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Carbon dots (CDs) are an emerging class of carbon nanoparticles,
which for their characteristics have found applications in many
fields such as catalysis, materials and biomedicine. Within this
context, the application of CDs as antibacterial agents has received
much attention in very recent years, while their use as antifungal
nanoparticles has been scarcely investigated. Here we report a
systematic investigation of the surface functional groups of CDs to
study their influence on these nanoparticles’ against Candida
albicans. Three classes of CDs have been synthesised and fully
characterized. A thorough in vitro and in vivo biological screening
against C. albicans was performed to test their antifungal,

antiadhesion and antibiofilm formation activities. Moreover, the
interaction with C. albicans cells was investigated by microscopic
analysis. Our results evidence how the presence of a positively
polarised surface results crucial for the internalization into COS-7
cells. Positively charged nanoparticles were also able to inhibit
adhesion and biofilm formation, to interact with the cellular
membrane of C. albicans, and to increase the survival of G.
mellonella infected larvae after the injection with positive nano-
particles. The antifungal activity of CDs and their extremely low
toxicity may represent a new strategy to combat infections
sustained by C.albicans.

Introduction

Carbon dots (CDs) are an emerging class of carbon nano-
particles (up to 10 nm in diameter), possessing a plethora of
peculiar properties such as biocompatibility, low toxicity, photo-
luminescence and photostability, and good suspensibility in
water and organic solvents.[1] These quasi-spherical particles are
prepared via two main synthetic approaches, bottom-up or top-
down, by different technical procedures: hydrothermal, micro-
wave-assisted as well as electrochemical.[2] The two approaches
involve the use either of small organic compounds such as
amino acids, carbohydrates and many more (bottom-up) as

substrates or by exfoliation of larger carbon sources such as
graphene, graphite or even biomass waste (top-down).[3]

From a structural point of view, the choice of the synthetic
approach and, more importantly, of the starting material for the
preparation of CDs is crucial to exert the desired application. In
fact, the bottom-up methodology, which provides higher
versatility in the preparation of functional nanomaterials, relies
on the polymerization/dehydration of organic compounds,
accreting the nanostructures until the energy source is stopped.
Due to this synthetic mechanism, the active surface of the
nanodots retains the structure and functional groups of the
substrates. Typically, amino acids or citric acid are the popular
choices as CDs precursors, leading mainly to � COOH, � OH, or
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� NH2 decorated surfaces. Nevertheless, it has been reported
that a careful selection of the organic precursors can lead to a
fine tailoring of the active surface, depending on the envisioned
nanomaterial purposes.[4]

For their extensive structural versatility, CDs have been
employed in many research fields, such as biomedicine,[1d,5]

agriculture,[6] and catalysis.[7] Within the former, the application
as antimicrobial agents or as nanocarriers for antimicrobial
drugs,[8] mainly antibacterial,[8b,9] have been studied over the last
ten years. It has been demonstrated that positive polarization of
the CDs surface, by introduction of amine/ammonium salt
groups, is crucial for the antibacterial activity, which is ascribed
to a better interaction with the negatively charged bacterial
membranes, exerting the bactericidal and bacteriostatic actions
via multiple routes: physical and mechanical damages to the
bacterial membrane, or internalization followed by photo-
activated generation of ROS and/or DNA or protein damage.[10]

Hence, it appears clear that fine-tuning of surface functional
groups of bioactive CDs is crucial for their antimicrobial
targeting.

While the antibacterial application of CDs has been largely
investigated and the surface/antibacterial relation has been
thoroughly studied, the test of their antifungal properties has
been scarcely reported. To the best of our knowledge, only two
works report the direct in vitro antifungal application of
CDs,[9c,11] one of which uses commercially available CDs.[11]

Furthermore, the screening activity of CDs on procaryotic

microorganisms is carried out using mostly the diffusion disk
assay, without going into the details of fungi biofilm formation,
adhesion and in vivo cytotoxicity. Consequently, a systematic
screening of the required molecular features to produce
effective antifungal carbon nanodots, together with a prelimi-
nary assessment of their anti-biofilm activity could be of crucial
importance.

Nowadays, the landscape of fungal resistance and invasive
fungal infection is dramatically changing,[12] highlighting the
need to find new antifungal agents, especially targeting fungal
adhesion and biofilm formation.[13] Within this context and due
to our interests in organic synthesis and evaluation of
antifungal compounds,[14] and more recently on CDs
chemistry,[2a,7c,i] we envisioned the possibility to test the
antifungal activity of microwave-synthesized CDs, still scarcely
explored. Hence, we selected C. albicans as model target for our
preliminary investigation of different classes of CDs, systemati-
cally screening how polarisation of the active surface can
influence their eventual antifungal activity in in vitro and in vivo
experiments (Figure 1). The selection of C. albicans as model
target lies on its tendency to form biofilms, which express
strong resistivity to conventional antifungal drugs, causing
severe and acute medical infections. In the present work, three
classes of CDs were prepared, possessing differently composi-
tion and charged surfaces, which were completely characterised
with regards to their morphology and physicochemical proper-
ties. We demonstrate the requirement of a positively-charged

Figure 1. Schematic representation of the state of the art of antimicrobial carbon dots (a) and this current work (b).
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surface on CDs to exert antibiofilm formation by C. albicans,
highlighting a good dose-responsive activity, paired with anti-
adhesion and internalization properties, and with a mortality
reduction of infected larvae in in vivo tests. Moreover, low
cytotoxicity of CDs towards fibroblast-like mammalian cells and
G. mellonella larvae was demonstrated.

