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Abstract
Graphene is a single-atom thick, two-dimensional sheet of hexagonally arranged carbon atoms
isolated from its three-dimensional parent material, graphite. Related materials include few-layer-
graphene (FLG), ultrathin graphite, graphene oxide (GO), reduced graphene oxide (rGO), and
graphene nanosheets (GNS). This review proposes a systematic nomenclature for this set of
“Graphene-Family Nanomaterials” (GFNs) and discusses specific materials properties relevant for
biomolecular and cellular interactions. The article discusses several unique modes of interaction
between GFNs and nucleic acids, lipid bilayers, and conjugated small molecule drugs and dyes.
Some GFNs are produced as dry powders using thermal exfoliation, and in these cases inhalation
is a likely route of human exposure. Some GFNs have aerodynamic sizes that can lead to
inhalation and substantial deposition in the human respiratory tract, which may impair lung
defense and clearance leading to formation of granulomas and lung fibrosis. The limited literature
on in vitro toxicity suggests that GFNs can be either benign or toxic to cells, and it is hypothesized
that the biological response will vary across the material family depending on layer number,
lateral size, stiffness, hydrophobicity, surface functionalization, and dose. Generation of reactive
oxygen species (ROS) in target cells is a potential mechanism for toxicity, although the extremely
high hydrophobic surface area of some GFNs may also lead to significant interactions with
membrane lipids leading to direct physical toxicity or adsorption of biological molecules leading
to indirect toxicity. Limited in vivo studies demonstrate systemic biodistribution and
biopersistence of GFNs following intravenous delivery. Similar to other smooth, continuous,
biopersistent implants or foreign bodies, GFNs have the potential to induce foreign body tumors.
Long-term adverse health impacts must be considered in design of GFNs for drug delivery, tissue
engineering, and fluorescence-based biomolecular sensing. Future research is needed to explore
fundamental biological responses to GFNs including systematic assessment of the physical and
chemical materials properties related to toxicity. Complete materials characterization and
mechanistic toxicity studies are essential for safer design and manufacturing of GFNs in order to
optimize biological applications with minimal risks for environmental health and safety.
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1. Introduction
The responsible development of nanotechnology will require a coordinated and sustained
research effort to understand and manage its risks for human health and the environment.
Current nanosafety research is focusing primarily on a small set of materials that are likely
to be manufactured at high production volume, and may thus be associated with significant
human or environmental exposures. Recently there has been an explosion of interest in a
new nanomaterial, first discovered in 2004, but already worthy of inclusion in this set:
graphene. Graphene is a single-atom-thick, two-dimensional sheet of hexagonally arranged
carbon atoms, whose isolation from crystalline graphite and characterization 1 led to the
Nobel Prize in 2010. The number of scientific papers on graphene exceeded 3000/yr in 2010
(Web-of-Science topical area search), and a number of companies have formed worldwide
that manufacture and sell graphene, albeit at this time primarily for research and
development.

Much of the excitement in graphene research centers on its nanoelectronics applications
where it is used as a single-atom-thick coating on substrates that can be patterned into
transistors or other logic circuit elements as the basis for next-generation computing or
sensing 2. In this form, as a bound or imbedded microchip component, graphene is unlikely
to pose a significant environmental or health risk. As graphene research has expanded,
however, other engineering applications have emerged, such as structural composites 3,
conducting polymers 3, battery electrodes 4, 5, supercapacitors 6, transport barriers 7,8,
printable inks 9, antibacterial papers 6, and biomedical technologies, 3, 10, 11 where
exposures are much more likely. These diverse applications have led to interest in
manufacturing not only substrate-bound extended graphene monolayers, but also related
materials that include few-layer-graphene (FLG), ultrathin graphite, graphene oxide (GO),
reduced graphene oxide (rGO), and graphene nanosheets (GNS). The present article focuses
on this broad set of “Graphene-Family Nanomaterials” (GFNs), in order to represent the
range of materials to which humans or environmental receptors may ultimately be exposed.

