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ABSTRACT: There is the need for reproducible, simple, high-
yielding synthetic protocols aimed at obtaining carbon dots (CDs)
with controlled fluorescence, photothermal and photochemical
behavior, surface properties, biocompatibility, tumor targeting ability,
drug absorption biodistribution, and tumor uptake. This Letter
describes a systematic study on the effect of glucose, fructose, and
ascorbic acid as starting materials for the preparation of highly
luminescent CDs, characterized by a blue emission. Their composition
and morphology are investigated by titration of OH surface groups,
spectroscopic techniques, and high-resolution transmission electron
microscopy (HR-TEM), and their toxicity was tested toward HeLa
cells. CDs made using fructose were toxic, while those made from glucose and ascorbic acid showed good biocompatibility. The
reproducible and simple synthetic procedure yields luminescent biomass-derived CDs for combined cancer therapy and
diagnostics. Their doxorubicin (DOX) drug uptake was measured by spectrofluorimetry, indicating a crucial role of the
morphologies of the CDs in controlling DOX loading. The glucose derived CDs showed up to 28% w/w of DOX loading.
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Based on their optical, physical, chemical, and biological
properties, carbon dots (CDs) have been proposed as

nanotheranostic agents for combined cancer therapy and
diagnostics.1,2 Specifically, their high water solubility, bio-
compatibility, low toxicity, good cell permeability, excellent
fluorescent imaging sensitivity, and easy conjugation with
therapeutics indicate that CDs are ideal candidates as
bioimaging probes and theranostic nanocarriers. Tailoring
their design for clinical implementation implies the ability to
control fluorescence, photothermal and photochemical behav-
ior, biocompatibility, and drug absorption biodistribution and
tumor uptake.3−8 Before that, other issues that need to be
carefully addressed are related to their synthesis and include
batch-to-batch reproducibility, control of surface properties,
purification, and characterization as we recently pointed out in
this journal and elsewhere.5,9,10 Full control and understanding
of these features implies therefore a solid chemical background
obtained by performing a systematic study of the starting
materials, synthetic parameters, and of structure−property
relationships. In this Letter, we took on this challenge and
carried out the hydrothermal syntheses of CDs starting from a
set of different reagents, followed by their morphological,
chemical, and toxicological characterization and some prelimi-
nary structure−activity relationships as drug nanocarriers.
The method of our choice to produce CDs is hydro-

thermal;11−13 it consists in heating an organic precursor in water,
at high temperature and for a long time. With this method, it is

possible to synthesize carbon nanoparticles from a variety of
starting reagents: orange juice,14 tea5 or chocolate,15 and
protein16 but also from other renewable resource like lignin,17

willow bark18 or cellulose, and waste paper.19 Monosaccharides
are another cheap, abundant, and biocompatible resource that
can be used to obtain carbon dots with a high number of
carboxylic groups on the surface, that in turn represent an
important starting point for the development of efficient drug
delivery systems. Very recently, by using doxorubicin (DOX) as
a model anticancer drug, it has been demonstrated that
noncovalent interactions (such as electrostatic interaction,
hydrophobic interaction, π− π stacking, and hydrogen bonding)
are responsible for the binding of DOX to the CDs
nanostructure.20 Among the others, an important role is played
by the native carboxyl groups on the CDs surface, which, by
interaction with the amine moiety of DOX, led to the formation
of pH responsive nanoaggregates employed for cancer-specific
localized drug release.6 A number of hydrothermal procedures
for the synthesis of sugar-based CDs have been reported in the
last decades, mainly in the presence of both passivating or
doping agents like N or P.21 Yang et al. synthesized CDs starting
from glucose using PEG−200 as passivating agent achieving a
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nanomaterial with remarkable quantum yield (QY) of 6.3%.22

Travas-Sejdic et al. reported a synthesis of CDs by simply
refluxing glucose in sulfuric acid, forming carbon nanoparticles
with poor QY (1%), which, by adding a passivating agent, could
be raised up to 13%.23 Wang et al. developed a synthesis of
glucose-based CDs by using monopotassium phosphate as a
dehydrating inorganic base to favor the formation of the
nanoparticles.24

To favor the formation of biocompatible nanostructures
suitable for medical applications and to avoid the formation of
harmful chemical compounds, in this work we describe the
hydrothermal synthesis of CDs starting from fructose, glucose,
and ascorbic acid, without any passivating or doping additives.
The as-synthesized CDs are here characterized from a
morphological, chemical, and toxicological point of view and
their potential application as drug nanocarriers are tested using
DOX as a model drug. There are only few similar examples: for
glucose and fructose, a microwave approach was reported,25

