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imaging†
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Luis Echegoyen,c Teresa Pellegrinob and Silvia Giordani*a

We report a novel approach based on non-covalent interactions for the functionalization of carbon nano-

onions (CNOs) with fluorophores. The assembly of pyrene–BODIPY conjugates on the CNO surface by

means of p–p-stacking results in fluorescent carbon nanoparticles that are successfully uptaken by

HeLa cancer cells with no cytotoxicity observed. The ability to functionalize carbon-based nanomaterials

by using mild conditions will pave the way for future clinical application of these versatile nanomaterials.
1. Introduction

Nanoprobes as imaging agents are of great interest in
biomedicine and for the study of biological systems.1,2 In this
regard, carbon nanomaterials have attracted considerable
attention over the last few years.3–6 Multi-shell fullerenes, also
known as carbon nano-onions (CNOs),7 are promising materials
for biomedical imaging investigations. Recently, we have
reported8–10 a series of CNOs covalently functionalized with
different uorophores which were bound to benzoic acid
groups11 on the CNO surface by amidation or esterication
reactions. In-depth toxicological studies performed in vitro as
well as in vivo with uorescein–CNO conjugates, revealed low
cytotoxicity and low inammatory response.8 The good
biocompatibility and the low cytotoxicity render these nano-
materials as promising candidates for future applications in
biology and medicine. CNOs functionalized by either a covalent
approach or with polymeric matrices have been successfully
applied also in other elds of scientic research.12

In the present study, we investigated for the rst time the
non-covalent functionalization of pristine CNOs (p-CNOs) with
small molecules such as pyrene derivatives. The use of p–p-
interactions for the non-covalent functionalization of carbon
nanotubes (CNTs) with molecules bearing extended p-systems
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is a well-established protocol.13 Prominent examples include
the immobilization of metal complexes,14,15 crown ethers,16,17

tetrapyrrole macrocycles,18–22 and guanosine derivatives.23 Also
the immobilization of pyrene derivatives on the sidewalls of
CNTs promoted by p–p-stacking has been extensively studied.24

Pyrene is well-suited for this purpose and catalytically active
metal complexes are important examples.25–27 In addition,
several pyrene–chromophore/CNT hybrids were reported, with
prominent examples including pyrene–phthalocyanine28 and
pyrene–porphyrin29,30 derivatives. One example of a boron
dipyrromethene (BODIPY)–pyrene/CNT hybrid was described by
Erbas et al., who immobilized a pyrene-derivatized di-styryl
expanded BODIPY derivative on the sidewalls of CNTs.31 In
this report, we exploit pyrene as an anchoring group in a novel
pyrene–BODIPY dyad, compound 3 in Scheme 1, for the non-
covalent functionalization of p-CNOs. BODIPY dyes are well
known for high uorescence quantum yields, synthetic versa-
tility and high photostability.32–34 The modication of p-CNOs
with 3 yields a uorescent hybrid system, p-CNO/3, which is
held together by p–p-interactions between the pyrene unit of 3
and the extended aromatic system on the surface of the p-CNOs
(Scheme 1). While the primary focus of this study was cellular
imaging and the elucidation of the cell internalization pathways
of the uorescent CNO constructs, the long term perspective is
to use them for drug delivery, in combination with cellular
imaging.
2. Experimental

All reagents used for the synthesis were purchased from Sigma-
Aldrich and used as received. All solvents were purchased from
Sigma-Aldrich and of ACS or HPLC grade and used as received,
unless otherwise noted. DMF was dried over activated 4 Å
molecular sieves (Sigma-Aldrich). All reactions and
RSC Adv., 2015, 5, 50253–50258 | 50253
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Scheme 1 Non-covalent assembly of p-CNO/3.
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measurements were carried out under ambient conditions,
unless otherwise noted.
Synthesis