The literature on the biological interactions of graphene family nanomaterials is growing
rapidly, and includes studies primarily motivated by (i) biomedical applications, and (ii)
environmental health and safety (EHS). As with other nanomaterials, the issue of potential
toxicity arises not only in biomedical applications, but also in non-biomedical products
where unintended occupational, consumer, and environmental exposures can occur. The
biomedical applications of GFNs are just emerging, and have been reviewed recently by
Feng and Liu 12. There is also a significant literature on graphene-based biochemical
sensing, based on GFNs as fluorescence quenchers or electrode materials. These areas have
been reviewed recently by Shao et al. 13 and Kuila et al. 14, and will not be covered in detail
here.

The biomedical and EHS fields share a common scientific goal: to understand the
fundamental interactions of new ultrathin carbon forms with biological molecules, tissue
structures, and organisms. The present article reviews the literature on the graphene-
biological interface with emphasis on mechanisms and the fundamental biological responses
relevant both to applications and to material safety. Throughout the article we emphasize the
variations in properties and behaviors within the broader graphene nanomaterial family, and
the potential for these variations to produce different biological responses, which if
understood, could be intelligently exploited for function or safety.

2. The Graphene Nanomaterial Family
Graphene materials vary in layer number, lateral dimension, surface chemistry, defect
density or quality of the individual graphene sheets, and composition or purity. In this way
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GFNs are analogous to carbon nanotubes, which vary in wall number, diameter, length,
surface chemistry and the amount, composition, and physical form of metal impurities.
Figure 1 shows the most important GFNs and some structural features relevant for colloidal
behavior and biological interactions. The sections below define the larger set of materials
encountered in practice, which are variations on the basic chemical structures shown in
Figure 1.

Monolayer graphene, or “graphene” is the material that has attracted the most interest due
to its unique electronic properties 15. Graphene can be isolated from graphite by repeated
“mechanical exfoliation” of graphite flakes using adhesive tape 1 or grown on substrates for
electronics applications by chemical vapor deposition or decomposition of carbide phases 16,
where it is of secondary interest for this review on biological effects. It can also be a
clamped free-standing film or ribbon 16 or can be suspended in solvents either with
surfactants 17 or without 18, where it is of somewhat more relevance here. Pristine graphene
of significant lateral dimension is difficult to isolate in the gas phase and also difficult to
suspend in solvents at high concentration, so most of the interest in biological applications
and implications is focused on the related materials described in the sections below.

Few-layer graphene (FLG) is defined here as flake-like stacks of 2–10 graphene layers. It
was originally a byproduct of, or precursor in, the fabrication of monolayer graphene 1, but
has become an interesting commercial material in its own right. Introduction of sulfate,
nitrate, or other ions between the layers of crystalline graphite (intercalation) followed by
rapid thermal heating, leads to internal pressure buildup and massive expansion of the
layered structure of natural graphite. This “thermal exfoliation” produces dry powders,
which can be dispersed into FLG samples that become reinforcing agents in composite
materials, or further processed into graphene or graphene oxide. The dry powder product
may contain residual intercalants, often sulfur compounds, and offers the possibility of
occupational exposure in high-temperature furnace operations not unlike those for carbon
nanotubes. The raw product of the thermal exfoliation can be referred to as “expanded
graphite” and its precursor, the graphite material with the intercalant loaded inside is
sometimes referred to as “expandable graphite”, since it can be heated to produce “expanded
graphite” and processed into FLG or other GFNs.

Ultrathin Graphite is defined here as material with thickness greater than 10 sheets (3–5
nm) but less than 100 nm. With this definition, ultrathin graphite is classified as a
nanomaterial by the U.S. National Science Foundation, being a material with at least one
dimension in the range 1–100 nm. In terms of thickness, there is a continuum of material
structures from monolayer graphene to conventional graphite powders, and it is attractive to
define ultrathin graphite in this way lying between FLG and milled graphite powders of
larger minimum dimension, which are not classified as “nanomaterials”.

