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A B S T R A C T   

Carbon-based quantum dots (CQDs) have been shown to have promising application value in tumor diagnosis. 
Their use, however, is severely hindered by the complicated nature of the nanostructures in the CQDs. 
Furthermore, it seems impossible to formulate the mechanisms involved using the inadequate theoretical 
frameworks that are currently available for CQDs. In this review, we re-consider the structure-property re
lationships of CQDs and summarize the current state of development of CQDs-based tumor diagnosis based on 
biological theories that are fully developed. The advantages and deficiencies of recent research on CQDs-based 
tumor diagnosis are thus explained in terms of the manifestation of nine essential changes in cell physiology. This 
review makes significant progress in addressing related problems encountered with other nanomaterials.   

1. Introduction 

Carbon-based quantum dots (CQDs), including carbon dots (CDs), 
graphene quantum dots (GQDs), and carbonized polymer dots (PDs), 
have aroused the interest of researchers around the world [1]. Nowa
days, the rapid development of modern research techniques has brought 
CQD to the forefront of attention. Compared to more traditional markers 
(fluorescent dyes, fluorescent proteins, and II-IV quantum dots), CQDs 
have some highly desirable properties, e.g., remarkable stability, 
biocompatibility, controllable photoluminescence (PL) property, 
outstanding catalytic performance, and easily modified chemical struc
ture [2–7]. Thus, CQDs have shown promising application value in the 
field of nanomedicine (especially tumor diagnosis and therapy) [8–10]. 
As a result, different tumor-diagnosis strategies (e.g., 

immunofluorescence methods [11], fluorescence imaging [8,12], and 
electrochemical sensing) and therapy strategies (e.g., nano-dr ug 
formulation [13–15], photodynamic therapy [16–18], immunotherapy 
[19,20], photothermal therapy [21], and sonodynamic therapy [22,23]) 
have been developed based on CQDs. These research progresses not only 
greatly enhance our knowledge and understanding of carbon nano
structures but also provide new strategies for diagnosing and treating 
tumors. 

Despite spectacular recent progresses, there are still many burning 
questions surrounding the use of CQDs in tumor diagnosis and therapy. 
Thus, CQDs have not reached their full potential in this particular field 
of application. One of the most severe challenges is to clarify the 
interfacial interaction mechanism of CQDs [24–26]. In this respect, 
numerous research papers and reviews have been published on the 
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mechanisms that may be directly involved [27–29]. However, further 
development is severely hindered by the complicated nature of the 
carbon nanostructures in the CQDs. It thus seems impossible to formu
late the likely mechanisms responsible using the inadequate theoretical 
frameworks currently available. Thus, the research based on CQDs with 
specific chemical structures just provides a limited amount of informa
tion on the CQDs. 

In contrast, the complexity of the illness may now be explained in the 
laboratory and clinic as a result of the development of cancer research 
into a mature and rational science [30–32]. As a result, cancer has 
become understandable in terms of a small number of underlying 
principles. Thus, from a standpoint of application, a summarization of 
the recent research on the use of CQDs in tumor diagnosis and therapy 
which is based on fully developed biological theories is of great signif
icance. In this review, we summarize the current state of development of 
CQDs-based tumor diagnosis methods based on the hallmarks associated 
with cancer. Consequently, the manifestation of nine crucial alterations 
in cell physiology (self-sufficiency in growth signals, evading apoptosis, 
insensitivity to anti-growth signals, sustained angiogenesis, tissue in
vasion and metastasis, limitless replicative potential, genomic mutations 
& instability, energy metabolism changing, and immune destruction 
escape) can be used to explain both the advantages and deficiencies of 
the recent research in CQDs-based tumor diagnosis. 

2. Development of CQDs 

Developments in human society and science have often been closely 
associated with advances in the application of carbon materials such as 
diamond, coal, and graphite [33–35]. In the past few decades, nano
materials have started to emerge as a potential replacement for many 
traditional materials due to their distinctive properties. Carbon nano
materials are among the most extensively studied applied and discussed 
synthetic nanomaterials [36–42]. Essentially, such materials first started 
to attract attention in 1985 with the discovery of C60 by Kroto et al. [43] 
This was rapidly followed by subsequent research on carbon nanotubes 
(CNTs) (since 1991) [44], graphene (since 2004) [45], and C3N (since 
2017) [46]. Fig. 1 gives a more detailed illustration of the discoveries 
made in the field which have heralded great revolutions in basic 
research and applications in fields such as nanoelectronics, 

nanocatalysis, energy, and biomedicine. 
In 2004, Xu et al. [47] accidently discovered ‘zero’-dimensional 

carbon nanostructures during an experiment aimed at separating and 
purifying single-walled carbon nanotubes. Since their discovery, CQDs 
have triggered subsequent studies aimed at exploiting their fluorescent 
properties and a new class of viable fluorescent nanomaterials was thus 
created. CQDs, including spherical CDs and GQDs, are an innovation 
class of PL materials with distinctive qualities. Currently, CQDs with 
definite chemical structures and controllable morphology are being 
pursued, including GQDs [48], chiral CDs, PDs, crystalline g-C3N4 dots, 
and crystalline C3N dots. 

2.1. Classification and definition of CQDs 

For the further development of CQDs, a precise definition of what 
constitutes a CQD is a vital prerequisite and of paramount significance. 
Inevitably, CQDs need to be distinguished from other carbon nano
structures in order to be accurately classified and defined. According to 
Nekoueian et al., CQDs are a subclass of zero-dimensional carbon-based 
nanomaterials with discrete quantized energy levels and variable den
sities of state [49]. Contrary to other carbon nanostructures, the char
acteristics of CQDs are substantially governed by quantum mechanical 
forces and other features including band gap and band edge location, 
which are constant in bulk carbon become size dependent [49]. More 
specifically, when size of the CQD decreases, the band structure of the 
density of states splits into separate sets of energy levels. Further 
decrease in size (to molecular or atomic dimensions) results in addi
tional constraint of the excitons (electron-hole pairs) and the energy 
bandgap structure resembles a molecular electrical structure [50]. 

Unfortunately, as argued by Yang et al., the complex chemical 
structure makes the definition and classification of CQDs remains 
controversial [24]. However, they can be distinguished by their degree 
of carbonization (integrity of the sp2 carbon skeleton) (Fig. 2). In this 
way, CQDs can be divided into four main categories: (i) 
highly-crystallized CQDs (HC-CQDs), such as g-C3N4 dots and C3N dots 
[56], (ii) well-crystallized CQDs with some defects owning to a high 
content of crystalline sp2 carbon nanostructures [49,57], (iii) CDs whose 
surfaces are filled with more sp3 carbon nanostructures and functional 
groups [49], and (iv) PDs that contain cross-linked or aggregated 

Fig. 1. Road map of the discovery of various carbon nanomaterials.  
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polymers prepared from linear monomers or polymers which aggregate 
at a carbon core [58]. However, there is a diverse range of opinions on 
how CQDs should be classified. 

Also, some researchers (for example, Liu et al. [57] and Sun et al. 
[59]) tend to equate CDs with CQDs. From this point of view, Park et al. 
stated that all nanosized fluorescent carbon materials derived from 
various carbon materials such as fullerenes, graphite, carbon nanotubes, 
and graphene with at least one dimension under 10 nm can categorized 
as CDs or CQDs [60]. Thus, GQDs, PDs, and HC-CQDs can be considered 
to be subsets of CQDs. However, when defining CQDs that are prepared 
by a ‘bottom-up’ approach, e.g., GQDs cut from two-dimensional gra
phene, the structure of the GQDs is significantly different from that 
traditionally recognized for CDs (which are generally taken to be 
spherical) [49]. Obviously, from this perspective, simplifying CDs as 
CQDs may not be sufficiently convincing. A similar problem also arises 
when classifying PDs. 

At the same time, Yang et al. [1] suggest that GQDs, carbon nanodots 
(CNDs), and PDs should all be regarded as independent subsets of CDs 
due to their different levels of crystallinity and quantum confinement 
effects (Fig. 3a). This approach does allow their physical and chemical 
properties (e.g., luminescent emission characteristics) to be more readily 
distinguished which is, after all, one of the main focuses of CQDs 

research. However, up to now, there are still no definite and rigorous 
boundaries between CNDs, GQDs, and PDs, as well as CQDs, in this 
perspective. Although the current classification methods have unclear 
boundaries between materials, they can still be used to form feasible 
classification strategies. In this review we tentatively classify the CQDs 
based on the classification method of Yang et al. [1]: CQDs (equivalent 
to the definition of CDs), including carbon dots (equivalent to the defi
nition of CNDs), GQDs, and PDs. 

Besides taxonomic controversies, the definitions of HC-CQDs, GQDs, 
CDs and PDs are also divergent. HC-CQDs are the latest addition to the 
nanocarbon family. Because of their specific and highly crystallized 
structures, the chemical structures of HC-CQDs (such as g-C3N4 and C3N) 
are generally easy to define and characterize using transmission electron 
microscopy (TEM) and elemental analysis. More specifically, g-C3N4 and 
crystalline C3N dots are zero-dimensional fragments of g-C3N4 and C3N, 
respectively. However, this definition presents another problem, 
namely, how small do these quantum dot (QD) materials need to be to 
show quantum confinement effects? Yang et al. [46] prepared a series of 
C3N quantum dots of different sizes on a sheet of C3N and showed that 
there is an upper limit to the size of C3N fragments (15 nm) exhibiting 
quantum size effects (Fig. 3b). As a result, C3N dots can be defined as 
fragments of C3N whose transverse dimensions are less than 15 nm. 

Fig. 2. Visualizing carbon-based nanomaterials: transmission electron microscopy (TEM) and high-resolution TEM (HR-TEM) images of nanodiamonds [51]. 
Copyright 2014, National Academy of Sciences. Scanning electron microscopy (SEM) image of carbon black [52]. Copyright 2014, Royal Soc. Chemistry. TEM and 
HR-TEM images of CDs. TEM and HR-TEM images of GQDs [53]. Copyright 2015, Wiley-VCH Verlag GmbH. SEM and HR-TEM images of CNTs [54]. Copyright 2001, 
Elsevier Science Ltd. TEM and HR-TEM images of C60 [55]. Copyright 2015, Pergamon-Elsevier Science Ltd. HR-TEM image of C3N quantum dots [46]. Copyright 
2017, Wiley-VCH Verlag GmbH. 

Fig. 3. (a) Illustration of three different kinds of carbon dots: GQDs, carbon nanodots (CNDs), and PDs [1]. Copyright 2015, Tsinghua Univ. Press. (b) Plots showing 
the dependence of bandgap energy on size of the C3N fragments (blue datapoints are experimental values; black ones are theoretical). The inset shows a magnified 
plot of the data near the origin of the main plot [46]. Copyright 2017, Wiley-VCH GmbH. 
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Compared to other CQDs, the definition of HC-CQDs is, at present, the 
one that is most clearly specified. Nevertheless, the precise definition of 
the size of HC-CQDs is still in need of further clarification due to the 
potential for errors to arise due to surface/edge groups and lattice 
defects. 

In 2010, Li et al. synthesized soluble GQDs of large and uniform size 
for the first time via a stepwise chemical procedure in solution [48]. In 
general, the quantum size effects in graphene are known to be a key 
factor affecting the bandgap which increases as the graphene fragments 
decrease in size [61]. In the opinion of Yan et al. [62] GQDs are 
zero-dimensional graphene materials with lateral dimensions typically 
less than 10 nm and an atomically thin graphitic plane (typically 1 or 2 
layers, less than 2 nm thick). GQDs are often prepared starting from 
graphene-based precursors or graphene-like polycyclic aromatic hy
drocarbons. As a result, GQDs usually possess graphene lattices which 
have a crystalline structure like that in a sheet of 1–2 layers of graphene. 
The main body of a GQDs is thus comprised of conjugated sp2 carbon 
atoms, although some other elements (e.g., oxygen, nitrogen, and sulfur) 
may be encountered on its edge. 

CDs are probably the most researched type of CQDs. They are fluo
rescent, carbon-based particles that are spherical in shape. More 
formally, they are usually defined as quasi-spherical carbon nano
particles (NPs) with carbon cores less than 10 nm in size and surfaces 
adorned with functional groups containing (usually) oxygen or nitrogen. 
Furthermore, they mainly consist of sp2-sp3-hybridized carbon atoms or 
sp2 domains embedded in amorphous carbon [62]. CDs typically have 
diameters that are >3 nm and generate relatively wide X-ray diffraction 
peaks due to the amorphous carbon present. Additionally, in contrast to 
GQDs, crystalline lattices are not observed when completely amorphous 
CDs are imaged via high-resolution transmission electron microscopy 
(HR-TEM). Moreover, while the electronic bandgap structure in GQDs is 
heavily influenced by quantum confinement effects [62], the bandgap 
structure in CDs is dictated by surface energy traps. Hoang et al. [63] 
have also suggested that surface functional groups and inner structure 
make CDs and GQDs differentiated, GQDs with a large conjugated 
domain and regular structure can be treated as a special kind of carbon 
nanodots (CNDs). 

In 2012, Sun et al. showed that water-soluble, nitrogen-doped, 
carbon-rich, photoluminescent polymer nanodots can be generated by 
hydrothermally treating grass [64], thus generating a new kind of 
luminescent carbon material: PDs. In general, cross-linked or aggregated 
polymer derived from linear polymers or monomers are known as PDs 
[65]. They have a hybrid structure which mainly consists of organic 
polymer chains and a small carbon core possibly containing a small 
amount of inorganic material [66]. PDs have a lower degree of 
carbonization compared with CDs and their crystalline carbon cores are 
usually unnoticeable [67]. From the point of view of their method of 
preparation, PD formation mainly depends upon the polymerization and 
carbonization of small precursor molecules. This is very similar to the 
‘bottom-up’ approach used to make CDs. As a result, the boundary be
tween PDs and CDs is rather blurred and whether or not PDs can be 
viewed independently from CDs is a controversial subject. Some scien
tists (such as Song et al. [66]) think that PDs should be regarded as being 
different from CDs due to their unique characteristics, e.g., high oxygen 
content, superior aqueous solubility, and exceptional quantum yields. 
Others (like Shao et al. [67]) believe that PDs are just special kinds of 
CDs with low carbonization. Also, it may not be very logical to separate 
PDs from CDs as they have very similar chemical and fluorescence 
properties. 

2.2. Properties of CQDs 

CQDs have received a significant amount of attention as PL materials 
as their optical properties compete well with those of traditional fluo
rescent materials (i.e., dyes and semiconductor QDs). Also, they typi
cally have magnetic and catalytic capabilities, which make them 

excellent candidates for use in fields including magnetic resonance im
aging (MRI) [68] and electrochemical sensing, etc. Moreover, due to 
their nanocarbon structures, CQDs usually have other advantages when 
it comes to preparation and biological application. We list some ad
vantages below. 

2.2.1. Convenient functional modifications 
CQDs invariably have various functional groups on their surfaces, e. 

g., hydroxyl, epoxy/ether, carbonyl, and carboxylic acid groups, etc. 
(Fig. 4) [69]. Moreover, doping and modifying their surfaces with het
eroatoms can also be employed to ‘tune’ their chemical structures and 
hence properties. It has been demonstrated that heteroatoms such as 
nitrogen, boron, and sulfur, may be readily integrated (or co-doped) into 
CQDs by using heteroatom-containing precursors (Fig. 4) [70–72]. Un
fortunately, given the intricate nature of the associated reaction mech
anisms, the precise chemical structures of the doped CQDs produced 
always remain unclear. 

In contrast, surface functionalization is more controllable as it is 
based on organic reactions whose reaction mechanisms are well- 
established. Moreover, various approaches can be used to achieve 
modification of the CQD surface. Methods have thus been developed 
that involve the use of surface chemistry or strong intermolecular in
teractions (e.g., covalent bonding, coordination bonding, π-π in
teractions, etc.) to regulate the band gap of the CQD and thus improve PL 
emission. 

In addition, CQDs modified with –NH2, –COOH, –CHO, and –N 
(CH3)2 groups have been demonstrated to exhibit low toxicity at con
centrations up to 200 μg mL− 1, however CQDs modified with –OH 
groups have exhibited some cytotoxicity at concentrations around 100 
μg mL− 1 [29,73]. The burgeoning subject of CQDs modification has 
received much interest in recent years and a variety of chemical tech
niques have been successfully employed to functionalize the CQDs pe
riphery (using both covalent and noncovalent means) [74,75]. 

2.2.2. Tunable PL properties 
A key characteristic of CQDs is the propensity to display quantum 

confinement effects when the CQDs is smaller than its exciton Bohr 
radius [76]. These effects affect the separations between the energy 
levels in the CQDs. Therefore the spacing between the discrete energy 
levels is significantly affected by both the size and structure of the CQDs. 
That is, their luminescent characteristics strongly depend on their size 
and the level of doping and functionalization employed [77]. As a result, 
while investigate PL processes in CQDs, researchers tend to use the 
molecular orbital band model that is typically employed to describe the 
features of fluorescent organic dyes. 

According to molecular orbital theory, in general, the smaller the 
particle, the bluer the shift in emission frequency will be (i.e., the 
luminescence has greater energy). So far, researchers have successfully 
managed to modulate the wavelength of the luminescence emitted by 
CQDs from 380 to 700 nm (Fig. 5a) [78]. The quantum yield has also 
been increased, it was initially less than 0.1 but it now extends up to 0.9 
[79]. Thus, CQDs can readily meet the application requirements needed 
for using in fluorescent labeling. Tremendous achievements (e.g., solid 
state PL and phosphorescence) have also been made in other aspects of 
CQDs-based optical research (Fig. 5b, c, and Table 1). 

2.2.3. Catalytic activity and photodynamic/sonodynamic activity 
CQDs can also exhibit outstanding catalytic activity since the abun

dance of functional groups on their surfaces and in their lattices. For 
example, Kang et al. demonstrated that CDs-gC3N4 nanocomposites can 
be used as a photocatalyst to split water molecules using solar radiation 
and achieved impressive conversion efficiencies (Fig. 6a) [104]. More 
recently, Huang et al. demonstrated that CDs can be used as a photo
catalyst to polymerize amino acids into polypeptides and proteins 
(Fig. 6b) [105]. They even managed to obtain proteins with tertiary 
structures, namely, an artificial insulin with biological functionality. 
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Owing to their outstanding catalytic activity, some CQDs also have 
inherent anticancer properties. They have thus found application in 
photodynamic therapy (PDT) and sonodynamic therapy (SDT) [49, 
106–109]. The CQDs used in PDT mainly act as photosensitizers to 
produce reactive oxygen species (ROS) when illuminated. Previous 
research state that the special structures (heterogeneous atoms and de
fects) is the catalytic centers in photodynamic acoustic processes [110]. 
This is consistent with results of photocatalytic mechanism study based 
on CQDs. Indeed, some reports have shown the 1O2 quantum yield of 
GQDs is ~1.3 under 1280 nm, which is approximately twice as high as 
that of all of the state-of-the-art PDT agents [111]. Yang et al. also 
demonstrated the rate constant for 1O2 of N doped GQDs is 1.677 min− 1 

which is much higher than that of traditional sonosensitizers (porphyrin: 
0.540 min− 1, porphyrin Mn: 0.415 min− 1, porphyrin Zn: 0.505 min− 1, 
TiO2: 0.693 min− 1) [110]. 

The light used in PDT may be strategically tailored to solely irradiate 
the tumor lesion and spare healthy tissues. Such selectivity means that 
PDT is much less toxic to the host than conventional treatments like 

chemotherapy and radiotherapy [112,113]. The effectiveness of PDT, of 
course, depends on the ability of the light to penetrate the host to reach 
the target cells. 

In contrast, SDT, which is a relatively novel method of non- 
invasively eliminating tumors, has much greater penetration depths in 
tissues. Furthermore, it improves patient compliance while having fewer 
negative effects. SDT uses ultrasound to activate a sonosensitizer and 
thus produce cytotoxic ROS. As a result, they force vacuoles in solution 
to collapse, permanently harming cancer cells. Clearly, CQDs with 
intrinsic phototheranostic and acoustic theranostic properties have 
considerable potential for application in the treatment of tumors [114]. 
Moreover, CQDs with good catalytic activity may also find application 
as electrocatalysts for use in the electrochemical detection of tumor 
markers. 

