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Abstract:  

Carbon-based nanomaterials have attracted much interest during the last decade for biomedical 

applications. Multimodal imaging probes based on carbon nano-onions (CNOs) have emerged as a platform 

for bioimaging because of their cell-penetration properties and minimal systemic toxicity. Here, we 

describe the covalent functionalization of CNOs with fluorescein and folic acid moieties for both imaging 

and targeting cancer cells. The modified CNOs display high brightness and photostability in aqueous 

solutions and their selective and rapid uptake in two different cancer cell lines without significant 

cytotoxicity was demonstrated. The localization of the functionalized CNOs in late-endosomes cell 

compartments was revealed by a correlative approach with confocal and transmission electron microscopy. 

Understanding the biological response of functionalized CNOs with the capability to target cancer cells and 

localize the nanoparticles in the cellular environment, will pave the way for the development of a new 

generation of imaging probes for future biomedical studies. 
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Introduction  

The investigation of novel nano-platforms capable of carrying therapeutic agents and with recognition 

capabilities for specific targeting and optical outputs for imaging is of major interest in the treatment of 

cancer[1, 2] and of other types of infections, such as HIV.[3]. Indeed, active targeting of therapeutic agents 

toward cancer cells plays a key role in enhancing the overall bioavailability of nanomaterials. Strategies for 

selective targeting employ ligands that bind specifically to receptors that are overexpressed on the cancer 

cell membrane relative to those of normal cells: the interaction with the cell surface is the one that defines 

the biodistribution of the therapeutic agent in vivo[1, 4]. Indeed, the surface composition of the 

nanomaterials is critical in determining their interaction with the biological system. A proper balance of 

targeting and imaging units on the particle‘s surface that allows precise control of the circulation times, 

passive accumulation and retention at the site of action and active cellular uptake at the same time, can 

offer optimal therapeutic outcomes.[5] Carbon-based nanomaterials,[6] such as carbon nanotubes 

(CNTs),[7–12] carbon nanohorns (CNHs),[13] nanodiamonds (NDs),[14,15] fullerenes[16] and carbon nano-

onions (CNOs),[17] have emerged as one of the most promising classes of scaffold nanomaterials for 

imaging, diagnostic and therapeutic applications. [18–20]. 

Extensive biological studies on different carbon nanomaterials have shown significant differences in the 

internalization pathway and the biological activity in cancer cells for the different nanomaterial properties. 

The chemical functionalization of the surface of these materials can be achieved through a variety of 

different synthetic strategies,[21–23] which allows for optimal surface distribution of the functional groups. 

Different strategies have been reported for the multiple surface functionalization of CNTs [24] and NDs[25] 

by using diazonium salts generated in situ. One approach to introduce surface functionalities on these 

nanomaterials involves the chemical modification of their surfaces. Among different carbon-based 

nanomaterials, multi-shell fullerenes, known as carbon nano-onions, [17,26,27] are especially promising as 

a platform for chemical modification with targeting units for biomedical studies, since they are small 

enough (average diameters of 5 nm) to be transported in the circulatory system with high biocompatibility 

and minimal systemic toxicity. [17]  

We have recently demonstrated that grafting the surface of CNOs with water-soluble moieties results in: 1) 

low inflammation in vitro, with a significant reduction in the secretion of cytokines IL-1b, and 2) decrease in 

the recruitment of neutrophils and monocytes after injection in mice [16]. A lower inflammatory potential 

was also observed for CNOs compared to CNTs modified with similar functional groups [16]. The results 

obtained in these toxicological studies have encouraged the investigation of fluorescent labelled CNOs as 

probes for the high resolution imaging of intracellular trafficking and studies of biodistribution in different 

cell lines, including MCF-7 human breast cancer cells[26] and HeLa Kyoto cells.[29]  



The surface modification of CNOs still remains a critical determinant for their interactions at the 

biointerfaces and for active intracellular delivery. With the aim of developing an efficient imaging probe 

that can be used to direct the binding of functionalized CNOs to receptors that are highly overexpressed by 

cancer cells relative to normal cells and to maximize their selectivity, we have designed multifunctional 

CNOs bearing folic acid as a targeting moiety, and fluorescein as an imaging agent. Folic acid was chosen as 

the targeting agent due to its high binding affinity to the folate receptors (Kd ~0.1 nm), which are 

frequently overexpressed in a range of tumour cells. Because of its properties, folic acid has gained 

substantial interest as a ligand for cancer targeting.[30–32] Folic acid has been used as a targeting agent 

combined with different materials including liposomes, protein toxins, metals and polymeric nanoparticles, 

linear polymers, and dendrimers to deliver drugs selectively into cancer cells using folate-receptor-

mediated endocytosis [33–35]. Due to its high fluorescence quantum yield and low toxicity fluorescein has 

been widely used as dye for the functionalization of nanomaterials.[8a,17, 19] In the present study, we 

have focused our attention on CNOs as highly robust and tuneable platforms for targeting cancer cells. In 

our design of multifunctional imaging systems, CNOs with a diameter of 5 nm are particularly attractive 

because, in addition to enabling penetration into solid tumours, they can be readily chemically modified. 

