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1. Overview of the Properties of Fullerenes, Carbon Nanotubes and Graphene 

The first CANOMAT to have been synthesized artificially was fullerene (occurring in carbon dust or soot, and later 

using laser evaporation of graphite), in the form of C60 by Kroto, H.W. et al.1 Among the various zero-dimensional 

carbon nanomaterials explored since then, C60 remains the most widely investigated (although C70 is a close second), 

and shall form the primary focus for the purposes of this Review. The C60 molecule (also known as “bucky-ball” or 

“buckminsterfullerene”) is a highly symmetrical truncated icosahedral structure, consisting of 12 pentagons and 20 

hexagonal faces, with each vertex corresponding to a carbon atom. Each C atom is covalently bonded with 3 nearest 

neighbors. The structure has a van der Waals diameter ~ 1 nm, with a large volume of internal empty space, which 

has been exploited to place foreign atoms in this “molecular cage”. Because of the icosahedral symmetry, this molecule 

is expected to show only four IR-active vibrational bands, proposed according to group theory, which we discuss in 

Figure S2(c). An interesting consequence of the high symmetry of this structure is that it has been reported2 to show 

wave-like quantum interference – by far the largest and most massive single particle showing wave-particle duality. 

Further, the C60 molecule is extremely stable to high temperatures and pressures, with only surface reactivity of the 

carbon atoms without breaking open the geodesic dome structure. 

 Carbon nanotubes may be conceptualized as rolled-up cylinders of a single or a few layers of graphene3, with 

a high aspect ratio (length : diameter) ~ 102 – 107. The structure, diameter and electronic properties of a single-walled 

carbon nanotube (SWNT) are determined by the chiral vector (n, m)4 (i.e. the vector along which the graphene sheet 

can be imagined to be rolled up, relative to the 2D lattice), as shown in Figure S1(a). Multi-walled carbon nanotubes 

consist of nested, concentric shells of SWNTs, with a spacing between individual walls of ~ 3.4 Å. Depending on the 

chiral vector, carbon nanotubes have differing electronic properties, with respect to the electronic band structure. 

These chiral vectors can be readily determined5, for a given nanotube, through photoluminescence excitation (PLE) 

mapping. If (n – m) = 3k, the SWNTs are metallic; otherwise, they are semiconducting6, i.e. there is a band gap between 

electronic states in the material. The latter are especially interesting from the point of view of making devices such as 

transistors, which depend upon switching states upon the application of a gate voltage; and for imaging probes 

involving optical band gaps, where the band-to-band transitions can be excited by means of an external stimulus. An 

example of the density of states is shown for a (6, 5) chiral semiconducting SWNT in Figure S1(c), calculated using 

real-space higher-order finite-difference pseudopotentials in a DFT implementation7. Aside from the unique opto-

electronic properties, carbon nanotubes have also been predicted to possess exceptional mechanical properties, 

including very high specific strength ~ 48 MN∙m/kg8 (compared to only ~ 154 kN∙m/kg for steel) and impact toughness 

(energy absorption capability)9.  
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Figure S1: Basis set, electronic density of states, and energy dispersion diagrams for representative SWNTs 

and graphene nanoribbons. 

(a) A schematic representation of the 2D carbon lattice, with the basis vectors 𝑎1⃗⃗⃗⃗  and 𝑎2⃗⃗⃗⃗ , with the resulting rolling 

vector determining the chirality (n, m) by the linear combination 𝐶𝑠
⃗⃗  ⃗ =  𝑛𝑎1⃗⃗⃗⃗ +  𝑚𝑎2⃗⃗⃗⃗ . Also shown are two special cases 

of armchair (n = m) and zigzag (m = 0) oriented nanotubes. (b) The set of basis vectors 𝑎1⃗⃗⃗⃗  and 𝑎2⃗⃗⃗⃗  for the graphene 

lattice. (c) Representative density-of-states of a (6, 5) semiconducting SWNT, calculated using DFT. Note the presence 

of a band gap at 0 eV (the Fermi level). Typically, SWNTs absorb energies corresponding to the gap between the 

singularities in the density-of-states, relax through phonon-mediated transitions to lower gap levels, and emit 

fluorescence at longer NIR-II wavelengths. (d) Representative density-of-states of a (51, 51) graphene nanoribbon, 

calculated using a tight-binding approach within the Hückel approximation. At sufficient thicknesses of the 

nanoribbon, the graphene plane becomes a zero-gap conductor. (e) Electronic band structure of SWNTs, for left (10, 

10) armchair metallic SWNTs, and right (2, 10) semiconducting SWNTs. (f) Energy dispersion diagrams of thin 

graphene nanoribbons, for left (8, 8) armchair metallic nanoribbons, and right (6, 6) armchair semiconducting 

nanoribbons. Zigzag-oriented graphene nanoribbons are always metallic. (e, f) Image rendered using nanoHUB tool10. 
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Compared to fullerenes and carbon nanotubes, graphene is a recent addition to the family of carbon 

nanomaterials. Graphene is an atomically thin film of carbon, in a hexagonal lattice, with the atoms in an sp2 hybridized 

state. The basis vector set for representing the graphene lattice is shown in Figure S1(b). the band structure, along with 

the electronic density-of-states, can be calculated for graphene using a tight-binding calculation using the Hückel 

approximation11, the results of which are shown in Figure S1(d). Unlike semiconducting SWNTs shown in Figure 

S1(c), graphene is a zero-gap conductor, with group velocities which are similar to that of metallic SWNTs, leading 

to the observation of “ballistic” electronic transport over long range (~ µm) without significant scattering. Besides 

these unique opto-electronic properties, graphene and its derivatives are also very attractive due to the high carrier 

mobility, ~ 20,000 – 200,000 cm2/V/s12 (compared to only ~ 1,400 for silicon, the material of choice for current-

generation electronics), superior thermal conductivity ~ 500 – 5,000 W/m/K13 (compared to only ~ 400 W/m/K for 

copper, the material of choice for current thermal management solutions), ambipolar electric field effect14, large 

surface area, high mechanical robustness with an intrinsic tensile strength ~ 130 GPa and Young’s modulus ~ 1 TPa 

(compared to an ultimate tensile strength < 1 GPa for steel, the most common structural material), and the capability 

for chemical functionalization. It is not surprising, therefore, that this “material of the future” has piqued the intense 

curiosity of scientists, engineers and hobbyists worldwide.  

 

 

Figure S2: Characterization of CANOMATs using Raman and infrared spectroscopy. 

(a) Raman spectrum of C60 thin film. (b) Raman spectra of various forms of sp2 nanocarbons, including graphene, 

SWNT, damaged graphene, and amorphous carbon. (c) FTIR spectrum of C60 thin film.  

(a, c) Reprinted (adapted) with permission from Chase, B. et al.15 © 1992 American Chemical Society. (b) Reprinted 

(adapted) with permission from Dresselhaus, M.S. et al.16 © 2010 American Chemical Society. 