2.2.4. Magnetic properties 
Doping with heteroatoms is another way of providing CQDs with 

new properties [116]. For example, doping CQDs with lanthanides can 

Fig. 4. Typical functional groups encountered in CQDs.  

Fig. 5. (a) Fluorescent emission from GQDs excited using UV light at 365 nm (top) and corresponding normalized PL spectra (bottom) [80]. Copyright 2018, 
Springer Nature. (b) Photographs of CD powders in daylight (top) and under UV light at 365 nm (bottom) [81]. Copyright 2015, Wiley-VCH GmbH. (c) Photographs 
of a room-temperature phosphorescent CDs powder captured at different times after switching off the exciting radiation (UV at 365 nm) [82]. Copyright 2018, 
Wiley-VCH GmbH. 
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lead to species capable of emitting near infrared (NIR) luminescence or 
exhibiting magnetic resonance effects. Wu et al. [117] prepared 
manganese-doped CDs which produce intense luminescence and has a 
high sensitivity for ion detection. Manganese-doped CDs containing 
paramagnetic ions also display a good magnetic resonance response that 
allows them to serve as positive contrast agents (CAs) in MRI [117]. 
Furthermore, Li et al. demonstrated that the modulation of the local 
superacid microenvironment surrounding magnetic GQDs can 

accelerate the rate of proton exchange and effectively enhance the 
longitudinal magnetic relaxivity [115]. The relaxivity of the magnetic 
GQDs is thereby increased significantly (by 20-30-fold) throughout an 
extensive range of static magnetic field strengths compared to certain 
commercially available MRI CAs (Fig. 6c–6e). 

2.2.5. Chemical stability, photostability and biocompatibility 
Traditional organic fluorophores are not conducive to long-term 

imaging because of photobleaching. Semiconductor quantum dots 
have been extensively employed to address this issue. However, being 
much larger than biomolecules, semiconductor QDs may change the 
dynamics (functions) of the intended target and also attach with mul
tiple targets to form artificial clusters. They can also be toxic as heavy 
metal ions can leach out from them. In contrast, CQDs are ideal for 
molecular imaging in cells. This is because they possess several key 
merits: good photostability and biocompatibility, very small size, facile 
functionalization, tunable PL emission, good dispersibility, as well as 
chemical stability [2]. 

Due to the stability of sp2-sp3 carbon nanostructure of CQDs, the 
photostability of CQDs is significantly better than that of traditional 
organic fluorophores. Indeed, the fluorescence intensity of CQDs slightly 
decreases after long-term UV-irradiation. This makes the long-time 
fluorescent image possible. On the other hand, the biocompatibility of 
a material is dependent on the specific application it is used for. How
ever, the general definition of biocompatibility is the capacity of the 
material to carry out its intended function without trigger undesired 
biological responses [118]. Despite the fact that many carbon-based 
nanoparticles exhibit toxicity due to aggregation, CQDs display excel
lent solubility in water. As they are entirely composed of carbon, they 
also serve as a harmless substitute for metal-based nanoparticles as they 
eliminate the concern that toxic metallic residues may accumulate in 
body [29]. 

CQDs have thus shown strong application potential in various bio
logical applications due to their low toxicity, e.g., in bioimaging, as 
biosensors, and in distinguishing specific cell, as markers. The cytotox
icity of GQDs, which are a specific kind of CQDs, was examined in 
human breast cancer cells and found to be essentially harmless at 

Table 1 
Change in the PL performance of CQDs with time.  

Aspect Type λex 

(nm) 
λem 

(nm) 
Quantum 
yield (%) 

Publication 
year 

Ref. 

Development of 
CQDs 
emitting 
short- 
wavelength 
light 

CDs 340 450 NA 2010 [83] 
CDs 310 450 5.5 2011 [84] 
CDs 350 400 25 2012 [85] 
GQDs 346 425 33.6 2013 [86] 
CQDs 300 382 NA 2014 [87] 
CDs 300 375 11 2015 [88] 
CQDs 290 324 NA 2016 [89] 
CDs 360 255 6.17 2017 [90] 

Development of 
CQDs 
emitting 
long- 
wavelength 
light 

GQDs 670 780 2 2010 [91] 
CDs 460 520 2.72 2011 [92] 
CDs 480 542 2.2 2012 [79] 
GQDs 370 815 NA 2013 [93] 
PDs 570 760 1 2014 [94] 
CDs 360 880 NA 2015 [95] 
CQDs 432 1068 <0.5 2016 [94] 
PDs ca. 

470 
ca. 
800 

8 2017 [96] 

Quantum yield 
of the CQDs 

CNPs 365 550 40 2010 [97] 
CQDs 440 510 80 2011 [98] 
GQDs 350 457 35 2012 [99] 
GQDs 360 435 78 2013 [100] 
CDs 360 437 83 2014 [101] 
g- 
C3N4 

350 NA 90.2 2015 [85] 

GQDs 360 450 96 2016 [102] 
GQDs 356 426 99.8 2017 [103] 

NA: not mentioned. 

Fig. 6. (a) Rate of production of H2 and O2 from water irradiated with visible light and catalyzed using a CDs-gC3N4 composite [104]. Copyright 2015, American 
Association for the Advancement of Science. (b) Matrix-assisted laser desorption/ionization time-of-flight mass spectrum of the product obtained from the photo
catalytic condensation of glutathione after reacting for 28 days [105]. Copyright 2019, American Chemical Society. (c) Comparison of the relaxivities of magnetic 
GQDs, commercially available MRI contrast agents (CAs), and other reported MRI CAs. (d) A pre-injection in vivo MRI image of a nude mouse with a tumor (circled). 
(e) Corresponding MRI image captured 30 min after the injection of magnetic GQDs. A 7.0 T animal MRI scanner was used to image the mouse after a subcutaneous 
injection [115]. Copyright 2020, Elsevier Science Ltd. 
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concentrations below 50 μg mL− 1 [119]. Zhu et al. also discovered that 
GQDs do not cause cell toxicity lower than 400 μg mL− 1 [120]. 

Because of their structural diversity, CQDs can be employed to tune 
the catalytic activity of enzymes, permeability of cell membranes, and 
expression of genes [19,121–124]. Besides their use in fluorescence 
on/off applications, CQDs-based sensing systems can also be designed to 
take advantage of peak shifts and lifetime changes and be used for 
ratiometric sensing and bi-modular detection. In particular, 
high-performance CQDs-based lab-on-chip devices are highly desirable 
for use in some very important sensing/detection applications, e.g., the 
early diagnosis of diseases, radiation prevention, and public safety [125, 
126]. 

2.3. Application of CQDs to biological fields 

There has been a great deal of published reviews about CQDs 
recently, which tend to highlight various aspects of CQDs, such as their 
preparation techniques, structures characteristics, optical properties, 
and applications [127]. The number of CQDs-related publications has 
thus increased rapidly in recent years (Fig. 7a). Of particular note is that 
CQDs are gradually replacing semiconductor QDs (e.g., CdTe [128,129] 
and copper indium sulfide [130]) which have been employed in a 
multiple fields for some years (especially in biology). 

Interestingly, the focus of CQDs research has varied somewhat over 
the decades. The main topics covered have included: the development of 
various synthetic techniques (2010–19) [93,131–138], structural mod
ifications (2017–19) [61], modifying emission wavelengths (2013–17) 
[78,139–141], and enhancing quantum yield (2014–19) [142,143]. 

Various types of syntheses have been developed, encompass typical 
bottom-up [139,144,145] and top-down [146] approaches. The syn
thesis techniques thus developed made it feasible to synthesize CQDs on 
a large scale as well as produced them rapidly, efficiently, and 
eco-friendly. Modifying the structures of the CQDs produced in a 
controllable manner is one of the most fundamental methods of 
improving their performance in specific applications [61,147]. As a 
result, large amount of effort has been made in this direction in the past 
few years. The techniques employed include edge modification, lattice 
doping, and modifying the functional groups on the surfaces of the CQDs 
[148]. 

CQDs have been reported with a wide range of emission wavelengths 
(λem). Collectively, the entire range from deep ultraviolet to NIR 
(380–700 nm) can thus be covered [78]. This indicates that they are now 
easily applicable in a variety of applications, such as photo/electron 
catalysis [104], photoelectric conversion [149,150], biological imaging 
[151–154], disease diagnosis [155], and treatment [156,157]. 

Initially, because of their unique luminescent properties, CQDs only 
tended to be utilized as fluorescent probes for supplying fluorescence 
images and mediate drug delivery in combination with anticancer drugs 
to treat tumors [14,158,159]. For example, in order to combine the 
optical properties of CQDs with the therapeutic value of anticancer 

agents, Sun et al. successfully bonded oxidized oxaliplatin onto the 
surface of CQDs [160]. The in vitro and in vivo studies showed that the 
fluorescence from the CQDs can be used to successfully monitor and 
track the distribution of the oxidized oxaliplatin and, consequently, 
adjust the medication’s injection timing and dosage. 

The use of CQDs as drug carriers has achieved positive results in the 
diagnosis and treatment of tumor. However, certain significant issues 
remain, such as drug leakage and the complexity of synthetic routes. 
Therefore, in recent years, finding CQDs with intrinsic therapeutic 
properties, as well as excellent optical properties, has been extensively 
explored. In the biological area, this has led to the rise of inherent PDT, 
PTT, and multimodal or stimulus-responsive phototherapeutic charac
teristics in tumor therapy [109]. Since it was first proposed by Hsu et al. 
in 2013 [161], CQDs are also extensively employed in phototherapy and 
clinical treatment of superficial cancers e.g., skin cancer. With this 
technique, photosensitizers are concentrated inside the tumor tissue, 
and then radiation is used to cause the creation of ROS and subsequently 
cause apoptosis (programmed cell death) [159]. 

Overall, CQDs have attracted a considerable amount of attention in 
recent years (especially in tumor diagnosis and treatment) due to their 
exceptional nanostructures, advantageous electronic, mechanical, opti
cal, thermal properties and their safety and biocompatibility. 

3. Overview of tumor diagnosis with CQDs 

The word ‘cancer’ refers to a broad range of illnesses that can man
ifest in virtually any organ or bodily tissue when aberrant cells begin to 
grow out of control. They may also cross their initial boundaries to 
invade surrounding bodily regions and thereby spread to other organs. 

The World Health Organization has estimated that there were nearly 
20 million new patients suffering from cancer in 2020 (https://gco.iarc. 
fr/today/online-analysis-table, International Agency for Research on 
Cancer). Cancer can, of course, lead to the death of the host patient. In 
fact, they are the second most common cause of death in humans, 
globally accounting for the death of an estimated 9.6 million people in 
2018 (i.e., one in six of all deaths) [162]. Fig. 7b gives a plot of the 
estimated age-standardized incidence rates of some high-risk cancers in 
2020. As can be seen, breast, prostate, and lung cancers are the most 
prevalent types of cancer encountered in humans. As a result, these are 
the cancers that receive the most attention from researchers [163]. 

Although lifestyle modification, regular medical care, chemopre
vention, and immunotherapy have proved beneficial for cancer pre
vention [164], tumor-related illness continues to grow globally. 
Naturally, this is placing a tremendous amount of physical, emotional, 
and financial strain on individuals, families, communities, and health 
systems. Defeating tumor-related illness is therefore of great significance 
in improving the quality of our lives and prolonging our life-spans. To 
achieve these goals, it is necessary to find better ways of diagnosing and 
treating tumors. 

Fig. 7. (a) The number of articles published on CQDs since 2008 highlighted those that are related to biological applications. The decline in the number of articles in 
2022 could be caused by the COVID-19. (Results from Web of Science, Jan. 2022.) (b) Estimated age-standardized incidence rates of some high-risk cancers in 2020. 
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3.1. Development of tumor diagnostic technologies 

A precondition for tumor therapy is the existence of effective ways of 
diagnosing the occurrence of tumors. In particular, if tumor can be 
identified in its early stages of development, there is a greater proba
bility that it will respond to treatment more effectively, making the 
treatment less expensive and greatly improving the survival rate of the 
patient [165].The aim of early diagnostic techniques is not only to 
identify symptomatic cancer patients but also those who have not yet 
developed any symptoms. Such patients can then be promptly referred 
for further diagnosis and appropriate treatment. 

Currently, the diagnosis of tumor-related illness has great impor
tance in patient screening. As a result, the demand for highly sensitive 
and accurate techniques for tumor diagnosis has increased year-on-year. 
Clinically, the diagnosis of tumor can be divided into two main types: (i) 
tumor tissue imaging and pathological diagnosis, and (ii) tumor-related 
biomarker detection. Typical techniques used to image tumor tissue 
include endoscopy, ultrasound (US) imaging, X-ray imaging, fluores
cence imaging, MRI, and positron emission tomography (PET). Tech
niques used in tumor-related biomarker detection include antigen 
detection, antibody detection, nucleic acid detection, circulating tumor 
cell detection, extracellular vesicle detection, and microenvironment 
monitoring. 

The use of CQDs in tumor diagnosis has advanced rapidly in the last 
two decades. They have shown great potential for use in imaging tumor 
tissues and detecting tumor-related biomarkers and microenvironments. 

3.1.1. Imaging tumor tissues using CQDs 
Tissue imaging is the most common approach used to clinically di

agnose tumors. Images can be captured in various ways but endoscopy, 
US diagnosis, X-ray computed tomography (CT), MRI, and PET are the 
most commonly used clinical techniques. Each technique can be used to 
provide specific information about the tissues imaged, and the general 
aim is to directly visualize and identify any abnormal tissues that may be 
present. This information is then used by medical professionals to 
determine the best therapeutic steps to take to treat the patient. Table 2 
summarizes the key features of some of the imaging techniques that are 
frequently used. 

The CQDs used in imaging tumor tissues generally serve as either 
part of the imaging media or are directly imaged. The use of CAs has 
become routine in contemporary medical imaging as they can provide 
more evidence that can be used for clinical diagnosis and also reduce 
imaging time. The use of carbon nano-structural properties of CQDs to 
obtain MRI CAs with high magnetic relaxation rates gained significant 
attention [16,166–168]. Correspondingly, CQDs have also been 
explored for some applications in X-Ray imaging as CAs [116,169–171]. 
For the completeness of the review logic, we present a brief overview of 
the current research status of CQDs in X-Ray imaging. In fact, the 
research around CQDs in the field of CT is still comparatively scarce. 
Therefore, the specific advantages and application prospects of CQDs in 
this field still need to be further explored by researchers. In this section, 

we review the CQDs-based CAs that have been developed for use in 
X-ray imaging and MRI. 

3.1.1.1. CQDs-based CAs used in X-ray imaging. When X-rays are used to 
image the body, hard tissues like bone and cartilage may be clearly 
distinguished from adjacent soft tissues. However, the contrast between 
various soft tissues is typically negligible or even nonexistent. Hence, 
contrast agents are required to improve the contrast in such images and 
thus reveal details about the soft tissues present [172]. X-ray CAs are 
often employed in X-ray imaging procedures including radiography, 
computed tomography, and fluoroscopy to give transitory contrast 
enhancement. Elements with high atomic numbers (Z) tend to absorb 
X-rays more strongly than those with low Z values (due to the photo
electron effect). Thus, the use of CAs with supeior X-ray attenuation 
(high Hounsfield unit, HU) enhances the X-ray images quality and makes 
it simpler to identify regions of interest. Current agents usually have 
poor X-ray attenuation and so better CAs need to be developed for use in 
X-ray imaging. 

It is also worth noting that noble gases are another general class of 
contrast media, especially in certain applications such as X-ray CT im
aging. Mesbahi et al. found a way to combine GQDs with bismuth oxide 
(ZBi = 83) to use as a CA and found it to be 1.7 times as effective a CA as 
Urografin® [173]. Gold nanoclusters coated with GQDs, which played 
the role of reducing agent, stabilizer, and drug carrier, have also been 
synthesized that can be used in CT imaging (ZAu = 79) and also treat 
tumors therapeutically [174]. 

3.1.1.2. CQDs-based CAs used in MRI. CAs are used in MRI to improve 
the contrast of images and hence diagnostic accuracy. They are routinely 
used in about 40 % of all MRI scans, which represents about 40 million 
administrations of CAs worldwide per year [175,176]. 

Complexes containing superparamagnetic gadolinium ions (Gd3+) 
are generally used as CAs in MRI. According to the Solomon- 
Bloembergen-Morgan hypothesis, these ions contribute to the relaxing 
of proton spins by producing a fluctuating magnetic field through 
electronic spin relaxation and molecular motion [177,178]. They thus 
lead to shorter longitudinal relaxation times (T1) of the protons and 
faster imaging (high throughput), making the images less sensitive to 
artifacts caused by motion (i.e., the image has better quality). Since the 
use of Magnevist® (Gd-DTPA) was first approved in 1988, the growth of 
contrast-enhanced MRI has shown extraordinary development and 
nearly 50 tons of gadolinium are administered annually [175,177]. 
However, the longitudinal relaxivities (r1, usually expressed in units of 
mM− 1 s− 1) of commercially-available Gd3+-based CAs are low, which 
means that high doses of toxic Gd3+ compounds need to be administered 
before conducting the MRI scan. Moreover, in 2006, these agents were 
associated with nephrogenic systemic fibrosis, a catastrophic and po
tential fatal sickness [179]. 

In the past decade, the feasibility of using GQD-based CAs in MRI was 
demonstrated by several workers who developed agents with r1 values 
ranging from 9.87 to 15.995 mM− 1 s− 1 [180–182]. Building on these 
results, Ding et al. showed that by modifying the superacid microenvi
ronment surrounding the GQDs, ultra-high r1 values can be attained 
(corresponding to 210.9 mM− 1 s− 1 at 114 μT) [183]. The localized 
superacid microenvironment strongly enhances the rate of proton ex
change and hence increases image contrast. The authors also showed 
that suitably modifying the surface of the QDs (with folic acid ligands) 
enhanced the ability of the CAs to target tumors. They were thus suitable 
for use in MRI-fluorescence dual-mode in vivo tumor imaging with an 
uptake rate in tumorous cells of over 98.3 % [183]. 

3.1.2. Tumor-related biomarker detection using CQDs 
The fact that CQDs can be used to detect and quantify different 

analytes points to another (non-invasive) way in which they can be used 
to diagnose the presence of tumors. In the current context, the analytes 

Table 2 
Comparison of various imaging techniques.  

Technique Imaging 
time 

Penetration 
depth 

Resolution Invasiveness Radiation 

Endoscopy Real- 
time 

Surface Camera 
dependent 

✓ None 

US Real- 
time 

Shallow Limited None None 

CT Few 
minutes 

Deep High None ✓ 

MRI Tens of 
minutes 

Unlimited Field 
dependent 

None None 

PET Few 
minutes 

Deep 1–2 mm None ✓  
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in question may be present (for example) in samples of fluid obtained 
from the body. Furthermore, the analytes we wish to detect might be 
antigens, antibodies, nucleic acids, circulating tumor cells, extracellular 
vesicles (EVs), or any other biomarker that may point to the presence of 
a tumor in the host. Specific examples are given below. 

3.1.2.1. Antigen detection. Tumor-related carbohydrate antigens are 
molecular markers that are overexpressed on the surfaces of tumor cells. 
They contain glycan structures and produced by the combined activity 
of glycotransferases and glycosidases which are abnormally expressed in 
tumor cells [184]. Such antigens can be classified as glycoprotein anti
gens and glycolipid antigens. Carcino-embryonic antigens are one of the 
most widely used tumor markers on cell surfaces and can be used to 
identify a series of tumors and evaluate curative effects, as well as 
prognosing some tumors [185,186]. 

3.1.2.2. Antibody detection. Antibodies are a special nature class of 
immune-system associated glycoproteins known as immunoglobulins. 
They are produced by differentiated B-cells as part of the immune 
response to the presence of an immunogen [187]. Antibodies are vital to 
survival and play an irreplaceable role in the immune systems of higher 
animals. A typical mammalian antibody unit is a heterodimer composed 
of two identical long heavy chains (about 450–600 amino acid residues) 
and two identical short light chains (around 220 residues) [188]. The 
heavy chains, which differ from animal to animal, are substantial 
polypeptide subunits. The four chains are joined together to create a 
‘Y’-shaped molecule [187]. 