The outer shell of CNOs possesses reactive sites that are suitable for functionalization and offers a 

reasonable surface area for the attachment of a wide range of imaging, targeting and/or therapeutic 

agents. Herein, we demonstrate the functionalization of these carbon-based nanoparticles with two 

different moieties by treatment of pristine CNOs with two in situ prepared aryl diazonium salts, that allow 

the grafting of benzoic acid and alkyne functionalities on the surface of the CNOs (Scheme 1). Folic acid was 

introduced by the condensation reaction of a primary amine with the benzoic acid unit on the CNOs while 

the attachment of fluorescein was accomplished by a copper catalysed azide–alkyne Huisgen cycloaddition 

(CuAAC) onto an alkyne functionality (Scheme 2). The surface morphology and chemical composition of the 

CNOs were characterized by high-resolution transmission electron microscopy (HRTEM), thermal 

gravimetric analysis (TGA), attenuated total reflectance Fourier transform infrared (ATRFTIR) and Raman 

spectroscopies. We have also employed timeof-flight secondary ion mass spectrometry (ToF-SIMS) and X-

ray photoelectron spectroscopy (XPS) to characterize the surface chemistry of the modified CNOs in the 

different phases of the functionalization. XPS and ToF-SIMS have been widely used for the characterization 

of the chemical composition of functionalized surfaces[36–38] and nanomaterials,[39,40] providing 

fundamental information for their successful implementation in biomedical applications. The CNO 

constructs were tested towards HeLa and KB cells, a human nasopharyngeal epidermal carcinoma that 

expresses the folate receptor, and their cytotoxicity was assessed. The specificity of the CNOs modified 

with folic acid was evaluated by confocal microscopy, revealing an enhanced uptake by cancer cells having 

overexpressed folate receptors compared to CNOs without the targeting agent. [41] The integration of the 

results from confocal microscopy with transmission electron microscopy (TEM) imaging allowed us to 



develop a correlative light and electron microscopy (CLEM) approach to investigate the behaviour of 

carbon-based nanomaterials in cells. The CLEM analysis combines the advantages of typically independent 

but powerful microscopic techniques and can be recognize as method of choice when targeting specific 

events in large populations of cells or tissues.[34] Using electron microscopy we corroborated the results 

from confocal analysis that showed the internalization of the folate-conjugated CNOs via an endocytosis 

pathway. The selective and rapid internalization of the Scheme 1. Procedure for the synthesis of dual-

functionalized CNOs. Scheme 2. Synthetic procedure for the covalent functionalization of CNO-2b with the 

folic acid unit (FA-PEG4) by amide coupling and with the fluorescein unit (FITC-PEG6) by copper catalysed 

azide–alkyne Huisgen cycloaddition (CuAAC) to yield CNO-4.  

CNOs by cancer cells overexpressing the folate receptor results from the functionalization of the CNOs with 

the targeting unit as well as from the small dimensions of the particle itself. These results clearly indicate 

that the modified CNOs provide valuable platforms to develop imaging probes for cancer cells in biomedical 

studies.  

Results and Discussion  

The synthesis of the multifunctional CNOs starts (Scheme 1) with the pristine CNOs (p-CNO) which are 

subjected to a series of reactions with diazonium salts[21] to covalently functionalize the p-CNO with: 1) 

benzoic acid groups, which act as reactive sites for the amide-coupling reaction with the modified folic acid 

unit (FA-PEG4), and 2) phenylacetylene moieties, which can then undergo CuAAC ligation to attach the 

fluorescein unit (FITC-PEG6) on the surface of the CNO. The targeting ligand and the fluorescent unit were 

both conjugated with a polyethylene glycol chain in order to enhance their solubility and to introduce a 

spacer between the functional units and the CNOs surface (see the Supporting Information for detailed 

synthetic procedures and characterization). The surface of the CNOs was first decorated with carboxylic 

acid groups to obtain CNO-1, by reacting the p-CNO with 4-amino benzoic acid in the presence of isoamyl 

nitrite, following a previously reported procedure.[11] The benzoic acid functionalized CNO-1 were 

collected from the reaction mixture by centrifugation and washed with water, before being treated with 4-

((trimethylsilyl)ethynyl)aniline in a second diazonium reaction to produce CNO-2a. The deprotection of the 

silyl group from the phenylacetylene was performed by treating the CNO-2a in a solution containing tert-

butyldimethylsilyl ethers (TBA) at room temperature to yield the CNO-2b, which contains benzoic acid and 

phenylacetylene groups.  

The surface chemical composition at the different phases of the CNOs functionalization was probed by XPS 

analysis (see the Supporting Information for experimental details). The elemental information on the 

surface of the CNO samples was obtained from the survey spectra (Figure S2 in the Supporting Information) 

and the compositions of the different elements are reported in Table 1. The investigation of the p-CNO 

reveals the presence of a small amount of oxygen and nitrogen on the sample surface.  



