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a b s t r a c t

Carbon dots (C-dots) are a large family of nanomaterials characterized by an intense photoluminescence. 
The origin of the emission is multifaceted and is dependent on a number of factors, including structure, 
surface, and composition. The term "carbon dots" is quite broad and encompasses a wide range of carbon 
nanostructures. The multiple properties are a result of this variability, which also makes it difficult to es
tablish a clear structure-property relationship. Photoluminescence is the property of this class of nano
materials that has garnered the greatest attention due to the possibility of applications in various fields, 
including biotechnologies, electronics, and energy. Another property of C-dots that has only lately been 
recognized is their antioxidant activity, i.e., the ability to act as a free radical scavenger. Furthermore, it has 
been proven that certain types of C-dots function as oxidizing agents when exposed to visible and/or UV 
radiation. This dual oxidant-antioxidant nature is particularly intriguing and closely related to the C-dot 
properties. Although many articles have been published on the subject, it still needs to be understood what 
structure-property relationships regulate the responses to free radicals. This review aims to provide a 
general overview of the characteristics of C-dots as scavengers or radical emitters by a critical analysis of the 
relevant studies. Based on their intended application as oxidants or antioxidants, the findings of this review 
can be used to synthesize C-dots with precisely defined functional properties.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
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Introduction

Carbon dots (C-dots) are one of the hottest topics of research and 
object of a growing interest because of their expected applications in 
photonics [1–5] and biotechnology [6–8]. The potential production 
low-cost, the lack of toxicity and the low environmental impact have 
risen the expectations on this class of nanomaterials. In a next future 
C-dots could replace the semiconductor quantum dots in several cases, 
taking also the advantage of the high flexibility offered by the synth
esis. The C-dots can be finely tuned using organic chemistry that offers 
many possibilities to control the properties through modification of 
structure and surface, from the precursor molecule to the nanoparticle 
[9]. In particular, the surface control is critical for C-dots because most 
properties are directly affected by any modification in the surface 
functional groups [10,11]. The C-dots can be considered as dual core- 
surface structures, where much more than in metallic or semi
conductor nanoparticles the surface is critical to control the properties. 
At the same time, defects are an intrinsic part of the C-dots, and 
therefore the core-surface-defects combination plays a dramatic role. 
This is a general description but, however, it should carefully con
sidered that C-dot is a quite broad definition and within this name 
several types of nanomaterials with so much different properties are 
included. For instance, some C-dots have a graphitic core structure 
whose properties are described in terms of quantum mechanics, such 
as the graphene carbon dots, while many others have just a carbo
naceous structure. From this point of view such different nanomater
ials could be hardly classified within the same class of materials. One 
reason they are all regarded as belonging to the C-dot family is that 
they share the same intrinsic organic nature and, in many cases, show 
similar properties. This is a critical point that is seldom underlined, but 
it is likely one of the reasons that has brought to combine materials 
with so much different structure in the same group. C-dots are char
acterized by an intense fluorescence, in most of the cases in the blue 
[12]. This is what has attracted from the very beginning so much at
tention. This intense fluorescence, however, even if looks similar can 
have different origins in the various types of carbon dots [13]. The 
properties of C-dots, as we have just underlined, derive from a com
plex combination of core structure, defects and surface state that is 
difficult to generalize. The core structure can be graphitic, or even 
formed by graphitic carbon nitride g-C3N4 [14], amorphous, or a 
combination of both. At the same time the extension and amount of 
sp2 domains play also a very critical role. A combination of fluorescent 
molecular structures of diverse nature connected to a carbonaceous 
matrix can form the core structure. The complexity of such structures 
represents an inherent limitation in the development of C-dot-based 
applications. Furthermore, there is a strong imbalance between the 
articles devoted to exploring and develop applications with respect 
those dedicated to the basic understanding of the properties. Para
doxically, this imbalance is slowing down the very development of 
applications because without an extremely precise control over the 
structure and properties, it is difficult to get to their use in areas, such 
as biotechnologies, where safety standards are very tight. On the other 
hand, the most attractive properties of C-dots are the intense 

fluorescence and in some cases phosphorescence [15]. The majority of 
the research in the field has been dedicated obtaining a high fluor
escence quantum yield and shifting the emission in the red region 
[16,17], which for bio-applications is critical. Recently, however, an
other characteristic of C-dots has drawn much interest: their capacity 
to produce radicals and reactive oxygen species. This property can find 
an immediate application in photodynamic therapy [18]. At the same 
time, however, it has become clear that beside having oxidant prop
erties under illumination, C-dots can also act as radical scavengers and 
antioxidants. The possibility of C-dots to act as nanozymes has been, 
therefore, quickly envisaged [19,20]. The oxidant-antioxidant cross
over capability is quite rare [21], and represents another of the big 
challenges offered by C-dots [22]. Controlling such properties, how
ever, is likely even more difficult than fluorescence, because the 
structure-properties relationship must be assessed with much detail, a 
mission that given the intrinsic “chaotic” nature of C-dots appears 
pretty difficult to accomplish. It should be underlined that most of the 
work in the field has been concentrated on using graphene quantum 
dots. A nanosystem with controlled dimension and structure re
presents an intrinsic advantage with respect to amorphous or poly
meric structures, especially when the sp2 domains are a critical 
parameter. Even in this case, however, the large variability of the 
possible nanostructure needs a careful comparative study.

This work is a meta study of the current scientific literature in the 
field of C-dots that has the purpose to give, through a critical com
parison, an overall picture of the structure-properties relationship of 
the oxidant-antioxidant capability. In the first part will be described 
for the lectures not familiar with the subject what are carbon dots 
and what are the reactive oxygen species. The following chapters are 
instead dedicated to an in-depth analysis of the chemical-physical 
mechanisms behind the generation of reactive species and the 
scavenging properties of the dots.

The large family of C-dots

The family of nanomaterials defined as carbon dots consists of a 
wide variety of carbon-based 0D nanostructures generally char
acterized by high fluorescence and nanodimensions smaller than 
10–20 nm. However, a clear-cut definition is difficult to obtain be
cause of the many structural differences within this group of na
nomaterials. The intrinsic “black box” nature of C-dots, whose 
properties are due to a combination of the core structure and surface 
composition, can be considered a peculiar characteristic of these 
nanomaterials. Some classifications of C-dots, mainly based on their 
core-surface interaction, have been proposed in the scientific lit
erature. On the other hand, the emission can have different origins 
[23,24], with defects and surface functional groups playing also an 
important role.

Graphene quantum dots (GQDs)

The graphene quantum dots form an important group of C-dots 
with a structure of a single or few graphene layers [25,26]. GQSs are 
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generally synthesised via top-down routes from graphene or other 
graphitic materials. The photoluminescence originates from a com
bination of quantum confinement and surface effects due to the 
functional chemical groups at the edges of the graphene core 
structure that is mostly formed by sp2 hybridized carbons.

This group of C-dots has grown in importance as the benefit of 
having greater control of the properties through precise nanos
tructure engineering has become more evident. (Table 1). GQDs have 
a better defined structure than other groups of C-dots whose nature 
is intrinsically disordered, and can be properly designed as a func
tion of the application. [27]. For this reason, GQDs are favoured over 
other C-dots, particularly when the nanomaterial response is gov
erned by external stimuli. The GQDs have a characteristic asymme
trical shape, because the number of layers defines the thickness, 
generally lower than 10, and the later size that does not exceed 
100 nm. Besides the dimensions, the properties are also dependent 
on the shape that within some limits can assume different geome
tries, such as hexagonal and triangular. The composition is a fun
damental parameter as well, and heteroatom (S [28], Se [29], F [30], 
Cl [31], P [32], B [33], K [34]) and multiple heteroatom [35] doping is 
a popular strategy to modify the luminescence properties. Doping 
with N, which in general is a very effective route to increasing or 
shifting the emission, is another design tool. It introduces different 
N-sites in the GQDs, pyrrolic-N, pyridinic-N and graphitic-N [36]. 
Controlling the functional groups is also mandatory, paying atten
tion if they possess electron donating, -NH2, -OH, -OR’, -OCOR’, or 
electron drawing nature, -COOH, -CH, NH3

+, NO2. Finally, defects, 
such as sp3-like defects [37], vacancies [38], free edges [39], which 
can be easily introduced during top-down syntheses, also affect the 
properties. The combination of so many parameters make control
ling the properties a very challenging task, nevertheless, the design 
of the application cannot be done without an in-depth compre
hension of the basic properties.

The classification becomes more complicated in the case of C- 
dots that do not have a full graphenic structure. Two different na
nostructures can be observed, C-dots with a completely amorphous 
core and those with a partially graphitic structure. The origin of the 
fluorescence in these cases is different, and for this reason, it is 
better to divide this type of dots, characterized by a structure that is 
not purely graphenic such as GQDs, into two groups: the carbon 
quantum dots (CQDs) [40] and the carbon nanodots (CNDs). This 
classification can cause some confusion because not all the re
searchers in the field always follow this way of referring to C-dots by 
their structure. The definition leaves, in fact, some room for ambi
guities when the generic term carbon dots is used.