The concept of using antibodies to selectively target tumors was first 
proposed by Ehrlich over a century ago [189]. Ever since tumor-related 
autologous antibodies were first observed [190], the suggestion that 
they could serve in a diagnostic strategy is using minimal invasive 
procedures as an early disease sign. However, because some specific 
antibodies form tumor may possibly elicit response against a huge va
riety of antigens, therefore it cannot be successfully employed for tumor 
screening and early diagnosis [191]. Another strategy is to incorporate 
several types of antibody responses into a diagnostic algorithm [191]. 
Increased sensitivity should be achievable with such a method without 
significantly complicating the diagnostic process. Moreover, the anti
bodies can be used to effectively treat patients with tumors [192–194]. 

3.1.2.3. Nucleic acid detection. MicroRNAs (miRNAs) are a class of non- 
coding RNA species that are very short (about 21 nucleotides) and have 
critical functions across a variety of biological processes, including 
development, differentiation, apoptosis, and proliferation [195–197]. 
Compared with long non-coding RNA molecules (which have tens or 
hundreds of thousands of bases) [198], miRNAs are relatively easy and 
convenient to identify because the RNA can be rapidly cloned [199, 
200]. 

It has been proposed that miRNAs contribute to oncogenesis because 
they can function either as tumor suppressors or oncogenes [201–203]. 
It has been shown, for example, that miRNA alterations are involved in 
the initiation and progression of human cancer [199]. MiRNA is 
expressed with an extraordinary level of diversity across different can
cers, and so a small number of miRNAs can furnish a large amount of 
diagnostic information [204]. In fact, unlike messenger RNA (mRNA) 
expression, a modest number of miRNA molecules (ca. 200 in total) 
might be sufficient to classify all of the tumors found in humans [204]. 

Circulating cell-free DNA (cfDNA) was first reported in 1948 [205] 
and has been found to circulate in the blood and other body fluids 
including urine [206], cerebrospinal fluid [207], pleural fluid [208], 
and saliva [209]. An increase in cfDNA concentration was detected in 
the blood of cancer patients in 1977 [210], suggesting that cfDNAs could 
potentially be used as messengers heralding the occurrence of tumors. 
Furthermore, the cfDNA concentration is higher in the blood of patients 
with benign diseases compared to that in healthy individuals, but lower 

than that in cancer patients [211,212]. Additionally, it has been shown 
that cfDNA expression is higher in patients with metastatic cancer and 
those with large-sized tumors, and its concentration is further increased 
in the advanced stages of cancer development. 

It has also been found that the concentration is further and that 
cfDNA expression is higher in patients with metastatic cancer and those 
with large-sized tumors [213]. However, no significant differences were 
found in cfDNA concentrations in the blood of patients with different 
oncological diseases [214]. Thus, the use of cfDNA concentration as a 
specific marker for a specific type of cancer does not seem to be a 
realistic proposition [214]. More recently, however, the fragmentation 
patterns of cfDNA across the genome have been found to have good 
prospects for application in tumor screening [215]. 

Circulating tumor DNAs (ctDNAs), which were first reported in 1989 
[216], are mutant DNA fragments that are shorter than cfDNAs [217] 
and also circulate in the plasm. As the name implies, they originate from 
tumor cells [218] and, when present, account for a mere 0.01 % of the 
total circulating DNA [219]. The ctDNAs are highly specific markers for 
tumors and have therefore been explored as potential prognostic and/or 
predictive markers for tumor diagnosis [220,221]. 

3.1.2.4. Detection of circulating tumor cells. First described in 1869, 
circulating tumor cells (CTCs) are malignant cells that have migrated 
into the circulation system and derive from either the primary tumor 
itself or its metastases [222]. CTCs have been adopted as a class of 
clinical biomarkers in molecular pathology [223] and their occurrence 
in patients is a useful source of information that can be used in 
early-diagnosis investigations [224], prognosis [225], and relapse 
identification [226]. CTCs occur at low concentrations in the peripheral 
blood, ranging between 1 and 10 cells per 10 mL in most cancer patients, 
which makes their detection rather challenging [227]. The enrichment 
and detection of CTCs is thus a significant field of investigation. 

3.1.2.5. Detection of membrane vesicles. Direct interaction between 
tumor cells and their environment is essentially required for cancers to 
progress. Therefore, an efficient means of information exchange must 
exist to facilitate this cell-cell communication. Membrane vesicles (EVs) 
are heterogeneous, membrane-bound, phospholipid vesicles that are 
actively secreted by mammalian cells [228]. They can mediate 
long-range intercellular communication via the delivery of genetic ma
terial from one cell to another and therefore constitute potential 
tumor-related biomarkers [229]. EVs contain a treasure trove of cellular 
cargo (informative biomarkers like nucleic acids that can allude to the 
presence of certain diseases [230,231]). They are relatively small, 
50–200 nm, which makes them smaller than cells but larger than pro
teins [232]. EVs can be classified into three groups: exosomes, micro
vesicles, and apoptotic bodies [233]. 

Exosomes are derived from the inward invagination of the endo
somal membrane pathway [234], and the protein topology in exosomes 
has the same orientation as in the plasma membranes of cells [235]. 
Microvesicles are produced by the outward blebbing of the plasma 
membrane [236] and can also be formed via a process that parallels 
viruses budding from cells. The plasm membrane bilayer has an asym
metrical distribution of phospholipids [237]. Unlike the occurrence of 
exosomes and microvesicles, apoptotic bodies are generated from the 
programmed apoptosis of both normal and tumorous cells [238]. 

Different techniques (electrochemical sensing, PL sensing and im
aging, electrical sensing, etc.) have been developed for detecting tumor- 
related biomarkers that take advantage of the outstanding properties of 
CQDs, e.g., their PL properties, modifiability, catalytic activity, and 
electroactivity (Fig. 8). More specifically, electrochemical sensing, PL 
sensing, and electrical sensing are widely used in the detection of anti
gens, antibodies, nucleic acids, EVs, and microenvironment. Moreover, 
due to their outstanding PL properties, CQDs have remarkable applica
tion value in PL imaging of tumor cells. 
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3.2. Challenges in tumor diagnosis with CQDs 

Reviews often summarize progress in research on CQDs-based tumor 
diagnosis from the point of view of CQDs structure or specific diagnosis 
technique [49,62,239]. However, as described in Section 1, the classi
fication, definition, and structural definition of CQDs is still controver
sial and open. This makes it impossible to formulate their action 
mechanisms using the current (inadequate) theoretical frameworks 
available for CQDs (the direction indicated by the upper arrow in Fig. 8). 
Undoubtedly, advances in synthesis/characterization techniques, 
throughput screening technology, and machine-learning strategies will 
result in there being many great opportunities being discovered for 
CQDs. However, there is still an urgent need to summarize recent 
progress in research in terms of a well-developed framework. 

Tumors themselves, however, have been systematically studied 
using established molecular biological techniques for many years. As a 
result, a fully developed biological theoretical framework for tumors has 
been developed. In the next part of this review, we summarize the 
current development of CQDs-based tumor diagnosis from the point of 
view of the hallmarks of cancer (the direction indicated by the bottom 
arrow in Fig. 8). Based on the manifestation of nine essential alterations 
in cell physiology (self-sufficiency in growth signals, evasion of 
apoptosis, insensitivity to anti-growth signals, sustained angiogenesis, 
tissue invasion and metastasis, limitless replicative potential, genomic 
mutations & instability, energy metabolism changing, and immune 
destruction escape), both the individual advantages and deficiencies in 
recent CQDs-based tumor-diagnosis research are found to be self- 
explanatory. 

4. Sustaining proliferative signaling 

One of the most striking differences between tumor tissues and 
normal tissues is the ability of the former to sustain proliferative 
signaling. It is well known that the production and release of growth- 
promoting signals is carefully controlled in normal tissues. When a 
normal cell receives a growth-promoting signal, the signal enters into 
the cell and leads to a cycle of cell growth and division, guaranteeing the 
cells remain in a state of homeostasis. 

On the other hand, in tumor cells, these growth-promoting signals 
are deregulated. This behavior dominates the survival and energy 
metabolism of tumor cells. Typically, intracellular tyrosine kinases 
generate the abovementioned signals that are conveyed by growth fac
tors that bind to receptors on the cell’s surface. The mitogenic signaling 

pathway in cancer cells is well understood and can acquire the ability to 
maintain proliferative signaling in many ways [240–243]. 

In general, tumor cells can use three common molecular strategies to 
sustain proliferative signaling that involve: (i) altering extracellular 
signaling, (ii) altering extracellular sensors that change the signal, and 
(iii) altering the cellular circuits that convert signals into action. We 
discuss these strategies in more detail below. The main mechanisms 
responsible for sustained proliferation are illustrated in Fig. 9. As might 
be expected, some tumor diagnostic techniques have already been 
developed based on the main markers involved in these strategies. 

4.1. Altering extracellular signaling 

Tumor cells can achieve cell proliferation by generating autocrine 
growth factors. Normal mitogenic growth factors (GFs) are polypeptides 
produced by specialized cells and can produce signals to stimulate 
growth. GFs can enforce proliferation (and other cellular functions) by 
binding to specific highly compatible receptors in the cell membrane. 
Tumor cells, however, generate GFs, such as platelet-derived growth 
factor (PDGF) and transforming growth factor α (TGFα), which react 
with the expression of cognate receptors, causing the cells to enter active 
cell cycles and enhancing their ability to proliferate independently. The 
main markers of this molecular strategy are shown in Fig. 10a. 

Microtubules are unique tubular organelles that are common in 
eukaryotic cells and form an important part of their cytoskeletons. They 
are crucial to cell mitosis and chromosome segregation. Thus, the 
effective detection of α-tubulin is helpful for diagnosing tumors. Chiu 
et al. [244] created a cross-linking approach that provides functional 
groups for biomolecular conjugation while also covalently attaching 
functional molecules to the polymer dots. They prepared anti-α-tubulin 
modified PFBT–NH–PIMA PD-streptavidin and used the PDs to label the 
subcellular microtubules in HeLa cells. As shown in Fig. 10b, the indi
vidual tubular structures are well-resolved and can be clearly seen. This 
paper describes a technique for creating stable and uniformly func
tionalized PDs, which is significant for enhancing labeling effectiveness 
and sensitivity in cellular tests. 

4.2. Extracellular sensors that change the signal 

Here the tumor cells overexpress or transform the GF receptor pro
teins thereby intensifying the delivery of GF. After binding with the GF, 
the GF receptors on the cell surface can activate the intracellular 
signaling system to deliver the growth stimulation signal into the cell 

Fig. 8. Schematic diagram illustrating how CQDs-based techniques and basic properties of CQDs can be employed to detect tumor-related biomarkers.  
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and produce the corresponding biological effects. GF receptors usually 
carry tyrosine kinase activity within their cytoplasmic domain and are 
overexpressed in many tumors. 

Overexpression of GF receptors may cause tumor cells to overreact to 
GF levels that would not normally trigger proliferation. In addition, the 
overexpression of GF receptors can induce ligand-independent signal 
transduction. The main markers of this molecular strategy are shown in 
Fig. 11a. In recent work, it has been shown that AS1411, HER2, 
epithelial cell adhesion molecules (EpCAMs), and folic acid (FA) re
ceptors can be used as markers to detect tumor cells that use this pro
liferation strategy. In these works, CQDs were modified and used as PL 
or electrical probes in order to achieve tumor diagnosis and treatment. 
With the aim of destroying tumors by inhibiting tumor proliferation, for 
example, Wang et al. [245] developed a theranostic agent made of 
AS1411-GQD conjugates capable of actively targeting tumor cells 
(Fig. 11b). The aptamer AS1411 induces micropinocytosis in the tumor 
cells which allows the AS1411-GQD conjugates to quickly enter them. 
The AS1411-GQD conjugates thus showed high specificity with respect 
to tumor cells (including A549, HeLa, MCF-7, HepG2, COS-7, and 
HEK293). Moreover, the AS1411-GQD conjugates further promoted 

micropinocytosis by inducing EGFR, Akt, p38, and Rac1 activity, 
eventually leading to non-apoptotic cell death [247]. 

Noh et al. fabricated polyarginine co-modified ‘dots-on-spheres’ 
structures (neu-Parg@gDoS) in which conjugated PDs are immobilized 
on the surface of Si spheres [246]. It is known that the transmembrane 
tyrosine kinase receptor HER2, which exhibits partial homology, regu
lates cell growth and survival in a typical manner [248–250]. In 
Ref. 246, Noh et al. used their neu-Parg@gDoS dots-on-spheres to target 
HER2 receptors and achieved good levels of specificity and targetability. 
They were used to target and PL-label HER2 overexpressed by tumor 
cells such as SKBR-3 breast cancer cells (Fig. 11c). In contrast, the 
neu-Parg@gDoS species showed no targeting and PL-labeling ability 
towards cells with low HER2 expression (e.g., MDA-MB-231 cells, as 
shown in Fig. 11c). 

EpCAM is one of the most well-studied tumor-associated antigens 
and has been found to be overexpressed in most types of cancer (e.g., 
colorectal, breast, pancreatic, and liver cancer) [251–256]. It accelerates 
the cell cycle and induces cell proliferation which leads to tumorigenesis 
[257–260]. Therefore, EpCAM is an important biomarker and has long 
been used in tumor diagnosis/prognosis [261–266]. 

Fig. 9. The intracellular signaling networks that dominate the sustained proliferation of tumor cells. Some genes that are acknowledged to be associated with 
carcinomas are marked in red. This depiction emphasizes the primary functions of the biomarkers as their participation in tumorigenesis is often multifarious. 

Fig. 10. (a) Cancer cell lines that are responsive to fibroblast GF (FGF), PDGF, and tubulin. (b) PD-streptavidin-crosslinked HeLa cell microtubules in a confocal 
fluorescence microscopy image [244]. Copyright 2012, Wiley-VCH GmbH. 
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Yang et al. [262] devised a ‘turn-on’ fluorescence sensing platform 
based on MoS2 nanosheets modified with GQDs, polyethylene glycol 
(PEG), and EpCAM aptamer that can be used to detect EpCAM. The PL 
signal from the GQDs is quenched by the MoS2 nanosheet via 

fluorescence resonance energy transfer (FRET, see Fig. 12a). In the 
presence of EpCAM, the stronger affinity that exists between aptamer 
and EpCAM leads to the GQDs being detached from the MoS2, restoring 
the PL signal from the GQDs. The concentration of the EpCAM could 

Fig. 11. (a) Cancer cell lines that are responsive to folate receptor, HER2, epithelial cell adhesion molecules (EpCAM), and AS1411. (b) Schematic diagram showing 
the conjugation of GQDs with AS1411 [245]. Copyright 2015, the Royal Society of Chemistry. (c) Confocal laser scanning microscopy images of SKBR-3 breast cancer 
cells and MDA-MB-231 cells after incubation with neu-Parg@gDoS for 2 and 6 h [246]. Copyright 2014, the Royal Society of Chemistry. 

Fig. 12. (a) Fabrication of the GQD-PEG-aptamer/MoS2 sensing platform and mechanism involved in EpCAM detection [262]. Copyright 2017, Elsevier. (b) Confocal 
fluorescence images of PFBT-SP-streptavidin-labeled MCF-7 cells. The nuclear counterstain (Hoechst 34580) and PFBT-SP-streptavidin exhibit green and blue 
fluorescence, respectively [267]. Copyright 2012, American Chemical Society. (c) Flow cytometry measurements made using cross-linked PFBT–NH–PIMA 
PD-streptavidin [244]. Copyright 2012, Wiley-VCH GmbH. (d) Procedure used to prepare Eu complex/PVK PDs. (e) Labeling cells using Eu complex/PVK 
PD-streptavidin bioconjugates [268]. Copyright 2013, Wiley-VCH GmbH. 
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then be measured spectrophotometrically. The limit of detection (LOD) 
of the method was determined to be 450 pM and the linear range of 
detection corresponded to 3–54 nM. Chan et al. [267] conjugated 
streptavidin onto the surfaces of PDs using biotin-streptavidin in
teractions and thus created photoswitchable PDs (PFBT-SP-streptavidin 
conjugates). They were then used to specifically target Michigan cancer 
foundation-7 (MCF-7) cells, the PD-streptavidin probes effectively la
beling the EpCAM receptors on the surfaces of the MCF-7 cells 
(Fig. 12b). Yu et al. [244] also developed green-emitting cross-linked 
PDs which were subsequently used to carry out flow cytometry mea
surements (Fig. 12c). Chiu et al. [268] developed a time-gated tumor-
imaging technique based on Eu complex/semiconducting polymer poly 
(9-vinylcarbazole) (PVK) PDs (Eu complex/PVK PDs) (Fig. 12d, e). The 
Eu complex/PVK PDs have a high quantum yield (0.315) and long 
fluorescence lifetime (509 μs). Eu complex/PD-streptavidin conjugates 
were subsequently used to successfully label EpCAM receptors on the 
surfaces of cells. As a result of the PDs’ prolonged luminescence lifetime, 
its fluorescence can be readily separated (time-gated) from that of other 
sources, which enhances particle discrimination and the signal-to-noise 
ratio of ensuing images. Recent diagnostic techniques based on EpCAM 
detection using CQDs are summarized in Table 3. 

Unlike the macromolecular markers already discussed (AS1411, 
HER2, and EpCAM), FA is a small molecule with simple chemical 
structure (Fig. 13). The molecule contains both basic (-NH2, –NH–) and 
acidic functional groups (-OH, –COOH) which means it can be readily 
used to modify CQDs. Some recent approaches used (including surface 
modification and polymerization-carbonization) are illustrated in 
Fig. 13 and Table 4. 

FA can be reduced to tetrahydrofolate, which is a one-carbon coen
zyme involved in one-carbon metabolism and de novo synthesis of pu
rines and thymine. When folate receptors (FRs) are expressed at a high 
level, the de novo synthesis of nucleotides is accelerated, leading to 
accelerated division of tumor cells which accelerates the occurrence and 
development of tumors. Many experiments involving FRs and CQDs 
have been carried in order to diagnose tumors [269–295]. 

In 2012, Song et al. [274] proposed a new method for modifying 
green fluorescent CDs with FA. (Fig. 14a). The FA-modified CDs were 
then used to target tumor cells via their FR. In this way, they could easily 
distinguish between tumorous and normal cells in a mixture of NIH-3T3 
and HeLa cells. Zhang et al. [270] heated FA with tris(hydroxymethyl) 
aminomethane to prepare FR-targeting GQDs (FR-GQDs). PL spectro
photometry and confocal imaging could then be used with the FR-GQDs 

to distinguish between tumor and normal cells (Fig. 14b and c). In 
addition, the amino groups play a significant role in producing the high 
quantum yield and stability of the FR-GQDs. 

Ding et al. [299] synthesized GQD nanozymes (‘GQDzymes’) and 
developed exosome-like nanozyme vesicles for use in H2O2-responsive 
photoacoustic imaging of nasopharyngeal carcinomas in vivo (Fig. 14d). 
They also obtained fluorescence images to test for tumor targeting and 
utilized confocal laser scanning microscopy to analyze the distribution 
of nanozyme vesicles within the cells. Liu et al. [284] designed a 
label-free photoelectrochemical cytosensor based on the occurrence of 
resonance energy transfer between CDs and gold nanoparticles. The 
tumor cells attach to the electrode surface due to the affinity between 
the overexpressed FRs on cancer cells and FA, which handicaps electron 
donation and lowers the photoelectrochemical response. (Fig. 14e and 
f). 

4.3. Altering the cellular circuits that convert signals into action 

Growth-promoting signals are normally activated in cells by re
ceptors responding to ligands outside the cells. Some tumor cells, 
however, can obviate the need for this ligand-mediated activation pro
cess. They do this by altering extracellular matrix receptors (integrins) 
so that they deliver growth-promoting signals. Integrins are bifunctional 
heterodimeric transmembrane receptors that connect the cell to the 
extracellular matrix (ECM) in a physical way. When successfully bound 
to the ECM, the integrin receptor can transduce signals into the cyto
plasm thereby influencing the cell’s behavior. It can, for example, cause 
the cell to enter an active cell cycle. Both activated GF receptors and 
integrins are involved in activating the SOS-Ras-Raf-MAP kinase 
pathway. The Ras proteins transform their structures to implement the 
release of mitotic signals into the cell without the constant activation of 
their normal upstream regulators. 