 

 Before we delve into the methods of surface functionalization of CANOMATs for desired applications, it is 

important to be cognizant of the techniques used for identification and characterization of the “pristine” forms of these 

materials, so as to be able to identify the effect of functionalization. Raman spectroscopy has played an important role 

in the study of carbon-based materials, due to a strong Raman response, the relative simplicity of the spectra, and the 
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ease of access to this technique. Figure S2 presents Raman scattering spectra of (a) C60 and (b) a variety of 1D and 2D 

forms of carbon, including amorphous carbon. For C60 fullerene, only the eight 5-fold degenerate modes of Hg 

symmetry and the two non-degenerate modes of Ag symmetry are Raman active. The typical peaks assigned to the 

Raman spectra, shown in Figure S2(a), are17: 273.0, 432.5, 711.0, 775.0, 1101.0, 1251.0, 1426.5 and 1577.5 cm–1 for 

the Hg modes, and 497.5 and 1470.0 cm–1 for the Ag modes. These values are in good agreement with experimentally-

predicted line values18,19 of inelastic scattering. Further, Raman spectroscopy is even more important for carbon 

nanotubes and graphene, as it can provide information about the structure of the material, and the presence, if any, of 

defects or impurities. Referring to Figure S2(b), we note the presence of the G-band, which is attributed to the C–C 

bond stretching present in all sp2-bonded carbon materials. For a 2D graphene sheet, a single peak is observed at ~ 

1582 cm–1, while there are multiple peaks, up to six, for chiral SWNTs, occurring due to curvature effects. The defect 

or disorder-induced D-band, on the other hand, is one of the most important ways to characterize the extent of disorder 

in CANOMATs. For example, Ar+-ion bombardment creates point defects in a graphene sheet, which are manifested 

in the two D- and D’-bands at 1345 and 1626 cm–1. The ratio of the intensities of the graphene and defect bands, ID/IG, 

is often used to quantify the extent of disorder, and is correlated to the size of graphitic domains in the structure20; 

especially for amorphous or disordered carbons. Next, we mention the presence of the G’-band, in the range of ~ 2500 

– 2800 cm–1, which is attributed to a second-order double resonance process. Unlike the other vibrational modes, this 

G’-band shows a strong dependence on the excitation frequency, and therefore, can appear in a range of wavenumbers. 

Further, the position of the G’-band can be used to distinguish the electronic structure, and the number of layers, the 

stacking order, and other scattering effects which are correlated to the number of Raman peaks. Moreover, SWNTs 

show a distinct G’-band, with the frequency and the number of peaks affected by the (n, m) chirality and curvature 

effects. In addition, there is a low frequency mode, typically in the range of 0 – 300 cm–1 for carbon nanotubes, called 

the Radial Breathing Mode (RBM). As the name suggests, this is a function of the radial vibration frequency, which 

is correlated to the diameter of the nanotubes, and the transition energies between the various states of the nanotubes. 

In the limiting case, for a tube with infinite diameter (graphene), the RBM frequency goes to infinity. Finally, in Figure 

S2(c) we discuss the use of FTIR spectroscopy to characterize these materials. An example is provided for C60 here; 

in general, absorption spectroscopy does not yield unequivocal identification results owing to the lack of 

heterogeneous chemical bonding in the pure forms of these CANOMATs, and therefore, inelastic Raman spectroscopy 

is the preferred technique. For a thin film of C60, four main peaks are identified at 526, 576, 1183 and 1430 cm–1, 

which point to the icosahedral structure of the molecule. While FTIR is certainly a useful tool for the study of surface-

functionalized CANOMATs, and will be explored in the sections below, it does not find much use in the 

characterization of the pure forms of these materials. Although there have been FTIR studies21 on carbon nanotubes 

and graphene, these studies take advantage of the impurities / adsorbed species resulting from the synthesis process 

of these materials, rather than being an intrinsic property of the material itself.  
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2. Review Parameters 

The parameters used for this Review are as follows: 

(1) Agent of Functionalization: This is the broad category of material which is being used as the functionalization 

technique, such as Polymer or DNA. In cases where there are sub-categories, they will be explored in further 

detail. For example, under the category of polymer-functionalized carbon nanotubes, we will list separate 

entries for PEG, M13 virus, or DNA, as various types of polymers.  

(2) Number of Steps and Time required: This parameter looks into the number of steps necessary to functionalize 

the nanomaterial with the functionalization agent. Further, the time measures the actual amount of time 

necessary to implement the number of steps undertaken to functionalize the carbon nanomaterial with the 

functionalization agent. We do not account for the time required to synthesize, purify or prepare the 

functionalization agent (such as a polymer, which may be procured from a commercial vendor).  

(3) Are any special instruments required? This aims to specify whether the functionalization technique requires 

special, expensive equipment such as chemical vapor deposition (CVD) reactors, which may not always be 

accessible to early-career researchers.  

(4) Phase of functionalization: This lists the material forms in which the route of functionalization can be suitably 

used, i.e. whether it can be used in the bulk, thin film, powder, in suspension, or other forms, for greater 

diversity of applications. 

(5) Properties affected: This lists the impact of the functionalization technique on the physical, chemical, 

electronic and optical properties of the CANOMAT. An attempt is made to distinguish the direction of the 

impact, whether positive or negative, with a qualifier for the magnitude (+, ++, +++ OR –, ––, –––). 

(6) Characterization techniques: The available methods for determining the properties and the extent of 

functionalization, such as SEM/TEM/AFM, XRD, XPS, IR/Raman spectroscopy, absorbance/emission/PL 

etc. are listed here. 

(7) Scalability: This is an important criterion to consider, especially when developing applications for industrial 

use or clinical translation. It is rated on a (Low, Medium or High) scale, based upon the previous 

considerations of the need for special instruments, time or number of steps required to design the 

functionalized nanomaterial. In the cases of low scalability, an explanation is provided.  

(8) Reproducibility: A crucial consideration is whether novel functionalization schemes reported in the literature 

have been successfully reproduced by others in the scientific community. This is broadly distinguished into 

General (i.e. the method has been reproduced by other research groups, distinct from the originator of the 

functional technology), Self (i.e. multiple instances of being reported by the same research group), or None 

(only one existing report of the functionalization technique). For this evaluation, we have performed a Google 

Scholar search of all the citations of the paper(s) under consideration, for a period of 5 years post publication. 

This metric indirectly provides a guide to the robustness of the technique.  

(9) Applications: Finally, this comparison lists the most common applications for which this functionalization 

technique has been employed in the literature.  
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3. Additional Important routes to covalent functionalization of Fullerenes 

3.1 Nucleophilic Addition 

The reactivity of fullerenes is comparable to that of unsaturated carbon compounds, with ready attack by nucleophiles. 

Nucleophiles typically attach as 1,2-addition, but 1,4-addition is also reported in cases where steric hindrance plays a 

role, for the attachment of large moieties. Typical nucleophiles known to react with fullerenes are Grignard reagents, 

cyanide ion, organo-lithium derivatives, etc; resulting in open structures. In contrast, it has been shown possible to 

form 3-, 4-, 5- and 6-membered rings, respectively by 1,3-dipolar cycloaddition, [2 + 2] cycloaddition, [3 + 2] 

cycloaddition (such as the Prato reaction) or [4 + 2] cycloaddition. Another common reaction scheme is the Bingel 

cyclopropanation reaction, in which cyclopropane derivatives of C60 can be obtained by reacting with 2-

bromomalonate esters, in the presence of a base such as NaH. For an excellent overview on the various reaction 

schemes available for the modification of fullerenes, refer to Prato, M.22 

 

3.2 Hydrogenation of Fullerenes 

Due to the presence of unsaturated double bonds, fullerenes are easily hydrogenated by various methods. 

Hydrofullerenes such as C60H18 and C60H36 have been reported, by the reaction of H2 gas with fullerene at elevated 

pressure and temperature. However, at large concentrations, fully hydrogenated C60H60 is not considered to be stable 

due to strain in the cage structure, and this has been exploited as a method to unzip the cage structure to form 

hydrogenated nano graphene. The ability to react fullerenes with hydrogen has been exploited as a means to 

encapsulate hydrogen for hydrogen storage, as demonstrated by Komatsu, K. et al.23 
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Table 1: A summary of the comparison of functionalization schemes for fullerenes. 