Carbon quantum dots (CQDs)

The CQDs are characterized by a graphitic crystalline core 
structure, mainly composed of sp2 hybridized atoms, and a carbo
naceous sp3 surface containing oxygen and nitrogen-based 

functional groups [41]. The quantum confinement within the gra
phitic core controls the luminescence that can be tuned by mod
ulating the size and surface functionalization. The quasi-spherical 
shape of CQDs also marks one of the differences with respect to 
GQDs that, instead, have one dimension, the height that is controlled 
by the number of graphene fragment layers and therefore smaller 
than the lateral size. Aside from being graphitic, the crystalline core 
structure can also be formed in some cases by carbon nitride, g- 
C3N4 [42].

Carbon nanodots (CNDs)

The C-dots that have an amorphous carbonized core form an
other sub-group of this family of nanomaterials. In the case CNDs, 
carbon is most in the sp3 state, even if sp2 domains can form in the 
nanodots. The photoluminescence is not controlled by quantum 
confinement effects, while residual molecular fluorophores that 
form during the synthesis are at the main origin of the fluorescence 
[43–45]. Fluorescent molecules can readily form as a by-product of 
the synthesis and can be present at a different extent in CQDs, 
mainly around the graphitic core, while in the CNDs they are evenly 
distributed within the particle. The distinction between CQDs and 
CNDs is quite tricky because, in many cases, tiny graphitic clusters 
can be present in the particles, and an in-between situation can 
easily occur. In CNDs, the molecular fluorophores that form as by 
product of the pyrolysis are at the origin of the emission, in parti
cular in the blue range.

Carbonized polymer dots (CPDs)

Carbonized polymer dots are another type of C-dot that form 
when amorphous carbon and polymers cross-link to form a hybrid 
structure. (CPDs) [46]. Surface states, molecular fluorophores, and 
crosslink enhanced emission [47] are all factors that contribute to 
the emission.

To complicate any attempt at rational classification, it should be 
noted that organic polymers can also form fluorescent nanoparticles 
known as polymer dots (PDs). They do not contain any crystalline or 
carbonaceous amorphous structure and can be considered for this 
reason as a distinct family.

The C-dot structure's high degree of diversity thus reveals how 
challenging it is to define a generic structure-properties relationship 
(Fig. 1). When looking at emission sources, we should consider not 
only the structure, dimension, composition, and surface, but also, as 
we have seen, the presence and extension of defects. To summarize, 
the main mechanisms at the root of the photoluminescence are: 

1. Quantum confinement effects correlated to the presence of π- 
conjugated domains in the core.

2. Emission from molecular fluorophores.
3. Photoluminescence induced by defects, surface states, and 

doping.
4. Emissions involving triplet states that can produce thermally 

delayed fluorescence or phosphorescence.

These mechanisms can also work in synergy, and a clear corre
lation with specific structural properties of the C-dots is, in any case, 
quite difficult.

Reactive oxygen species

The generation of radicals and, more generally, reactive oxygen 
species (ROS) is a natural event that underlies several biological 
processes [48]. An excess of such species generates, however, oxi
dative stresses responsible of several serious diseases because an 
unbalanced production of ROS can result in a severe damage of the 

Table 1 
Design parameters for graphene quantum dots. 

Dimensions Shape

- Height, less than 10 layers - Irregular,
(thickness 1.5 – nm) - triangular, hexagonal,
- Lateral size (<  100 nm) - circular, polygonal
N-doping Heteroatoms doping
- Pyridinic-N Mono, double, multiple
- Graphitic-N (S, Se, F, Cl, P, Na, K, B)
- Pyrrolic-N
Functional Groups Defects
- Electron donating - sp3-like defects
-NH2, -OH, OR’, -OCOR’ - Vacancies
- Electron withdrawing - Disorder of the basal plane
-CHO, =O, -COOR’, -COOH, CH, NH3

+, NO2 - Free edges
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cells [49]. High amounts of ROS or oxidants create a disequilibrium 
in the cell capability of producing an effective antioxidant response, 
a situation that defines the oxidative stress.

Even if ROS can have toxic effects on cells, the controlled for
mation of reactive species can be used as an active tool for anti
bacterial and antiviral applications or in photodynamic therapy. 
Some carbon nanomaterials present an interesting dual response to 
reactive species, they can act as scavengers, so reducing the number 
of free radicals and ROS, or can generate under irradiation reactive 
species by themselves. This dual nature is not observed in single 
molecule antioxidants, such as ascorbic acid, and is instead a dis
tinctive and intriguing property of several carbon nanomaterials. C- 
dots, in particular, can exhibit both antioxidant and oxidant re
sponses. The arise of these properties is, however, correlated with 
the synthesis and processing pathway and cannot be considered a 
general property of carbon dots by themself.

Because oxygen has a couple of unpaired electrons in the outer 
valence shell is highly susceptible to form reactive species. The ROS 
can be both free radical oxygen intermediates such as hydroxyl ra
dicals •OH, superoxide anions •O2

−, or non-free radicals as hydrogen 
peroxide H2O2 and singlet oxygen 1O2 [50].

The reduction of molecular oxygen gives the superoxide anions, 
O2

•−, one of the most reactive species through:  

O2 + e− → O2
•−                                                                      (1) 

On turn, the dismutation of the superoxide anion forms hydrogen 
peroxide and molecular oxygen:  

2 O2
•− + 2 H+ → H2O2 + O2                                                      (2) 

while the partial reduction of hydrogen peroxide gives hydroxide 
ions and hydroxyl radicals (•OH), or water after its full reduction: (3).  

H2O2 + e− → HO− + •OH                                                              

2 H+ + 2 e− + H2O2 → 2 H2O                                                    (3) 

Another ROS that is a strong oxidant is singlet oxygen, 1O2, which 
is not a radical but an excited state of molecular oxygen O2 that in 
the ground state is characterized by two single-occupied anti
bonding orbitals, *x and *y , with electrons having parallel spins [51]. 
The energetically near electronic states, the excited 1Σ

g
+ and 1Δg 

singlet states as well as the 3Σ
g

- triplet ground state are, therefore, the 

result of this peculiar molecular arrangement. The metastable 
singlet oxygen, the 1O2(1Δg) state, has both the electrons coupled in 
a single orbital and has a lower energy but significantly longer 
lifetime than the 1Σ

g
+ excited state (Fig. 2).

In the singlet excited state the spin is still unpaired as in the 
ground state but the two electrons occupy distinct antibonding or
bitals. In the triplet excited state, the energy level is higher than the 
excited singlet state and the electrons still occupy two distinct an
tibonding orbitals but this time the spin is paired.

The formation of 1O2 is generally observed through energy 
transfer to molecular oxygen in its triplet ground state, 3O2. This 
process can be mediated by photosensitisers that absorb light at a 
specific wavelength and transfer the energy from their excited state 
to 3O2, activating the formation of 1O2. Compared to other free ra
dicals, the lifetime of singlet oxygen in the air is longer and has been 
measured to reach 2.80 s at 23 °C under 1 atm [52]. In this span of 
time 1O2 diffuses in the air about 0.992 cm while in water the dif
fusion length is reduced to 200 nm [53].

The photosensitization of 3O2 via energy transfer is a process that is 
relatively easy to occur. In fact, if we compare the energy required to 
excite 3O2 to the 1Σ

g
+ and 1Δg states, 156.9 and 94.14 kJ mol−1, respec

tively, this is lower than most of the energies of the excited triplet 
states of many organic molecules that can act as photosensitizers 
absorbing light. Longer is the average lifetime in the excited state and 
higher is the possibility of intermolecular interaction and energy 
transfer to 3O2. On the other hand, molecules whose excited states are 
lower than 1Σ

g
+ and 1Δg in molecular oxygen, are able to quench these 

states via electronic energy transfer. This process, on turn, reflects in 
the formation of an excited state of the quencher.

Regarding the photosensitized reactions that involve oxygen they 
have been divided into Type I and Type oxidation [54]. The reaction 
pathway depends on the properties of the sensitizer, Type I under
goes photoinduced electron transfer with formation of O2

•− and HO•. 
The Type II photoprocess involves, instead, the energy transfer from 
the sensitizer to oxygen in the ground triplet state, 3O2 (Fig. 3).

Understanding the ROS formation in carbon dots

Understanding the chemical and physical mechanisms under
lying ROS generation in C-dots is certainly necessary to accurately 
design the functional properties. One of the major difficulties is re
lated to the exact knowledge of the structure, which is formed by the 
core and functional groups. majority of the studies have focused on 

Fig. 1. Schematic drawing of the different structures of carbon dots: Graphene quantum dots (GQD), Carbon quantum dots (CQD), Carbon nanodots (CND) and Carbon polymer 
dots (CPD).
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the most common ROS, namely singlet oxygen, hydroxyl radicals, 
and the superanion radicals. The comparative analysis of the results 
published so far, although it does not allow reconstructing a general 
picture, nevertheless shows some salient features. One of these is 
that the generation of radicals by C-dots is highly structure-depen
dent and very specific. Therefore, only in limited cases a particular C- 
dot generates all the different types of ROS. The mechanisms of ra
dical generation are, in fact, different, and this requires designing 
and synthesizing the C-dot on purpose. Another point to note is that 
most of the published work focuses on GQDs. This type of particle 
has the advantage of having a structure that is easier to characterize 
and model.

The mechanism of ROS generation

The photostimulated generation [51] of 1O2 in carbon based na
nomaterials is well documented for different nanostructures, in 

particular fullerenes [55,56], graphene [57–59] and carbon nano
tubes [60]. The carbon nanomaterials work as sensitizers for the 
production of singlet oxygen that finds applications in nanomedi
cine, in particular photodynamic therapy [61].