MiRNAs are short, single-stranded RNA molecules [300–307] whose 
dysregulated expression is associated with various tumors: the miRNAs 
associated with some of the most common tumors are listed in Fig. 15. 
MiRNAs can have an impact on various tumor signals, and each regulate 
hundreds of target genes, hence accommodating multiple links between 
different aspects of tumor behavior, e.g., growth, differentiation, 
apoptosis, etc. (Table 5). By concurrently targeting many genes that 
prevent mutations, miRNA-155 and miRNA-21 increase the mutation 
rate while lowering the effectiveness of DNA protection systems by 
targeting cell-cycle regulators, therefore, they may make it possible to 

Table 3 
Recent tumor diagnostic techniques based on detecting EpCAM using CQDs.  

Materials Method λex (nm) λem 

(nm) 
LOD Linearity 

range 
Sample Cell 

line 
Ref. 

GQD-PEG-aptamer/MoS2 PL spectrophotometry; Confocal fluorescence 
imaging 

365 468 450 
pM 

3–54 nM EpCAM aqueous 
solution 

MCF-7 [262] 

PFBT-SP-streptavidin 
conjugates 

450 540 NA NA NA MCF-7 
HeLa 

[267] 

Eu-complex-grafted PSMA 
PDs 

<350 615 2.4 
nM 

0–0.5 μM EpCAM aqueous 
solution 

MCF-7 [261] 

SA-dot 350 672 NA NA NA MCF-7 [263] 
PFDPFBT-PS-PEG-COOH 

PDs 
425 530 NA NA NA MCF-7 [264] 

PFS1 PD Flow cytometry measurement; Confocal 
fluorescence imaging 

380 693 NA NA NA MCF-7 [266] 
PFS2 PD 380 711 
PD16 400 610 NA NA EpCAM aqueous 

solution 
MCF-7 [296] 

PD33 400 600 
PD59 400 600 
PF-BT-DBT PDs 450 640 NA NA NA MCF-7 

HeLa 
[297] 

695 720 
775 780 

PFBT–NH–PIMA PDs 450 540 NA NA NA MCF-7 [244] 
CL-BODIPY 565 PDs 450–460 565 NA NA NA MCF-7 [298] 
Eu complex/PVK PDs Time-gated fluorescence microscope imaging 342 612 NA NA NA MCF-7 [268] 

NA: not mentioned. 
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choose the gene changes needed for the emergence and development of 
tumors [308–311]. 

Hu et al. [312] developed an electrochemical biosensor to detect 
miRNA-155. They activated the carboxyl groups of GQDs using 

N-(3-(dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride 
(EDC) and NHS adsorbed onto a gold electrode incorporating the target 
DNA. Horseradish peroxidase (HRP) was then noncovalently bound to 
the GQDs to immobilize it. The GQD-bound HRP could effectively 

Fig. 13. Different ways folic acid can be used to modify CQDs.  

Table 4 
Preparation method, morphology, optical properties, and tumor-targeting ability of CQDs modified using FA.  

Method Reaction Conditions Size 
(nm) 

λex 

(nm) 
λem 

(nm) 
φ τ 

(ns) 
Cell line Targeting rate 

(%) 
Ref. 

Polymerization of FA 180 ◦C, 2 ha 9 360 454 0.23 3.1 U87 NA [269] 
aqueous NaOH solution, 90 ◦C, 1.5 hc 3.5 365 450 0.09 NA HeLa ca. 98 [283] 

SKOV3 ca. 98 
HePG2 NA 
MCF-7 NA 

240 ◦C, 6 ha 5.4 320 400 0.945 15.4 HeLa NA [292] 
Polymerization of FA and other 

precursors 
Tris(hydroxymethyl)amino methane, 
220 ◦C, 6 ha 

1.95 320 395 0.77 NA MCF-7 NA [270] 
MDA-MB- 
231 
SKOV3 

Sodium citrate, 300 ◦C, 0.5 minb 1.8 365 465 0.28 12.5 HeLa NA [271] 
H9C2 

Polyethyleneimine (MW:1800), 180 ◦C, 
6 ha 

5.8 370 452 0.42 7.68 HeLa 42.63 [288] 

Maleic acid, 180 ◦C, 2.5 ha 5.2 372 472 NA NA HepG2 NA [280] 
Urea, 500 W, 8 mind 3.2 380 460 0.25 NA GES-1 90 [290] 

HeLa 90 
Combined with amino groups in 

CQDs 
C3N QDs, 80 ◦C, 24 ha 4.6 368 540 0.91 NA OCM-1 93.4 [19] 
Polyethyleneimine dots, 25 ◦C, 2 hc 30 400 475 0.026 4.07 KB NA [275] 
Polyethyleneimine modified CDs, 60 ◦C, 
3 hc 

2.5 300 385 NA NA HeLa NA [287] 
HepG2 NA 

N-GQDs, 25 ◦C, 2 hc 5 370 440 NA NA MCF-7 NA [278]  
CHCl3, 60 ◦C, 2.5 hc 19 488 528 0.07 NA HeLa NA [281] 

A459 
MDA-MB- 
231 

Combined with amino groups in 
CQDs 

SiO2@CDs, citric acid, 25 ◦C, 15 minc 2.8 360 430 NA NA HeLa NA [285] 
80 ◦C, 12 ha 7.5 431 542 0.56 NA MDA-MB- 

231 
98.8 [22] 

SGC7901 99.2 
SKOV3 96.4 
SGC996 97.5 
HCC827 98.5 
PC3 96.7 
8305C 94.6 
WM-115 98.8 
MCF-7 22.8 

GQDs, 25 ◦C, 12 hc 2.3 488 590 NA NA HeLa NA [286] 

NA: not mentioned. 
a solvothermal treatment. 
b Direct heating of solid mixture. 
c With reflux. 
d Microwave treatment. 
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catalyze the H2O2-mediated oxidation of 3,3′,5,5′-tetramethylbenzidine 
(TMB) leading to an increase in the electrochemical current signal 
(Fig. 16a). The biosensor was found to be capable of detecting 
miRNA-155 with high sensitivity (concentrations from 1 fM to 100 pM) 
with a detection limit of 0.14 fM. Cao et al. [313] synthesized molecular 
beacons (MBs) containing fluorescent GQDs to discriminate between 
normal cells and cancer cells (via the interaction of the MBs with 
miRNA-155). Their multifunctional theranostic agent (GQD-PEG-P) 
exhibited a photothermal conversion efficiency of 28.58 % and high 
quantum yield with respect to singlet oxygen generation (up to 1.08). It 
is therefore suitable for use in PTT and PDT (Fig. 16b). A drug delivery 
system created by Yang et al. [314], in which CDs connect to stem-loop 
MBs that have been doped with the chemotherapy medication doxoru
bicin (Dox). The MB interacts with overexpressed miRNA-21 in cancer 
cells facilitating fluorescence recovery (thus aiding imaging) and release 
of chemotherapeutic drugs (Fig. 16c). 

Nucleolin has a variety of biological functions. It promotes the 
growth of blood vessels [316–318], is involved in the inflammatory 
response [319–321], and plays a dominant role in disrupting the signal 
that inhibits proliferation and promotes cell division [316,322,323]. It 
thus helps to regulate ribosome biosynthesis and maturation and regu
late cell proliferation, growth, embryogenesis, cytokinesis, chromatin 
replication, and nucleolar generation [324,325]. Nucleolin is overex
pressed on the surface of cancer cells or tumor cell-related endothelial 
cells and it can shuttle between the cell surface and cytoplasm [317,324, 
326], making it an appropriate target for conjugation [316,322,327]. 
Many papers have employed AS1411 (a 26-mer oligonucleotide) as an 
MB for nucleolin [328,329]. 

Zheng et al. [315] selected AS1411 to use as a receptor. They first 
fabricated fluorescent mesoporous silica nanoparticles (FMSNs) to act as 
nanocarriers. AS1411 and ATP aptamer were assembled on their sur
faces and GQDs adsorbed onto them via π-π stacking interactions. The 
GQDs act to cap the pores of the FMSNs as well as quench their emission 
of fluorescence (via fluorescence resonance energy transfer, FRET). The 
FRET-quenched nanocarriers were subsequently internalized into cells 
through the dual recognition of nucleolin and ATP. Inside the cell, the 

Dox is desorbed from the GQDs and mesopores and the FMSNs regain 
their ability to fluoresce, thus signaling that the drug has been suc
cessfully delivered (Fig. 16d). Motaghi et al. [330] incubated cancer and 
control cells in CD-AS1411 aptamer solution and detected the targeted 
cancer cells spectrofluorimetric ally. In the presence of tumor cells, the 
intensity of the fluorescence from the CDs is enhanced. In contrast, no 
significant change in the signal was detected in human foreskin fibro
blast control cells. 

5. Evading growth suppressors 

Normal cells secrete growth suppressors to sustain the stability of 
cells and tissues. However, tumor cells have found ways of evading these 
growth suppressors. The cell cycle employs three checkpoints (G1, G2, 
and M) to ensure the cycle is properly regulated (Fig. 17). If a fatal 
mistake is discovered at a checkpoint, there are two possible de
nouements: (i) the cell enters a quiescent or resting phase (G0) of mitosis 
and will not resume splitting until activated by a subsequent growth 
signal, (ii) the cell enters the anaphase of mitosis, depriving it of the 
ability to proliferate. Tumor cells dodge the effect of growth suppressors 
by mainly disrupting two pathways to acquire the ability to proliferate 
indefinitely. These are the retinoblastoma protein (pRb) and p53 path
ways, which are the main pathways regulating the cell cycle. 

5.1. Disruption of the Rb pathway 

Growth suppression is required to ensure that cells do not grow 
uncontrollably. The retinoblastoma protein is one of the quintessential 
tumor suppressors and infiltrates virtually all the anti-growth pathways. 

GF bond to growth-factor receptors to stimulate cells to move from 
the G0 phase to continue with their growth cycle. They further boot the 
expression of immediate early genes (IEGs) such as fos, jun, and myc. 
Cyclin-dependent kinases (CDKs) and cyclin (and other molecules) are 
activated when stimulated by IEGs to generate CDK-cyclin complexes 
with kinase activity. These complexes promote the phosphorylation of 
pRb which deactivates it and allows the cell to divide. Growth 

Fig. 14. (a) Conjugation of FA-NHS to CDs passivated with 4,7,10-trioxa-1,13-tridecanediamine [274]. Copyright 2012, the Royal Society of Chemistry. (b) Images 
of bone marrow-derived stem cells, MCF-7, MDA-MB-231, and SKOV3 cells. (c) Confocal images of transmission images (green channel) and fluorescence signal 
(yellow channel) in SKOV3 cells [270]. Copyright 2018, Wiley-VCH GmbH. (d) In vivo H2O2-responsive photoacoustic images illustrating the diagnosis of naso
pharyngeal carcinoma [299]. Copyright 2019, American Chemical Society. (e) Photoelectrochemical response curves obtained using a cytosensor based on CDs and 
gold nanoparticles. (f) Linear calibration curve based on the data in (e) [284]. Copyright 2015, the Royal Society of Chemistry. 
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suppressor pRb binds to E2F transcription factor which prevents the E2F 
from regulating the cell cycle and therefore prevents growth. Kinase 
complexes such as CDK4/6-cyclinD and CDK2-cyclinA/E phosphorylate 
pRb allowing it to dissociate from E2F so that growth is restored. CDK 

inhibitors (CKIs) can bind with cyclin and therefore compete with CDKs 
or CDK-cyclin complexes, reducing the catalytic activity of the CDKs. 
CKIs can be divided into two main groups: those that inhibit CDK4 
(INK4) and restrain the activation of CDK4/6-cyclinD, and kinase 

Fig. 15. Map of common tumors showing the miRNAs that are aberrantly expressed. The size of the circle on an arrow is an indication of the amount of 
miRNA expressed. 

Table 5 
Impact of different miRNAs in common tumors.  

MiRNA Effect 

Proliferation Metastasis Inflammation Apoptosis Differentiation Angiogenesis 

miRNA-21 ✓ ✓     
miRNA-155 ✓  ✓ ✓   
miRNA-17 ✓ ✓  ✓   
miRNA-191 ✓    ✓  
miRNA-29 ✓ ✓  ✓ ✓  
miRNA-223 ✓ ✓  ✓   
miRNA-128 ✓ ✓  ✓ ✓ ✓ 
miRNA-199 ✓ ✓  ✓ ✓  
miRNA-24 ✓    ✓  
miRNA-146 ✓ ✓ ✓ ✓ ✓  
miRNA-181 ✓  ✓  ✓  
miRNA-20 ✓ ✓     
miRNA-107 ✓  ✓  ✓  
miRNA-32 ✓ ✓ ✓ ✓ ✓  
miRNA-92 ✓ ✓  ✓   
miRNA-214 ✓   ✓ ✓ ✓ 
miRNA-30  ✓   ✓ ✓ 
miRNA-25 ✓ ✓ ✓ ✓  ✓ 
miRNA-221 ✓ ✓  ✓   
miRNA-106 ✓ ✓  ✓    
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inhibition proteins (KIPs) that inhibit CDK2-cyclinA/E. Thus, the 
disruption of cyclins and deactivation of CDKs are common tools tumor 
cells use to evade growth suppressors. 

To take advantage of this pathway, Bajpai et al. [331] fabricated 
nitrogen/phosphorus co-doped CDs (NPCDs) using a single-step thermal 
treatment. The NPCDs, as-synthesized, exhibited a high quantum yield 

(ca. 9 %) and resulted in dose-dependent cell cycle arrest, as indicated 
by the reduction in CDK-2, -4, and -6 protein levels and increase in p21 
level (Fig. 18). 

TGFβ also plays an important part in the pRb pathway. It obstructs 
pRb phosphorylation, prevents pRb inactivation, and thus inhibits pro
liferation. As a circumvention strategy, TGFβ may be down-regulated in 
tumors. Thus, many studies have shown that tumors may down-regulate 
or lose responsiveness to relevant antigrowth factor receptors to evade 
growth suppressors. Tumor cells can also mutate the TGFβ receptor 
directly. In the pRb pathway, TGFβ expresses the c-myc gene, which can 
regulate the processes in the G1 phase. Myc/Max/Mad network structure 
is an important structure for regulating cell growth in which Max plays a 
linking role. The Mad-Max complex has an opposite effect to the Myc- 
Max complex: the Mad-Max complex inhibits the role of Myc target 
gene transcription in terminal differentiation, cell growth, and antago
nizes Myc-induced carcinogenesis. However, tumor cells withstand this 
tenor by overexpressing the c-myc gene which shifts the balance back to 
Myc-Max and thus promotes proliferation. The Smad4 protein transmits 
signals between ligand activated TGFβ receptors and downstream tar
gets and is commonly found to be mutated in human cancers. 

The overexpression of TGFβ may prove significant in tumor diag
nosis, although there are no reports of CQDs being used in such a role. 
However, several authors have utilized CDs to affect TGFβ-related 
pathways to achieve favorable therapeutic effects on diseases. For 
example, Wang et al. [332] prepared CDs to induce the 
epithelial-mesenchymal transition (EMT) process which further acti
vated the TGFβ/p-38 mitogen-activated kinase/Snail signaling pathway 
and finally promoted wounds to heal with fewer scars (Fig. 19a). Lu 
et al. [333] fabricated an injectable collagen-genipin-CD nanoparticle 
(CGN) hydrogel for use in PDT aimed at enhancing chondrogenesis 
(Fig. 19b). By controlling the TGF/SMAD and mTOR signaling path
ways, respectively, the increased stiffness and ROS production syner
gistically supported chondrogenic development. Meng et al. [334] 

Fig. 16. (a) Principles underlying the detection of miRNA-155 using a GQD-based electrochemical biosensor [312]. Copyright 2015, Elsevier Advanced Technology. 
(b) Confocal microscope images of A549 cells transfected with GQD-PEG-P [313]. Copyright 2017, American Chemical Society. (c) Diagram illustrating the 
endogenous miRNA-triggered Dox release mechanism [314]. Copyright 2017, American Chemical Society. (d) Preparation and application of ATP-responsive FRET 
nanocarriers [315]. Copyright 2015, American Chemical Society. 

Fig. 17. Cell cycle regulatory pathways and ways of evading growth suppres
sors. Only the two main pathways, pRb and p53, are illustrated for the sake of 
simplicity. The key regulatory molecules, CDK and cyclin, are labeled in their 
high frequency time. INK 4 involves p15, p16, p18, p19 and KIP involves p21, 
p27, p57 (not shown here as it is only expressed in specific cells or tissues). Red 
highlights are placed on a few of the genes that are known to have func
tional changes. 
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developed a way of introducing therapeutic agents (SOX9 and TGFβ) to 
human bone marrow-derived mesenchymal stromal cells (hMSCs) via 
CD-modified recombinant adeno-associated virus (rAAV) vectors. The 
administration of the therapeutic agents led to the effective over
expression of each independent transgene, thus resulting in increased 
cell proliferation and cartilage matrix deposition (Fig. 19c). In summary, 
there appear to be various ways that tumors may contrive to take 
advantage of the pRb pathway to avoid growth suppression. 

5.2. Mutation and dysfunction of the p53 pathway 

The p53 protein is another quintessential tumor suppressor. The 
controlling effects of p53 can be divided into two fields: regulating 
concentration and changing activity. As an example of the first aspect, 
Mouse double minute 2 (MDM2), as a ubiquitin ligase, can connect to 
p53 to assist the ubiquitin in degrading p53 when it encounters the p53. 
A dynamic equilibrium is thus constructed between p53 and MDM2 that 
keeps the concentration of p53 low. However, this equilibrium is 
destroyed when the DNA is damaged (and the concentrations of ATM, 

ATR, and ARK begin to pile up) and by hyperproliferation signals. The 
suppression of MDM2 causes the concentration of p53 to increase 
dramatically. On the other hand, ATM and ATR can phosphorylate p53, 
directly or indirectly, increasing the ability of other species to bond to 
the target DNA of p53. At the same time, the affinity between phos
phorylated p53 and MDM2 declines sharply and facilitates a decrease in 
ubiquitination degradation. In addition to acute DNA damage and 
hyperproliferation signals, there are a series of other factors that also 
regulate p53, e.g., hypoxia, nutrient deprivation, and telomere attrition. 

Aimed at controlling the abnormal expression of ARF in tumors, Xie 
et al. [335] revealed for the first time that using CDs to target the nuclear 
MET (nMET) axis can be a creative way to combat cancer drug resis
tance, particularly prostate cancer. (Fig. 20a-20d). Xie et al. also 
demonstrated that their tea-derived CDs are able to interact with ARF in 
nuclei and may consequently cause YAP to localize outside of the nu
cleus [336]. They revealed a novel crosstalk involving ARF/β-catenin 
dysregulated YAP in the hippo signaling pathway. The ability to use 
nanomaterials to stimulate ARF-mediated signaling to inhibit nuclear 
YAP may constitute an innovative avenue for treating cancer (Fig. 20e, 

Fig. 18. Effect of nitrogen/phosphorous co-doped CDs on cell cycle arrest. (a) Western blot analysis of various cell cycle arrest markers. (b) ImageJ analysis of 
B16F10 melanoma cancer cells after treatment with NPCDs. (c) Confocal microscope images illustrating the immunocytochemistry of cell cycle arrest marker CDK-4 
after treatment with NPCDs [331]. Copyright 2020, Ivyspring International Publisher. 

