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Far-red fluorescent carbon nano-onions as
a biocompatible platform for cellular imagingy

Stefania Lettieri,? Adalberto Camisasca,?® Marta d'’Amora,© Alberto Diaspro,®®
Takashi Uchida,f Yoshikata Nakajima,” Keiichi Yanagisawa,” Toru Maekawa'
and Silvia Giordani {2 *29

A new generation of fluorescent carbon nano-onions with enhanced solubility in biological media and
bright photoluminescence is reported. The nano-onions functionalized with a water soluble boron
dipyrromethene dye emit in the far red spectrum with a high quantum yield (@¢) and are suitable for high
resolution imaging. The nanoparticles are characterized by a variety of different analytical techniques
such as thermogravimetric analysis, dynamic light scattering, zeta potential, electron microscopy, Raman,
X-ray photoelectron and fluorescence spectroscopies. They are easily internalized by human breast
cancer cells (MCF-7) without any significant toxic effects. Moreover, confocal imaging studies show they
exhibit a high fluorescence intensity and are localized in the lysosomes at a very low concentration. Our
findings confirm the excellent potentialities of these functionalized carbon nanomaterials as
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Introduction

Carbon Nano Materials (CNMs) such as carbon nanotubes,'
fullerene,* carbon dots® and carbon nano-onions,® are an
attractive platform for biomedical applications due to their
biocompatibility, small size (which ranges between 1 nm to 100
nm) and large surface area. The development of fluorescent
carriers as optical imaging tools became in the past years rele-
vant, both for the localization of specialized nanoparticles in
cells, tissue and organs, and in diagnostics.”® Furthermore,
imaging as a non-invasive technique, which involves the use of
visible, and infrared light decreasing the exposure of the patient
to harmful radiation,® can be applied for live study event at
a molecular level and as diagnostic tool for the prevention and
treatment of cancer and other diseases.'” One of the strategies
to enhance bioimaging relies on the development of imaging
probes emitting in the biologically relevant near-infra red (NIR)
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biocompatible platform for high resolution biological imaging.

and far-red region, where tissue exhibit minimal absorbance.™
Thus there is the need for the developments of new organic dye
molecules emitting in the far-red and NIR region' to decrease
the tissue auto-fluorescence allowing a high resolution imaging
and a deeper tissue penetration. Multi-shell fullerenes, known
as carbon nano-onions (CNOs),"*'* are an attractive class of
CNMs for imaging, diagnostic and therapeutic applications,
due to their small size, spherical shape'® and low toxicity. After
their discovery by Iijima in 1980,' Ugarte reported the in situ
transformation of amorphous carbon into onion-like graphitic
nanoparticles.” Different production methods of CNOs have
been reported so far, including arc discharge,"” pyrolysis,'®*
chemical vapour deposition (CVD)*® and thermal annealing of
detonation nano-diamonds (d-NDs) in vacuum?®* or under inert
atmosphere.”*® In general, CNMs display poor solubility in
aqueous solvents where they are prone to aggregation due to
hydrophobic interactions. However, this can be addressed
through surface functionalization by covalent>?® or non-
covalent methods.>** In particular, several functionalization
pathways have been reported where CNOs were chemically
functionalized on their large surface area, covalently through
chemical reaction directly with the sp® carbon atoms present on
the material surface, and through adsorption of organic
molecules by -7 stacking between the outer graphitic layer of
the CNO and the aromatic moiety of a bioactive molecule.*
These well-establish surface modifications (e.g. oxidation,***
cycloaddition,* fluorination,® radical addition of diazonium
compounds®), allow chemist to create specialized nano-
particles soluble in aqueous environments and biocompatible.
Our recent reports showed that fluorescently labelled CNOs

