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Abstract: Since their discovery in 2004, carbon dots have attracted strong interest in the scientific
community due to their characteristic properties, particularly their luminescence and their ease of
synthesis and derivatization. Carbon dots can be obtained from different carbon sources, including
natural products, resulting in a so-called ’green synthesis’. In this work, we obtain carbon dots
from tomato juice in order to obtain nanoparticles with the antioxidant capabilities of the natural
antioxidants present in that fruit. The obtained material is characterized regarding nanoparticle size
distribution, morphology, surface functional groups and optic properties. Antioxidant properties are
also evaluated through the DPPH method and their cytotoxicity is checked against human dermal
fibroblast and A549 cell-lines. The results indicate that carbon dots obtained from tomato have
a higher antioxidant power than other already-published antioxidant carbon dots. The bandgap
of the synthesized materials was also estimated and coherent with the literature values. Moreover,
carbon dots obtained from tomato juice are barely toxic for healthy cells up to 72 h, while they induce
a certain cytotoxicity in A549 lung carcinoma cells.

Keywords: carbon dots; antioxidants; cytotoxicity; natural products; tomato

1. Introduction

Carbon dots (CDs) were serendipitously discovered in 2004 by professor Scrievens
during the purification by electrophoresis of single wall carbon nanotubes [1]. CDs are
nanospheres with a diameter usually below 10 nm. They are made of carbon, with small
amounts of other heteroatoms such as H, N and O appearing on the surface. Structurally,
they have a graphitic core with sp2 hybridization coating and a crust of amorphous car-
bon [2]. This nanomaterial presents very interesting properties such as high water solubility,
low toxicity, characteristic luminescent properties, high biocompatibility, high chemical
stability and easy functionalization. Those properties also arise from the nano-size and
surface functional groups, and can therefore be modified or even ‘tuned’ according to the
synthesis pathway, reaction condition (temperature, time) or the reagents used, which is
mainly the carbon source. Thus, CDs constitute a powerful tool in many scientific fields
such as controlled drug delivery [3], clinic diagnose [4,5], catalysis [6], bioimaging [7]
and energy conversion [8], among others. Moreover, CDs can be easily synthesized follow-
ing the 12 principles of ‘green chemistry’, as proposed by Anastas and Warner in 1998 [9],
which seek the reduction in use and generation of dangerous substances.

The concept of ‘green-chemistry’ evolved and originated from the term ‘sustainable
chemistry’, which was defined by the Organization for Economic Co-operation and Devel-
opment, OECD, as “a scientific concept that seeks to improve the efficiency with which natural
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resources are used to meet human needs for chemical products and services. Sustainable chemistry
encompasses the design, manufacture and use of efficient, effective, safe, and more environmentally
benign chemical products and processes” [10]. The synthesis of sustainable carbon dots usu-
ally follows a bottom-up approach, with methods such as microwave-assisted pyrolysis,
ultrasonication or hydrothermal/solvothermal decomposition. Hydrothermal decompo-
sition is one of the most used and studied methodologies. Carbon dots obtained by this
pathway form through a four-stage process: dehydration, polymerization, carbonization
and passivation [11]. In the first stage, heating breaks the hydrogen bonds between the
molecules, which convert into graphitic core during polymerization and carbonization.
These cores grow by diffusion of other molecules to the surface. Furthermore, the cores
passivate themselves and, therefore, no strong acids or passivation processes are required
afterwards [12].

On the other hand, biocompatible antioxidant materials that could have pharmacologic
applications are of paramount importance, as oxidative stress and reactive species of oxygen
(ROS) are known agents of pathologies such as inflammatory processes, cancer or even
aging [13,14].

The use of natural products such as tomato juice in order to obtain water-soluble
biocompatible anti-oxidant nanomaterials is, therefore, consistent with the sustainable
chemistry philosophy. Tomato is the second most raised vegetable in the world, just after
potato. It is an extraordinary source of antioxidants, including carotenoids (α-carotene,
β-carotene, lycopene and lutein) and phenolic compounds (phenolic acids, flavonoids
and tannins), although the most important one is lycopene, since it presents the most
antioxidant power, a higher ability to quench atomic oxygen and constitutes between 80%
and 90% of total carotenoids in ripe tomatoes [15]. Thus, the synthesis of CDs from tomato
(TCDs) juice is expected to show a high antioxidant capability. Likewise, taking into account
the biocompatible origin of the carbon source, TCDs are expected to maintain their high
biocompatibility. Tomato has already been successfully used to produce luminescent and
crystalline carbon dots using the whole fruit [16,17]; however, in this article, we propose
the synthesis of antioxidant, biocompatible, sustainable carbon dots obtained from tomato
juice as a carbon source and evaluate these characteristics as well as their morphology and
spectroscopic features.