The metrics used for the comparison are described in the text in Section 2 above. 

Phases: S (solid), L (liquid), G (gas), TF (thin film), aq. (aqueous medium) 

Characterization techniques: SEM/TEM: Scanning / Transmission electron microscopy, PL: photoluminescence, UV-vis: Ultraviolet / visible absorbance 

spectroscopy, TGA: thermogravimetry analysis, XPS: X-ray photoelectron spectroscopy, NMR: nuclear magnetic resonance, AFM: atomic force microscopy, 

FTIR: Fourier Transform infrared spectroscopy, ICP-AES: inductively coupled plasma atomic emission spectroscopy 

Agent of 

Functionalization 

# of Steps 

(Time reqd.) 

Special 

Equipment? 

Phase of 

Func. 

Properties affected 

(+/–) 

Characterization 

Techniques 

Scalable? Reproducible? Applications 

Non-covalent Functionalization 

(1) Fullerene-macrocyclic complexes 

Porphyrin and its 

derivatives 

1 

(1 hr.) 

Electrospray 

ionization 

(Non-aq.) 

L, G 

Energy transfer (+++) MALDI-TOF Medium General24 Artificial photosynthesis25 

Polymer-based 
composites: P3HT-

PCBM 

1 

(1 hr.) 

Spin coating, 
annealing 

S (TF) Energy transfer (+++) Cyclic 
voltammetry, I-V 

curves, 4-point 
probe 

High General26 Organic photovoltaic devices such 
as polymer solar cells27,28 

Covalent Functionalization 

(1) Addition Reactions 

Cycloadditions (1,3-

dipolar, [2 + 2], [3 + 2] 

or [4 + 2], Bingel 

cyclopropanation) 

1 

(2 hr.) 

No L Electron donor-acceptor 

interactions (+++), Ring 

opening, Encapsulation 

of other molecules, 

Water solubility (+++) 

1H-NMR, UV-vis Medium General29 Synthesizing unnatural amino acids 

such as fulleroproline30 for peptide 

synthesis, anti-HIV and anti-

bacterial activity31  

(2) Hydrogenation, Oxidation and Hydroxylation 

Hydrogenation: 
reaction with H2 gas 

5 

(> 36 hr.) 

500W Xe 
lamp 

S Thermal stability (+++), 
color lightening (+), 

UV-vis absorbance (+) 

1H-NMR and 13C-
NMR, MALDI-

TOF 

Medium General32 Hydrogen storage 

Oxidation (using 

OsO4, oxone 
monopersulfate, 3-

chloroperoxy benzoic 

acid, O3) 

1 

(6 - 12 hr.) 

Vacuum 

drying, HPLC 

L, G Symmetry break 13C-NMR, HPLC, 

XPS 

Medium General33 Non-obvious 

Hydroxylation: 

“fullerenols” or 

“fullerols” (using dil. 
H2SO4 + KNO3, or dil. 

NaOH + H2O2) 

1 

(5 days) 

Dialyzer, 

freeze drying 

L Water solubility (+++) 13C-NMR, FTIR, 

ICP-AES 

Medium General Apoptotic cell cycle arrest34 in 

cancer, preventing systemic 

toxicity in chemotherapy35, delivery 
of hydrophobic drugs36, gene 

delivery37,38 

Gd@C60: 

Metallofullerenes 

2 

(12 - 24 hr.) 

Arc discharge 

chamber, 
HPLC 

L Hydrophilicity (+++), 

biodistribution (++) 

MALDI-TOF, 

HPLC, 
Relaxometry 

Medium General39 MRI contrast agent40–42, Tumor 

imaging and PDT43,44 
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4. Additional Important routes to covalent functionalization of Carbon Nanotubes 

Disadvantages of small-molecule non-covalent functionalization of SWNTs 

Despite their advantages in terms of ease of synthesis of the micellar-stabilized, aqueous-dispersed SWNT complex, 

small molecule surfactants are potentially highly toxic, and raise concerns for biomedical applications. This is further 

compounded by the presence of large excess of these small molecules in the dispersing medium (in order to maintain 

concentrations well above the CMC for the suspension to be stable), and the difficulty in preventing them from coating 

and potentially altering the activity of associated moieties such as targeting agents, drug molecules etc. Therefore, 

there has been tremendous ongoing effort to substitute these small molecule surfactants with other agents of 

functionalization, which we discuss in the following subsections.  

 

4.1 Cycloaddition reactions 

The first cycloadditions were performed by Chen, J. et al.45 and Kamaras, K. et al.46, by functionalization with 

octadecylamine (ODA), rendering the SWNTs soluble in organic solvents. These were synthesized by reacting 

dichlorocarbene generated in situ from PhHgCCl2Br, to form carbon-carbon bonds to the sidewall of the CNT. In 

another approach, Georgakilas, V. et al.47 have used 1,3-dipolar cycloaddition of azomethine ylides, generated by a 

condensation reaction between an α-amino acid and an aldehyde48. This reaction introduces approximately one organic 

group per 100 carbon atoms of the nanotube, with the resulting functionalized nanotube showing remarkable solubility 

(~ 50 µg/ml) in both water and organic solvents. Similarly, nitrenes can be introduced by [2 + 1] cycloaddition49 to 

produce soluble SWNTs. Yinghuai, Z. et al.50 have managed to attach substituted carborane cages to the sidewall of 

SWNTs using nitrene cycloaddition. One of these functionalized nanotubes was studied in an in vivo mouse model, 

bearing the structure [Na+][1-Me-2-((CH2)4NH-)-1,2-C2B9H10][OEt])n(SWNT), and it was reported that the boron 

atoms concentrate more in tumor cells than in blood and other organs (Figure 5(a) in the Main Text), making this a 

potential candidate for the delivery of boron for the use of boron neutron capture therapy in the treatment of cancer. 

In subsequent work, Dumortier, H. et al.51 reported that SWNTs water-solubilized using the 1,3-dipolar cycloaddition 

reaction are uptaken by both B- and T-lymphocytes, as well as macrophages, and are not cytotoxic (neither did they 

induce cell death, nor affect lymphocytes’ functionality, although they did evoke secretion of proinflammatory 

cytokines by macrophages, Figure 5(b) in the Main Text).  
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4.2 Halogenation reactions 

Fluorination of SWNTs was first reported by Hamwi, A. et al.52 and Mickelson, E.T. et al.53, with the puckered tube-

like structure of the functionalized SWNTs still maintained at reaction temperatures as high as 325 °C, up to a limiting 

stoichiometry of C2F. The process of fluorination was investigated by Kudin, K.N. et al.54, using DFT calculations 

and periodic boundary conditions. Their calculations (based on a C2F stoichiometry) revealed that the addition of F 

atoms changes the local bonding environment of the respective carbon atoms, resulting in significant distortion to the 

pristine SWNT geometry. The fluorination of SWNTs can yield nanotube derivatives with different electronic 

properties (insulating, semiconducting or metallic), depending on the fluorination pattern. Fluorination has been 

commonly used by Gu, Z. et al.55 and others, as a means to “cut” the SWNTs lengthwise, by high-temperature 

pyrolysis (1000 °C) following fluorination at a low stoichiometry CFx (x ≤ 0.2). At moderately high temperatures, (~ 

100 - 400 °C), however, de-fluorination occurs, and it has been reported56 that the functionalized SWNTs revert to 

clean SWNTs (rather than being etched), with no apparent change in the ratio of metallic : semiconducting tubes, with 

only a slight increase in the average tube diameter. In addition to fluorination, several other groups of researchers have 

tried chlorination57,58 and bromination59 of carbon nanotubes, with the formation of C–Cl or C–Br bonds respectively, 

with loading upto ~ 5 - 17% (by weight). In terms of applications, it has been proposed that cutting the fluorinated 

SWNTs greatly increases their surface area, with consequent advantages in terms of the ability to load and contain 

significant amount of tracers such as 125I– for radioimaging purposes60. In general, the use of reactions to attach halides 

on the sidewall results in severe defects which perturb the electronic structure of the carbon nanotubes, and therefore, 

they are not very well-suited for use in imaging applications. 