Fig. 19. (a). Images of using CDs to heal wounds in vivo [332]. Copyright 2020, Wiley-VCH GmbH. (b) The preparation procedure and implementation of CGN 
nanocomposite hydrogels [333]. Copyright 2019, Elsevier Sci. Ltd. (c) Structures of various CDs employed in Ref. 334 [334]. Copyright 2020, Multidisciplinary 
Digital Publishing Institute. 
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f). 
p53 plays a role in regulating the cell cycle where it can arrest growth 

at the G1 checkpoint if the cell is perceived to be abnormal. At best, it can 
directly affect over 129 genes in three ways: (i) It can induce the genetic 
transcription of p21 which suppresses CDK2-cyclinE and CDK4/6- 
cyclinD activity. (ii) It can accelerate the synthesis of GADD45 which 
combines with PCNA and shuts down the synthesis of DNA. (iii) It can 
promote the generation of Bax (an apoptosis-related protein) which 
together with B-cell lymphoma 2 (Bcl-2) activates cell apoptosis. 

Many studies aimed at using CQDs to treat tumors indicate that the 
overexpression of p53 may reactivate the competence of the p53 
pathway and therefore promote the death of the tumor [337–339]. 
Unfortunately, the p53 pathway can become mutated in tumor cells as 

they attempt to evade growth suppression. A mutated p53 pathway 
losses the ability to properly regulate the cell towards repair or death. 
On the contrary, it will tend to expedite tumorigenesis. Thus, several 
researchers have attempted to diagnose tumors by focusing on p53 as 
the target DNA (Table 6). 

Wang et al. [340] developed a resonance light scattering (RLS) 
method for selectively detecting mutant p53 (Fig. 21a). Their method 
uses a GQD-based catalytic hairpin assembly amplification strategy and 
was found to be linear over two ranges (1.0 pM - 1.5 nM and 1.5–50.0 
nM); the LOD was 0.8 pM. Su et al. [341] prepared nitrogen-doped GQDs 
(NGQDs) and used them to develop a dual-signal ratiometric fluores
cence probe NGQDs/P1 DNA/berberine. The dual fluorescence peaks at 
440 nm and 537 nm derive from the NGQDs and berberine, respectively 

Fig. 20. nMET phosphorylation is sustained by ARF and abolished by CDs. (a) CDs abolish nMET and phosphorylated nMET levels in PC3 cells. (b) FT-IR spectra of 
CDs. (c) FT-IR spectra of phosphorylated tyrosine before and after addition of CDs. (d) FT-IR spectra of total protein extracted from PC3 cells [335]. Copyright 2018, 
Springer Nature Limited. (e) Treatment of cancer cells with tea-derived CDs increases co-localization of SUMO and non-nuclear YAP in PC3 cells. (f) Treatment of 
cancer cells with CDs sensitizes PC3 cells to rapamycin [336]. Copyright 2017, Nature Portfolio. 

Table 6 
Recent CQDs-based tumor diagnostic techniques for detecting p53.  

Materials Method λex 

(nm) 
λem 

(nm) 
QY LOD Linear range Sample Cell line Ref. 

NGQDs/P1 DNA/berberine PL spectrophotometry; Confocal 
fluorescence imaging. 

360 440 26.7 
% 

0.06 
nM 

0.2–30.0 nM Human 
serum 

MCF-7 [341] 

CQDs-SiNP 340 425 NA 2.7 pg 
L− 1 

0.01–50 ng/mL Human 
serum 

MCF-7 [343] 
HeLa 

GQDs-H1 Resonance light scattering. 360 460 NA 0.8 pM 1.0 pM - 1.5 nM P53 
solution 

NA [340] 
GQDs-H2 0.8 pM 1.5–50.0 nM 
Au/GQDs/P-Cys/GNP- 

Streptavidin- HRP/BSA/Ab/ 
BSA/p53 

Electrochemical immunosensing. NA NA NA 0.065 
fM 

0.000592–1.296 
pM 

Human 
plasma 

MCF-7, 
HCT, PC3 

[342] 

0.000197–0.016 
pM 

Standard 
p53 

NA 

0.00533–11.66 
pM 

Standard 
p53 

NA 

AuNPs-ssDNA/GQDs 260, 
314 

430 15.5 
% 

13 nM 25–4000 nM P53 
solution 

NA [344] 

HM-SGQDs NA NA NA 66 fM 100 fM - 100 nM P53 
solution 

NA [345] 

Au@CDs NA NA NA 0.34 fM 1 fM - 10 pM P53 
solution 

NA [346] 

NA: not mentioned. 
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(Fig. 21b). Using this strategy, they obtained a detection range of 
0.2–30.0 nM with an LOD of 0.06 nM. Hasanzadeh et al. [342] devel
oped an electrochemical method for detecting p53 based on an 
Au/GQD/p-cys/GNP-streptavidin-HRP/BSA/Ab/BSA/p53 working 
electrode (Fig. 21c). The technique was found to be linear over the 
concentration range 0.000197–0.016 pM (using square wave voltam
metry (SWV)) and 0.195–50 pM (using differential pulse voltammetry 
(DPV)) using standard p53 samples. Using unprocessed human plasma, 
it was linear over the range 0.000592–1.296 pM (using the DPV tech
nique) with an LOD of 0.065 fM. 

An intricate crosstalk can be discerned between the pRb and p53 
pathways as they share some of the same molecules. In other words, 
evading growth suppressors is an obligatory step for tumors and is ar
ticulated in two pathways. Some of the genes known to be functionally 
converted are highlighted in red in Fig. 17. These genes are convenient 
starting points for establishing GQD-based diagnosis and therapeutic 
methods. In particular, as they form the hubs of the two most renowned 
pathways, checking or treating pRb and p53 is a valuable approach as 
these species are linked to most tumorigenic processes. However, unlike 
directly restraining the oncogenes involved, treatment involving ‘gene 
security’ can be much more formidable. In the context of p53, for 
example, the idea of treating and obliterating cancer cells by restoring 
the ability of p53 to promote apoptosis is quite a challenge. 

6. Resisting cell death 

The most notable feature of tumor cells, their ability to rapidly in
crease in number, requires both an excessive rate of cell proliferation 
and the prevention of cell apoptosis. Apoptosis is triggered by the 
detection of signals that indicate something abnormal is occurring (for 
example, signatures indicative of DNA injury, disrupted signal balances 
that point to cancer activity, deficiency of survival factors and oxygen, 
and so on). Once triggered, various apoptosis-related procedures are 
executed. Apoptosis ultimately leads to the disruption of cellular 
membranes, disintegration of the cytoplasmic and nuclear skeletons, 
extrusion of cytosol, degradation of chromosomes, and destruction of 
the nucleus. Such measures are aimed at keeping the number of normal 
cells constant while eliminating any mutated cells with active 
oncogenes. 

It is thus clear that tumor cells need to resist apoptosis in order to 
maintain their growth. There are many ways this can be accomplished. 
For example, they may increase the expression of anti-apoptotic factors, 
down-regulate pro-apoptotic factors, or disrupt the external ligands that 
induce the activation of death pathways. Of course, as we have seen, any 

deficiency of pro-apoptotic factors in tumor cells is likely to be associ
ated with the p53 tumor suppressor gene. That is, the functional inac
tivation of p53 is ubiquitous in tumor cells. 

6.1. Mitochondrial endogenous apoptotic pathway 

Mitochondria are usually thought of as energy providers that help 
cells to develop and grow. However, they also have a hidden talent: they 
can issue tactical commands that lead to cell apoptosis. Once distur
bance signals are recognized by the mitochondria (indicating, for 
example, the occurrence of DNA damage, presence of ceramide or 
oxidant, or other change that may have an adverse effect on the mito
chondria), apoptosis-related procedures are aroused that change the 
permeability of the mitochondrial membrane. 

The outer membranes of mitochondria feature Bcl-2 proteins, some 
that promote apoptosis (Bax, Bak, Bid, Bim) and others that inhibit 
apoptosis (Bcl-2, Bcl-XL, Bcl-W). When a death signal arrives, the Bcl-2 
family of proteins on the outer mitochondrial membrane release cyto
chrome c (cyt c) from the mitochondrial stroma into the cytoplasm. The 
incorporation of cyt c and apoptotic protease activating factor-1 leads to 
a conformational change. A heptamer called apoptosome is formed 
which combines with caspase-9 to form a proenzyme which leads to the 
catalytic activation of caspase-9, multiplying its activity by 100–1000 
times. The fully active caspase-9 further activates caspase-3 and caspase- 
7. 

Occasionally, a caspase may be accidently activated by an interfering 
signal. Fortunately, there is a protection mechanism in which an in
hibitor of apoptosis proteins (IAP) competitively binds to caspase-9 or 
caspase-3 and thus contains their activity. When a death signal is 
transmitted to a mitochondrion, cyt c is simultaneously liberated with 
second mitochondria-derived activator of caspases (Smac). The cyt c 
leads to the formation of apoptotic bodies and is positively associated 
with death progress. On the other hand, Smac binds to IAPs and thereby 
increases the resistance to apoptosis. 

In addition to the functionally mutated proteins shown in red in 
Fig. 22, the expression of IAPs in the mitochondrial induced endogenous 
apoptotic pathway can disrupt the therapeutic treatment of tumors. The 
overexpression of IAPs may therefore be one of the reasons that 
chemotherapy is not as effective as it should be. As a result, a battery of 
anticancer drugs has been developed that oppose the function of IAPs 
and have come a long way. Furthermore, activating caspase-9 is a crucial 
aim in chemotherapy, radiation therapy, and other therapies. 

Survivin is an IAP that is highly expressed in many tumor cells lines 
(Fig. 23a). By preventing the activities of caspase-3 and caspase-7, it 

Fig. 21. (a) The fundamental of resonance light scattering of graphene quantum dots for the identification of mutant DNA with CHA-assisted target recycling 
amplification [340]. Copyright 2019, Elsevier Science SA. (b) Schematic illustration of the label-free electrochemical immunosensor used to detect p53 [341]. 
Copyright 2018, Elsevier. (c) Using a dual-frequency fluorescent probe (NGQDs/P1 DNA/berberine) to analyze p53 gene content [342]. Copyright 2019, Elsevier. 
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stimulates cellular mitosis and prevents cancer-related cellular death 
[348,349]. Dong et al. [347] reported an imaging and gene therapy 
technique based on the delivery of multiple genetic probes (Fig. 23b). 
The GQDs employed were functionalized by grafting PEG and polylactic 
acid onto them. They were then combined with MBs to target to 
miRNA-21. The MBs separate from the GQDs due to their high affinity 
towards miRNA-21, allowing the GQDs to emit red fluorescence (thus 
facilitating imaging). For therapeutic purposes, the GQDs were inte
grated with a probe to inhibit miRNA-21 as well as a survivin antisense 
oligodeoxynucleotide. The delivery of the inhibitors was again revealed 
by the emission of red fluorescence. The decrease in both miRNA-21 and 
survivin synergistically induced an increase in caspase-3 and caspase-7 
activity, leading to better growth inhibition and enhanced cancer cell 
apoptosis. 

There are other endogenous apoptotic pathways that derive from 
other organelles, e.g., the Golgi apparatus, endoplasmic reticulum, and 
lysosomes. They will participate in programmed cell death but the 
mechanisms responsible have not been clearly expounded. 

6.2. Death receptors inducing exogenous apoptotic pathways 

Upstream sensors appraise the growth environment of the cell and 
determine what cellular processes need to be triggered. They are 
composed of cell surface receptors that can combine with various sur
vival and death factors. Exogenous apoptotic pathways are triggered in 
exactly this way originating from an encounter between a death ligand 
and a death receptor. When a death ligand is encountered, receptor 
trimerization facilitates the formation of the death-inducing signaling 
complex (DISC) inside the cell membrane. With the help of DISC, DNA 
cleavage can further activate the effector caspases (Fig. 24). 

Intracellular protease caspases are the terminal effectors of 
apoptosis. Caspase-8 and caspase-9 are two apoptosis-activating com
ponents that are triggered by apoptosis receptors and cyt c, respectively. 

The effectors selectively demolish the subcellular fraction, organelle, 
and genome and further activate more caspases to execute apoptosis. 
The regulatory and effector factors are controlled by the Bcl-2 family of 
proteins which act as apoptotic triggers to deliver signals. 

6.3. Survival signals inducing the PI3K-Akt pathway 

Tumor cells can also resist death by modifying the PI3K-Akt pathway 
that is dominated by the transmission of survival signals. The pathway 
involves IGF-1/2 and interleukin 3 (IL-3), for example, that are involved 
in apoptotic remission in human tumors (Fig. 25). PI3K is commonly 
mutated in tumors and can therefore be used as a target for diagnosis 
and therapy. 

As an upstream sensor, IL-13 can activate the PI3K-Akt/PKB pathway 
which transmits anti-apoptotic signals and participates in apoptosis 
remission. Hence, it has been postulated that the decoy receptor IL- 
13Rα2 which is overexpressed in cancer cells [350] and binds IL-13 with 
high-affinity can be used as a tumor marker (Fig. 26a) [351]. Serafín 
et al. [352] subsequently developed an integrated electrochemical 
immunosensor for the determination of IL-13Rα2. By grafting p-ami
nobezoic acid (p-ABA) onto electrodes that had been screen-printed with 
streptavidin and activating them with EDC/Sulfo-NHS, biotinylated 
recapture antibody (BCAb) was immobilized. A hybrid nanomaterial 
composed of multiwalled carbon nanotubes (MWCNTs) and GQDs was 
utilized as nanocarriers to transport detector antibodies and HRP mol
ecules (Fig. 26b). The detection process yielded a linear calibration plot 
over the range 2.7–100 ng/mL IL-13Rα2 with an LOD of 0.8 ng/mL. The 
sensor was subsequently used to successfully analyze raw cellular lysates 
and extracts from paraffin-embedded tissues from patients with colo
rectal cancer. 

On the other hand, there is a caspase-independent anti-death 
pathway in tumor cells where apoptosis inducing factor (AIF) and 
endonuclease G are involved in. AIF is normally located behind the outer 

Fig. 22. Mitochondria as the core of the endogenous apoptosis pathway.  

Fig. 23. (a) Cancer cell lines with overexpressed levels of survivin. (b) Use of functionalized GQDs to image HeLa cells and deliver gene-targeting agents. Probe 1 is a 
miRNA-21 inhibitor probe and probe 2 is survivin antisense oligodeoxynucleotide [347]. Copyright 2015, American Chemical Society. 
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mitochondrial membrane but gains access to the cell nucleus after it is 
released into the cytoplasm (which can happen, for example, if the 
mitochondrion becomes damaged). It can then cause the DNA to 
agglutinate and fragment further. The DNA fragments produced consist 
of 50,000 base pairs rather than the 200 base pairs typically encountered 
in fragments produced by apoptosis. Endonuclease G is emancipated 

from mitochondria when they are stimulated by death signals. When it 
enters the cell nucleus, the endonuclease G cuts the DNA up into frag
ments in nucleosome units. Apart from the two cases outlined above, 
there are other genes that can also induce cell apoptosis without 
involving caspases. However, no CQDs-related studies have been con
ducted in this area. 

Fig. 24. Concurrent extracellular (via caspase-8) and intracellular (via caspase-9) induction of apoptosis.  

Fig. 25. Sketch map illustrating the PI3K-Akt pathway. The pathway plays an important role in regulating the cell cycle and is therefore involved in tumorigenesis in 
multiple ways. 

Fig. 26. (a) Cancer cell lines with overexpressed levels of IL-13Rα2. (b) Procedures required in construction of an amperometric immunosensor for detecting IL- 
13sRα2. BCAb is immobilized onto strep/p-ABA/SPCE and used in conjunction with MWCNTs/GQDs-HRP-DAb nanocarriers [352]. Copyright 2019, Elsevier sci
ence SA. 
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7. The capability of infinite replication 

In principle, a deregulated proliferation program should be sufficient 
to allow the generation of a vast population of cells, that is, the forma
tion of a macroscopic tumor. However, the ability to replicate indefi
nitely is another prerequisite for forming harmful tumors. Once a cell 
population has doubled a certain number of times, it stops growing and 
enters a period of senescence. Senescence in cultured human fibroblasts 
can be avoided by blocking the tumor suppressor proteins pRb and p53. 
If this can be achieved, the cells will keep growing for additional gen
erations until they reach a second state: crisis. Even here, a small number 
of mutated cells can sometimes break through this second barrier to 
division and can double without limit. When this occurs, such cells are 
said to be ‘immortal’ [353]. 

There is evidence that telomeres, which guard the ends of chromo
somes, are crucial in enabling unrestricted proliferation [354,355]. 
Moreover, unlimited proliferation seems to be assured by two main 
mechanisms: (i) up-regulation of telomere expression (which modifica
tions telomeric DNA ends with hexanucleotide repeats), and (ii) acti
vation of the alternative lengthening of telomeres (ALT) mechanism 
(which maintains telomeres via a recombination-based inter-chromo
somal exchange of sequence information). We discuss each of these 
mechanisms in turn. 

7.1. Up-regulation of telomere expression 

Telomeres are nucleoprotein structures composed of 10–15 kb of 
tandem hexanucleotide arrays of TTAGGG repeats that shield the ends of 
linear chromosomes [356,357]. During non-immortalized cell propa
gation, telomeres are progressively shortened and eventually lose their 
ability to protect the end of the chromosomal DNA from end-to-end 
fusion. Such fusion generates unstable dicentric chromosomes whose 
resolution leads the karyotype to become disorganized and endangers 
the survival of cells. Thus, telomerase is employed in order to prolong 
the life of telomeres. 

Telomerase is a specialized DNA polymerase that adwds telomere 
repeat segments to the ends of telomeric DNA. As shown in Fig. 27, 
telomerase is a ribonucleoprotein composed of multiple proteins and an 
RNA molecule. The RNA acts as a template for DNA polymerase activity 
and features a sequence of nucleotides complementary to that in the 
telomere (TTAGGG). The telomerase utilizes its template to synthesize 
DNA using reverse transcription. Once the template is completed, the 
telomerase is released and is free to rebind again (with the three nu
cleotides at the end). The telomere can thus be extended by repeating 
this process several times. In contrast to the nearly complete absence of 
telomerase in non-immortalized cells, the great majority of numerous 
spontaneously immortalized cells, especially human cancer cells, ex
press telomerase at levels that are functionally meaningful. By prolon
gling telomeric DNA, telomerase can prevent the progressive telomere 
degradation that would otherwise take place in its absence. 

In 2017, Huang et al. [358] created a label-free nanosensor based on 
amino-functionalized GQDs (af-GQDs) coupling catalytic 

G-quadruplex/hemin DNAzyme for the determination of human telo
mere DNA (Fig. 28). The af-GQDs are used as a reference fluorophore (at 
440 nm) and 2,3-diaminophenazine was chosen to form the specific 
response signal (at 553 nm). The nanosensor was linear in the range 
0.2–50 pM and its LOD with respect to human telomere DNA recognition 
was found to be 25 fM. Four-stranded helical G-quadruplex structures 
are adopted by telomere DNA that are abundant in guanine nucleic acid 
sequences. They are held together by Hoogsteen hydrogen bonding and 
require the presence of a monovalent metal ion [359]. The formation of 
G-quadruplex structures in human telomere DNA can effectively reduce 
the activity of telomerase which subsequently inhibits the proliferation 
of most cancer cells. 

7.2. Activation of the ALT mechanism 

The ALT mechanism is another way in which the functions and 
lengths of telomeres can be sustained. Mutations in the ATRX/DAXX/ 
H3.3 complex have been discovered by high throughput genome 
sequencing of cells and malignancies exhibiting the ALT phenotype. 
ATRX (Fig. 29a) is a member of the Snf2 family of chromatin remodeling 
proteins which, in cooperation with the histone chaperone DAXX, per
mits the incorporation of histone variant H3.3 into telomeric and peri
centromeric chromatin [360]. 

Two models exist for the ALT mechanism [361]. In the first one, 
telomere lengthening on one sister chromatid occurs at the expense of 
the other due to inconsistent telomere sister chromatid exchange 
(T-SCE) (Fig. 29b). This model must take into account the non-random 
segregation of sister chromatids in order to be effective as a daughter 
cell will only have an enhanced mean telomere length and hence an 
improved potential for proliferation if it inherits primarily chromatids 
with long telomeres. To be effective, this model must account for the 
non-random segregation of sister chromatids, as a daughter cell will only 
have an enhanced mean telomere length and hence an improved po
tential for proliferation if it inherits primary chromatids with long 
telomeres. In the other mechanism (Fig. 29c), a longer telomere on an 
alternate chromosome is invaded by a 3′ overhang from a short telomere 
on that chromosome. Following the resolution of the heteroduplex, the 
extension process produces the substrate for the synthesis of the second 
strand through lagging mechanisms. As an alternative, the invasio
n/extension reaction may result in the creation of a true fork on the 
target telomere, with concurrent leading and lagging replication 
continuing to the end of the chromosome, like break-induced 
replication. 