Graphene oxide (GO) is a highly oxidized form of chemically modified graphene,
produced by harsh oxidation of crystalline graphite followed by sonication or other
dispersion methods to produce monolayer material, typically in aqueous suspension 18. The
structure of GO (Figure 1) consists of single-atom-thick carbon sheets with carboxylate
groups on the periphery, where they provide pH dependent negative surface charge and
colloidal stability 18. The basal surfaces contain hydroxyl (-OH) and epoxide (-O-)
functional groups, which are uncharged but polar. The basal planes also include unmodified
graphenic domains that are hydrophobic and capable of π-π interactions relevant to
adsorption of dye molecules or some drugs (vida infra). The result is an amphiphilic giant
sheet-like molecule that can act like a surfactant 19 and stabilize hydrophobic molecules in
solution, or collect at interfaces 20, 21. GO samples may contain not only monolayers but
also multilayer flakes, and a full characterization of the material requires a layer number
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distribution, which is difficult to measure, however, and is seldom reported. For applications
requiring monolayers, centrifugation is typically employed to remove material not fully
exfoliated into single-atom-thick sheets.

Reduced graphene oxide (rGO) is the product of treating GO under reducing conditions,
which include high-temperature thermal treatment and chemical treatments with hydrazine
(N2H4) or other reducing agents 18. The goal of GO reduction is often done to restore
electrical conductivity, and it alters many other GO properties as well. It reduces oxygen
content, increases hydrophobicity, introduces holes or defects in the carbon lattice due to
CO/CO2 liberation 22, and reduces surface charge and water dispersibility.

Nano-GO is a term sometimes used to describe graphene oxide of small lateral dimension,
typically less than 100 nm and often below 20 nm. These materials have typically been used
in biological applications, because small size facilitates cell entry and dispersion stability.
Some authors use Graphene NanoSheets (GNS), though this can be misleading since the
basic chemistry is often that of graphene oxide not graphene. Neither nano-GO nor GNS are
a necessary part of the graphene family terminology, since lateral dimension must be
specified already to fully define any graphene material, but is nevertheless convenient to
distinguish these very small materials from the extended lateral dimension materials that are
the goal of most synthesis efforts.

For the remainder of this review, we will systematically use the terms defined above when
describing individual studies, and where possible, describe the materials more specifically in
terms of layer number, lateral dimension, and surface chemistry.

3. Material Properties Relevant to Biological Effects
The properties of GFNs most relevant for their biological effects include surface area, layer
number, lateral dimension, surface chemistry, and purity.

3.1 Surface area
Surfaces play a central role in the biological interactions of nanomaterials 23. It is often
pointed out that small nanoparticles (< 10 nm) have a significant fraction of their atoms
exposed on their surfaces. Monolayer graphene represents an extreme case, in which every
atom lies on the surface, and in fact each atom is exposed to the surrounding medium on two
sides, giving rise to the theoretical maximum surface area of an sp2-hybridized carbon sheet
of about 2600 m2/g. This is at least an order of magnitude higher than the surface area of
most other nanomaterials studied in biological systems. Monolayer graphene oxide has a
very similar area, but its surface is modulated by atomic-scale roughness. The surface areas
of other GFNs decrease as layer number increases (see next section).

Because of the high surface area of GFNs, especially monolayer graphene and GO, we
anticipate that surface phenomena, either physical adsorption or catalytic chemical reaction,
will be particularly important in the biological response to these materials. The closest
analogue to graphene is a pristine single-walled carbon nanotube (SWNT), which has a
theoretical outer surface area of 1300 m2/g, and is similarly hydrophobic, though in many
cases in practice this surface area is significantly reduced by bundling to values below 500
m2/g. The high hydrophobic area of SWNTs has been associated with the adsorption of
molecular probe dyes and in vitro artifacts 24, 25, and the depletion of folic acid and other
micronutrients from cell culture medium leading to cell growth inhibition 26. Adsorptive
interferences have also been reported for carbon black 27 and are expected for other
materials with large hydrophobic surface area like GFNs. The high surface areas of GFNs
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make surface reactions potentially important, including ROS production, antioxidant
deactivation 28, or ROS quenching 29.