After the first functionalization to yield CNO-1, the content of oxygen increases as expected due to the 

presence of carboxylic moieties on the surface, indicating the functionalization of the CNOs with the 

benzoic acid units (Figure S3 in the Supporting Information).[42] The successful functionalization of the 

CNO-1 was also supported by the analysis of the C1 s core level spectra (Figure 1 A and B). In fact, the fitting 

of the C1s core level spectrum of p-CNO reveals the presence of the expected sp2 and sp3 components 

(285 and 285.9 eV, respectively) and the large p–p* satellites at about 291 eV. On the other hand, the 

functionalization with the 4- amino benzoic acid results in an additional component at about 289 eV (Figure 

1 B), which is attributable to the carbon atoms on the carboxylic functionalities.  

An increase of the sp3 component in the spectra of CNO-1 is also noticed in agreement with the 

characterization by Raman spectroscopy. XPS investigations performed on the CNO sample after the 

second reaction (CNO-2a) reveal the presence of silicon, indicating the effective functionalization of the 

surface with the phenylacetylene-TMS group (Figure 1 C).  

An increase of the oxygen signal was also detected; this observation could be explained with the formation 

of reactive carbon atoms during the diazonium coupling that are keen to adsorb oxygen from the 

environment. The Raman spectra of CNO1 and CNO-2b display an enhancement of the D-band (1354 cm-1) 

normalized with respect to the G-band (1570 cm-1), that indicates the conversion of sp 2 to sp3 carbons on 

the surface of CNOs (Figure 2 A). The change in the D/G ratio is more evident after the first reaction and an 

increase from 0.26 for the p-CNO to 0.58 for the CNO-1 was measured. Following the second 

functionalization, the increase of the D/G ratio is less prominent, a phenomenon that has been previously 

observed on SWCNTs subjected to multiple diazonium coupling reactions.[43] The chemical modification of 

CNO-2b was also confirmed by FTIR analysis which shows the presence of benzoic acid and phenylacetylene 

functionalities (Figure 2 B).  

The deprotection of the TMS-alkynyl group upon treatment of CNO-2a with TBAF was established from the 

FTIR spectra of the CNO-2b which displays a peak at around 2142 cm-1 corresponding to C�C vibrational 

modes. Furthermore, the increase of the vibrational bands for C=O (1681 cm-1 ), and for aromatic C¢C 

bands (1372, 1450, 1538 cm-1 ) as well as C¢H (1020 cm-1 ) groups indicate the presence of benzoic acid on 

the surface of CNO-2b. Similar features are observed also in the FTIR spectra of CNO-1. The FTIR results are 

in agreement with the XPS data, vouching for the success of the double step functionalization procedure.  

The preparation of the CNOs modified with the targeting and imaging agents was realized (Scheme 2 and 

Supporting Information for detailed synthetic procedures) by two consecutive heterogeneous reactions of 

CNO-2b with the linkers FAPEG4 and FITC-PEG 6. The folic acid derivative FA-PEG4 was coupled to the 

benzoic acid groups by using N-hydroxysuccinimide (NHS). The isolated CNOs bearing the folic acid unit 

(CNO-3) were then dispersed in DMF by sonication and treated with the fluorescein derivative FITC-PEG 6 in 

the presence of Cu(MeCN)4PF6 , 2,6 lutidine and tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) at 50 



8C. After reaction, the doubly functionalized CNO-4 sample was isolated and washed with excess MeOH 

and H2O until the fluorescein physically adsorbed on the surface of the modified CNOs was completely 

removed. Reference CNOs bearing only the fluorescein unit (CNO-5) were also prepared following the same 

synthetic protocol based on the CuAAC reaction starting from CNO-2b. The final CNO constructs were 

characterized by HRTEM, TGA, ToF-SIMS, XPS, FTIR and fluorescence spectroscopies. HRTEM analysis of 

CNO-4 shows quasispherical onions with average diameter of 5–7 nm and 6–8 concentric graphitic shells. 

Further, the structure and the morphology of the particles were retained after surface modification (Figure 

3). Comparing the TGA weight loss curves (Figure S1 in the Supporting Information) of p-CNO with those 

after covalent modification with benzoic acid and phenylacetylene moieties, CNO-2b, shows a decrease in 

the decomposition temperature from 721 to 698 8C. The reaction of CNO-2b with folic acid derivative to 

yield CNO-3 results inadrop of the decomposition temperature to 618 8C, and a further decrease to 588 8C 

was observed by coupling the fluorescein derivative to obtain CNO-4. The weight-loss calculated from the 

TGA at 500 8C allows the assessment of the degree of functionalization of the CNOs.[44] We estimated 

about 16 functionalities of folic acid per CNO-3, a value that increases to approximately 20 after grafting 

the fluorescein derivative (Table S1 in the Supporting Information). The surface composition of the CNO-4 

was investigated by XPS and ToF-SIMS (Figure 4). Upon reaction of the FA-PEG4 derivative with CNO-2b, an 

increase of the oxygen is detected from the XPS analysis, as a consequence of the introduction of Figure 2. 