Although the ALT maintenance mechanism is encountered in 
numerous cancers, its occurrence is minimal or completely absent in 
most somatic cells, suggesting that it may be used as a cancer biomarker. 
For the development of broad-spectrum anti-cancer treatments, telo
merase itself is a very alluring target, and over the past 20 years, 
numerous methods for preventing telomerase activity have been pro
posed [362]. On the other hand, the creation of ALT-specific inhibitors is 
extremely difficult, since ALT cells do not exhibit exclusively enzymatic 
activity [363]. Nevertheless, according to several studies, 
telomere-targeting drugs such G-quadruplex ligands can stop the growth 
of both telomerase and ALT cancer cells [364–367]. The occurrence of 
ALT presents difficulties for the development of anticancer treatments 
intended to hinder telomere maintenance and adds some complication 
to suggested applications of telomere-related markers in cancer diag
nosis and prognosis. 

8. Sustained aberrant angiogenesis 

The adequate supply of oxygen and nutrients is essential for cell 
function and survival. As a result, the majority of cells must be located 
within 100 μm of a capillary blood vessel. Once tissue has been gener
ated, the angiogenesis process is transitory and strictly controlled. In 
order to progress to a larger size, incipient neoplasia must therefore 

Fig. 27. Schematic diagram showing telomerase adding a basic repeat segment 
to a telomere. 
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develop new blood vessels if a macroscopic tumor is to be successfully 
formed. 

For purpose of achieve neovascularization, tumors release cytokines 
and growth factors to activate normally quiescent cells around them so 
they become dysregulated (Fig. 30). The altered tumor vasculature is 
leaky and tortuous which results in the exposure of the basal lamina at 
different sites. Activated endothelial cells and platelets produce greater 
quantities of PDGF, which attracts and stimulates perivascular cells. The 
recruitment of tumor-associated fibroblasts, which abnormally deposit 

ECM proteins and produce stimulants, further fuels the remodeling 
process. The ECM is broken down and remodeled by matrix metal
loproteinases (MMPs), which also reveal previously concealed epitopes 
which function as endogenous angiogenesis inhibitors. Beyond that, 
inflammatory cells wound attracted to this perceived wound where they 
liberate substances that can stimulate or inhibit the angiogenic response. 

For tumor development and metastasis, angiogenesis is crucial. 
Therefore, a possible strategy for preventing cancer progression is to 
decrease tumor-associated angiogenesis. As described above, the 

Fig. 28. (a) Synthesis and purification of G-quadruplex/hemin DNAzyme. (b) Diagram of the measurement of human telomere DNA using a ratiometric fluorescent 
nanosensor based on an af-GQD [358]. Copyright 2017, Elsevier Science SA. 

Fig. 29. (a) The scaffold protein promyelocytic le’ukemia (PML) defines the outside boundaries of PML bodies, while a large number of other proteins are crammed 
into the center in onion-like concentric rings [360]. Copyright 2013, Frontiers in Bioscience Inc. (b, c) Two models for the ALT mechanism [361]. Copyright 2010, 
Nature Research. 
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‘angiogenesis switch’ is mainly governed by signaling members, integ
rins, and ECM remodeling. Therefore, a large number of experiments 
have proposed strategies that target the key factors involved in neo
vascularization. Among these, several have employed CDs to assist 
diagnosis and treatment. 

8.1. Signaling factors and their receptors alter angiogenesis activators 

Vascular sprouting requires certain cell types to migrate, elongate, or 
retract in order to local cues. Each signaling family in angiogenic growth 
factors involved in guidance is comprised of multiple ligands that are 
recognized by one or more receptors. A cell expressing a certain ligand 
can bind to a receptor expressed by a neighboring cell and drive 
signaling via a paracrine mechanism. On the other hand, if the same cell 
expresses both ligand and receptor it can activate signaling in an auto
crine manner. Thus, an interlaced angiogenic response is produced in 
response to the various guidance molecules and their receptors on 
multiple types of cells. These multiple guiding factors regulate tip cell 
sprouting, perivascular cell coverage, recruitment of progenitor cells, 
and attraction of macrophages. Tumors may therefore exhibit different 
sensitivities to different anti-vascular therapies. These therapies can, of 
course, target either the key upstream factors regulate these pathways or 
their common downstream mediators. 

Vascular endothelial growth factor (VEGF) is one of the most 
powerful inducers of angiogenesis [369]. VEGF is up-regulated during 
hypoxia and orchestrates the formation of blood vessels mainly via 
activation of VEGF receptor-2 (VEGFR-2) which is expressed by endo
thelial cells [370]. Some recent works have proved that VEGF can be 
detected using CDs [371–373]. For example, a novel ‘signal-off’ pho
toelectrochemical (PEC) aptasensor based on an aptamer-bridged DNA 
network structure was developed for the detection of VEGF165 by Da 
et al. [368] In this case, g-C3N4 nanosheets were used as a photoactive 
material (Fig. 31). A linear relationship was obtained between the PEC 
signal and logarithm of the VEGF165 concentration over the range from 
100 fM to 10 nM. The LOD was found to be 30 fM. 

Yan et al. [374] synthesized viscosity-dependent CDs (V-CDs) with 
anti-VEGF characteristics for detecting and promoting apoptosis in 
cancerous cells. The fluorescence from the V-CDs changes (from blue to 
green) as the viscosity of their environment changes (as this affects the 
freedom with which rotation occurs around an intramolecular single 

bond). By incorporating Taxol as well, the authors were able to simul
taneously visualize and treat cancerous cells (Fig. 32a and b). 

Another fluorescent aptasensor for detecting VEGF165 was con
structed by Cui et al. [375] Their device employs a porphyrin-based 
covalent organic framework (p-COF) and CDs and was used for the 
‘off-on’ imaging of MCF-7 breast cancer cells. The CDs employed were 
obtained by the controlled thermal pyrolysis of citric acid and urea. 
They were subsequently used as donors to label VEGF165-targeting 
aptamers (Fig. 32c–32e). Adsorption of the CDs onto the p-COF frame
work (via π-π stacking, hydrogen bonding, and Van der Waals in
teractions) causes their fluorescent emissions to be quenched due to the 

Fig. 30. Schematic diagram showing how unrestrained angiogenesis is governed inside the tumor microenvironment.  

Fig. 31. The assembly and mechanism of the PEC aptasensor [368]. Copyright 
2018, Elsevier Advanced Technology. 
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occurrence of FRET (the ‘off’ state). In the presence of VEGF165, how
ever, the aptamers bind to the VEGF165 causing the CDs to move away 
from the p-COF, preventing FRET from occurring, and restoring the 
emission of fluorescence (the ‘on’ state). The biosensor was found to 
have a detection limit of 20.9 fg/mL and a wide range of linearity (1.0 
pg/mL to 100 ng/mL). 

Dong et al. [376] recently synthesized hollow mesoporous silica 
nanoparticles (hMSNs) with GQDs encapsulated inside (GQDs@hMSN) 
for use in drug delivery. In particular, GQDs@hMSN-PEG species func
tionalized with VEGF antibodies (Abs) were used for targeting VEGF in 
breast tumors. These can be further loaded with Dox to cure the detected 
tumors. Confocal fluorescence microscopy and ex vivo fluorescence 
signals in mice were used to show that the drug could be selectively 
delivered to the cancer cells requiring treatment (Fig. 32f, g). Yang et al. 
[377] designed multifunctional chitosan hybrid nanoparticles 
FA–CS–FITC(Dox/CDs)/VEGF shRNA for use in cancer therapy and dual 
fluorescence imaging. Transfected HeLa cells exhibited greatly reduced 
VEGF expression, inhibited cell proliferation, and increased cell 
apoptosis, which contributed to synergistic antitumor efficacy. 
Furthermore, superb dual fluorescence cellular images can be produced 
using only modest amounts of the nanocomplexes (Fig. 32h, i). 

There are 23 members of the mammalian fibroblast growth factor 
(FGF) family, 18 of which interact with high affinity with the tyrosine 
kinase receptors FGFR1, FGFR2, FGFR3, and FGFR4 [378]. FGFs are 
secreted glycoproteins that are sequestered in the ECM. Hwang et al. 
[379] designed a kinase-inhibitor-modified QD probe to study the re
action between FGFRs and potential inhibitors. More specifically, 
turbo-green fluorescent protein-FGFR3s were overexpressed in HeLa 
cells to explore the colocalization of FGFR3 and AZD4547 using the QD 
probe. 

It has been demonstrated that IL-6 signaling is crucial for tumor 

development and metastatic spread in a variety of tumor types. Patients 
with various malignancies and patients with recurrent tumors have been 
found to carry high circulating levels of IL-6. Tiron et al. [380] have 
developed CDs prepared from N-hydroxyphthalimide (CDs-NHF) for use 
as antitumoral agents. Doping these CDs with Gd3+, Fe3+, or Mn2+

preserves their antitumoral properties and allows them to be imaged via 
magnetic resonance. The in vitro investigations showed that the level of 
IL-6 mRNA in cancer cells treated with Mn-doped CDs-NHF was signif
icantly lower than that in the control cells (which were treated with 
Gadovist, a gadolinium-based contrast agent). Luta et al. [381] found a 
significant impairment in the IL-6 level in all of their groups treated with 
CDs-NHF thus confirming the antitumoral properties of these CDs. 

Özcan et al. [382] reported a new molecularly imprinted biosensor 
based on GQDs/functionalized MWCNTs that can be used to detect IL-6 
protein. An IL-6-imprinted electrode was prepared on the 
GQDs/f-MWCNTs in the presence of 100.0 mM pyrrole and 25.0 mM 
IL-6. For analytical purposes, the biosensor was found to have a linearity 
range of 0.01–2.0 pg/mL and LOD of 0.0030 pg/mL in plasma samples 
(Fig. 33a, 33b).In order to target receptors, Wang et al. [383] prepared 
polymer-coated CDs combined with peptide fragments of IL-6 (pCDPI) 
and used them for imaging and drug delivery. The in vitro and in vivo 
results demonstrate that the pCDPI can overcome the blood-brain bar
rier and penetrate deep inside orthotopic gliomas in mice. They can then 
be monitored in real-time via their fluorescent emission. At the same 
time, they can be used to deliver a therapeutic drug (e.g., Dox) thus 
inhibiting IL-6-induced cell proliferation (Fig. 33c-33e). 

8.2. ECM remodeling and its inhibitors 

The tumor stroma must undergo continuous remodeling in order to 
support angiogenesis. MMPs that proteolytically degrade ECM 

Fig. 32. (a) Representative fluorescence images illustrating enhanced caspase-3 expression by synergistic treatment with V-CDs and Taxol. (b) Western blot results 
for the control, V-CDs, Taxol, and V-CDs + Taxol [374]. Copyright 2021, Elsevier Science SA. (c–e) The synthesis method and working pringciple of CDs based 
VEGFs165 biosensor [375]. Copyright 2017, Elsevier. (f) Fluorescence images of mice after intravenous injection with GQDs@hMSN(Dox)-PEG and GQDs@hMSN 
(Dox)-VEGF Abs. (g) Flow cytometry analysis of GQDs@hMSN-PEG and GQDs@hMSN-VEGF Abs in MCF-7 and L929 cells [376]. Copyright 2019, the Royal So
ciety of Chemistry. (h) Decrease in VEGF expression 48 h after treatment with nanocomplexes. (i) Representative in vitro fluorescence images produced by activating 
FITC (left) and CDs (right) [377]. Copyright 2016, the Royal Society of Chemistry. 
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components are essential to this process. MMPs (such as MMP-2, MMP- 
9, and MT1-MMP) participate in the angiogenic process by transforming 
the basement membrane to permit sprouting, releasing matrix-bound 
angiogenic factors, and cleaving matrix proteins into antiangiogenic 
fragments [384,385]. 

The expression of MMPs by the tumor cells will therefore aid them in 
remodeling the ECM and releasing ECM- and membrane-bound growth 
factors hence boosting tumor growth, metastasis, and tumor-associated 
angiogenesis. Chen et al. [386] demonstrated that a CQDs/Cu2O com
posite can be used to selectively inhibit SKOV3 ovarian cancer cells by 
targeting MMPs, angiogenic cytokines, and the cytoskeleton. The IC50 
value of CQDs/Cu2O with respect to SKOV3 cells is 0.85 μg mL− 1. The 
composite’s performance is also superior to that of other commercially 
available anticancer drugs (the IC50 values of oxaliplatin and artesunate 
are approximately 75 and 114 times larger than that of the composite, 
respectively). The CQDs/Cu2O composite selectively mediates the death 
of SKOV3 cells by mainly decreasing the expression of MMP-2, MMP-9, 
F-actin, and VEGFR2. (Fig. 34a and b). 

Li et al. [387] constructed a graphene oxide-peptide-PD (GO-Pep-PD) 
nanocomplex for detecting MMP-9. The nanocomplex is in a ‘off’ state in 
the absence of MMP-9 but is switched ‘on’ in the presence of MMP-9, 
resulting in the emission of a fluorescent signal that is linearly associ
ated with the MMP-9 concentration. The LOD of the technique was 
found to be 3.75 ng/mL, which is lower than most approaches. The 
nanocomplex was subsequently used to successfully detect MMP-9 in 
clinical serum samples from patients with prostate cancer (Fig. 34c). 

9. Activate tumor invasion and metastasis 

The original tumor mass will eventually give rise to pioneer cells that 
spread out and infiltrate surrounding tissues during the development of 

Fig. 33. (a) Effect of concentration on the DPV signal. Inset: calibration curve obtained using different concentrations of IL-6. (b) Reproducibility of measurements 
recorded over several days using one imprinted electrode [382]. Copyright 2008, Electrochemical Soc. Inc. (c) pCDPI-injected brain slices in immunofluorescence 
pictures from glioma-bearing mice. (d) U87 glioma spheroids’ fluorescent distribution after incubation with pCDPI for 4 h. (e) Tumor apoptosis in glioma-bearing 
mice treated with pCDPID [383]. Copyright 2017, Elsevier Sci. Ltd. 

Fig. 34. (a) Western blot results for SKOV3 cells incubated with CQDs/Cu2O. 
(b) Fluorescence microscope images showing that CQDs/Cu2O inhibits blood 
vessel formation in human umbilical cord vein endothelial cells [386]. Copy
right 2021, BMC. (c) The synthesis and application of the GO-Pep-Pdot nano
complex for MMP-9 measurement [387]. Copyright 2019, the Royal Society 
of Chemistry. 
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majority of human cancers. These explorers might be successful in 
establishing new colonies by traveling to far-off locations, which are the 
cause of 90 % of human cancer deaths [388]. The ability of cancer cells 
to form distant metastases allows them to colonize new parts of the body 
where nutrients and space are, at least initially, not limited. The newly 
developed metastases are composed of cancer cells mixed with healthy 
supportive cells conscripted from the host tissue. 

Epithelial-mesenchymal transition (EMT) is a developmental regu
latory program that has been significantly implicated to the develop
ment of altered epithelial cells’ capacity to spread, resist apoptosis, and 
invade other cells [389–392]. The EMT is regulated by many growth 
factors and signaling pathways, including TGFβ, Wnt, and Notch. These 
signaling pathways interact to promote EMT and subsequent cell inva
sion. There are many other factors that induce EMT, e.g., hypoxia, 
metabolic stress, matrix stiffness, and epigenetic and post-translational 
modification. The exact contribution of each factor to EMT is unclear 
and may differ between tumors. The Notch pathway is mainly regulating 
cell fate decisions, differentiation, and proliferation (Fig. 35) 
[393–395]. Notch cooperates with the Wnt pathway and TGFβ to induce 
EMT. 

Three Wnt signaling pathways operate in react to the attachment of 
19 distinct Wnt ligands to the Frizzled family of cell surface receptors 
(Fig. 36). These pathways are referred to as the canonical Wnt signaling 
pathway, noncanonical Wnt/calcium pathway, and noncanonical planar 
cell polarity (PCP) pathway. The canonical Wnt pathway is activated 
when a canonical Wnt ligand binds to a Frizzled membrane receptor. 
This results in the release of β-catenin from a complex formed by 
glycogen synthase kinase-3β (GSK3β), axis inhibition protein (Axin), and 
adenomatous polyposis coli (APC). The β-catenin then translocates to 
the nucleus where it attaches to the T-cell factor (TCF) and lymphoid 
enhancer-binding factor (LEF) transcription factors which activates 
genes that drive the EMT. 

In cells with invasive or metastatic potential, several groups of pro
teins involved in anchoring tissue cells to their environment are 
changed, one of the proteins impacted, are cell adhesion molecules 
(CAMs). Notable CAMs include members of the immunoglobulin and 
calcium-dependent cadherin families, both of which mediate cell-to-cell 
interactions, and integrins, which link cells to ECM substrates. A second 
general group of substances involved in invasion and metastasis capacity 
are extracellular proteases: protease genes become up-regulated, pro
tease inhibitor genes down-regulated, and the non-active zymogen 
forms of proteases converted to active enzymes [396,397]. 

9.1. Change in adhesive proteins that bind cells to their surroundings 

Some highly aggressive carcinomas have observable changes in the 
expression of genes encoding cell-to-cell and cell-to-ECM adhesion 
molecules. Adhesion molecules that are often related to the cell move
ment that takes place during embryogenesis and inflammation tend to 
be up-regulated, whereas those that promoting cytostasis are typically 
down-regulated. 

The best characterized change in carcinoma cells is that involving the 
loss of E-cadherin (a key molecule involved in cell-to-cell adhesion), 
which function appears to be eliminated in the majority of epithelial 
cancers. The mechanism responsible for this may involve mutational 
inactivation of the E-cadherin or β-catenin genes, transcriptional 
repression, or proteolysis of the extracellular cadherin domain. How
ever, there is only one study that has suggested that CQDs may prove 
effective in diagnosing and treating cancer by targeting signaling path
ways involving β-catenin [336]. 

CD44 is an extracellular cell-matrix adhesion glycoprotein known to 
be overexpressed on the surfaces of various cancers, including breast 
and lung cancer. Thus, it can be used as a biomarker for diagnosing and 
treating such cancers [398]. It is essential for various cellular functions, 
e.g., adhesion, aggregation, migration, and signal transduction [399], 
CD44 receptor thus is associated with tumor invasion, prognosis, pro
gression, and metastasis. As it is associated with tumor development and 
progression, it has been used as a target for delivering therapeutic drugs 
for tumor therapy [399–401]. The cooperation that occurs between CDs 
and hyaluronic acid (HA) has been used in tumor diagnosis and treat
ment by numerous researchers [402–427], brief details of which are 
presented in Tables 7 and 8. 

Wang et al. [420] combined a redox/enzyme dual-responsive disul
fide-conjugated CD with MSNs (MSN–SS–CDHA) for targeted and regu
lated antitumor drug delivery and real-time bioimaging. CDHA 
nanoparticles with diameters of ca. 3 nm completely blocked the pore 
entrances of the Dox-encapsulated MSN nanoparticles (whose pore size 
is also ca. 3 nm). Their ex vivo fluorescence images showed that much 
stronger fluorescence was emitted from the tumor site (compared to 
normal tissues) when MSN–SS–CDHA-Dox was administered. These 
nanocarriers also greatly facilitated the accumulation of Dox in the 
target tissue (Fig. 37a). Abdullah-Al-Nahain et al. [413] fabricated 
GQD-HA with a particle size of ca. 20 nm as a targeting agent. The 
synthesized GQD-HA was administered to CD44 receptor overexpressed 
tumor-bearing balb/c female mice and the in vivo biodistribution 
investigated. They thus demonstrated that the GQD-HA led to much 
brighter fluorescence being emitted from the tumor tissue (Fig. 37b, c). Fig. 35. Outline of the Notch signaling pathway.  

