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The synthesis and characterisation of hydrid carbon nano-onion materials which are 
surface conjugated with NIR fluorescent boron difluoride azadipyrromethenes is 
described. These new nano-construct retain the strong NIR fluorescence properties of 
the fluorophore and have the ability to be reversibly switch emission output on and 
off in response to pH changes. These NIR fluorescence properties are demonstrated 
both in solution and intracellularly. The image shows carbon nano-onions (red) inside 
HeLa cells (cell nucleus is blue). 
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Introduction 
 

Nano-platforms capable of carrying therapeutic agents as well 

as producing an optical output in recognition of a specified 

target for imaging hold great potential in the treatment of 

cancer and other diseases.1,2 Despite much interest in other 

carbon-based nano-materials, multi-shell fullerenes, known as 

carbon nano-onions (CNOs), as functional constructs for 

intracellular transport have not yet been explored. CNOs, 

discovered in 1992, are structured by concentric shells of 

carbon atoms.3,4 They display several unique properties, such as 

a large surface area to volume ratio, a low density and a 

graphitic multilayer morphology.5,6 

Initial investigations of the effects of large CNOs (diameter of 

approximately 30 nm) on the immune system indicated that the 

cell response was highly dependent on the structure of the 

carbon nanomaterial.7 We recently reported the weak 

inflammatory potential and low cytotoxicity in vitro and in vivo 

of small surface functionalized CNOs (diameter of 

approximately 5 nm) and their ability to be up-taken by antigen 

displaying cells, demonstrating that the inflammatory properties 

of the CNOs can be controlled by the chemical functionalities 

present on their surface.8 These promising biological results led 

us to investigate the development of novel intracellular imaging 

systems based on CNOs, with special attention to the 

biologically important near-infra red (NIR) region.9 Absorption 

and emission in the NIR region is of great importance for 

applications in biology, as NIR light has dramatically lower 

light induced cellular toxicity than shorter wavelengths and is 

more effectively transmitted through body tissue. NIR 

fluorescence imaging is an inexpensive and non-invasive 

technique with potential for use in real-time.10 In addition to 

our study using fluorescein labelled CNOs,8 there are only two 

other reports on the use of CNOs for biological imaging: the 

group of Sarkar used water-soluble, defect rich, oxidized 

CNOs, synthesized from wood waste, for imaging the life cycle 

of Drosophila melanogaster11 and to study Escherichia coli and 

Caenorhabditis elegans.12  

Boron difluoride azadipyrromethenes are a relatively new class 

of NIR fluorophores with emerging biological and medicinal 

applications.13,14,15 They are also used for molecular 

sensing,16,17 as building blocks in light-harvesting 

systems18,19,20,21,22 and they have been successfully employed 

for the functionalization of carbon nanotubes.23,24 

In this study, we report the first synthesis and characterization 

of near infrared active boron difluoride azadipyrromethene25 

functionalized CNOs and we investigate their uptake in HeLa 

Kyoto cells. We demonstrate that the NIR-fluorophore is able 

to retain emissive properties when conjugated to the CNOs and 

upon internalization by cells. Importantly, we report that the 

NIR-emission of the nanoparticles can be on/off modulated in 

response to pH both in solution and in the cells.  

Results and Discussion 

Synthesis 

The synthetic procedure used to prepare CNO-NIR fluorophore 

nanoparticles is illustrated in Scheme 1; detailed synthetic 

procedures can be found in the ESI. Pristine CNOs (p-CNO) 

were covalently functionalized using the one-pot Tour reaction 
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comprising 4-aminobenzoic acid and isoamylnitrite to produce 

benzoic acid functionalized and dispersible CNO-CO2H,26 that 

were then converted to the corresponding electrophilic 

activated ester intermediate CNO-AE by activation with N-

hydroxysuccinimide. The synthesis of NHBoc-protected boron 

difluoride azadipyrromethene derivative Boc-1a was previously 

published10 and Boc-1b was synthesized as described in the 

ESI. Following Boc deprotection, amino functionalized NIR-

fluorophores 1a and 1b were reacted with CNO-AE in DMF at 

RT for 72 hours. Then, the non-covalently bound fluorophore 

was removed from CNO-1a and CNO-1b by repeated 

dispersion of the particles in DMF and centrifugation until the 

supernatant was no longer fluorescent.  

 

 
Scheme 1 (i) 4-Aminobenzoic acid, isoamyl nitrite, DMF, 60 °C, 24 h, N2 (ii) NHS, 

EDC-HCl, DIPEA, DMF, RT 48 h (iii) DIPEA, DMF, RT, 72 h. 