Results and discussion

Our investigation started with the synthesis of CDs from various
carbon sources, for the initial screening and evaluation of their
possible antifungal activity. We relied on a bottom-up micro-
wave-assisted approach, changing the starting material to
achieve different functional groups on the active surface of the
nanoparticles. Three sets of CDs were prepared as depicted in
Scheme 1. The first set of CDs was selected due to the extensive
amine-rich active surface, and were prepared starting from D-
glucosamine HCl (1) and 1,3-diaminobenzene (2) (Scheme 1a).
Our synthetic strategy was based on literature procedures,[15]

modifying the reaction time, wattage, and purification steps. A
mixture of 1 and 2 in a 1 :1.1 ratio was solubilized in a water/
MeOH mixture (2 :1) and carbonised in a microwave oven at
800 W for 3 min. The reaction time and MW wattage were
optimized and set at these values in order to have reproducible
results in terms of yield, dimensions and fluorescence properties
of the CDs. In fact, by lowering the power to 600 MW or the
time to 2 min we failed to produce the desired nanoparticles,
while increasing the time led to larger and polydisperse CDs.
The resulting slurry solution was diluted in water (10 mL),
centrifuged at 4,000 rpm to remove larger particles and the

supernatant was directly dialysed for five days and then filtered
through a 100 nm syringe filter. The resulting solution was
freeze-dried to obtain the desired CDs, namely CDs� NH2.

The size of CDs� NH2 was analysed comparing results from
atomic force microscopy (AFM) and dynamic light scattering
(DLS) measurements in dry and wet conditions, respectively.
The nanoparticles obtained exhibited a monodisperse dimen-
sion with an average size of 2.022�0.064 nm, as determined by
analysis of height distribution calculated by AFM images. NNLS
number-weighted analysis of DLS measurements showed a
mean hydrodynamic diameter of 4.9 nm, larger than AFM
determination, as expected due to hydration of CDs. Surface
charge of carbon nanodots was investigated by means of zeta
potential measurements in Milli-Q water, confirming that micro-
wave assisted synthesis of CDs with amino-rich precursors
resulted in the formation of positive-charged nanoparticles (+
14.3+ /� 0.21 mV, Figure 2b and Figure S7 in the Supporting
Information (SI), respectively). Besides the morphological and
surface charge characterization of CDs, the composition of the
nanoparticles is strongly related to their physico-chemical and
biological features and therefore it should be rigorously
assessed. Accordingly, X-ray photoelectron spectroscopy (XPS),
Fourier-transform infrared spectroscopy in attenuated total
reflection mode (ATR-FTIR) and elemental analysis were
combined to elucidate in detail the chemical content of the
CDs� NH2. The XPS spectrum of C 1s region revealed the
presence of an aromatic carbon core decorated with aminic and
oxygenated (mainly hydroxyls) functional groups (Figure 2c,
upper panel). The presence of ammonium groups was
ascertained in the N 1s region (Figure 2c, lower panel), where
the component at 402 eV can be assigned to positively charged

Scheme 1. Synthesis of three different sets of CDs, varying the active surface functional groups.
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N atoms, compensated by residual Cl� anions (see Cl 2p
spectrum, Figure S12 Supporting Information). Presence of
nitrogen and oxygen-containing groups onto CDs was further
confirmed by ATR-FTIR spectra analysis (Figure S21). In fact, the
spectrum of CDs� NH2 displays specifics absorption bands
centred at 3320 and 3210 cm� 1 for N� H and O� H stretching,
1620 and 1500 cm� 1 for amides stretching and 1070 cm� 1 for
C� N bond stretching. The amount of carbon, hydrogen and
nitrogen in the purified CDs� NH2, express as weight percent-
age, was measured by elemental analyses experiments (Ta-
ble S3 in SI). Positively-charged N-doped carbon dots were
characterized by a carbon to nitrogen ratio of 4 :1. The UV-vis
spectrum of CDs� NH2 highlighted an intense absorption at
218 nm, relative to the π-π* transitions of the aromatic core,
and a lower absorption centred at 370 nm ascribable to the n-
π* transitions of C=C, C=O and C=N double bonds (Figure S22,
SI). Furthermore, the fluorescence analysis showed a bright
green centred emission at 530 nm, independent by the
excitation wavelength (λemmax=460 nm), indicating a uniform
emissive core.