Fig. 36. Outline of the three Wnt signaling pathways.  
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Karakocak et al. [424] used confocal microscopy to show that the 
HA-nCQDs, facilitated by CD44 receptors, experienced enhanced inter
nalization in the target cells (Fig. 37d). To demonstrate the selectivity of 
the HA-nCQDs towards human tumor cells, patient-derived breast can
cer tissues with high CD44 expression were injected in adult mice 
(Fig. 37e-37g). Following additional investigation using flow cytometry, 
fluorescence, and MRI, Lin et al. [410] synthesized PMn@Cdots/HA to 
achieve good in vivo and in vitro biocompatibility as well as the capacity 
to specifically target CD44-overexpressing cancer cells (Fig. 37h). 

Yang et al. incorporated a gadolinium complex (Gd-DOTA) func
tionalized with PEG with GQDs to synthesize paramagnetic GQDs 
(PGQDs) [404]. Their in vitro results demonstrate that the relaxivity of 
the PGQDs can be controlled by regulating the length of the PEG used. 
Relaxivities ca. 16 times those of commercial MRI contrast agents (e.g., 
Gd-DTPA) were thus obtained (Fig. 38a). Qiu et al. [401] fabricated a 
single-cell analysis platform that uses solid-state zinc-coadsorbed CQDs 
(ZnCQDs) as electrochemiluminescent (ECL) probes. The ZnCQDs were 
used to detect breast cancer cells and measure the degree of CD44 
expression. The technique is highly sensitive and can be used to detect 
single cells. The authors applied it to analyze MDA-MB-231 and MCF-7 
cells and obtained linearity ranges of 1–18 and 1–12 cells, respectively. 
The CD44 expression levels in the two cell lines were also evaluated and 
found to be 2.8–5.2 times higher in MDA-MB-231 cells than MCF-7 cells 

(Fig. 38b-38d). Giang et al. [422] investigated a CD(HA)/TiO2/Cu2+

electrochemical biosensor. The surface of the stimulus-responsive 
biosensor was monitored by wireless sensing to visualize the cell 
adhesion interaction with the surface and detect cancer cells. The 
biosensor achieved LOD values of 2.31 cells/mL, using an electro
chemical approach, and 70.05 cells/mL, using an optical approach 
(Fig. 38e). 

9.2. Immunoglobulin superfamily mediated adhesion reaction 

The processes of invasion and metastasis also seem to be significantly 
influenced by changes in the expression of CAMs belonging to the 
immunoglobulin superfamily. The extracellular structure of this mole
cule contains immunoglobulin-like folds that mediate calcium- 
dependent intercellular adhesion reactions. Intercellular adhesion 
molecule (ICAM-1), vascular endothelial cell adhesion molecule 
(VCAM), nerve adhesion molecule (NCAM) and carcinoembryonic an
tigen (CEA) are members of the immunoglobulin superfamily associated 
with tumor metastasis. In CQDs for tumor detection CEA is the focus of 
attention (Table 9), while other markers are almost not studied. 

Yang et al. [428] fabricated PtPd/N-GQDs@Au in an electrochemical 
immunosensor was for quantitative detection of CEA as well as elec
trocatalytic activity towards hydrogen peroxide (H2O2) reduction 

Table 7 
Recent tumor-diagnostic techniques based on detecting CD44 with CQDs.  

Materials Method λex (nm) λem (nm) QY 
(%) 

LOD LR Sample Cell line Ref. 

FA-PEI-HA-CNDs Confocal fluorescence imaging. 424 531 10.71 NA NA Buffer A-549 [406] 
MSN–SS–CDHA Flow cytometry measurement; Confocal 

fluorescence imaging; Ex vivo imaging. 
345 450 39.6 NA NA Buffer A-549 [420] 

GQD-HA Confocal fluorescence imaging; In vivo, ex vivo 
fluorescence imaging. 

318 440 27 NA NA Buffer A-549 [413] 

HA-CDs Flow cytometry measurement; Confocal 
fluorescence imaging. 

320–500 436–531 8.6 NA NA PBS A-549; 
4T1 

[417] 

GQD-conjugated gemcitabine- 
loaded HSA 

Fluorescence imaging. 340 430, 540 14 NA NA Buffer Panc-1 [419] 
360–480 540 

HMSN–SS–CDPEI@HA Flow cytometry measurement; Confocal 
fluorescence imaging. 

360 450 NA NA NA Buffer A-549 [415] 

P-CDs/HA-Dox Confocal fluorescence imaging. 290–370 370–450 NA 0.65 U 
mL− 1 

400 U mL− 1 Buffer HeLa [425] 

HA-nCQDs Confocal fluorescence images; In vivo 
fluorescent images. 

540 600 10.5 NA NA Buffer CHO [412] 

CD(HA)/TiO2/Cu2+ Wireless sensor; 
Flow cytometry measurement. 

450 505 NA 2.31 
cells/mL 

NA Buffer HeLa [422] 

MnNS:CDs@HA Magnetic resonance imaging; Confocal 
fluorescence images. 

360 437 17.7 NA NA Buffer HeLa [405] 

PMn@Cdots/HA Magnetic resonance imaging; Confocal 
fluorescence images; Flow cytometry 
measurement. 

530, 570 600 36 NA NA Buffer B16F1; 
HeLa 

[410] 

HA-functionalized 
CDs@FcDA 

Confocal fluorescence images; Flow cytometry 
measurement. 

450 533 4.38 0.157 μM 0.20–10.0 
μM 

Buffer HeLa [421] 

NA: not mentioned. 

Table 8 
Summary of CDs targeting CD44 cells for cancer therapy.  

Materials Therapeutic 
agent 

Strategy λex (nm) λem (nm) QY 
(%) 

Type of cancer Cell line Animal 
model 

Ref. 

MSN–SS–CDHA Dox Chemotherapy 345 450 39.6 Adenocarcinoma A-549 Mice [420] 
HA-CD@p-CBA-Dox 488 525 NA Breast cancer 4T1 Mice [403] 
HMSN–SS–CDPEI@HA 360 450 NA Adenocarcinoma A-549 NA [415] 
P-CDs/HA-Dox 290–70 370–450 NA Human cervical 

cancer 
HeLa NA [425] 

HA-g-PLA/HCDs PTT; 
Chemotherapy 

540 570 6 Breast cancer MDA-MB-231; 
MCF-7 

NA [426] 

HA-CDs NA PDT 320–500 436–531 8.6 Adenocarcinoma A-549; 4T1 NA [417] 
GQD-conjugated gemcitabine- 

loaded HSA 
Gemcitabine Chemotherapy 340 430, 540 14 Pancreatic cancer Panc-1 NA [419] 

360–480 540 

NA: not mentioned. 
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(Fig. 39a and b). In addition, a noval ECL nanomaterial made of CQDs 
and the dual luminophores perylenetetracarboxylic acid (PTCA) is 
described by Xu et al. [429] The ECL nanomaterial exhibits significant 
increases in ECL intensity, which were explained by the synergistic 
promotion ECL mechanism of PTCA and CQDs. Moreover, a sandwiched 
CEA immunosensor was made using this ECL nanomaterial to mark 
secondary antibodies (Fig. 39c). 

Green CDs were created by Miao et al. [430], whose abundance in 
carboxyl groups allowed for substantial ssDNA adsorption on the surface 
of the CDs through π-π stacking interactions, which effectively quenched 
fluorescence by generating CDs-aptamer complexes. When the CEA was 
added, the fluorescence of CDs was immediately recovered owing to the 
greater binding affinity between CEA and CEA-aptamer than the stack
ing interactions (Fig. 39d and e). Wang et al. [431] proposed a universal 
biosensing device based on microfluidic immunofluorescence micro 
assays chip combined with solid phase GOQDs. The biosensing platform 
can validated CEA, carbohydrate antigen 125 (CA125), a-fetoprotein 
(AFP), carbohydrate antigen 199 (CA199) and carbohydrate antigen 
153 (CA153). It features a detection limit of 1 pg/mL or 0.01 U/mL, a 
linear quantification detection regime of 5–6 orders of magnitude. 
Furthermore, this biosensing chip can perform 5–20 different types of 
biomarkers from at least 60 people concurrently in 40 min using just 2 
mL of each patient’s serum, cutting the detection cost and time to at least 
1/60 of the time and cost of currently used common methods (Fig. 39f 
and g). 

9.3. Integrins control the bioavailability of ECM components 

Invading and metastatic cells have altered integrin expression as 
well. These cells travel through altering tissue microenvironments, 
which may expose them to novel matrix elements. As a result, adapta
tion is necessary for effective colonization of these new places, both 

nearby and far away. This can be accomplished by changing in the α/β 
integrin expressed by the migrating cells. For example, carcinoma cells 
promote invasion by altering the expression of integrins from those that 
prefer the ECM present in normal epithelium to others (e.g., α5β1 and 
αvβ3) that preferentially attach to the damaged stromal components 
released by extracellular proteases. In particular, α5β1 binds fibronectin, 
αγβ5 binds vitronectin, and αγβ3 binds many substrates, including 
fibronectin, vitronectin, von Willebrand factor, tenascin, osteopontin, 
fibrillin, fibrinogen, and thrombospondin. 

Integrin-mediated signaling often arises after ligation to a specific 
matrix protein, it is a result of interaction between integrins and certain 
activated cytokines or growth-factor receptors. These signaling pro
cesses can decide if a cell is in a suitable microenvironment, which will 
subsequently have an impact on its capacity to survive, migrate, and 
invade. RGD is the most typical marker of integrin. Reproduced with 
permission. 

Microwaves and a cocktail containing soybean milk (as a green 
source of carbon) and a capping agent (4,7,10-trioxa-1, 13-tridecanedi
amine) were used by Liu et al. [443] to synthesize CD nanocomposites 
(MB-CDs@NH-RGD) capable of targeting integrin αvβ3. The CDs can 
target the αvβ3 that is overexpressed in the MDA-MB231 and B16 cell 
lines. Subsequent irradiation of the CD nanocomposites using a pulsed 
laser was also shown to produce a significant photothermal effect in the 
targeted cells. Li et al. [444] reported the development of nanohybrids 
made from poly(amidoamine) (PAMAM) dendrimers and blue-emitting 
CDs for monitoring cancer cells via fluorescence imaging. The nano
hybrids can also be loaded with more than one drug to help overcome 
the problem of multidrug resistance. Generation 5 (G5) PAMAM den
drimers were covalently modified with arginine-glycine-aspartic (RGD) 
peptide, which can target αvβ3, and the drug efflux inhibitor 
D-α-tocopheryl polyethylene glycol succinate (TPGS). The functionalized 
dendrimers G5-RGD-TPGS were complexed with CDs/Dox complexes via 

Fig. 37. (a) Ex vivo images of various organs and tumors in tumor-bearing mice after injecting them with Dox, MSN–SH–Dox, and MSN–SS–CDHA-Dox [420]. 
Copyright 2017, Elsevier. (b) In vivo fluorescence images of mice after GQD-HA injection (in tail vein). (c) Ex vivo images of various organs and tumor cells after 
dissection [413]. Copyright 2013, American Chemical Society. (d) Confocal microscopy images of Chinese hamster ovary cells exposed to nCQDs conjugated with 
HA. (e) High-CD44 expressing sample, (f) tonsil tissue, and (g) low-CD44 expressing sample imaged in a tissue microarray (TMA) [424]. Copyright 2021, American 
Chemical Society. (h) T2-Weighted images of B16F1 (upper layer) and HeLa cells (lower layer) incubated with different concentrations of PMn@Cdots/HA for 24 h 
(7 T MRI system) [410]. Copyright 2019, the Royal Society of Chemistry. 
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electrostatic interactions to form dual-drug-loaded nanohybrids 
(Fig. 40a). The nanohybrids were found to inhibit cancer cells due to the 
presence of TPGS (which inhibits P-glycoprotein by decreasing ATP 
levels and increasing ROS levels). The cancer cells could also be imaged 
in vitro by detecting the luminescence produced by the CDs in the 
nanohybrids. 

Feng et al. [445] developed pH/redox dual-response CDs 
(CDs-RGD-Pt(IV)-PEG) for targeting the extracellular microenvironment 
in tumors and enhanced delivery of anticancer drugs. Hydrolysis of 
benzoic-imine bonds in the nanocarriers in the tumor extracellular (at 
pH 6.5–6.8) exposes the inner targeting RGD peptide. The drug in the 
nanocarriers was effectively delivered to the cancer cells through the 
RGD-integrin αvβ3 (ligand-receptor) interaction. When the loaded 
cisplatin(IV) prodrug is internally absorbed, it is converted to cytotoxic 
cisplatin in the cytoplasm of the cancer cells, producing a therapeutic 
effect (Fig. 40b). Confocal imaging, flow cytometry, and cell viability 
assays were subsequently performed using the CDs-RGD-Pt(IV)-PEG. 
Chen et al. [446] produced highly fluorescent CDs on the mesoporous 
organosilica nanoparticles and further indicated that Dox can be effec
tively contained within these fluorescent mesoporous silica nano
particles. Coupling with c(RGDyK) also allowed the nanoconjugates to 
efficiently target the tumors through their interaction with the integrin 
αvβ3 overexpressed on the tumor vasculatur). 

Zheng et al. [447] synthesis a dual mode nanocarrier to transport 
Dox and regulate the release of the drug in the targeted tumor cells. The 
nanocarrier consists of a gold nanorod (to act as a heating core), 
biodegradable mesoporous silica (as a storage chamber), and 
RGD-modified GQDs (to act as a drug carrier). When exposed to NIR 
radiation, the internalized nanocarriers rapidly heat their surrounding 
environment. The high temperature produced also leads to the collapse 
of the π-π interaction between the Dox and GQDs and instantaneous 
release of the drug, thereby intensifying the efficacy of the therapeutic 
effect (Fig. 41a). 

In the invasion and metastasis of tumor, angiogenesis is a crucial 
stage. Recent research has demonstrated that the multi-tyrosine kinase 
inhibitor sorafenib (SFB) may inhibit angiogenesis and slow the growth 
of tumors. For this reason, a nanocomposite of GQDs and poly(D,L-lac
tide-co-glycolide) (PLGA) nanoparticles was functionalized with RGD 

Fig. 38. (a) In vivo T1-weighted magnetic resonance images of A549 tumor- 
bearing mice before and after being injected with PGQDs-HA (recorded using 
a 1.5 T human MRI scanner) [404]. Copyright 2018, American Chemical So
ciety. (b) Inverted microscope images showing the capture of a cell. (c) ECL 
emission from a single cell before and after the introduction of the 
HA-ZnCQDs/AuNPs@MB probe. (d) DPV response [401]. Copyright 2017, 
American Chemical Society (e) Mechanism of CD(HA)/TiO2/Cu2+ wireless 
biosensor for the tumor diagnosis and antifouling properties [422]. Copyright 
2021, Elsevier Science SA. 

Table 9 
Recent tumor diagnostic techniques based on CEA detection with CDs.  

Materials Method λex 

(nm) 
λem 

(nm) 
LOD LR Sample Cell 

line 
Ref. 

SiO2@C-dots Electrochemical 
immunosensor 

NA NA CEA = 0.006 ng/mL 
PSA = 0.003 ng/mL 
α-AFP = 0.005 ng/mL 

NA human serum NA [432] 

PtPd/N-GQDs@Au NA NA 2 fg/mL 5 fg/mL - 50 ng/mL human serum NA [428] 
SWCNTs@GQDs 360 440 5.3 pg/mL 50–650 pg/mL human serum NA [433] 
CQDs Electrochemi 

-luminescence 
NA NA 0.00026 fg/mL 0.001 fg/mL - 1 ng/mL human serum NA [429] 

GQDs@AuNP NA NA 3.78 fg/mL 0.1 pg/mL − 10 ng/mL human serum NA [434] 
AuNPs/CQDs-PEI-GO 365 443 1.67 pg/mL 5 pg/mL - 500 ng/mL human serum NA [435] 
N-carbon dots/ 

TiO2–Pt 
360 495 1.0 pg/mL 0.002–200 ng/mL human serum MCF-7 [436] 

GOx/McAb2/GQDs/ 
Au@Pt 

NA NA 0.6 pg/mL 1.0 pg/mL − 10 ng/mL human serum NA [437] 

CDs Confocal laser scanning 
microscopy 

458 518 1.48 fg/mL 4fg/mL-0.8 pg/mL NA HepG2 [438] 

GOQDs Microfluidic chip 352 455 1 pg/mL (CEA, AFP) 
0.01–0.05 U/mL (CA125, 
CA199, CA153) 

5 pg/mL - 0.5 mg/mL (CEA, 
AFP); 
0.5–5000 U/mL (CA125, 
CA199, CA153) 

human serum NA [431] 

CDs Fluorescence Spectrum 440 367 0.3 ng/mL 1 ng/mL - 0.5 mg/mL human serum NA [430] 
o-CDs 428 572 74.5 pg/mL 0.1–80 ng/mL human serum NA [439] 
CDs-DNA 450 380 7.32 pg/mL 0.01 e 1 ng/mL serum NA [440] 
NIR-CDs-DNA 420 683 0.02 pg/mL 0.1 e 5000 pg/mL Pleural 

effusion 
NA [441] 

CDs@SiO2 380 449 794.6 ag/mL 1 fg/mL - 10 ng/mL real serum 
samples 

NA [442] 

NA: not mentioned. 
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peptide to enhance SFB distribution for the therapy of angiogenesis 
(Fig. 41b) [448]. The drug release behavior of the nanocomposite was 
investigated at 37 ◦C and pH = 7.4. The photoluminescence from the 
GQDs in the nanocomposite was used to track the drug-delivery system. 

Aimed at overcoming PDT resistance in cancer, Li et al. [449] 
devised a high-performance nanosystem based on N,S-codoped GQDs 
labeled with c(RGDfC) peptides. The as-prepared cRGD-GQDs featured 
high singlet oxygen quantum yield (0.95), good biocompatibility and 
excellent pH stability (Fig. 42a). Factors indicative of PDT resistance 
were maintained at low levels after repeated PDT treatment with the 
cRGD-GQDs. 

Ghosh et al. [450] developed a CD-based system aimed at detecting 
triple-negative breast cancer (TNBC). They synthesized their CDs from 
sweet lemon peel and conjugated them with different generations of 
PAMAM dendrimers to generate CD-PAMAM conjugates (CDPs). RGDS 
peptide was further conjugated to the CDPs to target αvβ3 integrin which 
is overexpressed in TNBC. The results of various tests showed that one 
particular conjugate (CDP3) is a potential gene carrier system for use in 
TNBC gene therapy (Fig. 42b–42d). Fan et al. [451] have also developed 
a biomimetic nano-drug system for TNBC therapy. As shown in Fig. 42e 
Their system uses GTDC@M-R nanoparticles that are based on eryth
rocyte membrane (M)-camouflaged graphene oxide quantum dots 
(GOQDs, G). Transactivator of transcription (TAT, T) and RGD (R) 
peptides are incorporated into the system to target importin α and β on 
the nuclear surface, thus allowing gamabufotalin (CS-6, C) and Dox (D) 
to accumulate in the tumor tissue. The average diameter of the GOQDs is 

5 nm and that of the GTDC@M-R NPs is 70 nm. Fluorescence-activated 
cell sorter analysis showed that the apoptosis rate in the TNBC cells was 
up to 89 % using this therapy. Zhang et al. [452] developed 
g-CNQDs-PEG-RGD nanocarriers by covalently grafting graphitic-C3N4 
quantum dots (g-CNQDs) to RGD through diamine-terminated oligo
meric PEG. By noncovalently loading Dox onto the nanocarriers, ther
apeutic effects could be realized as well as real-time monitoring 
(Fig. 42f). Ghafary et al. [453] also used GQDs and miRGD to load Dox 
and curcumin (as hydrophilic and hydrophobic drug models, respec
tively) for use in tumor therapy. 

In summary, the unique targeting effect of RGD peptide in tumor 
diagnosis and therapy has become a hot research topic and is most aimed 
at detecting overexpressed αvβ3 rather than α5β1 or αγβ5. 