A) Raman analysis, and B) ATR-FTIR spectra of CNOs before, p-CNO (black line), and after chemical 

modification, CNO-1 (purple line) and CNO2 b (blue line). The Raman spectra were focused on the D and G 

bands at 457 nm excitation wavelength. The ATR-FTIR spectra were accumulated from 64 scans with 

normal resolution using germanium crystals. Figure 3. Representative high-resolution TEM image of CNO-4 

the PEG chain on the surface (Figure S3 in the Supporting Information). A significant increasing of the 

nitrogen content was observed after functionalization of the CNOs‘ surface with FA-PEG4 (Figure 4 B), even 

though it was to a lower extent considering the theoretical composition of folic acid. Analysis of the surface 

chemistry of the CNO-4 was also performed by ToF-SIMS (Figure 4 C–F and Figure S4 in the Supporting 

Information). For sake of simplicity, only the negative ToF-SIMS spectra are shown although positive 

spectra were also recorded (Figure S5 in the Supporting Information). The ToF-SIMS analysis was performed 

with Bi3+ source in order to retain the molecular information, as demonstrated in previous studies. [45] 

The peak at 68 amu (Figure 4 C), corresponding to the formula [C2N3H2 ] , can be assigned to the triazole 

that has lost one hydrogen atom. The presence of this fragment in the TOF-SIMS spectra is the confirmation 

that the surface attachment of FITC occurred upon click reaction. The peaks detected at 162 amu (Figure 

4D) and at 176 amu (Figure 4 E) can be ascribed to the pteridine derivatives, respectively, with the formulae 

[C6H4N5O] and [C7H6N5O] , obtained from the fragmentation of the folic acid. The peak at 211 amu (Figure 4 

F) could be related to the xantene moiety, [C13H7O3 ], of the FITC. The FTIR spectra of CNO-3 and CNO-4 

were also recorded and the results were compared with the FTIR spectra of the folic acid derivative FA-



PEG4 and of the fluorescein FITC-PEG6 (Figure S6 in the Supporting Information). The successful 

attachment of the fluorophore was also confirmed by the intense emission (lem =540 nm) observed for a 

DMF suspension of CNO-4 upon photoexcitation of the grafted fluorescein units at 495 nm (Figure S7 in the 

Supporting Information). In comparison with the emission of free fluorescein in solution (lem =544 nm), the 

fluorescence spectra of CNO-4 and CNO-5 are characterized by a shift of the emission maximum, implying a 

different environment surrounding the fluorophores anchored on the surface of the CNOs.  

The cytocompatibility of the functionalized CNOs is a key consideration for use of these nanomaterials as 

fluorescent probes for cancer cells. The cytotoxicity of the different CNO constructs, including CNO-1, CNO-

4 and CNO-5, were tested on two different cell lines, the HeLa and KB cells. The cells were treated with a 

suspension of CNOs at different concentrations (2, 5, 10 and 20 mgmL-1 ) and the metabolic activity was 

assessed after different incubation times (Figure 5). The administration of the functionalized CNOs to HeLa 

cells did not result in significant cytotoxicity as confirmed by the high value of cell viability, which was 

always more than 85% as compared to the control. The viability of KB cells treated with CNO-1, CNO-4 or 

CNO-5 was found to be more than 80% even after 48 h of incubation. However, at the higher concentration 

of 20 mgmL-1 , and longer incubation time, a drop of the viability to 70% was observed for KB cell treated 

with CNO-4 and CNO-5. In addition to the observed cell viability of the CNO constructs presented in the 

present study, it should be point out that a low inflammatory response was previously demonstrated both 

in vitro and in vivo for surface functionalized CNOs.[17]  

Overall, these results demonstrate a relatively low cytotoxicity of CNOs modified with suitable functional 

groups that encourage the further investigation of these materials as imaging probes for cancer cells. In 

order to explore the ability of CNO-4 and CNO-5 to enter HeLa and KB cells we performed confocal live cell 

imaging. After incubating the HeLa cells for 24 h at 37 8C with 10 mgmL-1 of CNO-4, the imaging probe was 

clearly internalized by cells (Figure 6 A). Although the green fluorescence signal from CNO-4 was widely 

spread inside the cells, a stronger signal could be detected in the cytoplasm and in the perinuclear region, 

likely due to intravesicle storage of the CNOs. The phase contrast image shows that the HeLa cells remain 

morphologically healthy after being exposed to CNO-4 for 24 h.  

The non-targeted CNO-5 constructs are also internalized by HeLa cells, as shown from the confocal image in 

Figure 6 C, although to a lower extend in comparison with the CNO-4, as confirmed by the low green 

fluorescence signal. In order to confirm the localization of the CNO-4 in the HeLa cells, optical sectioning of 

the cells by confocal laser scanning microscopy was carried out (Figure S8 in the Supporting Information). 