2. Materials and Methods
2.1. Instruments and Solutions

2,2-Diphenyl-1-picrylhydrazyl (DPPH) and the dialysis tubes Pur-A-Lyzer (1 kDa
MWCO) were purchased from Sigma-Aldrich. Sodium hydroxide and absolute ethanol
were from VWR, potassium dihydrogen phosphate was from Merck, boric acid was from
Probus and 10× Dulbeco’s Phosphate Buffered Saline (10× DPBS) was from Thermo Fisher
Scientific. Cell proliferation was evaluated with a Kit Cell Titer 96 Non-Radioactive Cell
Proliferation Assay from Promega. Glutathione (GSH) and citric acid (CA) were obtained
from Sigma-Aldrich and Acros Organics, respectively.

Absorption measurements of the aqueous suspensions of carbon dots were taken in
a Cary 60 UV-Vis spectrophotometer from Agilent Technologies (Palo Alto, CA, USA).
Excitation and emission luminescence spectra were obtained with a Varian Cary Eclipse
(Agilent Technologies), whereas the quantum yields were determined using an FS5 spec-
trofluorimeter from Edinburgh Instruments.

FTIR spectra were taken in a Varian 670-IR (Agilent Technologies) and the size distribu-
tion histogram was established through high-resolution transmission electron microscope
(HRTEM) images taken with a MET JEOL-JEM 2100 F and ImageJ free software, analyzing
100 nanoparticles per image.

2.2. Carbon Dot Synthesis

Tomato-based carbon dots (TCDs) were synthesized according to the following proto-
col: 20 mL of freshly obtained tomato juice was put into a 100 mL Teflon-lined stainless-steel
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autoclave, and then left in an oven at 160 ◦C for 3 h. Then, it was left to cool down overnight,
and the tube contents was centrifuged at 4500 rpm for 30 min, discarding the solids. The su-
pernatant was neutralized with 1 M NaOH and then gravity-filtrated through a 2 µm pore.
Afterwards, the solution was filtrated once more with a 0.22 µm pore cellulose acetate
syringe filter. This final solution was purified by dialysis against 400 mL milli-Q water
using an MWCO: 1 kDa dialysis membrane for 20 h. Water was kept under stirring at
200 rpm during the dialysis. The purified solution was lyophilized and the final yellow
solid containing the carbon dots was kept in the fridge at 4 ◦C until further use.

As a reference for antioxidant nanoparticles, we selected glutathione-based CDs (GCD)
synthesized accordingly to the protocol already described by C. Murru et al. [18]. Briefly,
a mixture of 1 g GSH and 1 g CA was dissolved into 10 mL milliQ water and poured into
a crucible. The solution was then kept at 180 ◦C for 5 h, adding 1 mL milliQ water every
hour in order to avoid the solid scorching. The final material was dialyzed and freeze dried.

2.3. Luminescence Experiments

Luminescence experiments were carried out in a pH range from 3 to 11. In order to
use the same medium at a different pH, a mixture of citric acid, potassium dihydrogen
phosphate and boric acid (0.5M each) was prepared, and the pH was adjusted to the desired
value using 1 M NaOH. Then, the proper amount of buffer was mixed with the carbon dots
so as to have a nanoparticle suspension in a 0.17 M buffer solution.

2.4. Evaluation of the Antioxidant Capacity

The antioxidant capacities of the TCDs were evaluated by a colorimetric assay based
on the discoloration of the oxidized form of DPPH (violet) to its reduced form (yellow
form). The higher the number of antioxidants, the yellower the color of the final solution.
Then, 250 µL of a 10−4 M DPPH solution was mixed with growing concentrations of the
tested material (TCDs), and the absorbance at 517 nm was measured after a 30 min reaction.
The DPPH inhibition percentage was calculated with the formula

Inhibition% = (Ab − Am)·100/Ab (1)

where Ab is the absorbance of the blank and Am is the absorbance of the corresponding
solution at the indicated wavelength [19].