Some C-dots, may act as photosensitizers by promoting ground 
state electrons into an excited singlet state. that undergoes inter
system crossing (ISC) to a more stable excited triplet state via an 
energy transfer process to oxygen molecules. The whole process, 
indeed, results in the formation of excited oxygen in singlet state 1O2 

that, as we have seen, is extremely reactive due to the spin pairing of 
the two electrons in the π * antibonding orbitals (Fig. 2). Fig. 4.

GQDs produced with polythiophene as a precursor, however, 
have been linked to a distinct multistate photosensitization me
chanism [62]. In conventional sensitizers for photodynamic therapy, 
such as porphyrines [63] and phtalocyanines [64], 1O2 is generated 
by energy transfer from the excited triplet state of the sensitiser (T1) 
to 3O2. In these systems the singlet oxygen quantum yield (QY), 
defined as the number of 1O2 generated per single photon, is gen
erally lower than ∼1. In the GQDs prepared from polythiophene via 
hydrothermal synthesis, the QY shows a value beyond 1 up to ∼1.3 
that can be explained only if a new excitation mechanism is occur
ring. Because the calculated energy gaps, ground state (S0) - excited 
singlet state (S1), and ground state (S0) - excited triplet state (T1), in 
CQDs are both larger than the energy of formation of 1O2, a multistep 
mechanism has been used to explain the high quantum yield (Fig. 5).

The energy transfer to 3O2 to give 1O2 can happen through two 
different decay pathways. The first “conventional” one, via energy 
transfer from the excited triplet state, T1, to the ground state S0 (Eq. 
1). In this stage, the energy transfer to 3O2 is allowed even if the 
transition from the excited singlet state, S1, to T1, is in general a non- 
radiative process and the energy transfer should not occur.  

T1 + O2 (3Σ
g

-) → S0 + O2 (1Δg)                                                   (4) 

Fig. 2. a) The molecular oxygen electronic configuration. b) The electronic configuration of the antibonding orbitals excited states in molecular oxygen. c) Potential energy curves 
of the three lowest electronic states of O2. 
Reproduced with permission from ref. [51]

Fig. 3. Schematic of the photophysical processes indicated as Type I (energy transfer 
to oxygen in the ground state) and Type II (electron transfer to oxygen in the ground 
state).
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In the second one the energy is transferred, instead, from the 
excited singlet state, S1, to triplet excited state, T1:  

S1 + O2 (3Σ
g

-) → T1 + O2 (1Δg)                                                   (5) 

Both the energy gaps, ΔET1-S0 and ΔES1-T1 are large enough, 
suggest the authors, to allow the excitation of 3O2. In this way the 
energy transfer to 3O2 can happen during the decay from the excited 
singlet state to the triplet excited state and during the decay to the 
ground state, increasing the QY of 1O2 and explaining the 1O2 larger 
than one.

The GQDs derived from phthalocyanines do not emit any ROS 
species in the dark, while when excited with visible light (568 nm) 
generates 1O2. The GQDs are able to absorb visible light in the 
400–700 nm range and exhibit an emission peaking at 680 nm in the 
deep red.

C-dots prepared via solvothermal reaction of citric acid and 1,5- 
diaminenaphtalene generate 1O2 upon activation by visible light[65]. 
The absorption of a 1O2 quencher, 1,3-diphenylisobenzofuran, is re
duced when the solution containing the C-dots is irradiated by a 
laser light at 532 nm. The data show a 32% reduction of the 1,3-di
phenylisobenzofuran absorbance at 410 nm after 22 min, which 
suggests a moderate formation of singlet oxygen. This property has 
been exploited for in vitro antibacterial photodynamic inactivation. 
The generation of ROS upon irradiation by visible light in this type of 
C-dots is limited to 1O2 while O2

•− or •OH do not form.
The two previous examples show that the capability of C-dots to 

generate ROS depends on the different photoreaction pathways. The 
dots that exhibit an efficient energy transfer to 3O2 not necessarily 
have at the same time the capability of transferring electrons. The 
two phenomena are well distinct and depend on the C-dots 

structure and composition. In some cases, multiple formation of 
different ROS is, however, also observed. At the same time, as a 
function of the excitation energy levels, different mechanisms of 
energy transfer are also possible. They will be briefly analyzed and 
discussed in the next paragraphs.

Doping with nitrogen is one of the most widely used methods to 
modify the properties of C-dots and has also been applied to increase 
the 1O2 generating capability.

N-doping effect on ROS generation

One of the most common methods for modulating the properties 
of C-dots is nitrogen doping, which has also been used to boost the 
ability to generate 1O2 [66–69]. Several precursors containing ni
trogen, such as ethylenediamine [70,71], urea or 1,5-diamine
naphthalene, have been employed in the synthesis of C-dots to 
incorporate nitrogen atoms. Furthermore, the presence of N is often 
accompanied with the formation of oxygen functional groups that 
also modify the material properties.

N-doping creates different types of chemical bonding within the 
graphene layers in GQDs: graphitic-N located at the core or edge sites 
(N is interconnected with three C atoms at the core or two carbon 
atoms at edge sites of graphene-like structures); pyridinic-N (N in
terconnected with two C atoms at the edge); pyrrolic-N (N inter
connected with two p electrons and conjugated to a π bonding 
system); edge and surface amines (Fig. 6).

Because different N-sites would develop to various degrees, it is 
challenging to control. In general, higher N contents shift to red both 
the absorption and emission, while also the electronic properties 
change with respect to the undoped carbon dots. Computational 
modelling has demonstrated that graphitic-N sites cause red-shift 

Fig. 4. Generation of singlet oxygen through a photosensitizer. 

Fig. 5. Schematic illustration of the 1O2 generation mechanisms by conventional photodynamic therapy agents (left) and GQDs (right). Redrawn from ref. 62. 
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because they narrow the HOMO-LUMO energy gap by filling the 
unoccupied π * orbitals of a conjugated system with the excess 
electrons [72]. On the other hand, pyrrolic and pyridinic-N sites vice 
versa cause a blue shift; the opposite response of the different N- 
sites indicates that the position of the nitrogen atoms within the 
graphenic structure is a key parameter to take into account.

A systematic investigation on the effect of the different N-sites in 
GQDs to generate ROS has been done by Wu et al. [73]. A first finding 
is that the generation of ROS from GQDs prepared by citric acid and 
ethylenediamine using a hydrothermal route depends on the 
amount on N sites and it has a peculiar trend. Samples prepared with 
increasing amounts of ethylenediamine, the source of nitrogen, ex
hibit a higher fluorescence quantum yield and a larger decay time 
that increase in accordance with the N content (Table 1).

The photosensitization effect, however, is not linear and shows a 
maximum at a specific composition (Fig. 7) (citric acid: ethylene
diamine = 1: 1, in molar ratio). The N-pyridinic species increases 
when ethylenediamine concentration rises, whereas the N-pyrrolic 
and N-graphitic species decrease. The maximum production of ROS, 
therefore, corresponds to the highest content in pyrrolic-N and 
graphitic-N sites and a minimum in pyridinic-N sites. The variations 
in N-sites accurately represent the GQDs' capacity to produce ROS, 
particularly 1O2 and O2

.-, without actually producing any .OH. The 
authors have performed some theoretical calculations, using sim
plified models of N-CDs based on coronene and pyrene-like struc
tures.

The computations have demonstrated that the graphitic-N sites 
in both coronene and pyrene-like N-doped structures exhibit the 
lowest energy difference between the excited singlet state and the 
excited triplet (ΔEST) state (Table 2). The decrease in ΔEST, and 
HOMO-LUMO band gap causes an optical red shift that results in a 
higher photosensitization because a smaller band gap favours the 
ISC and the activation of the triplet state. The data of the ΔEST si
mulation show, however, that while graphitic-N sites reduce the gap, 
pyrrolic-N produces the opposite effect.

The experimental photosensitization efficiency of the N-doped C- 
dots is correlated also with the pyrrolic-N sites. The singlet oxygen 
generation depends not only by the energy transfer from its triplet 
excited state to O2 but also on the interaction between the photo
sensitizer and the molecular oxygen. The same authors have used 
again the coronene-pyrene N-site model to obtain theoretical values 
of oxygen adsorption on the different structures (Table 2). A thermal 
treatment of the CDs changes the relative content of N-sites, with a 
decrease of pyridine-N and a rise of graphitic and pyrrolic-N 

(Table 2). The oxygen sensitization capability increases in ac
cordance and samples with the highest content of graphitic and 
pyrrolic N-sites have also the highest efficiency. The adsorption en
ergy of oxygen on different nitrogen doping structures follows the 
order: pyrrolic N  >  pyridinic N  >  graphitic N.

Another experimental observation is that the pyrrolic and gra
phitic N-sites act as electron donating groups and favour the elec
tron transfer to the adsorbed 3O2 to form O2

.-. The citric acid – 
ethylenediamine dots, therefore, generate not only singlet oxygen 
but also superoxide anions (Fig. 7). As we have seen, the formation of 
singlet oxygen is a process involving an energy transfer, while O2

.- 

should form via electron transfer.  

3O2 + (hν + CQD*) (energy transfer) → 1O2 (singlet oxygen)            

3O2 + (hν + CQD*) (electronic transfer) → O2
·- (superoxide anions)                                                                                                  

This suggests that the presence of pyrrolic-N sites favours the 
oxygen adsorption and the following electron transfer.