 

4.3 Hydrogenation Reactions 

As an alternative to oxidation, hydrogenation has also been explored as a means to introduce additional functionality 

to the sidewall of carbon nanotubes. In the first demonstration, Chen, Y. et al.61 used Birch reduction to hydrogenate 

SWNTs, using either ammonia or ethylenediamine. The incorporation of C–H bonding was reported to cause change 

in the electronic structure of the tubes, owing to chemical disruption in the tube wall. The hydrogen bound to the 

carbon nanotubes is expected to be stable up to moderately high temperatures, ~ 400 - 500 °C62. Hydrogenation has 

been exploited as a mechanism for hydrogen storage (up to ~ 5% hydrogen capacity by weight, ~ 65% hydrogenation 
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of carbon atoms in the SWNT), such as that by Nikitin, A. et al.63, as well as for etching (cutting) of SWNTs by Zhang, 

G. et al.64 However, to the best of our knowledge, there have been no reported examples of the use of hydrogen-

modified SWNTs for bio-applications.  

 

Effect of Covalent Functionalization on Sidewall defects 

Before we conclude the section on covalent functionalization of carbon nanotubes, it is worth pointing out one recent 

paper by Piao, Y. et al.65 While the conventional wisdom has long held that the process of covalent functionalization 

introduces too many defects and causes perturbation in the electronic structure of SWNTs (by introducing dark trap 

states), thereby rendering them inefficient as contrast agents for imaging, the aforementioned group of researchers has 

challenged this hypothesis by clever band-gap engineering, while intentionally incorporating sp3 defects into the 

sidewall structure of SWNTs. They demonstrated that the photoluminescence emission of the nanotubes can be 

brightened by ~ 28×, and could potentially lead to a method to harvest dark excitons in SWNTs, by the creation of 

allowed optical states in the E11 transition state through doping of the sp3 defect sites. This new development has 

exciting implications for the ability to attach additional functional groups onto SWNTs through covalent conjugation 

chemistries, while still maintaining high near-IR fluorescence emission for in vivo imaging applications.  
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Table 2: A summary of the comparison of functionalization schemes for carbon nanotubes. 

The metrics used for the comparison are described in the text in Section 2 above. 

Phases: S (solid), L (liquid), G (gas), TF (thin film), aq. (aqueous medium) 

Characterization techniques: SEM/TEM: Scanning / Transmission electron microscopy, PL: photoluminescence, UV-vis: Ultraviolet / visible absorbance 

spectroscopy, TGA: thermogravimetry analysis, XPS: X-ray photoelectron spectroscopy, NMR: nuclear magnetic resonance, AFM: atomic force microscopy, 

FTIR: Fourier Transform infrared spectroscopy, ICP-AES: inductively coupled plasma atomic emission spectroscopy 

Agent of 

Functionalization 

# of Steps 

(Time reqd.) 

Special 

Equipment? 

Phase of 

Func. 

Properties affected 

(+/–) 

Characterization 

Techniques 

Scalable? Reproducible? Applications 

Non-covalent Functionalization 

(1) Surfactants 

Charged small 
molecules: SDS, SC, 
NaDBBS, CTAB 

4 

(6 hr.) 

Shear mixer, 
cup-horn 
sonicator, 

ultracentrifuge 

L (aq.) Purity (+++), 
Hydrophilicity (+++), 
Stability (+++), 

Photoluminescence (–) 

UV-vis, PL, Raman, 
TEM 

High General66 Sorting of carbon nanotubes based 
on chirality5, by diameter67, or by 
electronic structure68,69 

Nonionic Polymers: 

Tween, Triton-X, PVP, 
Pluronic 

4 

(6 hr.) 

Shear mixer, 

cup-horn 
sonicator, 

ultracentrifuge 

L (aq.) Hydrophilicity (+++), 

Stability (+++), 
Photoluminescence (–) 

UV-vis, PL, Raman, 

TEM 

High General66 Optical sensor for blood glucose 

detection70, anti-bacterial 
solutions71 

(2) Polymer-based functionalization 

Poly (Ethylene 
Glycol), PEG and its 

derivatives, 
phospholipid-PEG 

2 

(6 - 48 hr.) 

Ultracentrifuge L (aq.) Hydrophilicity (+++), 
Stability (+++), 

Circulation life (+++) 

TEM, UV-vis, PL High General72 Drug delivery73, in vivo tumor 
targeting74, NIR-II fluorescence 

imaging of tumor vasculature75, 
high spatio-temporal resolution of 

hemodynamics76, through-skull 

imaging of cerebral stroke77, 
fluorescence angiography78, 

simultaneous imaging and 

photothermal therapy79 

M13-bacteriophage 1 

(72 hr.) 

Probe-tip 
sonicator, 

Ultracentrifuge 

L (aq.) Hydrophilicity (+++), 
Stability (+++), 

Photoluminescence (–), 

Signal-to-noise (+++) 

TEM, UV-vis, PL Medium Self NIR-II imaging of prostate 
cancer80, ovarian cancer81, bacterial 

infections82 

DNA wrapping 2 

(3 hr.) 

Sonicator, 
Ultracentrifuge 

L (aq.) Hydrophilicity (+++), 
Stability (+++), 

Photoluminescence (–) 

TEM, UV-vis, PL Low General83 Sorting of SWNTs based on length 
and chirality84–87, in vivo optical 

detection of NO for 
inflammation88,89 or other 

molecules like riboflavin90, plant 
“nanobionics” for augmented 

photosynthesis91 
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Agent of 

Functionalization 

# of Steps 

(Time reqd.) 

Special 

Equipment? 

Phase of 

Func. 

Properties affected 

(+/–) 

Characterization 

Techniques 

Scalable? Reproducible? Applications 

Covalent Functionalization 

(1) Direct Chemical Reactions 

Cycloaddition 
reactions (with 

octadecylamine, 

azomethine ylides, 
nitrene addition) 

2 

(3 - 12 hr., 

up to 5 days) 

TLC/HPLC, 
Vacuum drying 

S Dispersion (+++), Band 
gap tenability (++), PL 

emission (–) 

2D NMR, TGA, 
STM, TEM 

High General92 Boron delivery for neutron capture 
therapy in cancer50, uptake by B- 

and T-cells51 

Halogenation reactions 
(with HF, CHF3, 

CHCl3, C2Cl4, C3F6, 
CCl4, Cl2 gas or Br2 

solution) 

1 

(2 hr.) 

Plasma chamber 
or high-T 

furnace with 
atm. control 

S Length cutting (+++), 
defects in sidewalls (––) 

γ-ray emission, 
TEM, TGA,  XPS 

High General54 Cutting of SWNTs55, containment 
of radiotracers60 such as 125I– for 

PET imaging 

Oxidation (boiling 

HNO3, H2SO4, 
“piranha”, air or O2/O3 

at high-temp., OsO4, 

H2O2, KMnO4, 
K2Cr2O7) and  

Hydrogenation (Birch 
reduction: with NH3 or 

C2H4(NH2)2 reactions)  

1 

(1 - 9 hr.) 