2.5. In Vitro Studies

Human dermal fibroblasts (healthy cells) were purchased from Innoprot and A549 cells
(lung cancer cells) were kindly provided by Dr Carlos López-Otín (Universidad de Oviedo).
All cells were routinely cultured in an incubator at 37 ◦C, in a 5% CO2 atmosphere and in
DMEM medium containing 10% heat-inactivated fetal bovine serum, supplemented with
100 U/mL penicillin and 50 µg/mL streptomycin from Gibco Life Technologies (Complete
Cell Medium). These incubation conditions and cell medium composition are described as
standard conditions throughout the paper.

2.6. Cytotoxicity Assay

Cytotoxicity was evaluated through an MTT assay. In this assay, different concentra-
tions of the material to be tested are brought into contact with cell lines, which must be kept
in the controlled conditions described in 2.5. Likewise, cells were in incubated in complete
cell medium to allow for normal cell growth. Then, the yellow salt MTT was added to
cells and converted into insoluble blue formazan crystals ((E,Z)-5-(4.5-dimethylthiazol-2-
yl)-1,3-difenilformazan) if the mitochondrial succinic dehydrogenase enzyme was active.
The absorbance at 570 nm was measured to calculate the percentage of surviving cells
according to the formula:

Surviving cells% = Cell viability% = ASample·100/AControl (2)
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where ASample is the average absorption of the sample at 570 nm and AControl is the average
absorption at the same wavelength of the control cells.

Toxicity% = 100 − surviving cells% (3)

3. Results and Discussion
3.1. Structural and Morphological Characterization

HR-TEM images of TCDs (Figure 1) reveal a graphitic-based material with a lattice
spacing of 0.24 ± 0.03 nm, which fits with the expected value for graphite (0.21 nm) [20].
The size distribution is inhomogeneous, with a mean value of 9 ± 3 nm.
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Figure 1. HR-TEM image of (left) TCDs and (right) GCDs.

On the other hand, GCD are much smaller, 3.0 ± 0.6 nm diameter, and with a much
more homogeneous size distribution, as can be seen in Figure 2. The graphitic structure of
the GCDs is also confirmed by the lattice spacing, 0.22 ± 0.03 nm (Figure 2).
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3.2. Surface Characterization

TCDs show an intense broad band between 3020 and 3600 cm−1 coming from the O–H
and N–H bands (Figure 3). This band also appears in evaporated tomato juice and in the
GCDs. Both TCDs and GCDs also show an intense band at 2925 cm−1, which is attributable
to C-H bonds in aromatic rings. The presence of a broad band at 1604 cm−1 corresponds to



Appl. Sci. 2022, 12, 773 5 of 11

C=O stretching, but also to stretching vibrations of C=C and C=N, which may be associated
with the aromatic bonding of CD [21,22].
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line) TCD.

The C=O group shows an intense absorbance in TCDs at 1604 cm−1, although the most
interesting feature of the FTIR spectra of TCDs is the intense band appearing at 1030 cm−1,
which is assignable to the stretching of C–O–C bonds [21]. The C–O bond is also confirmed
by the presence of bands at 1229 cm−1 and 1360 cm−1 belonging to the flexion vibration of
C–O bond. The small spikes at 1750 cm−1, 1150 cm−1 and 1100 cm−1 suggest the presence
of ester groups –COO− too [23].

3.3. Spectroscopic Characterization

The UV-Vis absorption profile of TCDs is consistent with that expected for graphene-
based carbon dots, with a shoulder at 265 nm that arises from π-π* transitions derived from
the aromatic sp2 domain [24] and/or of C=C and C=N bonds.

The TCDs resulted in having excitation-independent emissions, with the maximum
emission at 426 nm and the maximum excitation at 343 nm in aqueous media and 430 nm
and 344 nm, respectively, in PBS, suggesting a slight stabilization of the surface-excited
states due to the presence of the buffer. This absorption wavelength is attributable to
n-π* transitions from C=O bonds [23]. This excitation independency has already been
described in carbon dots and is explained by the conjugated π-system acting as a center
for quantum confinement and the absorption of photons, whereas N-containing and O-
containing surface groups provide different vibration relaxations [25]. The large Stokes
shifts obtained are also a consequence of surface self-trapping for vibration relaxation.