Another example of C-dots that only generate 1O2 are the CQDs, 
still prepared from citric acid and 1,5-diaminenaphtalene via sol
vothermal synthesis, which absorb in the 200 – 350 nm range and do 
not form O2

•− and •OH [74].

Doping C-dots with heteroatoms besides N

Another experimental observation is that doping the C-dots with 
highly electronegative atoms, such as Cl, promotes the energy 
transfer to O2 increasing the GQD activity as oxidant [75]. The energy 
transfer happens in the “classic” way from the excited triplet state of 
Cl doped GQDs to the ground-state oxygen. The same sample does 
not produce O2

•− or •OH under irradiation while if not illuminated 
behaves as radical scavenger (vide infra). A comparison with the 
undoped GQDs shows that the presence of Cl atoms increases three 
times the capability of forming 1O2. It has been also observed that a 
higher content of Cl favours the formation of defects, in particular 
carboxylic and carbonyl groups (vide infra) that in GQDs have been 
associated to a higher ROS generation capability.

Enhanced 1O2 generation has been also observed in red emissive 
carbon dots synthesised using methylene blue as carbon source and 
KH2PO4 to modify the graphenic structure adding P heteroatoms 
[76]. The P doped C-dots have a longer excited triplet lifetime with 
respect to reference dots prepared using only methylene blue and 
have a singlet oxygen quantum yield of 0.91. The long lifetime, 
1.76 μs, which gives more time to interact with 3O2, is considered the 
cause of the efficient 1O2 generation.

The role of surface functional groups on ROS generation

Addressing an effective design of C-dots with ROS generation 
capability requires a fundamental understanding of the role of 
oxygen functional groups (OFGs) on the surface of carbon dots. OFGs 
play an active role in catalyzing several reactions, as they do in many 
carbon-based materials. Qu et al. [77,78] have carried out an in- 
depth investigation into the role of various OFGs on the surface of 
GQDs. They have identified three OFGs on the surface of GQDs, ke
tonic carbonyls (-C]O), hydroxyl (-C-OH) and carboxyl groups 
(O]C-O-) (Fig. 8). Each one of these groups has been correlated to a 
specific catalytic function: active sites for the decomposition of H2O2 

and generation of hydroxyl radicals (-C]O), substrate binding sites 
(-C-OH) and inhibiting sites of the reaction (O]C-O-) [79]. A se
lective removal of these oxygen functional groups has allowed to 
identify the more active sites in the generation of ROS, upon irra
diation with blue light (450 nm). The ketonic groups are the most 
effective in forming radical species. In general, a removal of the 

Fig. 6. Common types of N-doping/functionalization in N-doped C-dots. 
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oxygen functional groups, obtained by a chemical reduction of the 
GQDs, reduces the ROS production and, therefore, the photoinduced 
cytotoxic effect of the nanoparticles [80].

The preferential removal of OFGs can be used for the synthesis of 
GQDs enriched in one of the species. These findings have been used 
to design “nanozymes” that mimic the enzyme activity. The ability of 
C-dots of scavenging different types of radicals has been applied to 
extend their conceptual use as artificial nanozymes [81–83]. The 
importance of the OFGs as key elements to design the ROS activity 
has been confirmed by CQDs synthesised in autoclave using p-phe
nylenediamine and ethylenediamine as precursors [84]. The dots 
have a graphitic core, a spherical and dimension around 2.7 nm.

Fig. 7. a) Integrated EPR area of 1O2 and •O2 from five N-CDs prepared with different citric acid/ethylenediamine molar ratios. b) Changes in the content of the nitrogen doping 
types as a function of precursor (citric acid/ethylenediamine) molar ratios. c) Changes in the content of nitrogen doping types for CDs treated at different temperatures. d) Oxygen 
photosensitization of CDs treated at different temperatures in aqueous solution (10 μg mL−1) under 365 nm LED irradiation. 
Rearranged with permission from ref. [73].

Table 2 
N content, fluorescence quantum yield (QY), and fluorescence lifetime of N-doped CDs 
synthesised using citric acid and ethylenediamine. 73. 
Source:Redrawn with permission from ref.

Fluorescence properties
Citric acid/ 
ethylenediamine 
(molar ratio)

Nitrogen 
content (%)

Fluorescence 
quantum 
yield (%)

Average 
lifetime (ns)

1: 0.25 5.4 20.38 8.4
1: 05 9.4 29.87 9.6
1: 1 10.7 50.14 13.4
1: 1.5 13.3 79.82 14.8
1: 3 16.0 57.23 14.9
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Ultrasound generation of ROS

Another interesting experimental observation is that ROS can be 
generated by ultrasound irradiation of C-dots [85]. These dots find 
their field of application in sonodynamic therapy (SDT), which is 
based on the ROS emission upon low-intensity ultrasound stimula
tion [86]. The C-dots act as sonosensitizers to generate ROS that can 
induce tumour cell apoptosis.

One example of sonosensitizer C-dots for ROS generation are the 
dots prepared via a solvothermal route using copper(II) acet
ylacetonate (Cu(acac)2), molybdenum dichloride dioxide (MoO2Cl2), 
and IR-780 iodide as precursors. The copper ions (Cu+/Cu2+) show a 
significant enhancement (about 160 times) of the reaction rate with 
respect to the iron redox couple (F2+/Fe3+) used in Fenton reactions, 
while molybdenum (Mo4+/Mo6+) promotes the formation of O2

•−. 
The as-prepared hybrid CDs exhibited near-infrared (NIR) emission 
and the capability of generating 1O2 and O2

•− when irradiated by 
ultrasounds. The structure of the dots has been described as a car
bonaceous core formed by IR-780 and Mo and Cu oxide nanos
tructures. Interestingly, the presence of Mo, or Mo/Cu enhances only 
the generation of OH and O2

•− species, while the C-dots prepared 
from IR-780 alone are better generators of 1O2.

Another example is the C-dot synthesized by Shen and collea
gues, which resulted in NIR-phosphorescent nanoparticles identified 

as bipolar quantum dots with both p- and n-type surface functio
nalization regions [87]. The p–n-CD material has been obtained via 
microwave synthesis at 200 °C using of a NIR-phosphorescent dye, 
indocyanine green, containing sulfonic (SO3ˉ) acceptors and pyrrolic/ 
graphitic N donators from branched polyethylenimine (Fig. 9). For 
comparison, p- and n-type C-dots have been prepared using only 
indocyanine green and 1,3,6-trinitropyrene in combination with 
branched polyethylenimine, respectively. The different syntheses 
produces C-dots whose surface is modified with SO3ˉ acceptors 
(8.1 at%), pyrrolic N (7.3 at%), and graphitic N (2.5 at%) donators (p-n- 
C-dots), donators while the p-CDs, surface is rich of SO3ˉ acceptors 
and that of n-CDs in pyrrolic and graphitic N donators. The various 
dots are characterized by different energy bands, with the p-n-CDs 
the narrowest one; they also exhibit the highest ultrasound stimu
lated ROS emission. The combination of long lifetime of the excited 
triplet state and the inhibition of the e−–h+ pair recombination given 
by the p–n junction has been considered at the ground of the effi
cient 1O2 generation stimulated via ultrasounds.

Design of ROS emitting C-dots

The previous discussion and the reported experimental cases 
allow making some critical considerations about the generation of 
ROS from C-dots. The data, even if not exhaustive, show that several 

Fig. 8. Preferential removal of oxygen functional groups in GQDs to control the generation of ROS. See ref. 80. 

Fig. 9. Left. NIR infrared emitting C-dots prepared using indocyanine green (p-CDs), 1,3,6-trinitropyrene and branched polyethylenimine (BPEI) (n-CDs) and indocyanine green in 
combination with branched polyethylenimine (p-n-CDs). Right. Schematic illustration of the energy-band diagrams of the p-CDs, n-CDs, and p–n-CDs. 
Rearranged with permission from ref. [87].
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parameters affect the design of the carbon nanoparticles as ROS 
generators. It should also be recognized that some of the C-dots emit 
ROS under UV light stimulation, other when irradiated in the visible 
range. Applications for photodynamic therapy clearly require photo- 
stimulated ROS emission by visible and near-infrared light. This is a 
design parameter that has to be carefully considered, some C-dots 
appear to be excellent ROS generators but only upon stimulation by 
UV light, which is a limitation for most of the potential applications. 
It should be also noticed that while the C-dots can generate singlet 
oxygen not always this is accompanied by the capability of gen
erating •OH and O2

•−. The radical species and the singlet oxygen are 
formed via two different mechanisms, as we have seen, and if a 
specific C-dot is able to transfer energy to molecular oxygen in the 
ground state, not necessarily is capable of electronic transfer. 
Another important observation is that the ROS generation property 
is a combination of several factors, a summary of the most important 
is the following: 

1. Lifetime in the triplet excited state. Higher lifetimes favour in 
principle the energy transfer to 3O2, however, the experimental 
data show also that other parameters are more effective to induce 
ROS generation.

2. ΔEST. A smaller singlet-triplet energy gap, ΔEST, favours inter
system crossing and ROS generation. This property can be tuned 
via doping with specific N-sites.

3. Oxygen absorption. A better absorption capability of 3O2 by the C- 
dots promotes the energy and electron transfer for ROS genera
tion via Type I and Type II photoreactions.