For the second set of CDs, classically used starting materials
were selected: urea (3) and citric acid (4) (Scheme 1b).[16] These
substrates would indeed lead to the presence of both amino

and carboxyl functionalities and a resulting neutrally charged
surface. The substrates were dissolved in water at 70 °C for
15 min, followed by 20 min sonication to ensure complete
solubilization. Then, the solution was irradiated at 800 W for
30 min, followed by the same purification steps previously
described. The obtained CDs, namely CDs� CO2H/NH2, were
isolated and fully characterized (characterisation data in the SI).
CDs� CO2H/NH2 showed nanoparticles with an average size of
2 nm determined by analysis of AFM height profile and a mean
hydrodynamic diameter of 60 nm obtained by NNLS number-
weighted analysis of DLS data. Interestingly, the ζ potential
analysis evidenced an overall negative charge of the surface
(� 22 mV), reasonably due to co-presence of aminic and
carboxyl groups with a slight excess of the latter, which was
verified by XPS and FTIR analyses. Specifically, The C 1s XPS
spectrum (Figure S14, SI) showed the presence of a mixture of
functional groups appended to the aromatic carbon core,
including amines, hydroxyls, carboxylates and carboxylic moi-
eties. The N 1s region (Figure S15, SI) confirmed the presence of
aminic groups with a small fraction of ammonium. The
presence of peaks at 1700 cm� 1 and 1550 cm� 1 in IR spectrum
indicated the stretching of carboxylic and carboxylate groups,
while the peaks at 3210 cm� 1 and 1070 cm� 1 were ascribable at

Figure 2. Characterization images and spectra of the synthesized CDs. a) AFM image (height sensor) of CDs� NH2; b) DLS number-weighted size distribution of
CDs� NH2, with the measured DLS G1 correlation function shown in the inset; c) XPS C 1s (upper) and N 1s (lower) spectra of CDs� NH2; d) fluorescence spectra
of CDs� NH2; e) fluorescence spectra of CDs� CO2H/NH2; f) fluorescence spectra of CDs� CO2H.
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N� H and C� N stretching, respectively. The spectrofluorimetric
study revealed slightly different results compared to literature
data,[16] reasonably because of the variation in the power used
for CDs synthesis, displaying emission-dependent bright-green
fluorescence emission, centred at 539 nm (Figure 2e),

Subsequently, we focused on the synthesis on the third set
of carbon dots, possessing a negatively charged surface and
without N-doping. In this case, modifying a literature procedure
(see SI for the screening of reaction conditions and
optimization),[17] we selected D-glucose (5) and polyacrylate
sodium (MW=5100, 6), in a 1 :2 ratio, as starting materials
(Scheme 1c). The microwave-assisted carbonisation was per-
formed in water, irradiating for 4 min at 800 W, followed by the
previously optimized purification.

These newly synthesized nanoparticles were also completely
characterized (characterisation data in the SI). The negative zeta
potential was confirmed by DLS analysis (� 36.23�0.78 mV),
together with an average hydrodynamic diameter of around
5 nm, as determined by NNLS number-weighted DLS analysis.
The morphology analysis by AFM showed quasi-spherical CDs
of average height around 1.3 nm, determined by analysis of
height profile. The C 1s XPS spectrum (Figure S18, SI) revealed
the presence of both COOH and carboxylate functional groups,
as expected from the use of sodium polyacrylate, with the
addition � OH moieties. The presence of Na+ was confirmed in
the Na 1s region (Figure S19, SI). The fluorescence analysis
highlighted also in this case an excitation-dependent emission,
with a maximum emission centered at 450 nm (λemmax=480 nm,
Figure 2f). The negatively charged surface was ascribable to
carboxyl moieties, as also confirmed by XPS and by the
presence in the FTIR spectrum of peaks at 1700 cm� 1 and
1550 cm� 1 (O� H and C=O stretching, respectively).

Carbon dots have attired much attention by the scientific
community due to their biocompatibility and for their variety of
biological applications. To check if biocompatibility was
retained by the envisioned classes of carbon nanodots in hand,
we conducted preliminary cytotoxicity test on COS-7 cells, a
fibroblast-like mammalian cell line derived from monkey kidney
tissue, using the MTT (3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyl-
tetrazolium bromide) assay to assess cell viability after 48 h of
exposure. In this assay, the MTT salt is reduced to purple
formazan crystals by mitochondrial dehydrogenases active in
the healthy cells. The amount of formazan produced is propor-
tional to the number of viable cells in the culture and can be
measured spectrophotometrically. COS-7 cells were treated
with various concentrations of each type of CDs, ranging from
0.125 up to 4 mg/mL and the results are shown in Figure 3. At
all tested concentrations, the cell viability was extremely high.
In particular, CDs� NH2 and CDs� CO2H/NH2 exhibit negligible
cytotoxicity against COS-7 cells for all the investigated concen-
trations. Only the CDs� CO2H shows a concentration-dependant
behaviour, causing a decrease in cell viability starting from
1 mg/mL up to 4 mg/mL when treated for 48 h. In addition to
the MTT assay, a Trypan blue exclusion assay showed that most
of the COS-7 cells were attached to the plate (no cells were
found in the culture medium supernatant) and most of them
were live (Supplementary Figure 23).