while in the case of ascorbic acid, ethanol was added as a
cosolvent.26

The G−CDs, F−CDs, and A−CDs were synthesized by
thermolysis of an aqueous solution of glucose, fructose, or
ascorbic acid at 200 °C for 24 h in autoclave (see Supporting
Information (SI) for details). The morphology and structural
features of the CDs were investigated by NMR, mass
spectrometry (GC−MS), Fourier transform infrared spectros-
copy (FT−IR), UV−vis spectroscopy, and high-resolution-
transmission electron microscopy (HR-TEM). 1H and 13C{1H}
NMR spectra (Figure S1−3) reveal the disappearance of the
reagent and the formation of NMR-active compounds,
indicative of the presence of both alkyl and/or aromatic
functionalities. For the F−CDs, furan-like molecules such as
hydroxymethylfurfural 1 and 2,5-furandicarboxaldehyde 2 were
identified by GC−MS (Figures S4−S6) and 1H and the 13C
NMR (Figure S7). Dehydration to yield furan-like molecules in
the thermal degradation of carbohydrates is well-known.27−29

Furanics are carcinogenic, this must be kept in mind when
considering CDs for biomedical purposes. Instead, silent GC−
MS spectra were observed for both G−CDs and A−CDs.
Diffusion-ordered NMR spectroscopy (DOSY) was used to

estimate the size of the CDs. By assuming spherical ideal
structures, by comparison with a known reference, and
according to the Stokes−Einstein equation and Graham’s law
of diffusion, the diffusion coefficient (Δ) estimated using DOSY
allows to calculate a relative volume (ε)̅ and mass (M̅) and, thus
to estimate theMWof the CDs (see SI for more details).30−32 In
Figure 1 (see also Figures S8−10), the DOSY spectra of the

three CDs are reported in comparison with the ones of the
organic precursors, which have been used as reference.
Interestingly, the analyses reveal that the CDs are effectively
larger than the corresponding precursors, and despite the
identical hydrothermal conditions applied during the synthesis,
their actual dimension depends on the reagent used, being G−
CDs larger than the F−CDs andA−CDs. As reported in Table 1

(see also Table S1 for more details), F−CDs andG−CDs are up
to 25−60 times larger and 9−15 times heavier than their
respective precursors fructose/glucose. Their calculated MW
are in the range between 2700 and 1500 Da, which is consistent
with the formation of extended carbon nanostructures. For A−
CDs, the higher Δ value obtained is reasonably ascribed to the
presence in solution of small oligomeric structures. Typically,
DOSY is used to study well-defined molecular-like species,33−35

while the present solutions contain highly complex systems
formed by a mixture of different carbogenic frameworks, rather
than a single molecule. For this reason, the present data for such
“nonideal” samples is purely indicative of the average molecular
weight of the CDs and is underestimated due to the fact that
DOSY provides a weighted average of the mass of the 1H NMR
active species.
The CDs were then characterized by FT−IR (Figure S11). All

three samples showed intense adsorption bands indicative of
CC conjugated aromatics,36 CO bonds, OH groups, C−H
bonds, and C−O−C moieties.37 High-resolution transmission
electron microscopy (HR-TEM) of the G−CDs and F−CDs
revealed the presence of homogeneous and well-dispersed
populations of small quasi-spherical nanoparticles with an
average size of 9−10 nm with a polydispersity index (PDI) of
0.025−0.03 indicative of monodisperse systems (Figure 2).
Furthermore, the HR-TEM images of the G−CDs and F−CDs
showed the presence of lattice fringes with an interlayer spacing
of 2.4 Å, confirming their graphitic nature. Instead, the A−CDs
showed amorphous and poorly defined structures confirming
their molecular-like nature in agreement with the DOSY results.

Figure 1.DOSY spectra in D2O at pD = 7 of theG−CDs, F−CDs, and
A−CDs [5 mg/mL].

Table 1. Average Volume (ε)̅, Mass Ratios (M̅), and
Estimated Molecular Mass (MW ) of the CDsa

CDs ε ̅ M̅ MW

G-CDs 55.7 14.6 2600 ± 120
F-CDs 22.0 7.8 1400 ± 160
A-CDs 13.4 5.6 990 ± 70

aNormalized to the corresponding substrate (c.f.r. Supporting Info).

Figure 2. HR-TEM of the as-synthesized G−CDs, F−CDs, and A−
CDs.
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To shed light on the surface structure of the CDs, a titration38

of the hydroxyl groups was carried out. The hydroxyl value
(HV), i.e., the grams of KOH required to neutralize 1 g of CDs
(c.f.r. SI), was measured for the three different CDs. The results
are reported in Figure S12. Both F−CDs andG−CDs showed a
similar HV ≈ 1500, corresponding to 26.8 mol(OH)/g(CD).
This is not surprising since the chemical structure of the
precursors and their derived CDs are very similar. This low HV
was explained by the observation that the hydrothermal
degradation of glucose and fructose produced large amounts
of CO2 and H2O, with concurrent formation of extended
carbogenic structures. The higher HV ≈ 5000 of the A−CDs,
corresponding to 89.3 mol(OH)/g(CD), reflects instead the
low degree of carbonization and the consequent presence of free
carboxyl-rich molecules in solution. Based on these observation,
an investigation of the surface charge of the nanoparticles was
carried out by electrophoresis. The images are shown in Figure
3. It is readily apparent that in the pH range 4−10, all the CDs

were negatively charged in agreement with the presence of
hydroxyl and carboxylic groups on the surface. The HV values of
each sample correlate with the electrophoresis: the higher the
negative surface charge, the faster the migration toward the
positive electrode.
The optical properties of the carbon dots were investigated by