GFNs raise an interesting issue of surface area stability in biological experiments. When
spherical particles aggregate in medium, their effective size increases, but they typically
retain most of their surface area, which represents the perimeters of the primary particles in
the aggregate (Figure 2). Hard spheres make only point contacts, and thus most surface area
is retained during sphere-to-sphere aggregation, unless the aggregates partially fuse by
sintering or dissolution/re-precipitation. Plates, however, often pack face-to-face and much
of the surface area in a plate-like colloid may be irreversibly lost by aggregation, or by
processes such as filtration or centrifugation (Figure 2). GO in particular is reported to align
effectively during filtration or drying to make GO papers, and after stacking the interlayer
spaces are not typically accessible for biological interactions or accessible to vapor phase
probes used to measure surface area, unless a second component is added to form high-area
“pillared” GO 30. The effective or measurable surface area may thus change significantly
during sample preparation or biological testing. For many GFNs, it will not be possible to
make meaningful measurements of surface area in a biological system by the conventional
method of drying/filtering and applying vapor adsorption methods and the BET equation, as
the drying/filtration process likely eliminates the area one seeks to measure.

Another aspect of the plate-like geometry of GFNs is their tendency to block filters by
deposition with the plane of the plate parallel to the substrate, making separation by
ultrafiltration slow and tedious. A final aspect is the inability to quantitatively characterize
their size and shape by conventional dynamic light scattering techniques, which use
spherical particle models to compute size and zeta potential from raw data on scattered light
intensity.

3.2 Layer number
The number of graphene layers in a GFN is important because it determines specific surface
area and bending stiffness (Figure 3). Simple geometric considerations for large thin plates
give A/m = 2/ρd, where A/m is the total area per unit mass, ρ is the material density and d is
the thickness given by Nlayerd1, where is the layer number and d1 the thickness of a single
layer, 0.34 nm for unoxidized FLG. Combining gives:

(1)

Which shows that the specific area (m2/g) is inversely proportional to layer number (Figure
3). It is expected that the adsorptive capacity for biological molecules will increase
significantly as layer number decreases. Stiffness is reported to be important in the
pathological response to fibers and carbon nanotubes 31 but its role in plate-like materials is
unknown. The thinnest materials, e.g. monolayer graphene or GO, are quite deformable by
weak forces such as water surface tension 21, 32, 33. The multilayer materials in contrast may
act as rigid bodies during their cellular interactions (see micrograph in Figure 10). Figure 3
also shows bending stiffness values calculated from the elastic modulus for monolayer
graphene and the area moment of inertia for multilayer films of varying thickness. Stiffness
increases with the third power of layer number or material thickness. Characterization of
layer number typically involves deposition on substrates followed by AFM or optical
absorbance measurements, or for FLG samples by estimation from measured surface areas
using equation (1).
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3.3 Lateral dimension
Lateral dimension has no significant effect on specific surface area (m2/g), but does
determine the maximum dimension of the material, which is relevant for cell uptake, renal
clearance, blood-brain barrier transport and many other biological phenomena that depend
on particle size. The cellular uptake of plate-like nanostructures is poorly understood, but
will likely be sensitive to lateral dimension, which represents the maximum dimension of
the object undergoing endocytosis or phagocytosis. Lateral dimension should affect the
population of receptors needed for uptake, and also the size of the endosome or lysosome
into which the material must be packaged within the cell. The lateral sizes of GFNs span
orders of magnitude, from nano-GO at 10 nm (the size of some proteins) to > 20 μm (larger
than most cells). Cells may thus adhere and spread (for larger GFNs), or successfully
internalize the plates (for smaller GFNs), or experience some form of frustrated endocytosis
or phagocytosis with implications for biological risk. Lateral dimension also influences
deformability (along with layer number), but the lateral dimension also determines the
torque that can be applied by cellular forces. Laterally large plates are more deformable than
small plates at equal layer number. Characterization of lateral dimension typically involves
deposition on substrates such as oxidized silicon followed by SEM or AFM and statistical
image analysis.