To understand if carbon dots were able to pass through the
cell membrane, and did not accumulate on the cell surface, we
used live cell confocal microscopy (λexit 450–490 nm; λflu
515 nm) that produces a resolved image of a single focal plane,
without disturbance from other regions of the cell. Importantly,
no signal was observed when the cells were treated with
CDs� CO2H/NH2 and CDs� CO2H, while a strong green signal,
ascribable to the dots fluorescence, was visible in cells treated
with CDs� NH2 (Figure 7, a and b), underlying the possibility to
use CDs� NH2 as imaging probe for biological fluorescent
imaging. We observed that CDs� NH2 signal is visible inside the
cell, suggesting that this compound is able to permeate the
mammalian cell membrane (Figure 7, c). This crucial result
highlights that the main structural feature of the surface that is
necessary for cellular internalization is not related only to the
functional groups and general elemental composition but to
the total surface polarization, which plays a pivotal role in the
establishment of electrostatic interaction with the cell mem-
brane. Indeed, while CDs� NH2 are characterized by aminic
groups and a positively polarized surface, CDs� CO2H/NH2 also
present aminic moieties, however the total surface charge is
negative. The capacity of CDs� NH2 to be internalized while
maintaining extremely high viability are promising features for
the envisioned antimicrobial applications of these nanomate-
rials in the biomedical field.

Prompted by these encouraging results, we extended our
study to the evaluation of the CDs antifungal activity, selecting
C. albicans as biological target, due to its relevant healthcare
role. The broth microdilution method has been performed to
evaluate CDs antifungal activity against C. albicans planktonic
cells, following CLSI standard methods.[18] The results reported
in Table S5 (SI) showed that CDs� NH2 had the best activity with
MIC value, expressed as Geometric Mean (GM), of 397 μg/mL,
while CDs� CO2H/NH2 and CDs� CO2H had no activity at the
highest concentration (500 μg/mL). The results obtained with
the reference compounds fluconazole and amphotericin B
(literature values) highlight that CDs� NH2 showed a low
capacity to inhibit C. albicans planktonic cells. Nevertheless, the
major concerns about C. albicans infections, as above stated, is

Figure 3. Cell viability MTT assay of cultured cells treated with CDs� NH2,
CDs� CO2H/NH2, CDs� CO2H for 48 h. All experiments were performed at least
3 times. No significant differences were observed with ANOVA statistical
analysis.
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its tendency to form biofilm, which dramatically increase
resistance to antimicrobials and immune cells.

Adhesion and biofilm formation by C. albicans are important
virulence factors and new antifungal therapies aim to inhibit
them, to prevent the establishment of hard-to-treat
infections.[19] C. albicans is able to adhere to both biotic and
abiotic surfaces, causing colonization which can lead to invasive
infections. For this reason, CDs’ anti-Candida adhesion assay
was performed on flat-bottomed, 48-well microtiter plates, as
previously described[20] with some modifications. The three sets
of CDs showed the capacity to inhibit C. albicans adhesion to
polystyrene microtiter plates in a dose-dependent manner
(Figure 4). Positive surface charged CDs (CDs� NH2) showed a
significant activity when compared with CDs� CO2H/NH2 and
CDs� CO2H (p value <0.001). CDs� NH2 reduce C. albicans
adhesion by 79% at a concentration of 500 μg/mL, after
90 minutes of incubation.

C. albicans adhesion is followed by biofilm formation on the
colonized surface. During biofilm formation, cells organize in a
community and start to secrete the extracellular matrix (ECM),
which is the main responsible for the higher resistance of
biofilms to antifungal drugs. CDs activity was investigated
in vitro against C. albicans biofilm formation, using flat-
bottomed, 48-well microtiter plates, as previously
described.[19b,21] CDs at a concentration ranging from 500 μg/mL
to 0.976 μg/mL were used for these experiments. The three sets
of CDs showed the capacity to inhibit biofilm formation in a
dose-dependent manner (Figure 5). Again, the positive surface
charged CDs� NH2 showed a significant inhibition activity
against C. albicans earlier (24 h) and mature biofilm (48 h) (p
value <0.001) when compared with CDs� CO2H/NH2 and
CDs� CO2H. In particular, CDs� NH2, at the concentration of
500 μg/mL, reduced biofilm formation by 89% and 95%,
respectively, after 24 h and 48 h. For the CDs� NH2, good results
in terms of anti-biofilm activity were visible yet from 125 μg/mL
since more that 70% of earlier and mature biofilm is inhibited.

In recent years, G. mellonella larvae have been widely used
to test the antimicrobial activity of both chemical and natural
compounds in vivo due to the remarkably mammalian-like
immune system. In addition, this animal model meets the
bioethics principle of the 3Rs (Replacement, Reduction, and
Refinement) in animal experimentation and is characterized by

simple handling and experimental procedures.[22] Hence, the
in vivo antifungal activity evaluation of CDs� NH2 was carried
out treating pre-infected G. mellonella with CDs� NH2 at differ-
ent concentration and evaluating the amount of survival larvae
after 120 h (procedure in the SI).[14d] Three control groups were
defined: untreated larvae, larvae injected with PBS and larvae
infected with C. albicans. Three groups of infected larvae were
then treated with different concentrations of CDs� NH2:
5000 μg/mL, 500 μg/mL, 50 μg/mL (Figure 6). No mortality was
recorded among untreated larvae and larvae injected with PBS.
The mortality rate of the infected G. mellonella larvae was 20%.
When compared with the control, CDs� NH2 5000 μg/mL and
500 μg/mL showed significant results (p value<0.01, p value<
0.05, respectively). Larvae survival increases by up to 90%
following treatment with the highest concentration tested,
5000 μg/mL (Figure 6, a), and by up to 80% after injection with
500 μg/mL (Figure 6, b), showing interesting dose-dependent
behaviour of CDs� NH2 even in in vivo tests (active concen-
tration below COS-7 MTT results), Figure 7.