This journal is © The Royal Society of Chemistry 2017
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exhibit weak inflammatory potential, a low cytotoxicity,** they
are readily internalized by cancer cells and accumulate in the
lysosomes.*”** Furthermore, our in vivo studies performed on
zebrafish (Danio Rerio) during development have demonstrated
their biocompatibility.*®> However, the potential of CNMs for
biological application can be further enhanced by increasing
their solubility in water-based medium obtaining small
specialized nanoparticles with a narrow size distribution. Here,
we report a new generation of fluorescent far-red carbon nano-
onions with a great dispersibility in biological media for
biomedical applications. The quaternary ammonium salt
derivative of a m-extended distyryl-substituted boron dipyrro-
methene dye*®** leads to the synthesis of a water soluble BOD-
IPY molecule. The latter is designed to improve the solubility of
CNO in cellular medium and to improve the emitting properties
of the CNO upon cell internalisation. The CNOs grafted with the
water-soluble fluorophore show bright fluorescence in both
organic solvents and cell medium, proving their suitability as
bioimaging probes. We demonstrate the successful function-
alization of the CNOs using a variety of different analytical
techniques such as thermogravimetric analysis (TGA), dynamic
light scattering (DLS), zeta potential, electron microscopy,
Raman, X-ray photoelectron and fluorescence spectroscopies.
Similarly, in vitro experiments in MCF-7 cells show an excellent
cellular uptake, low toxicity, and a bright photoluminescence at
the confocal microscope of those fluorescent probes. Our
finding pave the way for the development of high resolution
biological imaging platform.

Results and discussion
Synthetic procedures

The synthetic procedures are shown in Schemes 1 and 2.
BODIPY 1 was synthetized following a previously reported
procedure.”> The condensation with dimethylamino-
benzaldehyde led to the NIR-BODIPY derivative 2. The water
soluble BODIPY 3 was obtained through the quaternarization of
2. Pristine CNOs (p-CNOs), synthetized by thermal annealing of
d-NDs, were oxidized using a 3 M solution of nitric acid under
reflux conditions.

The oxidation was performed directly on the sp> carbon
present on the p-CNOs surface, leading to the creation of
hybridized sp® carbon atoms. The oxidized CNOs (0xi-CNOs)
were grafted with BODIPY 3 molecules through an esterification

Scheme 1 Synthesis of BODIPY derivatives 2 and 3. (i) Toluene,
piperidine, glacial acetic acid, Mg(ClO4),, Dean-Stark condenser; (ii)
acetone, CHsl.
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Scheme 2 Functionalization of oxi-CNOs with BODIPY 3. (i) Nitric
acid, reflux, 48 hours; (i) EDC, NHS, DMAP, 3, dry DMF, N,, RT,
20 hours.

procedure using 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide (EDC) as the coupling agent (Scheme 2) to obtain fluo-
CNOs. The detailed synthetic procedures are reported in the
ESLt

Characterization of CNO

Oxi- and fluo-CNOs were characterized by several techniques
(Raman, TGA, and XPS) to prove the successful surface func-
tionalization of CNOs.

The Raman spectra of p-, oxi- and fluo-CNOs showed
a D-band (1320 cm™') and a G-band (1580 cm™?) typical of
CNO.* The D-band at 1320 cm ™" refers to the defects present on
the outer graphitic layer and is due to the presence of sp’-
hybridazed carbons. The G-band at around 1580 cm ™" corre-
sponds to the E,; mode of sp’-hybridized carbon frameworks.
The D/G ratio increased from p-CNOs to oxi-CNOs due to the
introduction of defects on the CNOs outer layer by the oxidation
process (Fig. 1a). No difference was observed between oxi-CNOs
and fluo-CNOs as the coupling reaction didn't introduce new
functionalities directly on the hybridized sp> carbon atoms.
TGA analyses, performed in air, confirmed the successful
functionalization of the CNOs surface (Fig. 1b). The decompo-
sition temperature decreased from 686 °C (p-CNOs) to 668 °C
(oxi-CNOs). From the TGA weight loss at 450 °C, we estimated
approx 120 carboxylic groups per CNO in the oxi-CNOs and
around 5 dye molecules per CNO in the fluo-CNOs.

XPS survey spectrum of the functionalized CNOs was
acquired, thus measuring the elemental composition of each
CNO sample. In Table 1 are reported in detail the percentage of
each element per CNO. As expected, the oxygen content
increased upon oxidation, which we attribute to the introduc-
tion of ~-COOH groups in the oxi-CNOs.