3. 1 (ref. 35) (75.6 mg, 0.20 mmol), 2 (ref. 36) (54.5 mg,
0.21 mmol) and sodium ascorbate (23.8 mg, 0.12 mmol) were
dissolved in 20 mL dry DMF and purged with nitrogen. Cop-
per(I) iodide (11.4 mg, 0.06 mmol) was added and the reaction
was stirred at 60 �C for 16 h in the dark under a N2 atmosphere.
Aer cooling to room temperature, the reaction mixture was
poured into 50 mL brine and extracted with 3 � 30 mL
dichloromethane. The combined organic phases were washed
with water (2 � 50 mL) and brine (1 � 50 mL) and dried over
MgSO4. The solvent was evaporated and the crude was puried
by column chromatography (SiO2, eluted with hexane:
dichloromethane (1 : 3, v/v), then dichloromethane and nally
dichloromethane containing 5% ethyl acetate). 3 was obtained
as an orange solid (102.5 mg, 0.16 mmol, 80%). 1H NMR (400
MHz, CDCl3) d 8.60–8.00 (m, 9H, pyrene-H), 7.39 (s, 1H, triazole-
H), 7.07 (m, 2H, Ar–H), 6.97 (m, 2H, Ar–H), 6.29 (s, 2H, –CH2),
5.90 (s, 2H, pyrrole-H), 5.13 (s, 2H, –CH2), 2.53 (s, 6H, –CH3), 1.28
(s, 6H, –CH3).

13C NMR (100 MHz, CDCl3) (14.4, 14.6, 52.7, 62.1,
115.4, 116.7, 121.1, 121.9, 122.7, 125.0, 125.9, 126.1, 126.4,
126.5, 127.2, 127.8, 128.5, 129.2–129.4 (multiple peaks), 130.6,
131.2, 132.3, 141.5, 143.1, 155.3, 158.2, 158.7). UV-Vis (toluene)
lmax (3 [�103 M�1 cm�1]) 316 (14.8), 330 (32.3), 346 (46.6), 503
(94.7) nm. UV-Vis (DMSO) lmax (3 [�103 M�1 cm�1]) 268 (30.3),
279 (47.2), 316 (14.8), 330 (32.4), 346 (47.4), 501 (87.0) nm.
HRMS-ESI: m/z: calcd for C39H33BF2N5O

+: 636.2746 [M + H]+,
found: 636.2762.

p-CNO. The preparation of pristine CNOs was performed as
previously described.37

Benz-CNO. The procedure for benzoic acid functionalized
CNOs was published earlier.10 In the present report the workup
procedure was modied. Sodium nitrite (2.45 g, 35.5 mmol) was
dissolved in 30 mL of deionized water and combined with
4-aminobenzoic acid (4.80 g, 35 mmol) in 40 mL of DMF at 0 �C.
0.5 mL of concentrated HCl were added and the reaction
mixture was stirred for 30 min at 0 �C. Then pristine CNOs
(52 mg), dispersed in 50 mL DMF by sonicating for 20 minutes,
50254 | RSC Adv., 2015, 5, 50253–50258
were added and stirred for 4 h at 0 �C and additional 3 days at
room temperature. Following this, the CNOs were recovered by
ltration with a 0.2 mm nylon membrane and extensive washing
with water, DMF, methanol, acetone and tetrahydrofuran. Aer
drying at room temperature for several days, 51 mg of benz-CNO
were recovered.

p-CNO/3. 3 (4 mg, �0.006 mmol) and 12 mg of p-CNO were
dispersed in 20 mL of dry DMF and sonicated in an ultrasonic
bath for 60 minutes. Then, the CNOs were ltered through a
polyamide lter (0.2 mm) and extensively washed with THF until
the THF appears colorless (approx. 100 mL). Finally the func-
tionalized CNO nanomaterial was dried overnight at room
temperature. 11 mg of p-CNO/3 hybrid were recovered from the
lter as a black, ne powder.

Benz-CNO/3. 3 (4 mg,�0.006 mmol) and 12 mg of benz-CNO
were dispersed in 20 mL of dry DMF and sonicated in an
ultrasonic bath for 60 minutes. Then, the CNOs were ltered
through a polyamide lter (0.2 mm) and extensively washed with
THF until the THF appears colorless (approx. 100 mL). Finally
the functionalized CNO nanomaterial was dried overnight at
room temperature. 11 mg of benz-CNO/3 hybrid were recovered
from the lter as a black, ne powder.