By exploiting the intrinsic fluorescence of CDs and encouraged
by the internalization results obtained on COS-7 cells, epifluor-
escence microscopy was employed to investigate the internalization
of CDs in planktonic and biofilm-associated Candida albicans cells.
No fluorescent signal was observed in CDs� CO2H/NH2 and
CDs� CO2H cells, suggesting that these nanoparticles are not
accumulated within C. albicans cells. Conversely, almost all cells
exhibited a slight fluorescent signal after about 5 min of CDs� NH2

Figure 4. Inhibition of C. albicans ATCC 10231 adhesion to polystyrene wells
in the presence of CDs� NH2 (lime green), CDs� CO2H/NH2 (green), CDs� CO2H
(blue) after 90 min.

Figure 5. Inhibition of C. albicans ATCC 10231 24 h (a) and 48 h (b) biofilm formation in the presence of CDs� NH2 (lime green), CDs� CO2H/NH2 (green),
CDs� CO2H (blue).
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administration. These results are comparable to the ones observed
for COS-7 cells internalization, evidencing how the surface polar-
ization dramatically influences the cell membrane interaction even
in different cell types. A stronger signal was detected on the surface
of the cell membrane and inside the cells after 5–10 min,
suggesting that CDs� NH2 were accumulated on the cells at higher
concentrations than in the external environment. The presence of a
region, presumably corresponding to the vacuole, devoid of
fluorescence was evident in cells that had internalized CD� NH2,
suggesting that they cannot cross the tonoplast. Since the only
internalized set of CDs also is the only one active against C. albicans
biofilm formation, it is plausible that the mechanism of inhibition
could be correlated to the presence of carbon nanodots either
within the cell or in the intermembrane portion.

Conclusions

In conclusion, in this work the synthesis and complete physico-
chemical characterization of structurally diverse carbon nanodots
was developed, with a comprehensive analysis of their biological
properties as promising antifungal nanomaterials against C. albicans
biofilm formation and adhesion. The data presented here highlight
how the surface structure and the consequent polarization result
crucial for the interaction with biological membranes, CDs internal-
ization, and most importantly to exert the antifungal activity. All the
developed nanodots possess good biocompatibility and extremely
high cell viability even at high concentrations (up to 4.0 mg/mL) in
MTT analyses with fibroblast-like COS-7 cells. Positively-polarized
carbon nanodots showed internalization in COS-7 cell membrane as
well as into planktonic C. albicans cells, observed by fluorescence
microscopy analyses employing CDs intrinsic photoluminescence.
The images evidence that the CDs adhere and enter C. albicans

cells. These features are paired with a significant dose-responsive
inhibition of C. albicans biofilm formation and adhesion, as
demonstrated by in vitro tests, highlighting a correlation between
adhesion, internalization and antifungal action. Moreover, in vivo
tests with G. mellonella larvae exhibited 90% survival of larvae
infected with C. albicans upon treatment with positively charged
CDs. We believe that this study could serve as a starting point to
fully explore the discovered antifungal potentialities and promising
applications of carbon nanodots, so far only preliminary studied, to
thoroughly clarify the CDs’ mechanism of action in biofilm adhesion
inhibition and possibly to employ their ability to enter in the cell to
develop innovative bioactive antifungal bioconjugates as nano-
carriers of active principles.

Experimental section

General information

All the chemicals were purchased from Sigma Aldrich (Milan, Italy) in a
99% purity grade, and used without purification. Ultrapure MilliQ water
was used for carbon dots synthesis and dialysis. Dialysis membrane
with 100–500 Da cut-off were purchased from Sigma Aldrich. For the
filtration of crude CDs solutions, Millex®-VV syringe filters with 0.1 μm
pore size in PVDF (33 mm) were used.

Carbon dots synthesis

CDs� NH2 Compound 2 (550.0 mg, 5.09 mmol) was completely dis-
solved in MeOH by sonication (10 min) before mixing it with 1 (1.0 g,
4.64 mmol) (1 :2 ratio=1:1.1) and water to reach a final solution of
water/MeOH (2:1, 30 mL total). The resulting solution was then
carbonised in a microwave at 800 W for 3 min. The resulting slurry
solution was diluted in MilliQ water (10 mL) and centrifuged at
4,000 rpm to remove larger particles and the supernatant was directly

Figure 6. G. mellonella larvae survival rate after C. albicans infection and treatment with 5000 μg/mL (a), 500 μg/mL (b), 50 μg/mL (c) of CDs� NH2.
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dialysed for three days (dialysis water changed at least 5 times per day)
and then filtered through a 100 nm syringe filter. The resulting solution
was freeze-dried to obtain the desired CDs.