Characterization of NIR-fluorescent CNO nanoparticles 

The functionalized carbon nano-onions were characterized by a 

number of techniques, including thermogravimetric analysis 

(TGA), Raman, fourier transform infrared (FTIR), absorption 

and emission spectroscopy as well as atomic force microscopy 

(AFM) and high resolution transmission electron microscopy 

(HRTEM) (Figure 1).  

Figure 1 AFM (left), HRTEM (centre) and confocal microscopy (right) images of 

CNO-1a (red colour), internalized in HeLa Kyoto cells in the case of the confocal 

microscopy image. (scale bar 10 μM). 

The TGA analysis confirms the successful covalent 

functionalization of the CNO-1a (Figure S1 in the ESI). The 

CNO decomposition temperature under air is lowered upon 

covalent functionalization, a result in line with earlier 

studies.8,26 An increased weight loss of CNO-1a at lower 

temperatures, between 200°C and 400°C, verifies the presence 

of additional organic functionalities, the boron difluoride 

azadipyrromethene fluorophore. The degree of 

functionalization of the CNO nanomaterial was estimated from 

the weight losses, as described in the literature, 27 assuming that 

one CNO consists of 6 graphitic shells. The TGA of CNO-

CO2H and CNO-1a performed in air show a weight loss at 

400°C of about 10% and 17% respectively. We estimated about 

55 benzoic acid functionalities per onion for CNO-CO2H and 

approx. 21 boron difluoride azadipyrromethene molecules per 

CNO for CNO-1a. This degree of functionalization leaves 

some benzoic acid functionalities, about 34 units, on the surface 

of the CNO, providing additional water-solubility for the CNO-

NIR fluorophores conjugate. 

Raman spectroscopy was used to follow the progress of the 

CNO functionalization (Figure S6 in the ESI) and illustrates an 

increase of the CNO D-band, relative to the G-band, 

corroborating the successful covalent functionalization. The 

D/G-band ratio of the p-CNO is about 1.23 and increases upon 

functionalization to 1.56 for CNO-CO2H and to 1.91 for CNO-

AE. In the Raman spectrum of CNO-1a, a strong background 

fluorescence signal is observed (Figure S7 in the ESI), which is 

caused by the emission of the boron difluoride 

azadipyrromethene at the excitation wavelength of 632 nm. 

FTIR spectroscopy was used as an additional technique to 

follow the functionalization of CNOs, firstly with benzoic acid, 

which was then activated with N-hydroxysuccinimide (Figure 

S8 in the ESI). Also the successful subsequent functionalization 

with boron difluoride azadipyrromethene 1a could be 

corroborated by FTIR spectroscopy (Figure S9 in the ESI). The 

IR spectrum of CNO-1a displays some IR bands similar to the 

ones found in the IR spectra of Boc-1a. This includes IR bands 

in the aromatic region at 3000 cm-1. At lower wavenumbers, 

CNO-1a reveals several IR absorption bands between 600 and 

1600 cm-1, which can be assigned to the presence of the boron 

difluoride azadipyrromethene fluorophore. Some resemblance 

to the IR bands of 1a is obvious, but the strong background 

absorption of the CNO bulk material makes it impossible to 

clearly identify and assign certain IR bands to specific 

functionalities. Nevertheless, the presence of additional IR 

absorption bands (when compared to those of CNO-AE for 

example), is a further indication that a successful 

functionalization with boron difluoride azadipyrromethene 

fluorophores 1a has been achieved.  

The presence of the fluorophore is also evident from the 

absorption spectrum of CNO-1a (Figure 2 - inset), where a 

broadening of the boron difluoride azadipyrromethene 

absorption bands can be observed upon CNO functionalization. 

The broad background absorption observed in the absorption 

spectrum of CNO-1a is typical for nanocarbon 

materials.8,23,24,26 

The boron difluoride azadipyrromethene derivatives Boc-1a9 

and Boc-1b were chosen as reference NIR fluorophores, since 

their molecular structure (Boc-protected amine group) is 

closely related to the CNO bound boron difluoride 

azadipyrromethene. The spectroscopic properties of Boc-1a and 

Boc-1b are summarized in detail within the ESI. 
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Figure 2 Emission spectra of Boc-1a (red line) and CNO-1a (black line) that 

exhibit the same optical density of the fluorophore at the excitation wavelength. 

Inset: Absorption spectra of boron difluoride azadipyrromethene derivative Boc-

1a (red line) and CNO-1a (black line). (Solvent: DMSO, λexc = 690 nm). 