Cytotoxicity assay

Cells were grown in monolayer culture at 37 �C under a 5% CO2

atmosphere in a humidied environment. HeLa cells were
cultured in Dulbecco's modied Eagle's medium (DMEM)
enriched with 10% FBS (Life Technologies), 2% Penstrep and
1% glutamine. Cells were seeded in 24 well chamber slides at a
density of 5 � 104 cells per well and incubated in a 500 mL cell
culture medium to obtain a subconuent monolayer aer 48 h
in a humidied atmosphere at 37 �C and 5% CO2. The CNO
samples were prepared by suspending 1 mg of sample in 1 mL
sterile phosphate buffered saline (PBS) solution followed by
sonication for 20 min at 68 kHz (50%). The samples were then
dispersed in the cell culture media (DMEM) to attain CNO
suspensions at nal concentrations of 2, 5, 10, 20 mg mL�1. The
viability test of the HeLa cells exposed for different times to the
samples of CNOs was evaluated versus a control experiment,
utilizing the PrestoBlueTM cell viability assay (Life Technolo-
gies). Assays were performed following a procedure reported
previously,38 based on the measurement of the absorbance at
570 nm on a microplate reader. Each measurement was
normalized with the average signal of control experiment
(untreated cells) and the percent of cell viability was expressed
as the mean � SD.

Cellular imaging

Confocal imaging was performed with a laser scanning confocal
microscope equipped with a resonant scanner (Nikon A1R).
HeLa cells were treated with different concentration of CNO
samples and followed by staining with LysoTracker Red DND-
99, a dye that tags endosomes and lysosomes, and Hoechst
33342, for live nuclear staining. The samples were then xed
with 4% paraformaldehyde. Excitation of the BODIPY on the
CNO samples was performed at 488 nm and the emission was
This journal is © The Royal Society of Chemistry 2015
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View Article Online
acquired in the spectral window between 500–560 nm. The
Lysotracker Deep Red was exited at 577 nm, while the Hoechst
33342 was exited at 405 nm and the images were acquired,
respectively, in the emission range of 600–680 nm and 415–
480 nm.
Fig. 1 Absorption (purple) and fluorescence (cyan: excitation of the
pyrenemoiety at 330 nm; orange: excitation of the BODIPY at 485 nm)
spectra of 3 in DMSO. Grey: excitation spectrum of 3 recorded at a
fixed emission wavelength of 545 nm, and varied excitation wave-
lengths to illustrate excited state energy transfer from the photoex-
cited pyrene to the BODIPY moiety.
3. Results and discussion

The pyrene–BODIPY dyad 3 was synthesized by a copper
mediated Huisgen type “click”-reaction between propargyl
functionalized BODIPY derivative 1 (ref. 35) and 1-(azidomethyl)
pyrene 2 (ref. 36) in 80% yield (Scheme 2).

The successful preparation of 3 was conrmed by UV-Vis
absorption, uorescence, FT-IR, 1H and 13C NMR spectros-
copy as well as by high resolution mass spectrometry. The
absorption maximum of 3 in DMSO is located at 501 nmwith an
emission maximum at 513 nm and a high uorescence
quantum yield of about 0.7. Pyrene-centered absorption
features are located in the UV region as illustrated in Fig. 1.
Fluorescence spectroscopic studies of 3 evidence an efficient
excited state energy transfer from the photoexcited pyrene to the
BODIPY moiety, which leads to an almost complete quenching
of the pyrene centered uorescence features (Fig. 1), a
phenomenon that was observed previously for a structurally
different pyrene–BODIPY dyad and discussed in detail.39

Comparable photophysical properties were exhibited by
anthracene–BODIPY dyads.40

BODIPY 3 revealed a signicant solvent dependency of the
uorescence lifetime when comparing the data obtained for 3 in
DMSO with toluene. While in DMSO sF of 3 is about 3.75 ns, it is
about 3.35 ns in toluene. Fluorescence lifetime measurements
of the BODIPY–acetylene precursor 1 show similar sF values and
a comparable solvent dependency (3.80 ns in DMSO and 3.23 ns
in toluene). A rational explanation for this observation is the
distance between the pyrene moiety and the BODIPY core as
well as the BODIPY's molecular structure and hence the lack of
p–p-conjugation between the two functional subunits.

