) and glu-
tathione (GSH), and thus the amplified treatment efficiency could
be achieved with minimized side effects.

Different from endowing the L-w CD-based theranostic plat-
form with PDT function through modification of organic PDT
agents, the intrinsic ROS generation ability of CDs under laser
irradiation provides several attractive advantages, such as favor-
able water solubility, high photostability, and adjustable absorp-
tion characteristics. Through ingenious design of precursors, Ge
and co-workers developed deep-red emissive GQDs as an effi-
cient PDT agent with high singlet oxygen (10,) production yield
up to 1.3 [116]. The surprising 0, generation capacity of GQDs
is stemmed from the multistate photosensitization (Fig. 7d). The
satisfactory PDT efficacy of GQDs was verified both in vitro and
in vivo, which illustrated that CDs can be used as a promising
nano-photosensitizer for phototherapy. Since the CDs sensitize the
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ground state triplet oxygen to generate '0, as ROS, their ther-
apeutic efficacy is limited by the amount of oxygen in hypoxic
TME. Wang’s group further designed an in-situ oxygen-supplied
theranostic platform by assembling Mn-doped CDs and DSPE-PEG
(Fig. 7e) [117]. The Mn-CD nano-assemblies served as a smart con-
trast agent for both NIR FL and T;-weighted magnetic resonance
imaging. Most importantly, Mn-CD assembly could catalyze the en-
dogenous H,0, to generate oxygen, which helped to alleviate the
tumor hypoxia and subsequently enhanced the PDT efficacy. This
study might lead to a new generation of CD-related nanoagents for
TME-adaptable photodynamic treatment. Afterward, Wang’s group
explored natural biomass as a carbon source for the facile syn-
thesis of CDs with photosensitization ability (Fig. 7f) [118]. The
as-prepared CDs exhibited obvious NIR FL emission and high 10,
production yield, suggesting the great application potential of
pheophytin-derived CDs as multifunctional PDT agent.

Overall, the unique two-photon excited FL emission, broad ab-
sorption band, sensitive PA response, convenient surface modifi-
cation, and photo-mediated treatment functions make L-w CDs
to be promising theranostic agents, which hold great potential in
bioimaging-assisted diagnosis and TME stimuli-responsive syner-
gistic therapy.

5. Summary and perspectives

Owing to the unique advantages in biosensing, deep tissue
imaging, photo-triggered therapy, photocatalysis, and optoelec-
tronic devices, L-w CDs have attracted lots of attention in recent
years and been regarded as a “rising star” among luminescent
nanomaterials. In this review, we summarized the intriguing as-
pects and research progresses of L-w CDs. Firstly, the crucial fac-
tors for the synthesis of L-w CDs, including precursors, reaction
conditions, and post modification routes, were reviewed to support
their rational design. In particularly, we focused on the FL mecha-
nism of L-w CDs, which played a key role in realizing specific ap-
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plications through regulating particle size, surface states, and dop-
ing elements. Then, applications of L-w CDs in sensing and can-
cer theranostics (including bioimaging and photo-mediated treat-
ments) were highlighted. These applications are supported by the
fascinating merits of CDs such as red-shifted emission and excita-
tion, two-photon excited emission, PA response, easy surface modi-
fication, and photo-activated heat and/or ROS generation. However,
further studies and improvements are still required to expand the
practical applications of L-w CDs. The current challenges and fu-
ture perspectives are stated as follows:

1) The red or NIR FL emission of most reported CDs are less-
desirable and commonly suffer from low QY. Exploring new
strategies to synthesize CDs with L-w emissive property and
high QY is indispensable. In addition, the large-scale prepa-
ration of L-w CDs with stable characteristics remains a cru-
cial challenge. Thus, reproducible synthesis of L-w CDs from
green, especially biomass precursors via time and energy
saving approaches is urgently required.

Although several theories have been proposed to clarify the
FL mechanism of L-w CDs, a comprehensive understanding
is still lacking. Therefore, advanced characterization tech-
niques such as lifetime microscopy, scanning tunneling mi-
croscopy, single-particle imaging and emission, and relevant
super-resolution techniques, as well as the effective simula-
tion methods including the theoretical calculation and com-
putational modeling (such as machine learning) are highly
desired to elucidate the FL mechanism of L-w CDs.

L-w CDs hold great potential in biomedical applications,
especially in biosensors and cancer theranostics. However,
their practical applications are severely hindered by the
safety concern such as long-term toxicity. Further studies are
required to focus on their biodistribution, pharmacokinetics,
and clearance.

2)

3

—

Overall, although great progresses have been made in both fun-
damental understanding and practical application of L-w CDs, sev-
eral issues still need to be resolved. Through integrating theoreti-
cal and experimental explorations, L-w CDs are expected to play a
much more important role in extensive fields.
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