The XPS survey spectrum of fluo-CNOs shows a sample
composition of carbon (90.1%), oxygen (7.1%), nitrogen (1.9%)
and fluorine (0.9%) confirming the presence of BODIPY 3
molecules on the CNO surface. Indeed the nitrogen and fluorine
content are in a ratio of 2 : 1 as in the BODIPY 3 (four nitrogen
and two fluorine atoms are present per dye molecule). In order
to investigate the chemical state of each element, high-
resolution C 1s XPS spectra of CNO derivatives (Fig. 1c) were
acquired. A fitting was performed for every peak and the
different contributes were assigned after the deconvolution.
The C 1s spectrum of p-CNOs is composed of a main peak at
284.5 eV corresponding to the presence of sp” carbon atoms and
four other peaks referring to the presence of sp® carbon atoms
(285.4 eV), oxygen-bonded carbon (C-O and C=0 at 286.5 eV

RSC Adv., 2017, 7, 45676-45681 | 45677
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Fig.1 Raman, TGA and XPS of the CNOs. (a) The Raman spectra are normalized for the G-band at 1580 cm~* and the ratios of the D-band to the
G-band intensities are indicated; (b) thermogravimetric analysis (solid lines) and the corresponding weight loss derivatives (dotted lines) of
p-CNOs (black), oxi-CNOs (blue) and fluo-CNOs (red). All experiments are run in air with a temperature rate of 10 °C min~%; (c) XPS C 1s spectra
of p-, oxi- and fluo-CNOs, including peak-fitting analyses, showing the presence of the peak at about 289 eV corresponding to the carboxylic

acid functionalities.

and 287.9 eV respectively) species and m-m* interactions
(290.7 eV). The C 1s spectrum of oxi-CNOs is composed by the
same peaks of the pristine type and a new peak corresponding
to the -COOH species (289 eV), thus supporting the successful
introduction of carboxylic acid groups onto the surface of CNOs.

No differences were observed in the C 1s spectrum of CNO
after coupling with the dye, as no changes in the carbon atoms
chemical state were present. The chemical state and the area
(%) for every peaks were reported in ESI (Table S1+).

Dynamic light scattering (DLS) measurements are carried
out to determine the hydrodynamic radius of the dispersed
CNOs (Table 2, Fig. S12 and 13 in the ESI}). DLS experiments
were performed on CNOs samples dispersed in PBS 0.01 M. The
dispersions of oxi-CNOs or fluo-CNOs were prepared at an
initial concentration of 1 mg mL " by sonication of the sample
for 30 minutes in water followed by dilution of the samples in
the final solvent to achieve final concentrations of 5, 10 and
20 ug mL™'. Oxi-CNOs revealed an effective hydrodynamic
diameter in PBS of 274 + 15.7 nm, while the fluo-CNOs
exhibited an average diameter of 295 + 17.4 nm. Therefore, the
functionalization of the CNOs with BODIPY 3 does not affect the
stability and dispersibility of the latter in aqueous medium, due
to the solubility of the dye in water.

HRTEM images (Fig. 2) clearly show the concentric graphitic
layers structure of CNOs,* with an inter-graphitic layer distance
of 3.4 A. No changes were observed on the CNOs structure
following surface functionalization.

The spectroscopic properties of the dye 3 and of the fluo-
CNOs are shown in Table 3. Upon photoexcitation of 550 nm of
both BODIPY 3 and fluo-CNOs in DMSO, an emission band
centered at 634 nm was observed as shown in Fig. 3. The inset of

Table 1 Elemental composition of p-, oxi- and fluo-CNOs obtained
by XPS measurements

Sample C (%) 0 (%) N (%) F (%)
p-CNOs 99.0 1.0 — —
0xi-CNOs 90.7 9.3 — —
fluo-CNOs 90.1 7.1 1.9 0.9

45678 | RSC Adv., 2017, 7, 45676-45681

Fig. 3 shows the emission spectra of the BODIPY 3 alone (red
line) and fluo-CNOs (back line) which demonstrate the
successful functionalization of the CNOs with the dye molecule.