The green emission within the cell indicates that the CNO-4 were internalized by the cells and transported 

in the perinuclear regions, while no green signal was detected in the nucleus or on the cell membrane. The 

localization of the CNO-4 into lysosomal compartments was assessed by staining the lysosomes with the 

Lysotracker probe (Figure 7). The intense yellow co-localization signals confirmed that the folic-acid-



functionalized CNO-4 localizes in lysosomal vesicles upon internalization into the cells. With the aim to 

understand the mechanism for the cellular internalization of CNOs, we performed a correlative imaging 

analysis (CLEM) for our modified CNOs based on confocal and electron microscopy. With respect to other 

carbon-based nanomaterials, CNOs are indeed promising markers for electron microscopy experiments in 

biological samples because the electron-dense multi-shell fullerene core allows their discrimination from 

carbon-rich cell structures. The combination of both light and electron microscopy for the imaging of cells 

treated with CNO-4 confirmed an endocytosis pathway for the uptake of CNO-4 (Figure 8 and Figure S9 in 

the Supporting Information).  

TEM analysis of the subcellular regions, where FITC and Lysotracker probes co-localized based on confocal 

imaging revealed the presence of large aggregates of CNOs inside lateendosome/lysosome vesicles (Figure 

8 and Figure S10 in the Supporting Information). These results also demonstrate that the fluorescein unit 

remains attached to the CNOs in different subcellular regions with different pH and redox states. Moreover, 

the suitably functionalized CNO constructs can work as a potential new class of markers for CLEM, a fact 

that is of significant interest due to the scarcity of suitable markers that are directly visible both with light 

and with electron microscopy. [46] Particularly, fluorescence-labelled CNOs containing both tags on the 

same unit, allow a lower background labelling and a better spatially resolved correlation relative to two 

secondary probes, such as secondary antibody and colloidal gold marker. [47]  

The small size of CNOs along with their carbonbased composition provides a highly resolved spatial 

correlation, and can, in principle, minimize some of the artefacts generated by aggregation, such as 

fluorescence quenching, and lack of targeting of the probes within the cells.[39] Moreover, the low 

cytotoxicity of the CNOs and the possibility to anchor targeting and imaging agents on their surface allows 

the study of cellular processes close to physiological conditions and for long incubation times. For these 

reasons, functionalized CNOs represent suitable candidates as probes for both confocal and electron 

microscopy, not only to study their pathways within the cell environment, as we have shown here, but also 

to investigate the role and function of specific proteins in the cellular processes and regulation. In order to 

establish the effect of the conjugated folic acid on cell targeting and subsequent internalization of the 

CNOs, we incubated KB cells, overexpressing folate receptors,[48] with CNO-4 and CNO5 (10 mgmL-1) for a 

period of 3 h at 37 8C. Confocal images of KB cells exposed to CNO-4 show well-defined green fluorescence 

from the fluorescein labelled CNO-4, which is mainly collected in the perinuclear region (Figure 9 A). The 

accumulation of the CNO-4 in vesicles, as indicated from the strong yellow co-localization signal (Figure 9A 

and Figure S11 in the Supporting Information), suggests a folate-mediated endocytosis pathway for the 

uptake of folate conjugates of CNOs by cancer cells, as observed in previous studies with folic acid 

functionalized quantum dots[48] or metallic nanoparticles. [49] Additional evidence for the uptake of CNO-

4 through receptor-mediated endocytosis comes from control experiments where KB cells were incubated 

in medium with 5 mm free folic acid before the addition of 10 mgmL -1of CNO-4. The presence of free folic 



acid in solution results in minimal internalization of the CNO-4 as a consequence of the competition for the 

folate. 

Furthermore, when KB cells were incubated with CNO-5, the confocal image displayed a lower green signal 

relative to the fluorescein emission and only a few co-localization regions (Figure 9 B). Only after longer 

incubation times a significant fluorescence from CNO-5 was detected in the KB cells. It should be noted that 

a comparable intensity of the fluorescence signal was also observed after a longer incubation time of HeLa 

cells with 10 mgmL ¢1 of CNO-5, an indication that internalization of the non-targeted CNO-5 occurs by 

nonspecific adsorption on the cell membrane. Collectively, these results demonstrate that: 1) the 

internalization of the folic-acid-targeted CNOs occurred through their interaction with the folic acid 

receptor, and 2) the absence of a specific binding event between the non-targeted fluorescent labelled 

CNOs and the surface of the cells limit their ability to undergo fast endocytosis. Conclusions We have 

developed a versatile strategy for the surface chemical modification of CNOs with suitable functional 

groups. The modified CNOs have the capability to target cancer cells and image specific cell compartments. 

Specifically, we have prepared and characterized doubly functionalized CNOs by introducing benzoic acid 

and alkyne functionalities, using in situ prepared aryl diazonium salts. These functional groups can be 

further modified in a site-selective manner through conjugation with fluorescein and folic acid linked to a 

polyethylene glycol chain. These multi-functionalized CNOs are internalized by cancer cells without 

significant cytotoxic effects. In the future and with the aim of testing the efficacy of our CNO constructs as 

fluorescence as well as electron microscopy markers for correlative analysis, we plan to functionalize them 

with different fluorophores coupled to specific proteins which follow various sorting pathways once 

endocytosed, such as for example transferrin (Tf) and epidermal growth factor (EGF). 