4. Oxygen functional groups. The ROS generation is also dependent 
on the presence on the surface different types of oxygen func
tional groups. Ketonic carbonyl groups promote the generation of 
hydroxy radicals.

5. Doping the C-dots with heteroatoms. Electronegative atoms, such 
as Cl, promotes the energy transfer to O2.

The previous summary can be used to address the proper design 
of C-dots with the capability of generating ROS (Fig. 10).

It shows what are the main parameters affecting the ROS gen
eration capability from C-dots, but much care has to be done in a 
comparative evaluation of the performances, because only few 
works report the singlet oxygen quantum yield, and this is measured 
using different methods with a potentially high experimental error. 
It has also to be considered that other factors are not in general 
considered, for instance, the effect of the dimension and shape is 
seldom evaluated. Basically, every synthesis produces C-dots with a 
variety of structures and properties, and even small changes give 
different nanomaterials.

Radical scavenging properties

Besides carbon dots, carbon-based nanomaterials include a wide 
variety of nanostructures such as fullerenes, nanodiamonds, nano
tubes, and graphene. These materials share with C-dots the cap
ability to act as radical scavengers under some conditions. Fullerenes 
and fullerene derivatives are well known for their ability to scavenge 
free radicals through the combination of two separate mechanisms: 
electronic transfer and adduct formation [88,89]. Carbon nanotubes 
[90,91] and functionalized graphene [92,93] have also shown a sig
nificant radical scavenging activity.

In general, different mechanisms are responsible for radical 
scavenging, alone or in synergy: 

1. Hydrogen transfer from surface functional groups.
2. Electron transfer mechanism (ETM). ETM can be explained and 

visualized through a donator acceptor map (DAM) [94] that in
dicates whether a molecule is a good electron donor or ac
ceptor [95].

3. Formation of radical adducts at sp2 carbon sites. The presence of 
sp2 rich domains favours the formation of adducts with the ra
dical species [96]. They delocalize the electrons in the conjugated 
graphene-like regions and eliminate the radicals by forming a 
second adduct.

Antioxidants are divided into enzymatic, such as superoxide 
dismutase, catalase, peroxidase, ascorbate peroxidase, etc., and 
nonenzymatic as polyphenol, phenolic acids, flavonoids and ascorbic 
acid [97]. C-dots fall into the nonenzymatic radical scavengers.

C-dots show a large variability regarding their radical scavenging 
activity that changes with composition and structure. They exhibit 
also performances that are depending on the type of radicals; for 
this reason, the section dedicated to the radical scavenging activity 
has been discussed considering the response as a function of the 
different radicals and the peculiar class of C-dots.

Scavengers of reactive nitrogen species

Nitrogen reactive species scavenging by carbon nanodots (CNDs)
Radical scavenging of nitrogen reactive species has been ob

served in different carbon nanomaterials [98,99]. In particular, C- 
dots have an experimental reported antiradical activity towards re
active nitrogen species (RNS), NO. and NO2

., which can interfere with 
the cellular activity. The scavenging activity is evaluated by mea
suring the radical content in solutions containing the dots with re
spect to a control without. The standard molecule employed for this 
purpose is 1,1-Diphenyl-2-picrylhydrazyl radical (DPPH•), (Fig. 11) a 
stable, nitrogen-centered free radical [100] whose nitrogen has two 
lone-pair electrons surrounded by three benzene rings. DPPH•, be
cause of its electronic configuration, easily accepts an H• radical to 
form the stable diamagnetic DPPH-H complex.

DPPH• is employed to test the scavenging properties by mea
suring the attenuation in the Electronic Spin Resonance (ESR) signal 
generated by a free radical in presence of the dots. The scavenging 
works via donation of a hydrogen atom or even electron transfer.

Besides ESR is also possible to use a simpler detection method 
based on UV-Vis spectroscopy and DPPH•. DPPH•, in fact, in a me
thanolic solution absorbs in the visible region with a maximum 
peaking around 517 nm. The solution loses its coloration with the 
increase in concentration of antioxidant C-dots; the decrease of the 
absorption band allows evaluating the scavenging activity [101].

The method has been widely applied for the C-dots and several 
examples have been reported for samples prepared from natural 
products. For instance, S and N doped C-dots prepared via hydro
thermal synthesis at 200 °C using garlic as natural precursor have a 
scavenging activity towards RNS [102]. The authors, however, do not 

Fig. 10. A schematic description of the main factors affecting the capability of a C-dot 
to generate ROS.
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give the composition of the garlic neither specify the type and origin 
making reproducibility of the process highly questionable while also 
the mechanism of action is not described in detail. The C-dots are 
able to quench the RNS within a couple of minutes showing also a 
dose dependence (Fig. 12).

Several works have been dedicated to directly synthesizing C- 
dots from natural products; however, most of these works lack ex
perimental details that are critical for reproducibility and char
acterization of the material. While the scavenging properties are 
generally well described, a thorough analysis and description of the 
mechanism is rarely reported or does not have the support of spe
cific experiments. Scavenging activity to RNS has been reported for 
C-dots synthesised from: date melassa [103], Thymus vulgaris [104], 
natural extracts such as lutein [105], coriander leaves [106], green 
tea leaves [107] and grape pomasse [107], to cite some.

A comparison of these works shows that, in general, the emission 
is excitation dependent and confined in the blue. A strong depen
dence on the concentration is also observed. A comparison of EC50 
values (half maximal effective concentration) (Table 3), which ex
press the amount of antioxidant required to inhibit radicals by 50%, 
reveals that C-dots generally underperform when compared to 
standard antioxidants used as references, such as Ascorbic acid or 
Vitamin E. This is also related to the inherent difficulty of the 
synthesis; achieving precise control of the surface that governs the 

antioxidant properties is a hard task. In general, the published works 
do not yet allow for a thorough understanding of the process. 
Table 4.

An explanation for the possible mechanism of radical scavenging 
is connected to hydrogen transfer from C-dot surface groups to 
DPPH.. The presence of carboxyls (-COOH), hydroxyls (-OH) and 
amino (-NH2, -NH) groups allows the hydrogen transfer and the 
reduction of DPPH. to DPPH-H. The unpaired electrons on the C-dot 
surface can be delocalized by resonance within the aromatic do
mains or through chemical bond rearrangement (Fig. 13). Blue 
fluorescence of C-dots, on the other hand, is quenched by an electron 
transfer mechanism in which nitroxide radicals act as electron ac
ceptors.

Nitrogen reactive species scavenging by graphene quantum dots
Graphene quantum dots (GQDs) have also been exploited as 

potential radical scavenger of nitrogen reactive species [108]. The 
presence of sp2 bonds and unpaired electrons should favour the 
radical scavenging activity and this has been tested by ESR (Fig. 14). 
Even in this class of C-dots there is a large variability in the RNS 
scavenging performances that depend on the synthesis method. 
GQDs, prepared from graphite via acidic exfoliation and fragmen
tation, quench the RNS even if the EC50 is around 150 μg mL−1.

A significant improvement of the radical scavenging activity is 
observed in C-dots doped with non-metallic heteroatoms such as 
Mn and P [109]. The doped C-dots show an EC50 value of 6.55 μg 
mL−1, which is close to that one measured for the standard ascorbic 
acid, 4.03 μg mL−1. Still in the best case the C-dots appear to under
perform in comparison to standard RNS scavengers. Even C-dots 
preparing using ascorbic acid do not show a better performance in 
terms of RNS scavenging activity [110]. C-dots synthesised in hy
drothermal conditions from resorcinol and ascorbic acid have a EC50 
around 50 μg mL−1. Similar values, around 40 μg mL−1, have been 
obtained for C-dots doped with Selenium [111].

Fig. 11. 1,1-Diphenyl-2-picrylhydrazyl radical (DPPH•) and its reaction with R radicals 
(H•, alkyl radicals, etc.).

Fig. 12. Scavenging of DPPH radical. (a) Scavenging of DPPH radicals as a function of time in the presence of 20 μg mL−1 C-dots. (b) Absorbance titration spectra of DPPH upon 
gradual addition of C-dots from 0 to 200 μg mL−1. Scavenging of DPPH. radicals as a function of (c) Scavenging of DPPH. radicals as a function of C-dots concentration. Reproduced 
with permission from ref. 102.

Table 3 
Calculation of the singlet excited (S1) – triplet excited (T1) energy gap (in eV and kJ mol−1), and adsorption energy of oxygen (Eads in eV) in graphitic-N, pyridinic-N and pyrene-N 
structures (inset in the table), using a coronene or pyrene model. Data from ref. 73. 

Graphitic-N Pyridinic-N Pyrene-N

Coronene model S1 → T1 

0.524 eV 
50.5 kJ mol−1 

Eads = −1.4768 eV

S1 → T1 

0.649 eV 
62.6 kJ mol−1 

Eads = −1.2690 eV

S1 → T1 

0.794 eV 
76.6 kJ mol−1 

Eads = 0.1899 eV
Pyrene 

model
S1 → T1 

0.598 eV 
57.7 kJ mol−1 

Eads = −1.3634 eV

S1 → T1 

1.051 eV 
101.4 kJ mol−1 

Eads = −1.1342 eV

S1 → T1 

1.175 eV 
113.4 kJ mol−1 

Eads = 0.0792 eV
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The effect of doping on RNS has been also evaluated comparing 
GQDs, N-doped GQDs and GQDs doped with dual heteroatoms, S and 
N [112]. Only the sample doped with N shows a detectable RNS 
activity, but still much lower in comparison to Vitamin C, with and 
EC50 = 129 μg mL−1. Doping with dual heteroatoms, N and S, quen
ches instead the RNS scavenging activity. Multiple doping with N, S 
and P atoms does not also improve the RNS scavenging (EC50 = 
197 μg mL−1) [113].

