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Abstract

Carbon-based nanomaterials including carbon nanotubes, graphene oxide, fullerenes and nanodiamonds are potential candidates for
various applications in medicine such as drug delivery and imaging. However, the successful translation of nanomaterials for biomedical
applications is predicated on a detailed understanding of the biological interactions of these materials. Indeed, the potential impact of the so-
called bio-corona of proteins, lipids, and other biomolecules on the fate of nanomaterials in the body should not be ignored. Enzymatic
degradation of carbon-based nanomaterials by immune-competent cells serves as a special case of bio-corona interactions with important
implications for the medical use of such nanomaterials. In the present review, we highlight emerging biomedical applications of carbon-based
nanomaterials. We also discuss recent studies on nanomaterial ‘coronation’ and how this impacts on biodistribution and targeting along with
studies on the enzymatic degradation of carbon-based nanomaterials, and the role of surface modification of nanomaterials for these
biological interactions.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Engineered nanomaterials provide unique advantages and
opportunities in several areas of medicine including therapeutics,
diagnostics, imaging, and regenerative medicine.1,2 Carbon-based
nanomaterials such as fullerenes, carbon nanotubes, carbon nano-
horns, carbon nanodots, nanodiamonds, and graphene and its
derivatives have unique electronic, optical, thermal, andmechanical
properties and have attracted considerable attention in recent years
in nanomedicine.3-5 Hence, many studies have attempted to exploit
thesematerials for drug delivery or imaging, or both. As pointed out
in a recent editorial, the successful commercialization of nanome-
dicines ultimately depends on demonstrating their superiority over
existing approaches and on documenting their safety.2 Indeed, a
detailed understanding of the biological interactions of nanomater-
ials, not least the interactions with cellular and other components of
the immune system (Figure 1) is important both from an efficacy
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and safety point of view, as is the understanding of the ultimate fate
of the nanomaterial– accumulation, degradation, and/or excretion–
in the human body.7 To this end, particular attention should be
devoted to the role of adsorbed biomolecules which may confer a
new biological ‘identity’ to nanomaterials,8 and is likely to play an
important role for cellular uptake and in vivo biodistribution
of nanomaterials.9

Detailed accounts of the routes of synthesis and the
physicochemical properties of carbon-based nanomaterials are
beyond the scope of the present review, but a brief introduction is
provided here. Fullerenes are entirely composed of carbon and
have the form of spheres, ellipsoids or tubules. Spherical and
cylindrical fullerenes are also referred to as buckyballs and
buckytubes (or carbon nanotubes), respectively. The first
representative of the buckyball family, referred to as buckmin-
sterfullerene, is composed of 60 carbon atoms (C60) and has the
shape of a truncated icosahedron with 20 hexagons and 12
pentagons and a diameter of approximately 1 nm, thus
resembling a football (in the United States, a soccer ball);
indeed, a picture of a football was included in the very first
publication, and the authors even contemplated the alternative
name, soccerene.10 Iijima is credited with the discovery of
carbon nanotubes (CNTs)11 although some claim that these

structures (“graphitic carbon needles”) had been observed
decades earlier.12 CNTs are graphitic tubules, which can be
capped with hemifullerenes at the ends, consisting of a single
graphene sheet (single-walled carbon nanotubes, SWCNTs) or
several concentric and nested sheets (multi-walled carbon
nanotubes, MWCNTs). Both types of CNTs have nano-scale
dimensions and display a very high aspect ratio, i.e., the ratio
between the length and the diameter of the material. Hence,
SWCNTs have a diameter of approximately 1 nmand lengths up to
a few microns or more, whereas MWCNTs have diameters of
several tens of nanometers and lengths up to several tens ofmicrons
or more. All of the aforementioned nanomaterials can be related to
a parent material known as graphene consisting of a single
atomically thin sheet of hexagonally bound sp2 carbon atoms.13

For a comprehensive overview of the structural, electronic, and
biological properties and applications of graphene and other 2-D
materials, see Ferrari et al.14 Nanodiamonds represent yet another
class of nanoparticles in the carbon family, with highly versatile
physical and chemical properties.15 They are mainly composed of
carbon sp3 structures in the core, with sp2 and disorder/defect
carbons on the surface, and display single-digit nm sizes.

In the present review, we will highlight emerging biomedical
applications of various carbon-based nanomaterials. We will also
discuss bio-corona formation and the propensity for enzymatic
degradation, especially with regards to CNTs and graphene
oxide (GO), which are the most intensively investigated
carbon-based nanomaterials to date in the field of nanomedicine,
along with fullerenes and nanodiamonds. The impact of surface
modifications, including grafting of polymers, on the biological
interactions of these materials is also highlighted.

Biocompatibility of carbon-based nanomaterials

Being small confers advantages in terms of negotiating biological
barriers, which may be desirable, but nanoscale size per se is not
sufficient to qualify as a nanotechnology.16 Carbon-based nanoma-
terials, however, possess intrinsic physicochemical properties that
can potentially be exploited. For instance, CNTs display strong
optical absorption in the near infrared, Raman scattering as well as
photo-acoustic properties that widen the scope of in vivo applications
as they can potentially have bio-imaging and tracing functions
coupled with drug delivery.4 Graphene is another material with
many promising areas of application as a result of its large surface
area and possibility of easy functionalization, providing opportuni-
ties for drug delivery.5 Moreover, its unique mechanical properties
suggest tissue engineering and regenerativemedicine applications.17

Other carbon-based nanomaterials such as fullerenes and nanodia-
monds have also received much attention in recent years, with
emphasis mainly in the area of cancer medicine.4 In the present
review, we will highlight some illustrative, pre-clinical examples
from recent literature.

However, safety first. The potential toxicity of carbon-based
nanomaterials has been the subject of much concern in the past
decade and much skepticism initially surrounded the notion of
using, in particular, CNTs as drug delivery systems due to the fact
that these fiber-like materials were presumed to be biopersistent,
and, therefore, to possess asbestos-like pathogenicity.18-20

Figure 1. Cellular and extracellular interactions of carbon nanotubes. The
upper panel shows an SEM image of isolated MWCNTs (single arrow) or a
bundle of MWCNTs (two arrows) entering human mesothelial cells.
Reprinted from: Shi X, von dem Bussche A, Hurt RH, Kane AB, Gao H.
Cell entry of one-dimensional nanomaterials occurs by tip recognition and
rotation. Nat Nanotechnol. 2011;6(11):714-9, with permission from Nature
Publishing Group. The lower panel shows a cluster of short-cut SWCNTs
(single arrow) entrapped in chromatin fibers (two arrows) of purified
neutrophil extracellular traps [see Farrera et al6 for further details]. SEM
courtesy of K. Hultenby, Karolinska Institutet.
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