3.4 Surface chemistry
The graphene family includes materials with widely varying surface chemistry, even before
any specific biofunctionalization is carried out. Graphene oxide surfaces are partially
hydrophobic with hydrophilic (typical water contact angle 40–50 degrees) regions 34, 35

capable of hydrogen bonding and metal ion complexing 36, and contain negative charges on
edge-sites associated with carboxylate groups 37. The pristine graphene surface, in contrast,
is hydrophobic (water contact angle near 90°) and capable of biochemical reactions
primarily at edge or defect sites. Reduced graphene oxide is intermediate in hydrophilicity
and in basal reactivity, since it contains basal vacancy defects produced during oxygen
removal 22. Much of the biomedical work has been done on nanoscale graphene oxide due to
its higher dispersibility in aqueous phases. Although GO colloids in pure water can be quite
stable, long-term stability in saline or culture medium has been reported to require further
functionalization 12, 38. Pristine graphenes (monolayer or FLG) are very poorly dispersible
in water and require surfactants or other stabilizing agents for any meaningful application
requiring suspension in biological fluids. Recent experience with CNTs has shown that most
synthetic surfactants are problematic due to toxicity, and instead the field has developed
protein, serum, or lipid coating methods for biocompatible dispersion 39, and these same
techniques may prove useful for pristine surface GFNs.

3.5 Purity
Unlike CNTs, GFNs are not typically grown catalytically and do not contain residual metal
catalysts. However, some GFNs may contain residual intercalants, chemical additives used
to separate the layers in the bulk graphite feedstock and have not been fully removed by
washing. Graphene oxide synthesis uses a variety of reagents that may leave soluble
residues in the suspension if they are not properly washed, and the washing of GO can be
tedious due to gellation caused by physical interaction of the giant molecular disks 20. The
reagents used in various GFN syntheses include permanganate, nitrate, sulfate, chromate,
peroxide, persulfate, hydrazine and borohydride and associated cations, typically potassium,
sodium, or ammonium. There is little known about the biological effects of impurities in
GFNs, but caution and careful material characterization are advised, as always when
carrying out biological effects studies.
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4. Biomolecular Interactions
This section reviews the rapidly growing literature on the fundamental interactions of GFNs
with biological molecules, including small molecule drugs, metal ions, nucleic acids, lipids,
and proteins.

4.1 Small molecule and ion adsorption
One of the defining characteristics of graphene materials is high surface area, and GFNs can
be expected to be potent sorbents for a variety of small molecule solutes in physiological
fluids. Adsorption on carbon surfaces is generally favored for molecules with low solubility,
partial hydrophobicity, or positive charge (for the common case of negatively charged
GFNs), and for molecules with conjugated π-bonds that impart planarity and allow π-π
interactions with graphenic carbon surfaces. The biological consequences may include (i)
micronutrient depletion 26, (ii) artifacts in assays that rely on dye-based molecular
probes 24, 25, (iii) the capacity to carry small molecule drug cargoes 40, and (iv) synergistic
or antagonistic toxic effects when GFMs coexist with small molecule toxicants, whose
bioavailabilty can be increased or decreased as they partition to graphene surfaces.