 In summary, we propose multi-functionalized CNOs as promising probes for bioimaging applications: 1) 

they allow covalent surface functionalization with therapeutics, marker molecules and fluorescent tags, 

displaying a stable fluorescence response in aqueous solutions; 2) the small size (‹5 nm) and low 

cytotoxicity do not perturb the cellular process under study; 3) the electron-dense multi-shell fullerene core 

of the CNOs allows the discrimination of this carbon-nanomaterial from carbon-rich cell structures for 

electron microscopy studies. The ability to tailor the properties of carbon nano-onions by chemical 

functionalization with imaging, targeting and therapeutic agents and the possibility to characterize their 

uptake and pathways within the cell environment will pave the way for future investigations of these multi-

functional carbonbased nanomaterials for potential diagnostic applications. 

Materials and methods  

All starting materials were purchased from commercial suppliers (Sigma–Aldrich or Fisher) and used 

without further purification. The synthesis of pristine CNOs (p-CNO) was performed as previously 



described.[50] The procedures for the synthesis of compounds FA-PEG 4 and FITC-PEG 6 are provided in the 

Supporting Information.  

Synthesis and characterization 

 CNO-1: The synthesis was performed according to a reported procedure[26] with some modification. 

Briefly, 200 mg of p-CNO was dispersed in DMF (500 mL) by sonication under N2 for 1 min at 37 kHz (100%) 

and for 1 h at 68 kHz (50%). Following the addition of p-amino benzoic acid (16.5 g) and isoamyl nitrite 

(26.8 mL), the reaction mixture was sonicated for an additional 30 min at 68 kHz (50%) and stirred for 16 h 

at 608C under a N2 atmosphere. The reaction mixture was cooled to room temperature and the 

supernatant was removed by centrifugation (2100 g, 1 h). The sample was dispersed in DMF and the 

synthetic procedure was repeated twice. The solid was washed with a mixture of DMF/H2O/HCl (1m; 

9:0.9:0.1), 10% water/DMF, 10% water/methanol and methanol. Finally, the residue was dried under 

vacuum to yield a black solid.  

CNO-2: A dispersion of CNO-1 (120 mg) was prepared in DMF (250 mL) by sonication under N2 for 1 min at 

37 kHz (100%) and 1 h at 68 kHz (50%). 4-Trimethylsilyl)ethynyl]aniline (3.13 g) and isoamyl nitrite (3.21 g) 

were added and the suspension was further sonicated for 30 min at 68 kHz (50%). The reaction mixture was 

stirred for 16 h at 608C under N2. After cooling to room temperature, the supernatant was removed by 

centrifugation (2100 g, 1 h). The sample was dispersed in DMF and the synthetic procedure was repeated 

twice. The solid was washed with a mixture of DMF/ H2O/HCl (1m; 9:0.9:0.1), 10% water/DMF, 10% 

water/methanol and methanol. The residue was dispersed in 160 mL of NMP/DMF (1:1) by sonication for 1 

min at 37 kHz (100%) and 1 h at 68 kHz (50%). A solution 1m of tetrabutylammonium fluoride (TBAF, 10 mL) 

in THF was added and the reaction mixture was stirred at room temperature for 1 h. The supernatant was 

removed by centrifugation (2100 g, 1 h) and the solid was recovered and washed several times with DMF. 

The residue was dried under vacuum to yield a black solid.  

CNO-3:Adispersion of CNO-2 (70 mg) was prepared in DMF (250 mL) by sonication under N2 for 1 min at 37 

kHz (100%) and 1 h at 68 kHz (50%). 4-Dimethylaminopyridine (DMAP, 250 mg) and N-hydroxysuccinimide 

(NHS, 250 mg) were added to the dispersion and the reaction mixture was further sonicated for 10 min at 

68 kHz (50%). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCl, 400 mg) was added to the mixture 

and, after sonication for 3 h at 68 kHz (50%), FA-PEG4 (40 mg) was added, sonicated for Figure 9. Confocal 

image of KB cells incubated for 3 h with: A) 10 mgmL-1CNO-4, and B) 10 mgmL-1 CNO-5. Cells were stained 

with Lysotracker (red) and Hoechst 33342 (blue). 1 h at 68 kHz (50%) and the reaction mixture was stirred 

at 808C for 3 days under N2. The mixture was cooled to room temperature and the supernatant was 

removed by centrifugation (2100 g, 1 h). The solid was washed with a mixture of DMF, DMF/TEA (9.9:0.1), 

MeOH/TEA (9.9:0.1), MeOH, MeOH/AcOH (9.9:0.1), MeOH, EtOAc and toluene. The residue was dried 

under vacuum to yield a black solid.  



 CNO-4: A dispersion of CNO-3 (50 mg) was prepared in NMP/DMF (1:1, 160 mL) by sonication under N2 for 

1 min at 37 kHz (100%) and 1 h at 68 kHz (50%). FITC-PEG6 (28 mg) was added with Cu(MeCN)4PF6 (16 mg), 

2,6-lutidine (0.4 mL) and THPTA (48 mg). The reaction mixture was heated to 50 8C for 3 days under an N2 

atmosphere. The supernatant was removed by centrifugation (2100 g, 1 h) and the residue was washed 

with DMF, toluene and MeOH and dried by lyophilisation to yield a black solid.  