Non-covalent functionalization of small diameter (�5 nm)
pristine carbon nano-onions (p-CNO)37 with 3 was accom-
plished by sonication of p-CNO together with 3 in dry DMF,
leading to p-CNO/3 hybrid materials (Scheme 1). The uo-
rophore loaded CNOs were separated by ltration and washed
carefully with THF to remove non-adsorbed dye. With the aim to
develop an efficient platform that can be used to deliver drugs
in conjunction with targeting or imaging units, we also
Scheme 2 Synthetic procedure for the synthesis of pyrene–BODIPY
dyad 3. (i) CuI, ascorbic acid, DMF, N2, 60 �C.

This journal is © The Royal Society of Chemistry 2015
evaluated the assembly of compound 3 onto the surface of
CNOs, chemically modied with benzoic acid functionalities
(benz-CNO). Following the functionalization procedure devel-
oped for the p-CNOs, the supramolecular construct benz-CNO/3
was prepared.

UV-Vis absorption and uorescence spectroscopy clearly
revealed the presence of CNO immobilized uorophore 3
(Fig. 2). BODIPY centered absorption and emission, with an
absorption maximum at 501 nm and an emission maximum at
511 nm (in DMSO), were observed. A lower coverage of the u-
orophore was evidenced for benz-CNO/3 (blue lines in Fig. 2) in
comparison to that for p-CNO/3 (red lines in Fig. 2) as a
consequence of the presence of benzoic acid functionalities on
the surface of the benz-CNO. Fluorescence lifetime analysis of
p-CNO/3 and benz-CNO/3, dispersed in DMSO, revealed values
Fig. 2 Absorption spectra of p-CNO/3 (red line) and benz-CNO/3
(blue line). Inset: fluorescence spectra of p-CNO/3 (red line) and benz-
CNO/3 (blue line) excited at 490 nm. Mass concentration: 10 mg mL�1,
solvent: DMSO.

RSC Adv., 2015, 5, 50253–50258 | 50255
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of 3.82 ns and 3.68 ns, respectively. The uorescence quantum
yield of a p-CNO/3 dispersion (10 mg mL�1) was estimated to be
about 0.32 (Fig. S1†). The reduction of the uorescence intensity
of p-CNO/3 compared to that of the free pyrene–BODIPY dyad 3
is well in line with our earlier reported CNO based imaging
agents8–10,41 and is related to the strong plasmonic absorption of
the CNO bulk material. The uorescence intensity is still quite
high, especially if compared to other carbon nanomaterial
based imaging agents,3 making the pyrene–BODIPY loaded
CNO nanomaterial promising, bright imaging agents for
cellular studies. Solid-state ATR FT-IR spectroscopy further
corroborated the presence of 3 in the CNO nanomaterials
(Fig. S2†). It is important to mention that the non-covalent CNO
functionalization with 3 led to a signicant increase of the CNO
dispersability compared to that of p-CNO, presumably due to a
reduced tendency to form aggregates. While pristine CNOs
cannot be dispersed efficiently in aqueous media at all, aqueous
p-CNO/3 dispersions show sufficient stability to study the
cellular uptake.

In order to investigate the potential application of this
platform as an imaging probe and for drug delivery applica-
tions, we investigated the cellular uptake of the p-CNO/3 and
benz-CNO/3 nanomaterials in vitro using HeLa wild type
cervical cancer cells. The cellular viability was tested in the
presence of different CNO mass concentrations, ranging from 2
to 20 mg mL�1, by using a resazurin-based assay. The percentage
viability is expressed in comparison with a control consisting of
cells treated with only the culture media (Fig. 3). p-CNO/3
showed low cytotoxicity, even up to 72 hours of incubation at 37
�C, and the viability of the HeLa cells was found to be higher
than 80% under different conditions (Fig. 3A). A similar trend of
the cytotoxicity with the incubation time was observed by
treating the HeLa cells with different concentrations of benz-
Fig. 3 Cellular viability of HeLa wt cells after exposure to different
concentrations (2, 5, 10, 20 mgmL�1) of p-CNO/3 (A) and benz-CNO/3
(B). The viability was measured after 12 (yellow), 24 (green), 48 (red)
and 72 (black) hours of incubation at 37 �C.