Comparison of the fluorescence features of the boron difluoride 

azadipyrromethenes derivative Boc-1a and CNO-1a, at an 

excitation wavelength of 690 nm in DMSO, shows a reduced 

fluorescence intensity of the CNO conjugate while the 

absorption of the boron difluoride azadipyrromethenes at the 

excitation wavelength of both samples was comparable (Figure 

2). A plausible explanation for this observation is the high 

background absorption of the CNOs. Comparing the maximum 

fluorescence intensities, the fluorescence quantum yield of 

CNO-1a can be estimated to be about one third of the reference 

fluorophore Boc-1a (about 0.08 for CNO-1a vs. 0.25 for Boc-

1a). The fluorescence lifetime of Boc-1a in DMSO is 2.7 ns, 

while upon attachment to the CNOs, the fluorescence lifetime 

of the NIR emission decreases slightly to 2.5 ns for CNO-1a. In 

addition, the emission maximum of CNO-1a is observed at 731 

nm, while reference compound Boc-1a has a fluorescence 

maximum of 735 nm. This small shift further corroborates a 

successful functionalization of the CNO with boron difluoride 

azadipyrromethene 1a. When comparing the observation of a 

reduced, but not fully quenched fluorescence emission, with 

earlier studies of single wall-carbon nanotubes (SWNTs), 

functionalized with similar boron difluoride azadipyrromethene 

derivatives, the SWNT based systems show a much larger, 

almost quantitative fluorescence quenching.23,24 In a previous 

study, we were able to show that this fluorescence quenching in 

SWNT-boron difluoride azadipyrromethene conjugates was due 

to electron transfer from the photo-excited NIR fluorophore to 

the SWNTs.23 However, in the present system, we attribute the 

reduction of the fluorescence emission to the strong absorption 

of the CNO and not to other photophysical effects. The near 

quantitative fluorescence quenching of fluorophores covalently 

linked to carbon nanomaterials is a widespread problem and 

greatly restricts the use of these hybrid materials for biological 

applications.28,29,30 Fortunately, this problem is dramatically 

reduced in these new CNO based nanomaterials. This is one of 

the key important aspects of the presented work. The 

modulation of NIR fluorescence in response to pH for the 

previously unreported phenolic substituted Boc-1b was clearly 

observable upon titration from pH 6.0 to 9.0 (Figure 3). In the 

lower physiological pH range the phenolic fluorescence switch 

controller is protonated resulting in a high intensity NIR 

emission but upon deprotonation to the phenolate at higher pH 

the emission is virtually quenched completely.  

 

Figure 3 Emission spectral changes for Boc-1b between pH 6.0 (red line) and 9.6 

(blue line) at 1 × 10-7 M in water/CrEL. INaCl = 150 mmol/L. 

These titration results showed a highly efficient on/off 

switching for Boc-1b with a fluorescence enhancement factor 

(FEF) of >30 and an apparent pKa of 7.3. It would be 

remarkable if this molecular on/off switching mechanism 

controlled by the phenol/phenolate inter-conversion could be 

maintained after its covalent linkage to the CNO (Figure 4A).   

Figure 4 (A) Schematic representation of “on”/ “off” switching of CNO-1b. (B) 

Emission spectra of CNO-1b when protonated (red line) and deprotonated (blue 

line). Inset: modulation of CNO-1b emission at 729 nm with addition cycles of 

TFA and DBU (0.1 mg/mL in DMSO; λexc = 690 nm).  
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The switching ability of the CNO-1b was investigated by 

monitoring changes in the emission upon alteration between 

phenol and phenolate states in DMSO by the addition of 

trifluoroacetic acid (TFA) or 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU), respectively. The emission spectra shown in Figure 

4B clearly demonstrate the switching, where the characteristic 

fluorophore emission band is evident (red line) and disappears 

immediately upon addition of DBU base (blue line), indicating 

almost quantitative quenching of the excited state. The on/off 

switching of the excited state of CNO-1b is completely 

reversible, where modulation or cycling of the emission band at 

729 nm, following repeat additions of aqueous acid (TFA) and 

base (DBU), is shown in the inset.  

Cytotoxicity Studies 

In order to study the suitability of the fluorescent CNOs for 

cellular imaging, the cytotoxicity of the modified CNOs was 

tested on HeLa cells. Previous in vitro and in vivo studies of 

surface functionalized CNOs showed weak inflammatory 

properties and low cytotoxicity of CNOs.8 In the current study, 

cells were treated with CNO-CO2H, CNO-AE, CNO-1a and 

CNO-1b at various concentrations. Time dependence viability 

of the treated cells was quantified by using a resazurin-based 

assay, PrestoBlueTM (see ESI for experimental details). Cells 

treated with only a cell culture media were used as a control, 

and the CNO samples were compared to this control. 