CDs� CO2H/NH2 urea (3) (3.0 g, 50.0 mmol) and citric acid (4) (2.0 g,
9.5 mmol) were dissolved in water (60 mL) at 70°C for 15 min, followed
by 20 min sonication to ensure complete solubilization. Then, the
mixture was irradiated at 800 W for 30 min. The resulting slurry solution
was centrifuged at 4,000 rpm to remove larger particles and the
supernatant was directly dialysed for five days and then filtered through
a 100 nm syringe filter. The solution was freeze-dried to obtain the
desired CDs.

CDs� CO2H D-glucose (5) (2.0 g, 11.1 mmol) and polyacrylate sodium
(MW=5100, 6) (1.0 g, 0.2 mmol), in a 1:2 ratio, were dissolved in water
(10 mL). The microwave-assisted carbonisation was performed via

irradiation for 4 min at 800 W. The resulting slurry solution was
centrifuged at 4,000 rpm to remove larger particles and the supernatant
was directly dialysed for five days and then filtered through a 100 nm
syringe filter. The solution was freeze-dried to obtain the desired CDs.

NMR analyses

For NMR analysis CDs were dissolved in DMSO-d6 ar r. t. (6.0 mg/mL).
NMR analyses were performed on a 300 MHz Bruker Avance III
spectrometer and spectra were processed using MestReNova 6.0.2
(Mestrelab research SL). Residual internal solvent was used as standard.
The 1H NMR spectrum of CDs� CO2H was registered in a mixture 1:1 of
DMSO-d6 and D2O, due to low solubility of CDs in pure DMSO.

Figure 7. Confocal microscopy images for internalization studies of CDs-NH2, CDs� CO2H/NH2, CDs� CO2H in COS-7 cells (a, b, and c) and epifluorescence
micrograph of C. albicans planktonic cells at the CDs� NH2 diffusion front (d, e). The rectangle in (d) represents the area of the detail in (e). All cells exhibit a
slight fluorescence signal in the cell walls (arrows) and some of them also exhibit a more intense cytoplasmic signal (arrow heads). Bars 40 μm (a–b, d), 10 μm
(c) and 5 μm (e).
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AFM

AFM measurements were carried out by a Dimension Icon (Bruker AXS)
under ambient conditions, in Tapping mode by using silicon RTESP-300
Bruker probes, with nominal radius of curvature 10 nm. Freshly
prepared CDs solutions at 15 mg/mL have been filtered (0.1 μm pore
size) and then incubated on freshly cleaved mica for 2 min to allow CDs
adsorption. Then the substrate surface was washed three times with
Milli Q-water to remove non-adsorbed particles. AFM images were
analyzed using Gwyddion free software. Height Sensor images were
processed by flattening and background subtraction.

DLS/DELS

To measure size and electrophoretic mobility of samples, Dynamic and
Dielectrophoretic light scattering (DLS, DELS) measurements have been
carried out by a Malvern NanoZetaSizer apparatus (Malvern Instruments,
Worcestershire, United Kingdom), with backscattering configuration
(173°) equipped with a 5 mW HeNe laser (λ=632.8 nm). Temperature is
controlled by a Peltier system and it was fixed at 298 K for both
measurements. The CDs solution was measured at a 15 mg/mL
concentration. In DLS the G1 autocorrelation function of scattered
intensity is analyzed to obtain the distribution of the diffusion
coefficients D of the particles, which, in turn, are converted in a
distribution of hydrodynamic radii RH using the Stokes Einstein
relationship RH=kBT/6пηD, where kBT is the thermal energy and η the
solvent viscosity. Number-weighted NNLS algorithm[23] is used to
determine the size and size distribution of the CDs.

For the determination of ζ-potential, electrophoretic mobility μ was
converted into ζ-potential by the Smoluchowski relation ζ=μ η/ɛ,
where η and ɛ are the viscosity and the permittivity of the solvent
phase, respectively.[24]

Fluorescence analyses

Fluorescence of CDs in water solution was studied using Fluoromax-3
Horiba Jobin–Yvon fluorometer at 25°C in a range between 400 and
650 nm. UV measurements were recorded on HP DIODE ARRAY
instruments between 190 and 820 nm, with 2 nm resolution. For both
analysis CDs were dissolved in Milli-Q water and tested in quartz
cuvettes. Infrared spectra were acquired in attenuated total reflection
(ATR) using a Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a Golden Gate single reflection diamond ATR accessory.
All spectra were recorded in absorption mode with 200 scans/spectrum
and at 4 cm� 1 resolution in the region between 4000 and 650 cm� 1.

XPS analyses

For each of the C-dots samples, a drop (50 πL, 1 mgmL� 1) was
deposited onto a hydrogenated silicon surface and let dry overnight
before measurement.