Vacuum drying  L or G Removal of metal 

catalyst impurities 
(+++), defects in 

sidewalls (––), length 

cutting (+/–), PL 
emission (–––) 

AFM, TEM, TGA, 

XPS, Raman 

High  General93 Receptor-mediated endocytosis, 

efficient drug delivery94–96, 
upregulating signaling with cell-

specific immunostimulation97, 

anticancer vaccine delivery98, 
etching of SWNTs64, high capacity 

(~ 5 wt.%) hydrogen storage63 

 

 

  



15 

 
 

5. Additional Important routes to functionalization of Graphene 

 

5.1 Pyrene and its derivatives 

The pyrene moiety has attracted great attention (Figure S3) due to its strong affinity to the graphene basal plane. For 

example, An, X. et al.99 have demonstrated the non-covalent functionalization of graphene with pyrene carboxylic 

acid (PCA), and transferred the functionalized graphene films onto transparent poly-dimethylsiloxane (PDMS) 

substrates for optical and sensing applications (Figure S3(a)). The flexible, hybrid structure allows > 65% visible 

transmittance, while blocking up to 95% of the UV spectrum. This opens up new possibilities for designing optical 

filters for UV protection, such as in ophthalmology. In another approach, Xu, Y. et al.100 have used a water-soluble 

pyrene derivative, 1-pyrenebutyrate, as a stabilizer. Using this non-covalent approach, they were able to disperse large-

area graphene oxide sheets stably in water, and reported an improvement in the film conductivity by 7 orders-of-

magnitude. This approach is useful for developing electrochemical sensors from chemically-derived graphene, which 

rely on the electronic conductivity of the graphene sheet for analyte detection. 

 Several groups of researchers have used derivatives of pyrene butanoic acid, such as the succidymidyl ester 

(PBASE) used by Wang, Y. et al.101, or the succinimidyl ester (PYR-NHS) used by Kodali, V.K. et al.102 While the 

former group mainly used it for improving the power conversion efficiency of photovoltaic devices (Figure S3(b)) 

using functionalized graphene to 1.71% compared to as-synthesized graphene, the latter group designed functionalized 

epitaxial few-layer graphene which can be micropatterned with immobilized proteins (Figure S3(c)) using contact 

printing. These modified graphene surfaces, with specific binding affinity to fluorescently labeled proteins, can be 

used for sensors such as those for monitoring glucose, cells, and tissue engineering applications. In a different 

application, Liu, Y. et al.103 have used PBASE to form a self-assembled monolayer as a molecular “bridge” between 

layer-by-layer stacked CVD graphene sheets. Using this method, they were able to achieve an increase in the vertical 

inter-layer conductivity between the graphene sheets by up to 6 orders-of-magnitude, due to hole doping, orbital 

hybridization, planarization of the graphene sheets, and the exclusion of polymeric residues. 

 Another approach which has been used by several groups is to create composites of graphene with aromatic 

molecules which can act as electron donor and acceptor molecules. For example, Su, Q. et al.104 have created graphene 

composites with tunable electronic properties, using pyrene and perylenediimide as the hole-conduction and electron-
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conduction organic materials (Figure S3(d)). In addition to improving the stability of the aqueous dispersion of the 

graphene nanosheets, these molecules resulted in a dramatic increase in the conductivity, and consequently an increase 

in the power efficiency in heterojunction solar cells. In a similar manner, Cheng, H-C. et al.105 have fabricated single-

layer graphene p-n junctions by a resist-free, spatially-selective, microfluidic-delivered chemical modification process, 

using 1,5-diaminonaphthalene and 1-nitropyrene respectively as the electron- and hole-donating groups. Using this 

approach, field effect devices showed high carrier mobility, with minimal scattering and carrier degradation caused 

by the dopant molecules.  

 Recently, Papadimitriou, K.D. et al.106 have demonstrated a rational design method using molecular modeling 

(Figure S3(e)), for the liquid-phase exfoliation of graphene in a low-boiling point solvent, chloroform (CHCl3). This 

was achieved using a unique architecture of pyrene end-capped poly(methyl methacrylate), PMMA, as the dispersing 

agent. Using Py-PMMA-Py as the stabilizer, they were able to achieve exfoliation of graphite in chloroform, towards 

a solution-phase synthesis of graphene sheets (with a control over the production of single-layer, few-layer, or multi-

layer graphene), which can then be applied towards various applications.  

 The functionalization of graphene with small polycyclic aromatic hydrocarbons (PAHs) in organic solvents 

is a useful approach for controllably tuning the electronic properties of graphene. In very early work, Wang, X. et 

al.107 used perylene tetracarboxylic acid (PTCA) to functionalize the graphene surface and selectively introduce 

densely packed surface groups on graphene. Using this, they were able to perform atomic layer deposition of metal 

oxide, Al2O3, on PTCA-coated graphene (Figure S3(f)). In further development, Wang, Q.H. and Hersam, M.C.108 

produced self-assembled monolayers of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) on epitaxial 

graphene grown on SiC substrate, with long-range molecular order in the form of a herringbone pattern (Figure S3(g)), 

unperturbed by defects in the underlying graphene or SiC substrate. Similarly, Kozhemyakina, N.V. et al.109 have 

reported binding and electronic interaction of graphene with an organic dye molecule, perylene bisimide, in both thin 

film form and dispersed in homogeneous solution. These well-ordered structures can be used to generate self-

assembled electronic and molecular sensors for detection applications, and are interesting from the point of view of 

the use of graphene in molecular electronics.   
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Figure S3: Non-covalent functionalization of graphene using pyrene derivatives. 

(a) Flexible PCA-graphene-PDMS hybrid structures, with UV filtering. (b) High visible transmittance of graphene 

films with PBASE, with the energy diagram for a photovoltaic device. (c) Graphene coated with PYR-NHS, with inset 

showing micropatterning of proteins, glucose oxidase and laminin. (d) Electron-donor (PyS) and acceptor (PDI) 

aromatic molecules used to decorate graphene sheets. (e) MD simulations of Py-PMMA-Py adsorbed on graphene 

sheets. Inset shows the dispersion and blue photoluminescence of this functionalized graphene. (f) ALD of Al2O3 on 

PTCA-coated graphene. (g) Self-assembled monolayers of PTCDA, showing the molecular structure, herringbone 

unit cell, and molecular-resolution STM of the monolayer on the epitaxial graphene substrate. See text for definitions 

of molecules.  

Reprinted (adapted) with permissions from: (a, c, e, f) An et al.99, Kodali et al.102, Papadimitriou et al.106, Wang et 

al.107 © 2011, 2011, 2016, 2008 American Chemical Society respectively. (b) Wang et al.101 © 2009 AIP Publishing. 

(d) Su et al.104 © 2009 John Wiley and Sons. (g) Wang and Hersam108 © 2009 Nature Publishing Group. 