In water, the absorption and emission of the dye molecule
were slightly blue shifted (hypsochromic effect) with a Aaps at
616 nm, and a Agy at 627 nm. BODIPY 3 exhibited a high
quantum yield (®5) of 0.8 in DMSO and a molar extinction
coefficient (¢) of 88.28 x 103 M~ cm ' at a wavelength of
627 nm. Remarkably, the herein reported fluo-CNOs main-
tained a high quantum yield of 0.4 in DMSO. The emission
intensity reported in the literature for dyes linked to the surface
of CNMs were much lower (less than a third, compare to the
intensity of the dye alone).*> Moreover the emission spectrum of
fluo-CNOs was recorded in cell medium (DMEM) to see if the
photoluminescence of the fluorescent CNOs was preserved in
aqueous medium proving their suitability in bio applications
(Fig. S7 in the ESIt). The fluo-CNOs exhibited a bright fluores-
cence centered at 632 nm in DMEM. All absorption and emis-
sion spectra of the BODIPY 3 and fluo-CNOs in the different
media are reported in the ESL

Cytotoxicity studies

Previous in vitro and in vivo studies of functionalized CNOs
demonstrate their low cytotoxicity,* and a good biocompati-
bility in a small vertebrate model,* suggesting that CNO is
a biocompatible and safe nanomaterial. The herein reported

Table 2 Effective hydrodynamic diameter obtained from dynamic
light scattering (DLS) measurements and zeta-potential of oxi-CNOs
and fluo-CNOs at a concentration of 5 ug mL™*

Effective hydrodynamic Zeta potential

Sample diameter (nm) (mvV)
Phosphate
0.01 M PBS buffer
oxi-CNOs 274 £ 16 —45 £ 5
fluo-CNOs 295 + 17 -34+4

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Representative high-resolution TEM images of p-CNOs (a), oxi-CNOs (b) and fluo-CNOs (c).

Table 3 Photophysical data for BODIPY 3 and fluo-CNOs. Aaps max:
absorption maximum; Aem Max: Emission maximum; @: fluorescence
quantum yield

Aabs Aem
Sample Solvent max [nm] max [nm] Dr
BODIPY 3 DMSO* 626 634 0.80
Water” 616 627 —
fluo-CNOs DMSO* 626 634 0.40

“ Excitation at 550 nm. Quantum yield: measured relative to zinc
phthalocyanine. Quantum yield: 0.30 in 1% pyridine in toluene.*

fluo-CNOs have interesting fluorescence properties. Thus, their
cyto-biocompatibility on live cells was tested to demonstrate
their suitability as high-resolution cellular imaging probe with
enhanced properties compare to previously reported ones. The
in vitro toxic effects induced by oxi- and fluo-CNOs were evalu-
ated on two different cells lines. The cell viability of MCF-7
(Fig. 4) and HeLa cells (Fig. S14 in the ESI}) exposed to
different concentrations of CNOs (0.5, 1, 5, 10 and 20 pug mL ")
for 12, 24, 48, and 72 hours was determined by means of
colorimetric assay (WST1) (see ESIt for experimental details).
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5

2.0x10° 6.0x10° -

4.0x10°

2.0x10°4

Fluorescence Intensity [a.u.]

1.5x10°

600 650 700 750 800
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Fig. 3 Emission spectra in DMSO of fluo-CNOs at 5 pg mL™* (black
line), 10 pg ML~ (red line) and 20 pg mL™! (blue line). Inset: emission
spectra of BODIPY 3 (red line) and fluo-CNOs (black line) (20 pg mL™).
Excitation at 550 nm; emission at 634 nm.

This journal is © The Royal Society of Chemistry 2017

The results were expressed as percentage viability versus
a control consisting of cells treated with the cell culture
medium alone. As shown in Fig. 4a and Fig. S14a in the ESI,} no
cytotoxicity upon MCF7 and HeLa cells exposed to oxi-CNOs was
observed, even at the higher concentration (20 ug mL™") and
after prolonged exposure (72 hours). With a similar behaviour,
the cell viability of MCF7 and HeLa cells exposed to fluo-CNOs
(Fig. 4b and S14b in the ESI,} respectively) was not affected, and
it was higher than 80% for all the tested concentrations. Our
results demonstrated the good cyto-biocompatibility of CNOs,
encouraging their application as safe bioimaging probes.