10. Other emerging tumor feature 

There are three other rising attributes that are particularly compel
ling. The first includes genomic instability in cancer cells, resulting in 
the generation of random mutations such as chromosomal rearrange
ments. Among these are rare genetic alterations that can orchestrate 
hallmark capabilities. The second is the major reprogramming of the 
cellular energy metabolism in tumors to enable ongoing cell growth and 
proliferation. The new programs replace the metabolic programs that 
present in majority of healthy tissues and supply energy for the physi
ological functions of related cells. The third relates to the fact that cancer 
cells actively evade attack and elimination by immune cells. This ability 

Fig. 39. (a) Amperometric response and (b) calibration curves of the immunosensor to different concentration of CEA [428]. Copyright 2017, Elsevier Advanced 
Technology. (c) Graphene-PTCA-Cu2+-CQDs/AuNPs/Ab2 layer-by-layer assembly, fabrication of the ECL immunosensor, and the synergistic ECL concept [429]. 
Copyright 2017, Elsevier Advanced Technology. (d) CDs and CEA-aptamer fluorescence spectra at varied concentrations of CEA. (e) Plot of F/F0 against CEA 
concentrations from 1 ng mL-1 to 500 μg mL-1 [430]. Copyright 2016, Elsevier Advanced Technology. (f) GOQDs nanosheets assembled substrates. (g) Fluorescence 
intensity distribution measured along microchannels on two distinct substrates at 1000 sites chosen at random [431]. Copyright 2021, Elsevier. 
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emphasizes the immune system’s contradictory functions, as it both 
suppresses and promotes tumor development and progression. 

10.1. Genome instability and mutation 

Multistep tumor progression can be represented as a collection of 
clonal expansions that are triggered by the accidental acquisition of an 
enabling mutant genotype. Some clonal expansions may be driven by 
non-mutational alterations influencing the management of gene 
expression since heritable phenotypes, such as the inactivation of tumor 
suppressor genes, can also be acquired by epigenetic processes (e.g., 
DNA methylation and histone modification) [454–456]. Genome mu
tation can be triggered through rendering a cell more susceptible to 
mutagenic agents, or by producing a malfunction in one or more parts of 
the genomic maintenance system (or both actions). Additionally, by 
undermining the surveillance mechanisms that typically maintain 
genomic integrity and drive genetically damaged cells into senescence 
or death, the accumulation of mutations can be accelerated [457–459]. 

In this respect, the role of TP53 is of paramount importance, leading to it 
being called the ‘guardian of the genome’. 

Protein 53 (p53), a tumor suppressor protein encoded in humans by 
the TP53 gene, is essential in preventing cancers such as oral and ocular 
squamous cell carcinoma. The ability to sensitively detect p53 in bio
logical fluids is therefore of great importance in point-of-care di
agnostics. Researchers have shown that the therapeutic effects of CDs on 
tumors can be evaluated by detecting the expression of p53 [22,338, 
339,460,461]. It has also been shown that p53 can be used as a 
biomarker to diagnose tumor. Xiao et al. [343] designed a sensitive PL 
immunoassay technique for detecting p53 in biological fluid that uses 
CQDs synthesized from grapefruit peel as signal-generating tags. These 
were then used to label polyclonal anti-p53 antibodies (pAb2). In the 
presence of p53, the pAb2-CQD-SiNP formed ‘sandwich’ compounds 
with monoclonal anti-p53 antibodies (mAb1) coated onto the wells of a 
microplate (Fig. 43). This strategy allowed the p53 target to be detected 
with high sensitivity over the range 0.01–50 ng/mL: the LOD was 
determined to be 2.7 pg/mL. 

Fig. 40. (b) The development of a dual drug delivery system for precisely delivering medication to cancer cells [444]. Copyright 2019, the Royal Society of 
Chemistry. (c) The generation of CDs-RGD-Pt(IV)-PEG with its tumor targeting property [445]. Copyright 2016, American Chemical Society. (d) In vivo and ex vivo 
images of U87MG tumor-bearing mice injected with RGD-FL-SiO2 and NH2-FL-SiO2 nanoparticles [446]. Copyright 2013, Ivyspring International Publisher. 

Fig. 41. (a) Dual-mode hierarchical nanocarriers for controlled drug release [447]. Copyright 2017, American Chemical Society. (b) the generation of 
GQD-CMC-RGD-PLGA-targeted GCRP-NC [448]. Copyright 2022, Elsevier. 
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10.2. Modulation of metabolic processes 

Normal cells convert glucose into pyruvate (through glycolysis in the 
cytoplasm) and then carbon dioxide (in the mitochondria) when the 
environment is aerobic, and glycolysis can still take place in anaerobic 
environments. However, relatively little pyruvate is subsequently dis
patched to the oxygen-consuming mitochondria. An anomalous char
acteristic of cancer cell energy metabolism was first observed by 
Warburg [462–464]. Warburg found that cancer cells have ability to 
reprogram their glucose metabolism (and therefore their ability to 
produce energy) in the presence of oxygen by restricting their energy 
metabolism primarily to glycolysis, resulting in a condition known as 
‘aerobic glycolysis’ (Fig. 44). 

Cancer cells must compensate for the 16-fold lower efficiency of ATP 
production afforded by glycolysis relative to mitochondria-mediated 
oxidative phosphorylation. They achieve this in part by up-regulating 
glucose transporters (GLUTs), notably GLUT1, which significantly 
boosts glucose importation into the cytoplasm. Recently, an innovative 
approach for assessing HT-29 cell growth based on glucose consumption 
was suggested. Moreover, consumption was evaluated in the presence of 

resveratrol (RSV) in order to evaluate its potential use as an anticancer 
agent. An enzyme-based sensor for the selective and sensitive volta
metric detection of glucose in cancer cells was proposed, which was 
formed by a hybrid nanocomposite of carbon nanofibers and nitrogen- 
doped GQDs [465]. The results obtained were compared with those 
obtained via conventional colorimetric assay, and a strong association 
was emerged between the proliferation rate of the cancer cells and their 
glucose utilization (Fig. 45a and b). It was also found that the RSV in
duces a reduction in glucose consumption, demonstrating that the 
HT-29 cells consume glucose less efficiently in the presence of the drug. 
Lu et al. [466] synthesized CQDs modified with 2,2,6,6-tetramethyl-pi
peridinooxy (TEMPO) and glucose for use as GLUT-targeting bimodal 
MRI/optical imaging contrast agents and used them to detect tumor cells 
(Fig. 45c). 

Due to enhanced glycolysis in cancer cells and proton-pump activity 
in their plasma membranes, more lactic acid is produced and leaches 
out, inducing a drop in pH in the environment surrounding the cancer 
cells [467,468]. For a deeper comprehension of the biological implica
tions of pH gradients, sensitive and focused pH monitoring devices for 
living cells are consequently crucial. Because of this, many strategies 
have appeared in which CDs are used to detect pH, including label-free 
CDs [469–473], nitrogen-doped CDs [474–480], amine-coated CDs 
[481–488], mesoporous silica-CDs [489–495], and CDs with other ma
terials [496–505]. 

The diverse nature of the structures of CQDs means that pH may 
affect the response produced by the CQDs through a variety of mecha
nisms. A change in pH may, for example, cause a change in the molec
ular structure of the CQDs, or it might affect their electronic structure. A 
change in molecular structure could further lead to a change in orien
tation or distance between a pair of fluorophores serving as donor- 
acceptor pairs. Similarly, a change in electronic structure could lead to 
a change in the wavelength or intensity of the fluorescence emitted by 
the CQDs. Six general paths by which pH may have an effect are shown 

Fig. 42. (a) Photographs of mice after PDT [449]. Copyright 2021, Elsevier Science SA. (b–d) In vitro colocalization images of MDA-MB-231 cells transfected with 
CDP3-RGD [450]. Copyright 2019, Elsevier Science SA. (e) The generation of RGD-modified erythrocyte membrane disguised GTDC@M-R NPs [451]. (Copyright 
2020, Elsevier Sci. Ltd. (f) The development of nanocarriers with tumor-targeted drug delivery capability [452]. Copyright 2019, the Royal Society of Chemistry. 

Fig. 43. (a) Schematic illustration of a sandwich-type PL immunoassay tech
nique for targeting p53 protein [343]. Copyright 2018, Elsevier. 
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in Fig. 46. 
A change in pH can lead to the protonation or deprotonation of 

functional groups on the surface of the CQDs. This can lead to the for
mation of delocalized π bonds and increase in n electrons which affects 
the wavelength of the fluorescence emitted [470,471,501,506,507]. Put 
briefly, the other 5 mechanisms in Fig. 46 involve: the aggregation or 
dispersal of CQDs [483,484,508,509]; energy transfer between different 
elements on the CQDs [505,510]; surface passivation and elimination 
leading to saturation of functional groups [445,511,512]; energy 
transfer due to the assembly or separation of aptamers [484,513,514]; 
occurrence of tautomerism due to the destruction and formation of 

intramolecular hydrogen-bonds (H-bonds) under the pH change of the 
solvent surrounding the CQDs (such a change can also alter the wave
length of the fluorescence emission peak) [515,516]. 

As shown in Fig. 47, a large range in pH have been reported in the 
literature. However, the majority of the effects involve pH changes in the 
range 5–7, and this range seems favorable for the diagnosis of tumor and 
other physiological maladies as this best matches the physiological 
acidity changes caused by tumor [467,468]. 

Fig. 44. Schematic representation of the glycolytic pathway.  

Fig. 45. Cyclic voltammograms of the CNFs-NGQDs-GOx-modified GCE electrode in air-saturated PBS (pH 7.4) in the absence (a) and presence (b) of glucose with 
the concentration of 2 mM [465]. Copyright 2021, Elsevier Science Inc. (c) Preparation of CQD-TEMPO-Glu [466]. Copyright 2018, Elsevier. 
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10.3. Evading inflammatory responses and destruction by the immune 
system 

Some tumors are densely infiltrated by immune system cells from 
both the innate and adaptive arms, mirroring the inflammatory condi
tions developing in non-neoplastic tissues. It has been found that the 
inflammatory response induced by tumors has an unanticipated and 
paradoxical effect: it can accelerate tumorigenesis and progression, 
assisting incipient neoplasia in establish hallmark capabilities 
[542–544]. 

Evaluating the overproduction of intracellular reactive oxygen spe
cies (including the superoxide anion, O2

− , hydrogen peroxide, H2O2, and 
hydroxyl radical, HO•) can be used in tumor diagnosis and several 
techniques have been devised that take advantage of the unique prop
erties of CQDs (Table 10). Shen et al. [545] fabricated NIR chemilumi
nescent (CL) CDs for monitoring H2O2 and achieved a CL quantum yield 
of 9.98 × 10− 3 E mol− 1 and a detection limit of 5 × 10− 9 M. 
Peroxalate-modified CDs (P-CDs) were synthesized by integrating the 
NIR CDs with bis(2,4,5-trichloro-6-carbopentoxyphenyl) oxalate. The 
functionalized P-CDs are H2O2-responsive and can be used as turn-on 
probes for detecting and imaging H2O2 (Fig. 48a and b). 

Won et al. [546] developed a stimulus-responsive electrochemical 
wireless biosensor for use in tumor diagnose. The biosensor was formed 

by embedding diselenide-containing CDs (dsCDs) in a 
ureidopyriminone-conjugated gelatin (Gel-UPy) hydrogel. In the pres
ence of ROS or glutathione, the diselenide groups on the dsCDs in the 
hydrogel are cleaved, initiating the formation of H-bonds (Fig. 48c and 
d). These H-bonds affect the conductivity and adhesiveness of the 
Gel-UPy/dsCD hydrogel as well as its ability to self-heal. Cleavage of the 
diselenide bonds also affects the electrochemical signal from the 
hydrogel due to the degradation of the dsCDs (Fig. 49e). 

Li et al. [547] pyrolyzed a zeolitic imidazolate framework (ZIF-8) 
filled with glucose to create nanozymes in the form of CDs confined in 
N-doped carbon (CDs@NC). The CDs@NC nanozymes were found to 
have peroxidase-like properties and were successfully used to (colori
metrically) detect D-amino acids associated with the early onset of 
gastric cancer, e.g., D-Proline (D-Pro) and D-Alanine (D-Ala) (Fig. 49a and 
b). The ability to detect D-Pro and D-Ala sensitively and selectively in 
clinical saliva samples has enormous potential in early gastric cancer 
diagnosis and treatment. 

11. Challenges and perspectives 

Although rapid developments have been made, there are still prob
lems to addressed and challenges to conquer.  

(i) An unambiguous definition (definition, classification, structure, 
etc.) of exactly what a CQDs is should be agreed upon by the 
scientific community in order to have a clear roadmap for future 
CQDs research. New synthetic routes for developing CQDs with 
specific structures are urgently needed. Some advanced charac
terization techniques (e.g., synchrotron-radiation based spec
troscopy, neutron scattering spectroscopy, transient absorption 
spectroscopy, and three-dimensional reconstruction based on 
cryogenic electron microscopy) may prove helpful when reaching 
an agreement on the structural definition and classification of 
CQDs.  

(ii) The complete range of physical interactions, which may occur at 
the interface between a complicated carbon nanostructure and a 
physiological system, needs to be delineated based on the CQDs 
definitions as mentioned above. At the same time, this area of 
research will greatly benefit from the development of new highly 
efficient tumor diagnostic reagents/microsystems and nano- 
drugs for tumor therapy. It is worth pointing out that high- 
throughput screening technology and machine learning have 
shown remarkable promise in the study of related interaction 
mechanisms. Furthermore, the artificial intelligence program 
AlphaFold has shown great promise in predicting protein 

Fig. 46. Schematic diagram showing the classification of pH-based tumor diagnosee methods.  

Fig. 47. Cancer diagnosis based on pH detection range. References: [445, 
469–472,478,480,483,484,500–502,505–514,516–541]. 
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structure and has made some important breakthroughs in recent 
years. If all of the abovementioned technologies can be effectively 
combined with appropriate theoretical thermodynamics/kinetics 
studies, it is very likely that there will be great improvements in 
our understanding of the interfacial interactions that occur be
tween complex CQDs and various physiological systems. 

(iii) The hallmarks of cancer can be used to appreciate the signifi
cance of the large number of CQDs-based tumor-diagnostic re
agents/microsystems that have been developed. However, highly 
selective CQDs have not been created for the vast majority of 
markers (over 95 %, which includes many strongly associated 
with tumor occurrence). Meanwhile, the design of CQDs that 
respond to multiple markers remains a challenge. The solution to 
these problems is to acquire a thorough understanding of the 

interactions that occur at the interface between the CQDs (with 
their complicated nanostructures) and the physiological systems 
involved (which are also complex). Of course, this is the chal
lenge outlined in (ii). However, there is already a diverse range of 
CQDs-based fluorescent reagents available for tumor diagnosis 
and treatment, so it is highly likely that the research currently 
being undertaken on the subcellular mechanisms responsible for 
tumor development will continue to yield some exciting results.  

(iv) CQDs, like other nanomaterials, are faced with the problem that it 
is not known if their long-term use in vivo can lead to toxic effects. 
This means that the in vivo use of CQDs-based contrast agents 
(including MRI CAs, CT CAs, and tumor-targeting fluorescent 
reagents) in clinical applications will meet some resistance. On 
the other hand, their use in vitro avoids the problem of undefined 

Table 10 
Recent tumor-diagnostic techniques based on using CDs to detecting ROS.  

Materials Method λex 

(nm) 
λem 

(nm) 
QY LOD LR Cell line Ref. 

AgNP-DNA@GQDs Fluorescence spectra. 340 420 17.6 % 0.10 μM 0.4–200 μM NA [548] 
Hemoglobin-derived 

Fe2+-containing CDs 
Fluorescence imaging; EPR spectra; UV–vis; CD 
spectra. 

230 405 54 % 1 μM 0.4–200 μM HeLa [549] 

B-PPD CDs Confocal fluorescence microscopy. 520 606 5.5 % 0.242 
mM 

3–110 mM 
Ala 

RAW 264.7 [550] 

CDs@NC Steady-state kinetics assays; 
UV–vis absorption spectra. 

NA NA NA 7.7 μM 
for D-Pro; 
18.6 μM 
for D-Ala 

20–300 μM 
for D-Pro; 
20–400 μM 
for D-Ala 

NA [547] 

CD-hydrogel Fluorescence spectra; 
13C NMR spectra; 
FT-IR alkene spectra; Flow cytometry 
measurements. 

488 695 NA NA 10 and 100 
nM 

HeLa [551] 

Gel-UPy/dsCD Resistance change spectra; Electrochemical analysis; 
Ex vivo and in vivo imaging. 

NA NA 51.3 % NA NA MDA-MB-231 [546] 

C6-8-conjugated CDs Fluorescence microscopy images; Flow cytometry 
measurements; Electrophoretic mobility shift assay; 
in vitro and in vivo imaging. 

378 458 26 % NA NA HeLa [552] 

P-CDs Photoluminescent and chemiluminescent imaging; 
In vivo CL imaging. 

365 642 9.98 ×
10− 3 E 
mol− 1 

5 × 10− 9 

M 
0–100 ×
10− 9 M 

HeLa [545] 

NGQD@NC@Pd HNS CV curves; Amperometric response; Microscope 
imaging. 

NA NA 2.7 % 20 nM 0–1.4 mM MDA-MB-231 [553] 

C-GQDs Confocal fluorescence imaging; In vitro and in vivo 
imaging. 

469 546 12 % 4 nM 0–10 nM 5637, HeLa, HepG2, 
TPC1, HGC-27, 1590, 
and ACHN 

[554] 

Ag@AuNPs-DNA/GQDs Fluorescence emission spectra; Confocal 
fluorescence imaging. 

520 560 NA 0.49 μM 5–200 μM MCF-7 [555] 

PD(HA/DP)-DiSe Photoluminescence spectra; Confocal fluorescence 
imaging; Electrochemical analysis. 

NA NA 50.4 % 9 cells 
mL− 1 

101–106 MDA-MB-231 [556] 

NA: not mentioned. 

Fig. 48. (a) The preparation of the P-CDs. (b) In vivo PL and CL images of mice subcutaneously injected with different concentrations of H2O2 [545]. Copyright 2020, 
American Chemical Society. (c) Chemical structures of Gel-UPy/dsCD hydrogels. (d) Cancer cell reactive self-healing feature of Gel-UPy/dsCD hydrogels (e) 
Continuous step-strain rheology test performed using MDA-MB-231-treated hydrogel [546]. Copyright 2020, American Chemical Society. 
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chronic toxicity in vivo. However, even their in vitro use with 
clinical samples can still produce results that are not sufficiently 
accurate. This may, for example, be because the clinical samples 
involved (e.g., body fluids or tissue samples) are extremely 
complex and vary significantly from individual to individual. 
Moreover, as CQDs are relatively new, industrial methods for 
their large-scale production are unlikely to be readily available 
and this limits their widespread application in clinical applica
tions. Thus, their clinical application value needs to be further 
tapped. (However, the issue of scalability is encountered with 
virtually all new materials and is not unique to CQDs.) 

Based on the above challenges, the potential solutions for the 
development of tumor diagnosis based on CQDs need: development of 
detection technologies for complex tumors (such as gliomas); machine 
learning based structural design of CQDs; breakthroughs in scaled-up, 
reliable CQDs preparation technology; development of portable, low- 
cost integrated testing equipment; development of intelligent test 
result analysis technology based on big data analysis. 

In summary, starting from the hallmarks of cancer we have sum
marized the recent advances made in CQDs-based tumor diagnosis/ 
treatment. There is no doubt that CQDs have contributed much to the 
progress that has been made in this area of medical research. However, 
there are still many challenges that need to be overcome if progress is to 
continue. This review covers tumor diagnosis strategies within the 
framework of molecular oncology. The clarification of the structure- 
function relationship of CQDs facilitates the understanding of interfa
cial interactions of carbon nanostructures, and further impacts on tumor 
diagnosis. It also goes a long way towards addressing similar problems 
encountered with other nanomaterials. 
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I. Buzas, K. Buzas, E. Casal, F. Cappello, J. Carvalho, E. Colás, A. Cordeiro-da 
Silva, S. Fais, J.M. Falcon-Perez, I.M. Ghobrial, B. Giebel, M. Gimona, M. Graner, 
I. Gursel, M. Gursel, N.H.H. Heegaard, A. Hendrix, P. Kierulf, K. Kokubun, 
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