CNO-5: The same general procedure as described for CNO-4 was used, with 40 mg of CNO-2. The different 

surface functionalized CNOs were characterized by using high-resolution transmission electron microscopy 

(HRTEM), thermal gravimetric analysis (TGA), time of-flight secondary ion mass spectrometry (ToF-SIMS), X-

ray photoelectron spectroscopy (XPS), attenuated total reflectance Fourier transform infrared (ATRFTIR) 

and Raman spectroscopies. The experimental details are reported in the Supporting Information and in 

previous publications.[45]  

Cell culture  

The human epidermoid carcinoma cells (KB cells), were cultured in a RPMI medium (folic acid free) 

supplemented with 1% l-glutamine, 10% heat-inactivated foetal bovine serum (FBS), 100 UmL-1 penicillin 

and 100 mgmL¢1 streptomycin. Cells were grown in monolayer culture at 378C under a 5% CO2 

atmosphere in a humidified environment. HeLa cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 1% l-glutamine, 10% heat-inactivated FBS, 100 UmL-1 penicillin and 100 mgmL-

1  streptomycin. Cells were grown in a monolayer culture at 37 8C under 5% CO2 atmosphere in a 

humidified environment.  

Viability assay  

Cells were seeded in 24-well chamber slides at a density of 50 000 cells per well and incubated in a 500 mL 

cell culture medium to obtain a sub-confluent monolayer after 48 h in a humidified atmosphere at 378C 

and 5% CO2 . The cell culture medium was removed and replaced with 500 mL of cell medium with CNO-1, 

CNO-4 or CNO-5 at concentrations of 2, 5, 10 and 20 mgmL-1 . The CNO samples were prepared by dilution 

of a concentrated suspension of CNOs that were obtained by suspending 1 mg of sample in 1 mL of sterile 

phosphate buffered saline (PBS) solution followed by sonication for 20 min at 68 kHz (50%). The metabolic 

activity for both cell culture lines was measured after 12, 24, 48 and 72 h of exposure to the samples of 

CNO, utilizing the PrestoBlue cell viability assay (Life Technologies). Assays were performed following a 

procedure previously described[52] by measuring the absorbance on a microplate reader at a wavelength 

of 570 nm. Each measurement was normalized with the average signal of untreated wells to determine the 

percent cell viability expressed as the mean œSD. 

 Cellular imaging 



 Cells were seeded on 25 mm glass-bottom dishes in order to obtain a sub-confluent monolayer (50–60% 

confluent) after incubation for 48 h in a humidified atmosphere at 37 8C and 5% CO2 . The culture medium 

was removed and replaced with 10 mgmL-1 suspension of CNO-4 or CNO-5 for 3, 12 and 24 h. After the 

incubation period, the medium was removed and the cells were washed with PBS three times. The cells 

were treated with 100 nm Lysotracker Deep Red (Invitrogen) for 5 min and with nucleus stain Hoechst 

33342 for 7 min at 378C. The cells were then washed with PBS and fresh medium was added. The samples 

were transferred to the microscope incubator and the cells were incubated at 378C in a humidified 

atmosphere during the confocal study. Living cell fluorescence imaging was performed with a laser 

scanning confocal microscope equipped with a resonant scanner (Nikon A1R) using a 20 Õ objective. 

Excitation of the fluorescein on the CNO samples was performed at 488 nm and the emission was 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.  

CLEM analysis  

For confocal and electron microscopy correlative studies, HeLa cells were grown on photoetched glass 

coverslips (Bellco Glass Inc., USA), incubated for 12 h with 10 mgmL-1 of CNO-4 and stained with Lysotracker 

Deep Red and Hoechst 33342. After live cell fluorescence imaging, the cells were processed for 

transmission electron microscopy. Briefly, cells were fixed in situ with 0.1m cacodylate-buffered 2% 

glutaraldehyde solution, post-fixed with 1% osmium tetroxide in the same buffer. They were stained, 

overnight, in the absence of light in a 0.5% aqueous solution of uranyl acetate, dehydrated in a graded 

ethanol series, and embedded in EPON resin. The embedded cells were released from the etched cover-slip 

by transferring the sample between liquid nitrogen and hot water. Sections of about 70 nm were cut with a 

diamond knife (DIATOME) on a Leica EM UC6 ultramicrotome. TEM images were collected with a Jeol Jem 

1011 transmission electron microscope, equipped with a W thermionic gun operating at 100 kV of 

acceleration voltage and recorded with a 2 Mp Gatan Orius SC100 chargecoupled device (CCD) camera.  
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Table 1. Surface composition of different elements obtained from XPS wide spectra of the CNO samples and 

their comparison with the precursors.  