 



18 

 
 

5.2 Porphyrin and its derivatives 

Porphyrins have been widely deployed for the functionalization of carbon nanotubes, due to their π-π interactions, for 

use in applications such as sunlight harvesting. Similarly, there have been investigations into the use of porphyrins for 

exfoliating graphene. A metalloporphyrin derivative, 5,10,15,20-tetrakis[αααα-2-trismethyl-ammoniomethylphenyl] 

porphyrin iron (III) pentachloride (FeTMAPP), also known as picket-fence iron porphyrin, was used by Tu, W. et 

al.110 to synthesize a water-soluble nanocomposite of rGO, with good dispersion in a stable and homogeneous 

suspension. Upon implementation in an electrode for a redox couple, the device showed very good electrochemical 

performance for highly sensitive amperometric biosensing of the chlorite molecule (Figure 6(f) in the Main Text), due 

to the synergistic effect between the rGO and the porphyrin. At around the same time, Geng, J. and Jung, H-T.111 

reported a technique for using porphyrin to functionalize chemically-derived graphene from hydrazine-reduced GO. 

The resulting graphene had a low sheet resistance ~ 5 kΩ/□, with > 80% optical transparency at λ = 550 nm. More 

recently, Zhang, S. et al.112 have proposed the development of a biosensor for the detection of glucose in human serum. 

This was achieved by functionalizing electrodes composed of reduced graphene nanoribbons with iron(III) meso-

tetrakis(N-methyl pyridinium-4-yl)-porphyrin (FeTMPyP), which showed enhanced electrocatalytic activity towards 

the reduction of dissolved oxygen catalyzed by the enzyme glucose oxidase (Figure 6(g) in the Main Text), and the 

detection of glucose is based on this redox reaction.  

 

5.3 Halogenation and Hydrogenation 

It is possible to attach atoms or other functional groups to the sp2 carbon atoms in the graphene basal plane. If hydrogen 

is used, for example, the resulting material, “graphane”, is completely saturated113 to sp3, while maintaining the 2D 

structure and hexagonal symmetry of graphene. A consequence of this transition is that the charge carrier mobility is 

smaller by about ~ 2-3 orders-of-magnitude, behaving as an insulator, with a band gap of ~ 3.5 eV at the Γ-point. 

Shortly after the theoretical hypothesis of its existence, graphane was synthesized by Elias, D.C. et al.114, through the 

reversible hydrogenation of single-layer graphene. A low-pressure (0.1 mbar) dc plasma treatment in H2(10%)-Ar 

mixture for 2 hr. results in saturated graphane, while annealing the material at 450 °C for 24hr. results in de-

hydrogenation back to graphene. Alternatively, Ryu, S. et al.115 have developed a method for in situ hydrogenation 

(reversible) of graphene by the electron-induced dissociation of hydrogen silsesquioxane (HSQ). While it has been 

proposed that graphane can find suitable applications in various fields such as hydrogen storage, thermoelectrics, piezo 
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electricity, frictionless surfaces etc., owing to its unique structure and electronic properties116, applications in the 

biomedical sector are few, till date. In one example, Tan, S.M. et al.117 have performed a comparative analysis of 

graphane with ordinary graphene for the electrochemical oxidation performance of biomarker molecules such as 

ascorbic acid, dopamine and uric acid, which could have potential applications in biosensing devices.  

 Similar to graphane, fluorographene or graphene fluoride can also be synthesized, by the fluorination of 

graphene by exposure to XeF2 at elevated118 (70 - 200 °C), or at room temperature119. Graphene fluoride has also been 

synthesized in the literature from graphite fluoride by mechanical exfoliation, in a manner analogous to the “scotch-

tape” method used for the first synthesis of graphene. Graphene fluoride is an insulator, with resistivity > 1012 Ω. As 

the 2D analog of Teflon (poly tetrafluoroethylene), fluorographene is thermally stable at temperatures up to 400 °C, 

with further heating resulting in defluorination with the evolution of compounds such as CF4, C2F4, C2F6 etc. Density 

functional theory (DFT) calculations suggest120 that the stability of other graphene halides (C1X1) decreases in the 

order X = F > Cl > Br > I, with fluorographene even more chemically stable than graphane121. However, it has been 

shown that it is possible to synthesize “chemically-derived graphene” from reduced graphene fluoride122, analogous 

to preparing rGO from GO123. 

 

5.4 Nucleophilic Addition Reactions on graphene 

1,3-dipolar cycloaddition of azomethine ylides (the Prato reaction) has also been used to functionalize graphene, 

analogous to the method described for SWNTs in Section 3.2.1. as a result of this reaction, the graphene sheets are 

decorated with dihydroxyl phenyl groups, by pyrrolidine rings which form perpendicular (out-of-plane) to the basal 

plane by the addition of azomethine ylide precursors. Because of the flexibility of this reaction, it is possible to 

introduce different functional groups. For example, Quintana, M. et al.124 have used this cycloaddition reaction to 

attach amino-functional groups to the graphene sheet, followed subsequently by selective binding of gold nanorods to 

the graphene reactive sites. It was shown that the reaction takes place not only at the edges of the graphene sheet, but 

uniformly distributed all over the basal plane, including the internal C=C bonds of graphene. Alternatively, Liu, L-H. 

et al.125 have derivatized graphene with different functional groups, by treating solvent-exfoliated graphene with 

perfluorophenyl azide (PFPA), through photochemical or thermal activation. Nitrene chemistry has also been used as 

a general approach to produce solubilized graphene nanosheets, by several researchers, such as Choi, J. et al.126, He, 

H. et al.127, and Zhong, X. et al.128 
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Table 3: A summary of the comparison of functionalization schemes for graphene and its derivatives. 

The metrics used for the comparison are described in the text in Section 2 above. 

Phases: S (solid), L (liquid), G (gas), TF (thin film), aq. (aqueous medium) 

Characterization techniques: SEM/TEM: Scanning / Transmission electron microscopy, PL: photoluminescence, UV-vis: Ultraviolet / visible absorbance 

spectroscopy, TGA: thermogravimetry analysis, XPS: X-ray photoelectron spectroscopy, NMR: nuclear magnetic resonance, AFM: atomic force microscopy, 

FTIR: Fourier Transform infrared spectroscopy, ICP-AES: inductively coupled plasma atomic emission spectroscopy 

Agent of 

Functionalization 

# of Steps 

(Time reqd.) 

Special 

Equipment? 

Phase of 

Func. 

Properties affected 

(+/–) 

Characterization 

Techniques 

Scalable? Reproducible? Applications 

Non-covalent Functionalization 

(1) Aromatic molecules 

Pyrene and its 
derivatives (PCA, 
PBASE, 1-

pyrenebutyrate, PTCA, 

PTCDA, 1-
nitropyrene, perylene 

bisimide, perylene 

diimide 

1 

(up to 24 hr.) 

Membrane 
(PDMS, 
cellulose) 

filtration, 

ultrahigh vac. 
CVD 

L (aq.), 
S, TF 

Dispersion in water 
(++), Fluorescence 
quenching (–––) 

UV-vis, STM, 
AFM, XRD, FTIR, 
Raman, XPS, UPS 

High General UV protection99, hole doping 
(increased inter-layer 
conductivity)100, improved 

efficiency of PV devices101, micro-

patterning proteins/enzymes for 
monitoring glucose, cells, tissue 

engineering102, self-assembled 

molecules (long-range order)108 

Porphyrin and its 
derivatives 

(FeTMAPP, 

FeTMPyP) 

1 

(10 min. - 1 

hr.) 

No L (aq.), 
TF 

Light harvesting (+++), 
Fluorescence quenching 

(–) 

AFM, TEM, 
Raman, UV-vis, 

Cyclic voltammetry 

High General Sunlight harvesting, optical 
transparency111, amperometric 

biosensing of chlorite for drinking 

water disinfection110, blood glucose 

detection112 

(2) Polymer adsorption 

DNA-based 
composites 

1 

(2 - 54 hr.) 