The anti-oxidant properties of graphene, which have been found 
to be dependent on its structure, provide some insights about the 
mechanism that is responsible for scavenging. The radical scaven
ging activity of graphene oxide (GO), reduced graphene oxide (rGO), 
and few-layer graphene (FLG) against RNS, changes according to the 
structure [114]. Fig. 15a shows the RNS antioxidant response of GO, 
with respect to some reference molecules included the fullerene 
derivative pyrrolidine (FDP) that is a commercially available and 
water-soluble fullerene derivative with anti-oxidant properties. GO 
shows only a moderate antioxidant activity with around 15% radical 
reduction. Acid ascorbic and fullerene derivatives have, instead, a 

much more effective radical scavenging activity with around 60% 
reduction (Fig. 15b).

GO shows, therefore, a weak activity toward DPPH. in comparison 
to reference antioxidants and FDP. Because scavenging of DPPH. 

generally, occurs via hydrogen donation, the weak GO response in
dicates that is a poor H donor. This is not very surprising because of 
the relatively high hydroxy content in GO. The hydrogen transfer 
from a generic molecule M, which is a hydrogen donor, goes 
through:  

MH + R· → RH + M·,                                                                    

where the new radical M. is enough stable to stop the free-radical 
chain reaction. In GO, however, is present a low number of phenolic 
OH groups. In fact, several antioxidants are phenolic compounds, 
whose radicals are stabilized by resonance structures. In this con
figuration the unpaired electrons can reside on the oxygen atom, or 
on ortho or para carbons on the adjacent aromatic ring. In GO most 
of the hydroxyls should be located out-of-plane with respect to the 

Table 4 
Nitrogen reactive species scavenging activity by carbon nanodots. 

Precursor Synthesis Structure Dimension Emission / EC (50) Reference

Natural garlic 
(composition and origin 
unknown)

Hydrothermal – 200 °C Graphitic. d002 = 0.35 nm graphitic 
plane. N and S doped

10.7 average size 
(by TEM)

Blue (λem = 440 nm) 
EC(50) = 80 μg mL−1

[92]

Date melassa 
(composition and origin 
unknown)

Hydrothermal – 200 °C Graphitic + C8 
(perfluorooctanoic acid)

5.7 average size 
(by TEM)

Blue (λem = 480 nm) 
EC(50) = 40 μg mL−1

[93]

Lutein 
(natural plant extract)  
+ ethylenediamine

Hydrothermal – 
140 °C

Not specified 40 nm average 
size 
(by LS)

Blue (λem = 460 nm) 
-

[95]

Thymus vulgaris L. 
(composition and origin 
unknown)

Hydrothermal – 200 °C Not specified 8 nm average size 
(by TEM)

Blue (λem = 420 nm) 
EC(50) = 23 μg mL−1

[90]

Green tea leaves 
(commercial company)

Carbonization 
200 °C

Amorphous + 
graphite. Lattice space 0.19.

4 nm average size 
(by TEM)

Blue (λem = 430 nm) 
EC(50) = 50 μg mL−1

[97]

Grape pomace Hydrothermal – 
180 °C 
Oven 180 °C

Amorphous 3.5 nm average 
size 
(by TEM)

Blue (λem = 430 nm) 
Blue (λem = 440 nm) 
EC(50) = 15 μg mL−1

[97]

Coriander leaves 
(composition and origin 
unknown)

Hydrothermal – 240 °C Amorphous 2.4 nm average 
size 
(by TEM)

Blue (λem = 400–510 nm) 
EC(50) = 75 μg mL−1

[96]

Precursor Synthesis Structure Dimension Emission Reference
Glutathione + citric acid Hydrothermal – 180 °C Amorphous 6 nm (by TEM) Blue (λem = 418 nm) 

EC(50) = 175 μg mL−1
[107]

p-phenylenediamine 
Phosporic acid 
Mn(OAC)2

Microwave Crystalline, d001 = 0.21 and 0.25 nm 6.5 nm (by LS) Red (λem = 600 nm) 
EC(50) = 6.55 μg mL−1

[99]

Resorcinol + Ascorbic acid Hydrothermal 200 °C Crystalline, d001 = 0.21 ∼ 3 nm (by TEM) Blue (λem = 440 nm) 
EC(50) ∼ 50 μg mL−1

[100]

Selenocystine Internal circulation rotating 
packed bed

Amorphous 2 nm (by TEM) Blue (λem = 490 nm) 
EC(50) ∼ 40 μg mL−1

[113]

Graphite – γ irradiation 
N and/or S doping

Graphite electrode Crystalline, d1120 = 0.21 nm 5.8–21 nm 
7.0–17.6 nm 
(by TEM)

- 
EC50 = 129 μg mL−1

[102]

Graphite Fragmentation of graphite by 
acids (GQDs)

Not reported 3–6 nm (by TEM) Not reported [98]

Carbon black (GQDv) 
Pyrene (GQDp) 
Glucose (GQDg)

Oxidative exfoliation 
Hydrothermal 
Hydrothermal 
(GQDs)

graphene 2.8 (lat) – 1.0 (h) 
nm 
2.7 (lat) – 1.5 (h) 
nm 
2.2 (lat) – 2.2 
(h) nm

530 nm (GQDv) 
490 nm (GQDp) 
395 nm (GQDg)

[106]

Branched polyethylenimine 
cysteine 
phosphoric acid crystals 
N, P, S doping

Hydrothermal – 180 °C Not reported 2.2–5.6 nm 
by TEM

- 
EC(50) = 197 μg mL−1

[103]

Sucralose 
Cl doping(GQDs)

Electrochemical method Crystalline, d1120 = 0.24 nm ∼ 2 nm by TEM 
(deduced by 
image)

430 nm 
- 
Dual property 
Oxidant - antioxidant

[65]
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basal sites. The oxidation of the C]C double bond is reflected in the 
formation of sp3 sites that lack of the adjacent conjugated structure 
that stabilizes the radical resonant electron. In GO, the phenolic OH 
groups are expected to be found only at the structure edges and not 
in the basal plan, reducing, therefore, the proton donor capability of 
the graphene oxide structure.

A direct demonstration of the primary role played by phenolic 
groups as active sites for proton transfer has been obtained by re
ducing a CQD that after the synthesis is rich in OFGs (C]O, C-OH, 
and COOH). The reduction by NaBH4 succeeds in converting C]O to 
C-OH creating phenol-like groups in the dot [115]. Even though the 
carboxyl groups and the total oxygen are unaffected by the 

Fig. 13. Mechanism of DPPH. reduction by antioxidant C-dots in aqueous media. 

Fig. 14. a) ESR spectra of DPPH• of samples containing 0.1 mM DPPH•, 10 mM PBS buffer (pH 7.27), and different concentrations of GQDs. Data were recorded 5 min after 
incubation. (b) Effect of GQD concentration on their DPPH•-scavenging activity. 
Reproduced with permission from ref. [108].

Fig. 15. a) Radical scavenging activity (RSA) vs.concentration calculated from the UV-Vis spectra of DPPH. andmixtures of DPPH. with different concentrations of GQDs,GQDs-U 
(GQDs prepared with urea and GQDs-TU (GQDs prepared with urea andthiourea). Vitamin C was used as a standard. Reproduced with permission fromref. 113. b). Interaction of 
grapheneoxide and reference antioxidants (100 pm) with the model stable free radicals DPPH 
Reproduced with permission from ref. [115]
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reduction, around 75% of the OFGs change to C-OH during the pro
cess. In contrast to GQDs still containing carboxylic species, the 
DPPH. test revealed that substantial amounts of phenol-like groups 
improve the radical scavenging action. Theoretical calculations have 
also revealed the importance of adjacent oxygenated groups to 
modulate the OH bond dissociation energy of phenol-like groups. 
Furthermore, the proton donor activity of the phenol-like species 
can be reduced by the presence of close carbonyl groups. This im
plies that, as a general strategy, effective antioxidant CQDs should be 
rich in phenolic groups while avoiding or limiting the presence of 
carbonyl groups.

The main issue in evaluating C-dot performances as radical sca
vengers is the experimental limitations in defining the exact com
position in terms of structure and surface. GQDs have an inherent 
advantage in this regard because their structure is entirely gra
phenic, even if surface and edge groups play an important role. In 
GQDs, a more effective structure-property comparative evaluation is 
possible. This is exactly what has been done by Ruiz et al. who 
compared the antioxidant activity of GQDs prepared in different 
ways and whose structure has been carefully characterized [116]. 
Three different types if GQDs have been prepared, one from oxida
tive exfoliation of carbon black nanoparticles (GQDv), another by 
hydrothermal treatment (HT) of glucose in ammonia (GQDg) and a 
third one by HT treatment of pyrene (GQDp). The main findings of 
the work are resumed in the Fig. 16.