The influence on the luminescence of these N-containing or O-containing groups traps
was evaluated by studying the luminescence with a different degree of surface protonation.
Then, photoluminescence was measured at different pH values. Both emission intensity
and emission wavelength suffer alterations at pH 4 and pH 10, being more or less constant
at intermediate values (Figure 4).
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This behavior suggests the presence of two different surface functionalities, an acidic
one with pK around 4 and an alkaline one with pK near 10. These values agree with the
typical pK for carboxylic acid and amine moieties, whose presence is also supported by
FTIR data. In fact, the lower pH is close to one of the pK values of ascorbic acid (4.2), one of
the most important nutrients in tomato [26].

Quantum yields were measured with an absolute methodology, finding values of
1.03% (in water) or 1.24% (in PBS). These poor quantum yields are common in carbon dots
obtained from natural carbon sources, which are usually lower than 13% [27], probably
because of the inherent complexity of a natural source.

Absorption data were also analyzed using Tauc’s law for direct transitions [28]:

(αhν)2 = k (hν + Eg) (4)

where α is the absorption coefficient, hν is the energy of the incident light and k is a constant.
According to this, estimated, bandgap values (Eg) were 3.43 eV for TCD and 3.25 eV for
GCD (Figure 5a); these are consistent with other already-published values of Eg for carbon
dots [18].

Structural disorders and/or defects drive poorly defined limits in the valence and con-
duction bands, which causes a tail for values below Eg known as ‘Urbach’s tail’ (Figure 5b).
The energy associated with this zone can be evaluated by linearizing Equation (2):

αhv = α0 e(hv/Eu) (5)

where α0 is a constant and Eu is the Urban’s energy whose values are calculated from the
linearization, being 344 meV for TCD and 329 meV for GCD, respectively. This is an indica-
tion that GCD shows a structure with fewer defects than TCD, which is understandable
according to the complex matrix of tomato juice. Nevertheless, despite this fact, Eu values
of TCDs are lower than those reported for other carbon dots synthesized from vegetable
wastes such as grape pomace and tea residues [Error!Bookmarknotdefined.], indicating
a more ordered structure.
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Figure 5. (a) Tauc plots for estimation of the TCDs bandgap and (b) Urbach energy estimation
for GCDs.

3.4. Antioxidant Capabilities of TCDs

The antioxidant power of TCDs was evaluated with the DPPH inhibition assay (Table 1)
and compared to that of carbon dots with well-established antioxidant activity, as was
that obtained hydrothermally from glutathione (GCD) [18]. The determination is based
on the action of the free radical DPPH• on the antioxidant, which hands a hydrogen atom
to it over, shown in the case of CDs from the surface functional groups –OH and –COOH
(Figure 6). This causes a respective radical on the nanoparticle, which has two possible
pathways of stabilization: delocalization of the unpaired electron by resonance in the
aromatic environment of the CD core or the rearrangement of the chemical bonds of the
surface functional groups themselves.

Table 1. DPPH% inhibition at different concentrations of CDs.

[CDs]/ppm 4 8 12 16 20

% inhibition TCDs 54.7% 59.6% 61.0% 63.1% 63.8%
% inhibition GCDs 21.0% 39.0% 46.0% 53.0% 60.0%
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Figure 6. Mechanism of DPPH·/ROS reduction by antioxidant TCD in aqueous media.

Five different concentrations of CDs were tested, ranging from 4 to 20 ppm. TCDs
show a strong inhibition even at the lowest concentration, whereas GCD needs at least
four-times more concentration to achieve the same antioxidant power. In terms of EC50
(needed concentration to obtain 50% of DPPH inhibition), EC50 estimation for TCD is below
4 ppm (0.16 ppm·nmol DPPH−1), whereas it is around 14 ppm for GCD (0.56 ppm·nmol
DPPH−1). It is known that the co-existence of several antioxidants in a sample may
show synergism, exhibiting stronger antioxidant activity as a mixture than when acting
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separately [29]; taking into account the presence of a wide variety of antioxidants in tomato
juice, this synergism may explain the stronger antioxidant activity compared to GCD.