Low-T drying 
oven 

L (aq.) High adsorption 
capability (+++), High 

binding affinity (+/–), 

Fluorescence quenching 
(++) 

SEM, AFM, XPS, 
Fluorometer 

Low  General129 DNA Origami130, single-bacterial 
cell detection, label-free DNA 

sensing131, patterning of 

nanoparticles132, biomolecule 
detection133, 3D self-healing 

hydrogels134 with high dye-loading, 

DNA sequencing135 

Poly (ethylene glycol), 
PEG, and derivatives 

like PL–PEG–NH2 

1 

(72 hr.) 

γ-irradiation 
chamber 

L (aq.), 
TF 

Dispersion (+++), 
selectivity to binding 

agents (++), improved 

lubrication, decreased 

friction resistance (+++) 

SEM, HRTEM, 
XPS, FTIR, UV-vis 

High  General136 Photoablation of cells137, capture of 
CTCs from whole blood138,139, 

solid-state lubrication140 

(3) Other Approaches 

Mild Thermal 

Annealing 

1 

(1 - 9 days) 

No L (aq.), 

TF, S 

Conductivity (+++), 

Absorbance (++), PL 
blue-shift (++) 

Nano-Auger, 2D 

Raman, XPS, 4-
point probe 

High  General141,142 Enhance the density of 

functionalization of antibodies 
grafted on GO 
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Agent of 

Functionalization 

# of Steps 

(Time reqd.) 

Special 

Equipment? 

Phase of 

Func. 

Properties affected 

(+/–) 

Characterization 

Techniques 

Scalable? Reproducible? Applications 

Covalent Functionalization 

(1) Direct Chemical Reactions 

Halogenation (with 
XeF2, or exfoliation 

from graphene 

fluoride) and 
Hydrogenation (with 

H2, HSQ) 

1 

(5 min.- 2 hr.) 

Glove box 
(atm/moisture 

control), low-

pressure dc 
plasma 

S, TF Optical bandgap (++), 
high-temperature 

stability (++), High 

mechanical strength and 
elasticity (+++), High 

resistivity (+/–) 

XPS, Raman, 
SAED, UV-vis, I-V 

curves  

High General Electrochemical oxidation of 
ascorbic acid, dopamine, uric acid 

for biosensing117, hydrogen storage, 

thermoelectric materials, electronic 
insulator (2D analog of Teflon) 

with resistivity > 1012 Ω 

Radical addition (diazo 

coupling, reactions 
with azomethine 

ylides, photochemical 

addition of benzoyl 
peroxides, nitrenes, 

sulfonation with 

sulfanilic acid) 

1 

(2 - 7 days) 

Sonicator, ice 

bath, N2 
ambient, vac. 

drying 

L Stability in 

physiological media 
(+++), mixed loading 

capability, pH-

responsive (+), 
fluorescence / 

phosphorescence 

quenching (+/–) 

FTIR, UV-vis, 

AFM, TEM, 
Phosphorescence 

lifetime, TGA, 

Raman 

High General143 Introducing band gap (~ 0.4 eV) in 

graphene144, effective binding of 
Au nanorods124, synergistic loading 

of 2 anticancer drugs145, folate-

targeted delivery and enhanced 
chemo-therapeutic efficacy by 

apoptotic cell-cycle arrest146, 

multifunctional graphene with 
magnetic and fluorescence147 

(2) Polymer conjugation 

Poly (ethylene glycol), 
PEG and other 

polymers like poly (L-
lysine) PLL, poly 

(vinyl alcohol), PVA, 

polystyrene PS, poly 
(vinylpyrrolidone) 

PVP 

1-2, 

(5 min. - 24 
hr., depending 

on polymer) 

Sonicator L High physiological 
stability (+++), high 

loading capacity (++) 

AFM, FTIR, UV-
vis 

High General Load and deliver water-insoluble 
anti-cancer drugs148, EPR targeting 

of tumors149, NIR photothermal 
therapy150, photodynamic therapy 

enhanced with PTT151, diffusion-

weighted MRI152, light-controlled 
delivery of siRNA153, biosensing of 

H2O2
154, PET imaging of xenograft 

tumors through active vascular 
targeting155 

EDC “click” chemistry 3 

(48 hr.) 

No TF Binding affinity (+++), 
Specificity (++), 

Fluorescence (+++) 

AFM, Confocal 
Microscopy 

High  Self  Capture of white blood cells from 
whole blood156 
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6. Safety and Toxicity Aspects of CANOMATs for Biomedical Applications 

A Review of the advances in functionalization of CANOMATs for biomedical applications would not be meaningfully 

complete without a brief overview of the safety and toxicity aspects of these materials. This is important because any 

potential commercial application towards the use of CANOMATs for human diagnostics or treatment would have to 

pass the scrutiny of the Food and Drug Administration (FDA) in the United States (and the corresponding regulatory 

bodies elsewhere in the world), for which they have to demonstrate safety at the intended dosage of application (in 

addition to establishing efficacy). The toxicity of carbon nanomaterials depends on the degree of agglomeration when 

used in in vitro or in vivo applications. This can be modified to a great extent by the choice and density157 of 

functionalization agent, the dosage158 used, and the size159 of the nanomaterial. 

 In one of the fist comparative studies of the in vitro cytotoxicity, Jia, G. et al.160 have compared the relative 

cytotoxicity of C60, SWNTs, and multi-walled carbon nanotubes (Figure S4(a)) to alveolar macrophages. Through an 

MTT assay, they reported signs of apoptotic cell death, with a toxicity in the order of SWNTs > MWNT (10 - 20 nm) > 

C60, with quite different toxic dosages ~ 0.38, 3.06 and 226.0 µg/cm2 at 6 hr. exposures, respectively. However, the 

limitation of such an assay is that bioactivity and toxicity in the complex in vivo microenvironment may differ 

significantly from such a cell assay. In a separate study, Manna, S.K. et al.161 have investigated the cause of toxicity 

of SWNTs, in an assessment in human keratinocyte cells. They concluded that increased oxidative stress caused by 

SWNT dosing, leading to downstream activation of the NF-κB nuclear transcription factor, results in cell death by 

apoptosis or necrosis. In a study of the effect of functionalization on cellular trafficking, Kostarelos, K. et al.162 

reported that functionalized carbon nanotubes are capable of being taken up by both mammalian and prokaryotic cells, 

and penetrating the various intracellular barriers by energy-independent mechanisms, which is aided by their high 

aspect ratio, analogous to a “nanosyringe effect” (Figure S4(c)). Several other groups of researchers, such as Hu, X. 

et al.163, Arora, S. et al.164 and Breznan, D. et al.165 have studied the interaction of carbon nanotubes with human and 

murine cell lines, and the studies basically converge to the same conclusion, i.e. the toxicity is dosage-dependent, and 

it can be mitigated to a large extent by effective functionalization. For example, Cherukuri, P. et al.166 incubated 

cultured macrophages with a suspension of SWNTs in Pluronic surfactant. The nanotubes were reported to be actively 

ingested, with no observable detrimental effect on the cell viability (Figure S4(b)), up to concentrations of ~ 4 µg/ml 

with exposures up to 96 hr. Similarly, Hong, G.S. et al.78 have demonstrated that PEG-coated SWNTs show a very 

high IC50 value (the half-maximal inhibitory concentration), ~ 150 - 200 µg/ml (Figure S4(h)). In a similar vein, two-

dimensional CANOMATs, including graphene and its derivatives, are considered to be less cytotoxic, when 

functionalized, such as GO. As is the case with SWNTs, pristine graphene is believed to trigger two signaling pathways: 

the MAPK (nitrogen-activated protein kinase) and the TGF-β (transforming growth factor beta), both of which lead 

to apoptotic cell death. GO has been proposed to be an excellent material for biological applications167, owing to its 

intrinsic fluorescence, excellent water solubility without the need for surfactants, absence of metallic impurities 