XP spectra were recorded using a modified Omicron NanoTechnology
MXPS system equipped with a monochromatic source (Omicron XM-
1000) and an Omicron EA-125 energy analyzer. The exciting radiation
used was Al Kα (hυ=1486.7 eV), generated operating the anode at
14 kV and 16 mA. All photoionization regions were acquired using an
analyzer pass energy of 20 eV, except for the survey scan, taken at
50 eV pass energy, and a take-off angle (θ) of 21° with respect to the
sample surface normal. The measurements were performed at room
temperature, and the base pressure in the analyzer chamber was about
2×10–9 mbar. Experimental data were fitted using a Shirley function to
reproduce the secondary electrons’ background and pseudo-Voigt
functions for the elastic peaks. These curves are described by a common
set of parameters (position, FWHM, Gaussian-Lorentzian ratio) which

were let free to vary within narrow limits. The Gaussian-Lorentzian ratio
was left free to vary between 0.7 and 0.9.

Elemental analysis

Elemental analyses for C, H, and N were provided by the “Servizio di
Microanalisi” at the Dipartimento di Chimica Università “La Sapienza”
(Rome) on a EA 1110 CHNS-O Carlo Erba instrument.

Cell cultures and cellular viability MTT assay

COS-7 cells (ECACC 87021302) were seeded at a density of 15,000 cells
per well in a 96-well plate containing complete high-glucose DMEM
medium supplemented with glutamine (20 mM) and 10% FBS. The
compounds CDs� NH2, CDs� CO2H/NH2 and CDs� CO2H were weighed
under semi-sterile conditions and mechanically dissolved in Optimem
medium for 24 hours at room temperature. After 24 hours, these
solutions were filtered through a 0.2 μm filter, aliquoted and frozen at
� 20°C. On the day of the experiment, the compounds were added to
the wells starting from 4 μg/μl and performing serial 1 :2 dilutions in
Optimem medium directly in the wells, reaching a final concentration of
0.125 μg/μl (see Table S3). Following a 48 hour incubation, cell viability
was assessed using the MTT colorimetric assay (Abcam, ab211091),
following the manufacturer’s protocol. Briefly, the assay involved an
incubation of 1.5 hours at 37°C, followed by lysis in acid isopropanol
and measurement of the absorbance of the resulting solutions at
590 nm using a spectrophotometer (Multiscan FC, ThermoFisher).
Additionally, to visualize the cell death we performed the trypan blue
assay. Briefly, 500,000 cells were plated in a 6 well plate. The next day,
compounds were added in the wells at 4 μg/μl. After 48 hours of
incubation, the culture medium supernatant (CMS) was centrifuged at
200 g for 5’ to pellet floating cells; the supernatant was discarded and
cells were resuspended in 50 μl of PBS 1x. The cells in the 6 well plate
were washed with PBS 1x and detached from the plate with 0.2 mL of
trypsin-EDTA for 5’ at 37°C. Cells were mechanically detached adding
1 mL of PBS 1x and centrifuged at 2500 rpm for 10’, the supernatant
was discarded and cells were resuspended in 100 μl of PBS 1x. 10 μl of
either type of cell resuspensions were mixed with 10 μl of trypan blue
(1:1 proportion). 10 μl of the mix were added to a Burker counting
chamber and photographed at a 10x magnification with an RS-500 C
camera.

In vivo confocal microscopy imaging of the cells

15 ’000 COS-7 cells were seeded on polylysine coated (Merck; 25988–
63-0) glass slides in a 24 well plate and incubated for 24 hours in a
complete high-glucose DMEM medium supplemented with glutamine
(20 mM) and 10% FBS. The next day the compounds dissolved as
above were added at 4 μg/μl to the cells and incubated for 24 hours at
37°C. The next day, after a wash in PBS, cells were mounted on slides
adding a small drop of PBS to facilitate adhesion and living cells were
analysed by confocal microscopy (Zeiss 780) with 63x and 100xmagni-
fication. Multiple Z planes were acquired with an inter-plane separation
of 1 μm. Bright field and carbon dots were imaged with the bright field
filter and blue filter (λexit 450–490 nm; λflu 515 nm). The confocal images
were processed with Image J software (Fiji).

Antifungal susceptibility testing

Candida albicans ATCC 10231 was obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). In vitro, the antifungal
activity of the three sets of CDs (CDs� NH2, CDs� CO2H/NH2 and
CDs� CO2H) against C. albicans ATCC 10231 was determined according
to the standardized methods for yeast, using the broth microdilution
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method.[18] C. albicans was grown on Sabouraud dextrose agar (Sigma
Aldrich, St. Louis, MO, USA) at 35°C for 24 h. The final concentration of
the inoculum was ranging from 5.0×102 to 2.5×103 cells/mL.

CDs� NH2, CDs� CO2H/NH2 and CDs� CO2H were firstly dissolved in
RPMI-1640 medium. Each of them was then serially diluted 2-fold in
RPMI-1640 medium (Sigma-Aldrich, St Louis, MO, USA) buffered with
MOPS (4-morpholinepropanesulfonic acid) in glass tubes. The tested
concentrations of the three sets of CDs ranged from 500 μg/mL to
0.976 μg/mL. After incubation, the minimal inhibitory concentration
(MIC) was determined. With the help of a reading mirror, it was possible
to compare the growth in each well with the control one, which is
drug-free. MIC50 was the lowest concentration that caused a prominent
decrease (�50%) in visible growth compared with the drug-free
control. Each experiment was performed in duplicate and was repeated
at least three times on separate dates. The results are expressed as the
geometric mean.