UV−Vis absorption spectroscopy and by recording the
photoluminescence (PL) spectra (Figure 4). UV−Vis spectra
showed a common absorption band for the three different CDs
in the region of 225−235 nm ascribed to the π−π* transition of
the sp2 CC conjugated system. The G−CDs and F−CDs
showed absorption peaks also at 265 and 280 nm, respectively,
ascribed to the n−π* transition of the CO groups on the
surface.39 Moreover, the F−CDs showed an absorption peak at
360 nm for the transition associated with the trapping of excited-
state energy by the surface state.40 As shown in Figure 4, in all
three samples, the emission spectra were analyzed at different
excitation wavelengths: 330−380 nm. Despite the similarity of

the starting materials, not all samples showed emission
dependence from the excitation wavelength. Indeed, when the
excitation wavelength was shifted from 330 to 380 nm, the
emission peaks of A−CDs and G−CDs were red-shifted from
440 to 460 nm and from 435 to 450 nm, respectively. While no
appreciable variation on the emission peaks were observed for
F−CDs. This phenomenon could be ascribed to a size-
dependent emission,41 or to the presence of fluorophores or
structural defects on the surface.42−44 The QYs of the CDs,
calculated using quinine sulfate as standard, were 1.8%, 0.3%,
and 1.5% for the G−CDs, F-CDs, and A−CDs, respectively. As
expected, low QY were measured in all cases due to the absence
of doping atoms (e.g., N or P)45 and of passivation agents as well
as to the presence of defects and conjugated carbon core
domains, which favor nonradiative electron−hole recombina-
tion pathways.46

The carbon nanoparticles were then tested for their toxicity
toward HeLa cells in view of a potential use in the nanomedical
field. The cell viability was measured at different CDs
concentrations with respect to a control suspension; the results
are summarized in Figure 5. TheG−CDs showed good viability
at all the concentrations tested. Instead, the A−CDs showed
biocompatibility only at relatively low concentration (<250 μg/
mL). The F−CDs exhibited high toxicity also at low
concentrations, explained by the presence of the furanics
identified earlier in the F−CDs mixture, which are known to
be carcinogenic.47,48

The interactions of the three different CDs with DOX were
measured by fluorescence quenching in view of the future
development of new biocompatible delivery systems. DOX was
gradually added to a solution of CDs (0.25 mg/mL) while
keeping the CDs concentration constant. The results shown in
Figure 6 clearly demonstrate that the gradual addition of DOX
(from 1 × 10−6 to 1× 10−5 M) induces a progressive decrease of
the fluorescence intensity that can be attributed to dynamic or
static interactions between the CDs and DOX.49,50 The blue-
shift of the emission peak indicates a strong interaction.51 The
CDs−DOX association constants (Ksv), calculated with the
Stern−Volmer plots shown in Figure 7 (c.f.r. SI), exhibit linear
relationships meaning that dynamic quenching process are
involved. F−CDs and G−CDs show a similar Ksv, while the A−
CDs exhibit an interaction half of that. The high HV value of the
A−CDs could have been expected to favor association with
DOX by electrostatic interactions. The Stern−Volmer plots
indicate the opposite, i.e, that noncovalent interactions are
controlling the adsorption of the drug. A role may be played by
π−π stacking between the graphitic carbon core in the F−CDs
and G−CDs, with the aromatic moiety of DOX.17 DOX uptake
byG−CDs, chosen for its high drug affinity and low toxicity, was
estimated by constructing a Job plot of the fluorescence
emission quenching (λex = 340 nm, λem = 441 nm) as a function

Figure 3. Electrophoresis experiment performed on the G−CDs, F−
CDs, and A−CDs at different pHs.

Figure 4. UV−vis spectra and PL spectra at different excitation wavelength of G−CDs, F−CDs, and A−CDs (50 μg/mL).
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of DOX relative mass fraction (mDOX/[mDOX + mCDs]) (Figure
8). The plot reveals a binding stoichiometry G−CDs/DOX of
ca. 3.5:1 that leads to a calculated drug loading of 28%w/w,
comparable or higher than the most efficient doped or
functionalized analogs.52,53

In conclusion, we have shown how the choice of the reagents
influences the morphology, structure, and properties of the

obtained CDs and how these correlate with the drug loading
capabilities. In particular, the fluorescence quenching measure-
ments revealed the importance of the graphitic core domains in
achieving high CDs−DOX affinity as evinced by the binding
trend. Drug delivery test are currently being performed.
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