Cellular imaging

Confocal live cell imaging was performed in order to track the
intracellular fate of CNOs following their cell uptake and

a)

Cell viabilty (%)
@
3

oxi- CNOs

0
Cortrol 0.5 1 5 10 20

Cell viabilty (%)

0
Cortrol 05 i 5 10 20

Concertration (ugml)

Fig. 4 Cellular viability of MCF7 cells treated with different concen-
trations (0,5 1, 5, 10 and 20 pg mL™Y) of oxi-CNOs (a) and fluo-CNOs
(b) for 12, 24, 28 and 72 hours, revealed by WST 1 assay. Viability (%) is
evaluated for the samples of CNOs against a non-treated control. Data
are expressed as mean =+ standard error as calculated from three
separate experiments.
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Fig. 5 Confocal images of living MCF7 cells after incubation for
24 hours with 5 and 20 pg mL™! of fluo-CNOs. (a and d) fluo-CNOs
(red); (b and e) nuclei stained with Hoechst 33 342 (blue); (c and f)
merged images. Scale bars = 10 pm.

characterize them as possible delivery platform. Fig. 5 show the
internalization and localization of fluo-CNOs in living MCF
cells, after incubation for 24 hours at concentration of 5 and
20 pg mL~*. More confocal images are shown in Fig. S15 in the
ESL.T It could be clearly observed from the strong far-red fluo-
rescence signal present in the cells (Fig. 5a and d), that fluo-
CNOs were successfully up-taken by MCF7 cells and were
accumulated in cytoplasm around the nuclei (Fig. 5c¢ and f).
Fig. S16 in the ESIf displays the cells volume rendering of the
three dimensional confocal stacks, confirming the CNOs
successful cell uptake and distribution throughout the cytosol.
Moreover, we investigated the distribution of fluo-CNOs into
vesicular compartments. Our previous in vitro studies demon-
strated that green-labelled CNOs localized predominantly in the
lysosomes.**

In order to confirm the distribution of fluo-CNOs in the
cytoplasm, a lysosome specific dye, the LysoTracker Green
(Fig. 6b and e), was used to identify the colocalization. As shown

Fig. 6 Confocal images of MCF7 cells after incubation for 24 hours
with 5 and 20 ng mL~? of fluo CNOs. (a and d) fluo-CNOs (red); (b and
e) lysosomes marked with Lysotracker green (green); (c and f) merged
images. Scale bars = 10 um.

45680 | RSC Adv., 2017, 7, 45676-45681
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by the merged confocal images (Fig. 6¢ and f), the fluorescence
of CNOs is in part overlapped with the Lysotracker green (yellow
signal), demonstrating that fluo-CNOs deposited in the lyso-
somal vesicles. These data were confirmed by Fig. S17 in the
ESI,{ showing the cells volume rendering of the three dimen-
sional confocal stacks. Furthermore, we evaluated the inter-
nalization of CNOs by colocalization analysis. Fig. S18B in the
ESIf displays the colocalization mask (blue) applied to the
corresponding confocal images of Fig. S18A in the ESL{ The
value of Pearson's correlation coefficient (PCC), indicator of the
degree of colocalization, was of 0.60987. We demonstrated that
fluo-CNOs were internalized extensively in MCF7 cell, with
a partial localization in the lysosomes.

Conclusions

We reported on the development of a new generation of
imaging probe with a high dispersibility in aqueous medium,
high fluorescence intensity, cyto-biocompatibility and readily
up-taken by cells. A water soluble red emitting BODIPY mole-
cule with a high fluorescence quantum yield was designed for
this purpose. The fluorescence intensity observed by cellular
imaging was extraordinary even with a mild CNO surface
functionalization with BODIPY 3. Thus we can envision a high
degree of functionalization of fluo-CNOs with a therapeutic
agent or a specific ligand for the creation of a targeted drug
delivery system. No toxic behaviour was observed when the fluo-
CNOs were up-taken by HeLa and MCF7 cells up to 72 hours.
Our findings demonstrated that fluo-CNOs are promising tools
for high resolution imaging.
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