In vitro activity of CDs against C. albicans adhesion

Candida adhesion assay was conducted as described above.[20] Presteri-
lized, polystyrene, flat bottom 48-well microtiter plates were used. At
first, C. albicans suspension was prepared in RPMI-1640 buffered with
MOPS at a concentration of 1.0×106 cell/mL. 200 μL aliquot of that
suspension was transferred into microtiter plate wells together with the
nanoparticles’ solution (final concentration ranging from 500 μg/mL to
31.25 μg/mL) and the plate incubated for 90 minutes and 24 h at
37°C.54 After both set times had passed, the cell suspensions were
aspirated, and each well was washed twice with Phosphate Buffered
Saline (PBS) to remove loosely adherent cells. Thus, Candida adhesion
was studied quantitatively at 90 minutes, using Crystal Violet (CV) assay.
In short, 200 μL of CV 0.1% solution was added to each well. After
10 minutes, the solution was aspirated, and the wells were washed with
sterile water. Following the removal of CV, 200 μl of 95% ethanol were
added to each well.[21] Eventually, the colorimetric changes showing the
biomass of Candida biofilm were measured at 590 nm using a
microplate reader. The experiment was performed three times
independently in triplicate, and the results were expressed as mean�
standard deviation (SD).

In vitro activity of CDs against C. albicans biofilms

The Candida biofilm was formed on flat-bottomed, 48-well microtiter
plates, as previously described with some modifications.[19b] To evaluate
the CDs’ activity against the formation of biofilm, a suspension of C.
albicans was prepared in RPMI-1640 buffered with MOPS. 200 μL
aliquots of this cell suspension (final concentration in well: 1.0×105 cells/
mL) were added to the 48 microplate wells together with 200 μL of
each set of nanoparticles solution at a concentration ranging from
500 μg/mL to 31.25 μg/mL. Plates were then incubated for 24 h and
48 h at 37°C. After biofilm formation, the medium was aspirated, and
non-adherent cells were removed by washing twice with phosphate-
buffered saline (PBS). C. albicans biomass was quantified using Crystal
Violet (CV) assay as described above.56 Eventually, the colorimetric
changes showing the biomass of Candida biofilm were measured at
590 nm using a microplate reader. The experiment was performed three
times independently in triplicate, and the results were expressed as
mean�standard deviation (SD).

Galleria mellonella survival assay

Galleria mellonella survival assays were carried out as described by
Cairone and colleagues.[14d] Larvae of G. mellonella of 0.3�0.03 g,
obtained from Todaro Sport (Rome, Italy), were selected. Nine groups of
larvae (10 larvae for each group, 1 group for each treatment) were

inoculated in the last left proleg with 2×106 cells of C. albicans ATCC
10231 and with 10 μL of CDs� NH2. The concentrations of CDs� NH2

were 50 mg/mL, 5 mg/mL, 0,5 mg/mL. Three groups with respectively
50 μg/larva, 5 μg/larva and 0,5 μg/larva of CDs� NH2 were defined to
investigate CDs� NH2 toxicity on G. mellonella larvae. Three control
groups were used: one group of larvae were pierced with no treatment
applied, one group were treated with sterile saline solution and one
group were treated with C. albicans ATCC 10231. The larvae were then
incubated at 37°C and monitored for 120 h. They were considered
dead when they did not respond to physical stimulation (a slight
pressure with forceps). Each experiment was repeated at least three
times and reported as a percent survival rate.

Fungal uptake

To evaluate the CDs uptake, C. albicans was cultured on Sabouraud
dextrose agar (Sigma Aldrich, St. Louis, MO, USA) at 35°C for 24 h. After
that time, a suspension in SDB at a final concentration of 1×104 conidia/
mL was obtained and cultured on glass microscope slides placed into
Petri dishes previously filled with 5 mL sterile SDB and incubated for
additional 24 h. 200 μL of CDs at a final concentration of 1 mg/mL were
added to the edge of the coverslip placed over the biofilm in formation
and fungal uptake was observed over time under a fluorescence
microscope (Leica DMRB) equipped with blue filter (λexit 450–490 nm;
λflu 515 nm). The control of untreated cells was observed to reveal any
auto-fluorescence. The experiments were repeated three times inde-
pendently.

Supporting Information

The Supporting Information is available free of charge on the ACS
Publications website: NMR, DLS/DELS, AFM, UV-Vis, IR, and XPS
spectra, elementar analysis, MTT and antifungal assays, cell uptake.
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pletely characterised with regards to
their morphology and physicochemi-
cal properties. We demonstrate the re-
quirement of a positively-charged
surface to exert antibiofilm formation
by C. albicans paired with anti-
adhesion and internalization proper-
ties, and with a mortality reduction of
infected larvae in in vivo tests.
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