 

Sample C [%][a]  O [%][a]  N [%][a] Si [%][a] Ca, Na, S [%][a] 

p-CNO 97.7 (1.4) 1.9 (0.1) 0.34 – – 

CNO-1 91.8 (0.8) 6.6 (0.9) 0.9 (0.1) – < 1 

CNO-2a 89 (2.4) 8.5 (1.0) – 1.8 (0.4) < 1 

CNO-5 83 (0.2) 14 (0.6) 1.7 (0.4) 0.35 (0.1) < 1 

CNO-4 80 (1.4) 16 (1.4) 2.8 (0.5) 1.2 (0.8) < 1 

FA-PEG 4 63.3 (2.2) 23 (0.4) 13.7(0.6) 2.6 (0.9) < 1 

FITC-PEG 6 85.6 (3.6) 11.8 (3.4) 0.36 (0.2) – 1.4 (0.6) 

 [a] Standard deviation reported in brackets.  

  



 

Scheme 1. Procedure for the synthesis of dual-functionalized CNOs 

  



 

Scheme 2. Synthetic procedure for the covalent functionalization of CNO-2 b with the folic acid unit (FA-

PEG 4) by amide coupling and with the fluorescein unit (FITC-PEG 6) by copper catalysed azide–alkyne 

Huisgen cycloaddition (CuAAC) to yield CNO-4 

  



 

 

 

 

 

 

 

 

 

 

 

Figure 1. XPS data for the functionalized CNOs. A) XPS C1s narrow scan of p-CNO and CNO-1. B) Carbon 

narrow scan of p-CNO and CNO-1, including peak-fitting analyses, showing the presence of the peak at 

about 289 eV corresponding to the carboxylic acid functionalities. C) Si2p narrow scan of p-CNO, CNO-1 and 

CNO-2a, showing the presence of the silicon peak at 101 eV, indicating the functionalization with the 

phenylacetylene-TMS of the CNO2 

  



 

Figure 2. A) Raman analysis, and B) ATR-FTIR spectra of CNOs before, p-CNO (black line), and after chemical 

modification, CNO-1 (purple line) and CNO- 2b (blue line). The Raman spectra were focused on the D and G 

bands at 457 nm excitation wavelength. The ATR-FTIR spectra were accumulated from 64 scans with 

normal resolution using germanium crystals. 

  



 

Figure 3. Representative high-resolution TEM image of CNO-4 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. A) Schematic representation of the CNO-4 with the chemical structures of the modified folic acid 

unit and fluorescein unit. B) N1 s narrow scan of p-CNO, CNO-1, CNO-2 a and CNO-4 showing the presence 

of the peak at 401 eV corresponding to the N constituent. Negative-ion ToF-SIMS spectra for CNO-4, 

displaying: C) the peak at 68 amu from the triazole ring, D, E) the peak at 162 and 176 amu corresponding 

to fragmentation of the folic acid unit, and F) the peak at 211 amu corresponding to a fragment of the 

fluorescein moiety 

 

  



 

 

Figure 5. A–C) Cellular viability of HeLa cells, and D–F) KB cells after exposure to 2, 5, 10 and 20 mgmL—1 of 

CNO-1 (A, D), CNO-4 (B, E) and CNO-5 (C, F). The viability of the HeLa and KB cells in the presence of 

different CNOs was evaluated against a non-treated control. The viability of the cells after exposure to CNO 

samples was evaluated with a rezoazurin-based assay. 

  



 

 

 

 

 

 

 

 

 

Figure 6. Phase contrast/fluorescence overlay images (A, C) and phase con- trast images (B, D) of HeLa cells 

after incubation for 24 h at 37 8C with 10 mg mL-1 of CNO-4  

  



 

Figure 7. Targeting of HeLa cells with 10 mg mL-1 of CNO-4 incubated for 12 h at 37 8C. A) Green 

fluorescence from CNO-4. B) Lysosomes stained with Lysotracker (red). C) Nucleus stained with Hoechst 

33342 (blue). D) Merged image with the co-localization (yellow) of CNO-4 within the lysosomes. 

  



 

 

Figure 8. Correlative light electron microscopy analysis of HeLa cells doped with 10 mgmL-1 of CNO-4 

for 12 h at 37 8C. A) Low magnification TEM re- construction of two cells doped with CNO-4. B) 

Superimposed fluorescence and TEM reconstruction of the same cells shown in A (imaged in a 

different section). The co-localization of CNO-4 (green fluorescence) within lysosomes stained with 

Lysotracker (red) results in yellow fluorescence. C) Higher mag- nification TEM image of the boxed area 

in B. Note, the two endosomes con- taining CNO-4. D–G) Higher magnification images of the boxed 

areas from C imaged, respectively, in defocused TEM (D, F) and in high angular annular dark field 

(HAADF) scanning TEM (E, G). The nuclei are labelled with “n”. Scale bars: A,B)4 mm, C) 2.5 mm, D–G) 

0.5 mm. 

  



 

Figure 9. Confocal image of KB cells incubated for 3h with: A) 10 mgmL-1 CNO-4, and B) 10 mgmL-1 CNO-5. 

Cells were stained with Lysotracker (red) and Hoechst 33342 (blue). 