The stronger antioxidant activity of TCDs is related to their higher size, as bigger
particles potentially have a higher number of surface antioxidant functionalities, which can
interact with the environment to a greater extent.

Since TCD and GCD are of a different size, the same mass of both materials has
a different number of particles and, therefore, the total surface is not comparable. In order
to check whether the total available surface of TCD is bigger than GCD, we have to
compare the total surface ratio nT·AT/(nG·AG), where nT and nG are the number of TCD
and GCD nanoparticles, respectively, and AT and AG are the surface of a single TCD
or GCD, respectively. The number of nanoparticles can be estimated from the mass of
material used and the material’s density. For a fixed mass of TCD, mT, the number of TCD
nanoparticles, nT, will be represented by:

nT =
mT

4
3πr3

TρT
(6)

where rT is the TCD radius and ρT is the TCD density. Here, we suppose an identical
density for TCD and GCD and use the same mass of both materials (mT = mG), meaning
the ratio of nanoparticles is nT/nG = (rG/rT)3. Similarly, we take into account the equation
for the surface of a sphere, AT/AG = (rT/rG)2. Thus, the total surface ratio becomes

nT·AT

nG·AG
=

(
rG

rT

)3( rT

rG

)2
=

rG

rT
(7)

Taking into account the mean value of the radii as obtained by TEM, the total surface
ratio TCD/GCD is approximately 1/3, meaning that TCDs have three-times more available
surface than GCDs, supporting our supposition.

3.5. Cell Viability—Toxicity Evaluation

Cell viability was evaluated at two different concentrations: 100 ppm and 1000 ppm.
For this purpose, previous solutions of TCD were made in PBS (1×) at 200 ppm and
2000 ppm. Control solution was made out of PBS (1×). Then, 50 µL of these solutions
was added to the wells containing growing cells with 50 µL of complete cell medium. Cell
viability and cytotoxicity were evaluated using the cell proliferation kit and according to the
manufacturer’s instructions. As shown in Figure 7, neither concentration of TCDs evaluated
affected healthy dermal fibroblasts growth up to 72 h, showing a similar response to control
cells. At longer times (96 h), a certain toxicity can be observed, especially using the highest
concentration. However, TCDs have toxic activity against A549 lung carcinoma cells,
even at times as short as 24 h at either of the tested concentrations; the growth inhibition
effect becomes stronger as the contact time becomes higher. This different behavior is
likely due to the faster metabolism of cancer cells, which can incorporate TCDs at a higher
rate than healthy cells. On the other hand, the high content in ROS produced by tumor
cells compared to those present in the healthy ones [14] may cause a longer prevalence
of the free radical form of TCD (Figure 6), producing a synergic effect and thus inducing
higher toxicity.
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Figure 7. (a) Cell viability at different exposition times to TCDs for healthy dermal fibroblasts and
(b) cell viability at different exposition times to TCDs for A549 lung carcinoma. Red color is control,
brown is 100 ppm TCDs and green is 1000 ppm TCDs.

4. Conclusions

Tomato juice is an adequate carbon source for preparing graphene-based carbon dots
hydrothermally. The material obtained shows both acidic and basic surface moieties arising
from the natural components present in tomato. Luminescence experiments demonstrate
that TCDs have a conjugated π-system acting as a center for quantum confinement and two
different surface “patches” affecting luminescence emissions; they have a higher bandgap
and Urban’s energy than GCDs. Antioxidant capacity is also stronger than in GCDs, which
have already been reported as antioxidant materials. Regarding cytotoxicity properties,
TCDs are barely toxic for healthy cells; however, this cytotoxicity increased when using cells
with a tumoral origin (in our case, lung cancer), which might indicate potential antitumor
capacity for this type of carbon dot. Further research is needed to prove their selectivity
to tumoral cells, with the aim of finding new agents that avoid the current toxicity of
chemotherapy in healthy cells.

Future research lines include the incorporation of antioxidant TCDs in thin polymeric
films to prepare novel materials for foodstuff packing. Furthermore, and taking into ac-
count the cytotoxicity data, these TCDs may also be tested for the vehiculization of known
antitumoral chemicals on specific cancer cells.
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