50256 | RSC Adv., 2015, 5, 50253–50258
CNO/3 (Fig. 3B). The low cytotoxicity observed for these uo-
rescently labelled CNO particles encouraged further cellular
imaging studies, with the aim to elucidate the mechanism of
uptake and the localization of p-CNO/3 in the cells. HeLa cells
were treated for 30 min at 37 �C with different concentrations of
p-CNO/3, ranging from 2 to 10 mg mL�1. Aer this period, the
cells were carefully rinsed with fresh media and then xed with
paraformaldehyde. The cells efficiently took up the uo-
rescently labeled CNOs as demonstrated by confocal micros-
copy images. At low concentration of p-CNO/3, a strong
uorescence signal from the BODIPY was detected in the peri-
nuclear region in a point-like distribution typical of endocytosis
uptake (Fig. 4A). A control experiment where the cells were
incubated at 4 �C in the presence of p-CNO/3 was carried out to
conrm the uptake mechanism. Aer 30 min at 4 �C, no
signicant uorescence localized in the cells was observed
(Fig. 4A, inset), indicating that the internalization of p-CNO/3 by
the cells occurs by an endocytosis pathway and not by passive
diffusion through the cell membrane. When HeLa cells were
treated at 37 �C with a higher concentration of p-CNO/3, 10 mg
mL�1, a green uorescence signal widely spread inside the cells
was detected (Fig. 4B). Control experiments, where the cells
were incubated at 4 �C show only a minimum uptake of p-CNO/3
at this higher concentration as conrmed by a slight green uo-
rescence (Fig. 4B, inset).

The internalization of the p-CNO/3 by lysosomes was inves-
tigated at different concentrations of p-CNO/3 by staining the
lysosomes with the Lysotracker probe. HeLa cells were
Fig. 4 Confocal images of fixed HeLa cells incubated for 30 min at
37 �C with 2 mg mL�1 (A) and 10 mg mL�1 (B) of p-CNO/3. Cells were
stained with Hoechst 33342 (blue). The insets show the corresponding
uptake of p-CNO/3 by HeLa cells incubated at 4 �C.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Confocal images of fixed HeLa cells incubated for 30 min at
37 �C with 2 (A and B), 5 (C) and 10 (D) mg mL�1 of p-CNO/3. After
washing the cells from the excess of p-CNO/3, the cells were incu-
bated with fresh media and the confocal was measured immediately
(A) or after 2 h of incubation (B)–(D). The nuclei were stained with
Hoechst 33342, while lysosomes were stained with Lysotracker red
probe. The colocalization of p-CNO/3 within the lysosomes is indi-
cated in yellow. Scale bar: 10 mm.
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incubated for 30 min with p-CNO/3 at concentration of 2
(Fig. 5A and B), 5 mg mL�1 (Fig. 5D) and 10 mg mL�1 (Fig. 5D).

Confocal images, taken immediately aer washing the cells
from the excess of p-CNO/3, show yellow colocalization signal
conrming that the CNO constructs localize in lysosomal vesi-
cles (Fig. 5A), as previously observed for the CNOs covalently
labeled with BODIPY dye.10 Interestingly, a more diffuse and
intense uorescence signal was observed aer incubating the
cells in fresh media for an additional 2 hours aer treating with
p-CNO/3 at 2 mg mL�1 (Fig. 5B). At concentrations of 5 and 10 mg
mL�1, green uorescence was detected also in the cell cyto-
plasm (Fig. 5C and D). The diffuse uorescence observed for
longer incubation times could be an indication of the slow
release of pyrene–BODIPY 3 from the surface of the CNOs upon
interaction with the hydrophobic environments within the cell.
Investigating the localization of nanomaterials, such as CNOs,
and understanding their interactions with specic compart-
ments within the cell is a fundamental aspect for developing
efficient probes for cellular imaging.
4. Conclusions

In summary, we demonstrated a versatile approach for the
functionalization of the surface of CNOs by using non-covalent
p–p-interactions. The novel pyrene–BODIPY 3 was employed to
decorate the surface of CNOs, that led to an increase in the
CNOs' dispersibility. The successful cellular uptake of the
uorescent p-CNO/3 and benz-CNO/3 hybrid material by HeLa
This journal is © The Royal Society of Chemistry 2015
cells was conrmed without signicant cytotoxic effects. These
encouraging results render non-covalently functionalized CNOs
as efficient molecular shuttles for future applications for the
delivery of hydrophobic drugs as well as for cellular imaging.
The combination of multiple functionalization steps will allow
for the preparation of tailor made theranostic CNO based
nanomaterials, and these studies are currently underway in our
laboratories.
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