Cell viability is not significantly affected by the CNO-1a up to 

concentration of at least 100 μg/mL for 72h of incubation 

(Figure 5). A similar non-toxic behaviour was observed for the 

other fluorophore modified CNOs, CNO-1b, and the benzoic 

acid functionalized CNOs, CNO-CO2H, while a significant 

reduction of the cell viability was detected for the CNO-AE at 

100 μg/mL. 

 
Figure 5 Viability of HeLa cells 12h (green bar), 24h (yellow bar), 48h (red bar) 

and 72h (blue bar) after the exposure to increasing doses (2; 10; 20; 50; 100 μg/ 

mL) of CNO-1a. Viability of the treated cells is expressed relative to non-treated 

control cells, as the mean and the standard error of the mean of three 

experiments. 

Collectively these results demonstrate that the chemical surface 

functionalization of the carbon nanomaterial critically effect the 

toxicity of the CNOs and the high viability of the investigated 

nanomaterials allows for a safe use of the fluorophore functionalized 

CNOs as imaging agents. 

Cell Imaging 

HeLa cells were incubated at 37 °C with CNO-1a for 2 hours, 

washed, fixed with paraformaldehyde and imaged using laser 

scanning confocal microscopy (LSCM). Figure 6 illustrates that 

CNO-1a has been internalised by HeLa Kyoto cells, as a clear 

NIR fluorescence is observed with emission being more intense 

in the perinuclear region, which suggests the CNOs are 

internalised by endocytosis and trafficked by lysosomes.  

 

Figure 6 Phase contrast image of HeLa Kyoto cells incubated with CNO-1a (left), 

fluorescence image of the same field of view using a Cy5 filter (middle) and 

phase contrast/fluorescence overlay (right). (50 μg/mL of DMSO CNO-1a in 

DMEM. All images acquired at 63X. Scale bar 10 m).  

In order to confirm that the particles were internalised by the 

cells and not just localized on the plasma membrane, cells 

nuclei were stained blue with Hoechst 33342 and optical 

sectioning of the cells with laser scanning confocal microscopy 

(LSCM) was performed. Acquiring a z-stack by optical 

sectioning adds a third dimension of analysis, which proves that 

the fluorescent CNOs are distributed throughout the cytosol 

(Figure 7).  

Figure 7 Eight optical slices of HeLa Kyoto cells incubated with CNO-1a (left), 

taken through the z-axis. Images 1-8 from the bottom of the cell to the top. 

Nuclei stained blue with Hoechst 33342. (Scale bar 10 m).  

To illustrate the pH response of CNO-1b in vitro, HeLa cells 

were incubated with a CNO-1b dispersion (50 μg/mL) in 

DMEM for two hours and fixed. After fixing, the cells were 

imaged and it was observed that CNO-1b had been 

successfully internalised by the cells and, as expected, were 

fluorescent at physiological pH. To determine if the pH 

responsive CNO-1b retained its ability to turn fluorescence off 

and on intracellularly, the pH of two imaging wells were 
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adjusted to 8.5 and 4.5 and re-imaged. Gratifyingly, a strong 

NIR emission intensity was clearly seen in the cells at pH 4.5 

(Figure 8, right) when compared to a weak trace NIR emission 

at pH 8.5 (Figure 8, left). Confocal z-stacks of cells containing 

CNO-1b confirmed that the CNOs were internalized by the 

cell.  

Figure 8 Fluorescence images of fixed HeLa Kyoto cells incubated with CNO-1b at 

pH 8.5 (left), and 4.5 (right). Nuclei stained blue with DAPI. Imaged at 20x 

magnification, scale bar 100μm. 

Conclusions 

In summary, boron difluoride azadipyrromethene 

functionalized CNO conjugates have been synthesised and 

characterised. The NIR fluorescence properties of the difluoride 

azadipyrromethenes are maintained after covalent linking to the 

CNO, allowing for intracellular identification with LSCM 

imaging. The ability to reversibly switch on and off the NIR 

fluorescence by the pH controlled phenol/phenolate modulation 

of the fluorophore linked CNOs was demonstrated both in 

solution and in vitro. This ability to report on environmental 

changes in vitro offers significant scope for the development of 

smart responsive CNO constructs. Further surface 

functionalization of the CNOs is ongoing to allow for the 

incorporation of targeting moieties as well as for drug delivery 

systems, potentially leading to tailor-made theranostic 

nanomaterials. 
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