(unlike carbon nanotubes) causing oxidative stresses, and its high surface area, which allows for loading of drugs and 

other molecules. Liao, K.H. et al.168 have reported the first study of the blood compatibility of graphene and GO on 

human RBCs and skin fibroblast cells, in which they investigated the hemolytic activity of GO and graphene sheets 
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of various sizes (Figure S4(d)). Treatment with chitosan was reported to eliminate the hemolytic activity; thereby 

highlighting the importance of functionalization. At high concentration ~ 50 µg/ml, it has been shown that GO does 

cause slight reduction in the cell viability169, owing to dose-dependent oxidative stress, although, overall, GO is 

considered to be a safe material at the cellular level. In an alternative approach, Hu, W. et al.170 have demonstrated 

that the adsorption of proteins, such as fetal bovine serum (FBS, 10%, typically present in culture media) can greatly 

mitigate the concentration-dependent cytotoxicity of GO, by minimizing the physical damage to the cell membrane 

caused by direct interaction with the GO nanosheets. Several groups of researchers have effectively used PEGylation 

as a means to reduce the cytotoxicity of GO. For example, Liu, Z. et al.148 and Sun, X. et al.171 have developed 

PEGylated nanographene oxide (NGO-PEG) as a highly potent nanocarrier complex for the delivery of a water-

insoluble chemotherapeutic drug, as well as for live cell imaging in the near-infrared, by non-covalent van der Waals 

interaction with the GO. 

 

Figure S4: In vitro and in vivo cytotoxicity of CANOMATs. 
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(a) Relative toxicity of fullerenes, single- and multi-walled carbon nanotubes to alveolar macrophages. Inset shows 

cells becoming non-phagocytic after exposure to CANOMATs. (b) Amount of internalized SWNT in macrophages 

increases with the exposure concentration. Inset: NIR fluorescence image, showing localization in vesicles. (c) 

“Nanosyringe effect”: Cellular trafficking of functionalized CNTs continues even under endocytosis-inhibiting 

conditions (grey-to-black, increasing conc. of NaN3). Inset: confocal image, showing CNT (green) localization in the 

perinuclear region (blue). (d) Hemolysis of human RBCs upon incubation with non-functionalized GO and rGO. 

Toxicity depends on degree of aggregation. (e) CANOMATs can quench the optical readouts for in vitro assays, 

potentially skewing cytotoxicity measurements. (f) Long-term (60-day) study of the biodistribution of PEG-

functionalized nano graphene, indicating RES uptake. (g) Toxicology study of SWNTs in mice. Blood chemistries 

(shown here: WBC populations) did not vary significantly between control and PEG-SWNT treated groups. Inset: 

SWNT-PEG observed in liver and spleen cells (black arrows), without signs of tissue damage. (h) IC50 ~ 0.18 mg/ml 

for DSPE-mPEG-SWNT, ~ 17× lower than the typical dosage. Inset shows example of imaging hind leg blood vessels 

using functionalized SWNTs. (i) Acute toxicity of GO nanoflakes at ≥ 1 mg/ml, in a protozoan organism. Inset shows 

deformity in nucleus (blue) after exposure. See text for definitions of molecules.  

Reprinted (adapted) with permissions from: (a, b, d, f) Jia et al.160, Cherukuri et al.166, Liao et al.168, Yang et al.172 © 

2005, 2004, 2011, 2011 American Chemical Society respectively. (e) Breznan et al.165 © 2015 Elsevier Publishing 

Group. (c, g, h) Kostarelos et al.162, Schipper et al.173, Hong et al.78 © 2007, 2008, 2012 Nature Publishing Group 

respectively. (i) Kryuchkova et al.174 © 2016 Royal Society of Chemistry. 

 

 The jury is still out175 on the in vivo circulation, pharmacokinetics, biodistribution and toxicity of 

CANOMATs, and much work remains to be done in order to ascertain safe doses of these materials for biomedical 

applications. Independently, Singh, R. et al.176 reported that diethylentriaminepentaacetic acid (DTPA)-functionalized 

SWNT showed rapid renal clearance from systemic blood circulation after i.v. injection, with a half-life ~ 3 hr. In one 

of the first pilot studies of the long-term toxicology of SWNTs, Schipper, M.L. et al.173 examined the acute and chronic 

toxicity of functionalized SWNTs (Figure S4(g)) when injected into the bloodstream of healthy mice. It was reported 

that the carbon nanotubes persisted within the macrophages of the liver and the spleen for 4 months (the duration of 

the study), without apparent toxicity. Similarly, Liu, Z. et al.177 have measured the blood circulation of i.v.-injected 

SWNTs, and monitored their distribution over a period of 3 months, using Raman spectroscopy. They reported that 

PEG-functionalized SWNTs offer the longest blood circulation lifetime, ~ 1 day, with relatively low uptake in the 

RES system, and almost complete clearance from the main organs in the body within ~ 2 months post injection. The 

circulation kinetics and uptake of the nanomaterial in the various organs can be tuned, to a certain extent, by the length 

of the PEG chain, and by its architecture (linear or branched)178. Moving further, for 2D CANOMATs, recent work 

by Liu, Y. et al.179 suggests that bare GO can induce mutagenesis both in vitro (at concentrations of 10 and 100 µg/ml) 

and in vivo (injected at a dose of 4 mg/kg for 5 consecutive days), and thereby extra surface modification is deemed 

to be necessary for the use of GO in biomedical applications. This is surprising – considering that several groups of 

researchers had considered GO to be an overall “safe” material at the cellular level, as discussed in the previous 

paragraph. Even before these results were known, Zhang, S. et al.180 have shown that functionalization with dextran, 

another biocompatible polymer widely used for the coating of biomaterials, offers remarkable reduction in short-term 

toxicity, with rapid clearance from the RES system in mice. Similarly, Yang, K. et al.172 have studied the long-term 

biodistribution and toxicology of PEGylated graphene in mice. Although these materials accumulate in the liver and 
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spleen, they are gradually cleared by renal and fecal excretion pathways (Figure S4(f)), and there was no observed 

toxicity at a significantly high dose (20 mg/kg) over a period of 3 months. The same group of researchers reported181 

no uptake in tissues after oral administration indicating very little intestinal absorption of PEGylated GO, but high 

accumulation in the liver and spleen after intraperitoneal (i.p.) injection, due to engulfment by phagocytes. In another 

approach to functionalization, Singh, S.K. et al.182 have developed amine-modified graphene (G–NH2), which, upon 

i.v. administration, showed no stimulatory effects on human platelets or evoke lysis of erythrocytes, nor did it induce 

pulmonary thromboembolism, compared to bare unmodified GO or rGO. As an interesting aside from mammalian 

studies, a recent study174 comparing the toxicity of various clays, silica nanomaterials and GO in a model protozoan 

organism (Paramecium caudatum) found complete inhibition of fertility by GO, with sizable toxic effects becoming 

apparent at dosages as low as 100 µg/ml (Figure S4(i)). For a comprehensive review on the in vitro and in vivo toxicity 

of fullerene and carbon nanotube derivatives, the reader is referred to Lalwani, G. et al.183, and Harrison, B.S. and 

Atala, A.184 respectively, and to Seabra, A.B. et al.185 for graphene and its derivatives, which is beyond the scope of 

the current discussion on functionalization techniques.  
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