The three types of GQDs are characterized by different contents 
of sp2 carbons, with a much higher content in GQDp. The various 
compositions are reflected in a different radical scavenging perfor
mance. GQDp shows a much better capability of radical scavenging 

toward RNS than hydroxyl radicals. It is interesting also to observe 
that all the systems are underperforming as RNS scavengers with 
respect to the standard antioxidant, ascorbic acid (AA), while are 
overperforming in the case of .OH. The better scavenging activity of 
GQDp for nitrogen reactive species is correlated to the presence of 
functional groups at the edge sites, -OH and -NHNH2, combined with 
an extended network of sp2 carbon atoms. The functional groups act 
as hydrogen donors, while the graphenic structure stabilizes and 
delocalizes the free electrons. This property is critical, because 
comparing the scavenging activity with GQDv, which are char
acterized by a large number of OH groups, and GQDg that have 
pyridinic nitrogen, the combination between high content of sp2 

bonds and functional groups is fundamental.
In the case of OH scavenging the formation of radical adducts at sp2 

C sites is the main scavenging mechanism. The higher scavenging 
capability of GQDp can be attributed to their larger sp2 C domains that 
are the main .OH scavengers. They result more effective than functional 
groups containing oxygen as shown by the studies on graphene deri
vatives previously discussed [114]. On the other hand, a .OH scavenging 
activity is also shown by GQDg that have a lower sp2 C content because 
the high N doping level favours the formation of radical adducts and 
the electron transfer. The highly oxidized GQDv, show instead almost 
no radical scavenging capability both for RNS and .OH. This experiment 
gives a good indication how C-dots as radical scavengers should be 
designed. The combined presence of an extended graphenic structure 
with sp2 bonds and edge groups that are proton donors favours GQDs 
as radical scavengers with respect to CNDs.

Another experiment that can also give some indication about the 
design of RNS scavenger carbon dots has been reported by Li et al., 

Fig. 16. GQDs structure identified by XPS (top); Bottom left, DPPH. scavenging assay, radical scavenging activity (RSA) vs. antioxidant concentration; bottom middle, Hydroxyl 
radical scavenging assay, RSA vs. antioxidant concentration; Bottom right, mechanism for antioxidant activity of GQD. 
Rearranged with permission from ref. [116].
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who studied how the oxygen functional groups in GQDs affect the 
antioxidant activity [117]. GQDs with decreasing amount of O, ob
tained by a controlled reduction with a solution of sodium borohy
dride, also show a reduction in the scavenging activity to DPPH. that 
follows a similar trend. This reduction has also been associated with 
the change in the surface oxygen groups that have different anti
oxidant activities for DPPH.; in particular, C-OH and C]O groups are 
more active than C-O-C. The data indicate that the combined prop
erties of being a hydrogen donor together with favouring the for
mation of adducts promote the antioxidant activity (Fig. 17).

Another important effect, with an electronegativity higher than 
carbon. The presence of such heteroatoms increases the sp3 sites and 
the unbalanced distribution of the electronic charge within the 
hexagonal carbon rings, which in turn that on turn facilitates the 
electronic interaction between the dots and the radicals. An example 
is doping of GQDs with Cl, which as a higher electronegativity with 
respect to carbon, 3.16 (Cl) and 2.55 (C) [75]. Composition analysis 
performed on the Cl doped samples by XPS immediately after the 
reaction with DPPH. shows the presence of nitrogen, indicating the 
formation of adducts on the sample surface. XPS also shows that 
most of the C-O bonds reduce while C-Cl bonds disappear, showing 
that the reactive centers for RNS scavenging are oxygen and chlorine. 
The GQDs with the highest content of Cl, have a better electronic 
interaction between with DPPH• and the highest scavenging cap
ability.

Another question to address, which has still to be fully in
vestigated, is if using as precursor a molecular compound with a 
strong antioxidant activity is possible also to obtain C-dots that re
flect such property [118]. The few results about seem to indicate that 
does not exist such direct relationship because during the C-dot 
processing, which generally involves the use of high temperatures 
and chemical reactions in uncontrolled conditions, the molecules 
can undergo to a significant transformation. It is a better strategy to 
focus on understanding which are the critical parameters that affect 
the radical scavenging activity and designing the synthesis ac
cording to.

To resume the previous discussion some indications how to de
sign a GQD which is an effective RNS scavenger, are schematically 
shown in the Fig. 18.

Scavenging of hydroxyl radicals (.OH)

C-dots have shown the capability to scavenge different types of 
radicals, such as hydroxyl and superionic radicals (vide infra). 
Hydroxyl radicals are highly oxidising species that can quickly de
grade several organic molecules; oxidative damage can be induced 

on DNA, lipids and proteins [119]. .OH are one of the main sources of 
oxidative stress in biological systems.

To test the C-dot scavenging activity, the ability of the particles to 
reduce the hydroxyl radicals created on purpose in solution has been 
measured. The main method uses the in situ generation of hydroxyl 
radicals by Fenton reaction based on the oxidation of iron(II) by H2O2 

(Fe2+ + H2O → .OH + OH- + Fe3+). Hydroxyl radicals are also generated 
in solution upon dispersion of TiO2 nanoparticles and irradiation 
with UV light [108]. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) that 
forms the spin adduct DMPO/OH., is used to trap the hydroxyl ra
dicals and quantify the scavenging ability of C-dots by ESR spectra. 
Another optical method is based on evaluating the attenuation in 
presence of the C-dots of a dye bleaching activated by hydroxyl ra
dicals [116] or using the 3,3′,5–5′-tetramethylbenzidine (TMB) ra
dical assay [109].

Scavenging of hydroxyl radicals has been reported for several C- 
dots of different compositions and structures. However, a critical 
comparison is difficult due to the variety of testing procedures and 
the significant variability in C-dot compositions described in the 
literature. The best way to measure how well a radical scavenger 
works is to compare the experimental results to a standard anti
oxidative molecule. The performances of GQD as .OH scavengers, just 
previously discussed, show for the GQDs sample an EC50 of 
7.5 μg mL−1. This value indicates that the GQDs have a radical 
scavenging activity higher than the reference ascorbic acid [116]. 
These performances are better than those reported for CNDs ob
tained from natural products that have a reduced scavenging activity 
for hydroxyls radicals [102,103]. CQDs doped with P3+ and Mn2+ have 
instead a noticeable antioxidant activity with an EC50 = 6.44 μg mL−1 

that is almost comparable to the reference ascorbic acid (EC50 = 
2.17 μg mL−1). An improvement in the OH. scavenging efficiency has 
been observed in P doped GQDs with respect to the undoped sam
ples [120]. On the other hand doping with S, N and P atoms give an 
EC50 = 396 μg mL−1, which supports the fact that the C-dots without 
a rational design, even if they show some radical activity, cannot be 
compared to a single molecule antioxidant that has a well-defined 
structure and composition [113].

It should be noticed that a comparison of the E50 for ascorbic 
acid reported by the different research groups shows a quite large 
variability because standard experimental conditions cannot be ap
plied. A correct comparison can be done only using the same set of 
experimental data of the single research group.

The antioxidant activity of Se [121] has been exploited by several 
research groups to prepare C-dots with free radical scavenging 
capability [122–125]. The antioxidant activity has been tested in 
vitro [122,123] and in vivo [124,125]. The samples have been pre
pared by hydrothermal treatment at 60 °C using selenocystine as the 

Fig. 17. Proposed mechanism for the reaction of GQDs with DPPH. 
Reproduced with permission from ref. [117].

Fig. 18. A schematic description of the main factors affecting the capability of a GQD 
to be a radical scavenger of RNS.

P. Innocenzi and L. Stagi Nano Today 50 (2023) 101837

15



precursor for doping the carbon structure with selenium. The Se- 
dots are CQDs formed by a combined amorphous-crystalline struc
ture with an interlayer spacing similar to bulk graphite. The different 
reports show free radicals activity to .OH, and low toxicity even if the 
performances have not been compared with standard antioxidants. 
Interestingly, Chen and coworkers [123] have simulated the 
scavenging activity of Se-doped C-dots using two models of bi
layered structures composed of four six-membered carbon rings, 
containing a substitutional amount of Se atom. The carbon regions 
are formed by an equally distributed combination of sp2 and sp3 

carbon atoms. The models consider Se doped sp3-C and Se doped 
sp2-C structures (path I and path II in Fig. 19) as radical scavengers. 
The process in path II has a lower potential barrier and is not likely to 
scavenge the hydroxyl radicals.

The Se doped sites are electron donors and become radical sca
vengers by transferring electrons to the radicals, while the hole takes 
part in the transformation of the adducts. The modelling and the 
experiments with Se doped C-dots well support the importance of 
sp2 sites for radical scavenging of C-dots (vide supra). The model 
considers only a small structure of two graphenic layers doped with 
selenium. The real case, however, must still take into account the 
formation on the surface and edges of functional species that 
nevertheless play an important role in radical reduction.

A comparison with the graphene capability of removing the hy
droxyl radicals can give some additional indications about the 
scavenging mechanism [93]. Fig. 20a shows how different graphene 
materials, GO, rGO and FLG (vide supra) work as radical scavengers 
in comparison to other antioxidants (mannitol, pC60 and ascorbic 
acid). The antioxidant activity of graphene follows the order: FLG > 
rGO >  GO. The difference is explained on the ground of the extension 
of the sp2 domains in the graphene structures. The sp2 sites, in fact, 
are considered to be the primary scavenging sites that work via 
adduct formation or electron transfer (Fig. 20b).

Scavenging of superoxide radical anions (O2
.-)

The C-dots have been tested also as scavengers of superoxide 
radical anions (O2

.-) that form via one-electron reduction of oxygen 
molecules, O2. An excess of O2

.- can accelerate the aging processes 
and the proliferation of cancer cells, via lipid peroxidation. In bio
logical systems O2

.- is scavenged by antioxidant enzymes through 
disproportionation to H2O2 and O2.

ESR with a proper spin trap, such as 5-tert-Butoxycarbonyl-5- 
methyl-1-pyrroline-N-oxide (BMPO), is generally applied to test the 

scavenging ability of C-dots while enzymatic xanthin-xanthine oxi
dase is used to generate the O2

.- anions in solution [126].
The reports about the radical antioxidant activity for the C-dots 

are lower in comparison to RNS and hydroxyl, and in general they do 
not perform well to reduce the O2

.-, with some few exceptions. Also, 
in the case of graphene materials, GO has shown only a modest 
scavenging activity against superoxide in comparison to ascorbic 
acid and pC60 [93].

Scavenging activity of C-dots has been reported for P3+ and Mn2+ 

with a better performance in terms of EC50 than for the .OH radicals 
[109]. Strong scavenging toward superoxide radical anions has also 
been demonstrated for GQDs, even if the data have not been com
pared to a standard [108].

The formation of O2
.- depend on the electron transfer ability of 

the system, as we have previously discussed for the generation of 
singlet oxygen. In this case the capability of the system to adsorb the 
oxygen molecules is also very important and a proper design of the 
system is necessary.

Dual oxidant-antioxidant nature of carbon dots

In the previous paragraphs, we have described how a dual nature 
characterizes C-dots, i.e., they can be either emitter of radical species 
acting as oxidants or scavengers of radical species working as anti
oxidants [127]. These properties are not surprising because they are 
exhibited by many carbon-based nanostructures such as fullerenes. 
Indeed, C60 is one of the most efficient sensitizers for singlet oxygen 
generation but is also, at the same time, an effective radical sca
venger. These molecules, therefore, become a photosensitizer when 
excited by light. The triplet state enables an energy intersystem 
crossing with molecular oxygen and generation of ROS and singlet 
oxygen.

On the other hand, if they are not stimulated by light, they can 
function as very efficient antioxidants and again C60 is a nice ex
ample. In C-dots, because of the high variability in the possible 
structure the property of being oxidizing and antioxidant (Ox- 
AntiOx) is more elusive to define a priori.

Experimental data need also to be evaluated with care because 
the measures of the scavenging or oxidizing activity are generally 
done using different systems, such as optical probes or ESR, and a 
direct comparison is difficult.

An example of antioxidant-prooxidant C-dot is the system ob
tained by laser ablation of graphite and surface passivated with poly 
(propionylethyleneimine-coethyleneimine) or PEG1500 [128]. Upon 

Fig. 19. Optimized processes of •OH combined on (a) Se doped sp3-C and (b) Se doped sp2-C. The gray, orange, red, and white spheres refer to C, Se, O, and H atoms, respectively; 
(c) combination energy profile at different coordinates of the •OH scavenging by Se-CDs with two different paths; (d) proposed route for the •OH scavenging by Se-CDs on the 
active site of Se doped sp2-C. 
Reproduced with permission from ref. [123].
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illumination with a blue lamp (390–470 nm) the dots produce ROS 
included 1O2. On the other hand, when not directly exposed to 
visible light the C-dots mainly act as scavengers of singlet oxygen. 
GQDs produced by oxidation and cutting show a wider Ox-AntiOx 
activity, and are free radical scavengers of .OH, O2

.- and RNS. Illu
minated by a Xenon lamp (450 nm) they generate .OH, O2

.- together 
with 1O2. Similar oxidant activity is observed in Cl-doped GQDs 
prepared via an electrochemical method [75]. They are radical sca
vengers of .OH and RNS and generators of O2

.- (Xenon lamp 450 nm 
illumination). In this case, however, the formation of other ROS, such 
as .OH, O2

.- has not been observed.
In other cases the C-dots show scavenging or oxidant activity but 

upon addition in the synthesis of a second component they reverse 
the behaviour. Ox-AntiOx crossover has been measured in GQDs 
modified by urea or thiourea [112]. In the first case they are OH 
quenchers in the other one efficient generators of singlet oxygen.

C-dots obtained via microwave treatment of P-phenyldiamine 
can scavenge .OH, O2

.- radicals but after doping with Cupric (II) 
chloride (CuCl2) with incorporation of Cu and Cl heteroatoms in the 
C-dots structure they reverse the antioxidant properties of pristine 
dots oxidants, which generate .OH, O2

.- and 1O2 ROS under light 
exposure [129].

The examples reported so far are too few and the materials not 
enough characterized to establish a general rule for the crossover 
Ox-AntiOx properties of C-dots. Much more systematic work is ne
cessary to investigate and describe the crossover capability of C-dots 
as a function of their structure and composition.

Conclusions and future outlooks

The comparative analysis of the data published so far shows that 
C-dots can be designed as both reactive oxygen species generators 
and radical scavengers. However, the efficiency of C-dots, either as 
radical scavengers or ROS generators, cannot be generalized and 
depends strongly on the specific type of ROS or radical. This is be
cause the mechanisms of action differ and, therefore, the material 
response can be efficient only when they are specifically designed 
for a particular function. Proton or electron donor capability are 
important properties, as such as the relative content of sp2/sp3 sites 
in the C-dots. Proton donor capability is connected with the pre
sence of different types of surface groups, such as -OH, -COOH, and 

-NH2. This is not the only condition to scavenge the reactive nitrogen 
species because also the extent of sp2 sites with their capability to 
stabilize the electronic charge and forming adducts is of primary 
importance. In the case of hydroxyl species the electron donor 
capability becomes fundamental as the presence of large sp2 do
mains. Doping with electron donor atoms is a feasible option, but it 
is necessary to keep in mind that the antioxidation activity is given 
by a combination of effects. For these reasons making a clear dis
tinction between GQSs, CQDs, CNDs and PCDs, is fundamental to 
design the proper antioxidant material.

Characterization of the C-dots is also critical, in particular the 
presence of crystalline structures should be carefully evaluated to
gether with the relative amount of sp2/sp3 C bonds. The presence of 
functional groups should be also carefully assessed because they 
affect the scavenging activity of the dots.

The capability of generating ROS follows somehow a similar 
pattern. In this case a critical parameter is the wavelength and in
tensity of the light source necessary to activate the ROS. Another 
important conclusion is that using GQDs represents a competitive 
advantage with respect to other types of C-dots because of the better 
control that is possible to achieve.

To make an effective comparison between structure and prop
erties, the material characterizations require more in-depth analysis 
with respect to what reported in most of the articles. In fact, the 
surface should be carefully characterized in terms of quantity and 
type of functional groups, in the same way it is necessary to know 
the extension and entity of the sp2 domains of the C-dots as well as 
the extent and nature of any organized structures. Another element 
that must be carefully characterized is the presence of defects. These 
analyses in most of the works are sacrificed for the benefit of the 
development of applications which, however, cannot have an ef
fective use unless all the properties of the material have been ac
curately characterized and understood.

The property of C-dots being able to be oxidants or antioxidants 
opens up many exciting prospects for practical applications. The 
current literature review shows that the main area of interest is 
likely biotechnology. C-dots have been extensively tested as a po
tential material for photodynamic or sonodynamic therapy. One 
significant application is in antiviral and antibacterial nanomaterials. 
In this context, C-dots can be used to create novel wound disinfec
tion treatments and anti-biocidal systems. Another area of interest is 

Fig. 20. a) EPR spectra of DMPO–OHc adduct formed through 20 min Fenton reaction – in the presence of 200 ppm graphene-based and reference materials. Radical scavenging 
potency follows rank order: FLG >  rGO >  GO >  mannitol >  pC60. Ascorbic acid is a pro-oxidant under these conditions. b) Overview of relevant antioxidant mechanisms (UV 
absorption, iron binding, .OH adduct formation on sp2-carbon sites; electron transfer, and hydrogen donation). The primary antioxidant activity for graphene-based materials is 
against .OH and is associated with pristine sp2-carbon domains. Hydrogen donation activity is limited by the low population of phenolic OH, which are found on edge but not basal 
sites. 
Rearranged with permission from ref. [93].
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nanozymes, where the antibacterial properties of C-dots can be 
exploited in developing new generation drugs against antibiotic- 
resistant bacteria. Cosmetics are also a hot topic for C-dots due to the 
rise of anti-aging products that work by shielding the skin from free 
radicals, such as anti-aging creams and devices. It is also possible to 
use C-dots to reduce the degradation of polymeric materials under 
radiation. On the other hand, must be underlined that the different 
applications in nanobiotechnology must be associated with sys
tematic studies on the cytotoxicity of C-dots under various condi
tions, which currently need to be improved.

The dual nature of many carbon dots, which act as oxidants and 
antioxidants, requires careful design according to the applications. 
The two effects can conflict, so evaluating which use and environ
ment the C-dots will be intended for is necessary. As we have shown, 
the ability of carbon dots to produce distinct types of ROS can vary 
depending on their structure and composition, making it unlikely 
that a single nanoparticle can produce all the different ROS. The Ox- 
AntiOx properties of C-dots represent a challenging perspective for 
the future development of these materials. However, it should be 
emphasized that much more basic research is still required to con
trol the properties fully. For the overall future of this field of re
search, the use of "generic" C-dots whose structure cannot be truly 
described and controlled represents a critical issue.
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