Most of the attention on small molecule interactions has been related to drug delivery, where
GFNs and nano-GO in particular are used as carriers for small molecular agents. Sun et
al. 38 loaded the commercial chemotherapeutic agent doxorubicin on PEGylated nano-GO,
where the pegylation density is presumed to be low enough that sp2 domains remain
available on the GO surface for drug binding. Doxorubicin (Dox) was reported to adsorb by
π-stacking and to desorb at reduced pH due to its higher hydrophilicity and high solubility at
an intracellular endosomal pH of 5.5. We can anticipate that other drug molecules with
titratable amine groups may also show this higher solubility and partial reversibility at low
intracellular pH due to increased positive charge. Dox is a planar conjugated molecule that
exerts its chemotherapeutic effect through DNA intercalation, a behavior that might be
shared with nano-GO itself (see below). Huang et al. 41 loaded the photosensitizer chlorin e6
(Ce6) onto microscale GO surfaces for targeted photodynamic therapy. The highly
conjugated Ce6 is reported to adsorb by hydrophobic forces and π-π stacking, implying that
it occurs in the unsubstituted graphenic clusters that lie between the oxygen functional
groups on GO surfaces. Zhang et al. 10 loaded both Dox and camptothecin (CPT) onto
functionalized nano-GO, and again cite π-π interactions and hydrophobic forces as the
driving force for adsorption. Overall, nano-GO and its functionalized versions are effective
sorbents for carrying hydrophobic compounds in biological systems, which is related to the
reported amphiphilicity of GO 19 with its patchwork of oxygenated and unsubstituted
graphenic surfaces.

To our knowledge there are no published studies of molecular dye or probe adsorption by
GFNs or associated interferences with in vitro toxicological assays. There has been an
environmentally motivated study of methylene blue adsorption that reports very high
capacities for this common dye 42, and there is some information on GFN dye quenching
through adsorption or diffusive quenching 43, 44, but the implications for biological in vitro
testing remain unknown and are worthy of future study.

Exogenous or endogenous metal ions may be adsorbed by GO, nano-GO and to some extent
rGO by complexation or chelation on oxygen functional groups. This effect has been
reported for Mg2+ 45, and Cu2+ 36, 46. The copper ion adsorption is reported to mediate the
interaction of nano-GO with DNA (see section on DNA interactions).
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4.2 Nucleic acid interactions
The most active area of research on GFN biomolecular interactions involves DNA/
RNA 46–49. GFNs show several unique modes of interaction with DNA/RNA that include
preferential adsorption of single-stranded (ss) over double stranded (ds) forms, steric
protection of adsorbed nucleotides from attack by nuclease enzymes, and DNA intercalation
by GFNs of small lateral dimension. These unique modes of interaction open up a variety of
application opportunities as well as potential safety concerns.

Lu et al. 47 report that an oligonucleotide molecular beacon (MB) adsorbs on GO and is
released in the presence of complementary DNA, which implies that the single-stranded
form adsorbs preferentially to the double stranded form. Lu et al. 47 also provide evidence
for intracellular desorption in the presence of complementary RNA, and that the GO
platform protects the DNA from enzymatic cleavage. It is argued that steric hindrance
prevents nucleases from effectively attacking the adsorbed phase DNA. Similarly, Wang et
al. 48 used small (100 nm) GO nanosheets as a fluorescent probe for intracellular ATP. An
ATP aptamer conjugated with a dye was adsorbed on GO, which quenches the fluorescence
until the atpamer forms a duplex with ATP, and desorbs to recover the fluorescence. Also,
similar to Lu et al. 47, Wang et al. 48 report that GO protects the aptamer from enzymatic
attack.

These two features: selective adsorption of ssDNA vs. dsDNA and the protection from
degradative enzymes are making GO attractive in DNA or RNA delivery and sensing,
especially when used in the form of < 100 nm “nanosheets” that have the advantages of
dispersibility, colloidal stability, cell uptake, and low toxicity. We should note that the above
studies follow the Sun et al. 38 technique of functionalizing the nano-GO with PEG, which
is claimed to be necessary to achieve adequate stable dispersions in biological media. GO
alone forms stable dispersions in water, but less stable dispersion in saline or media if not
additionally functionalized.

Wu and coworkers 50 undertook a recent study to better understand the fundamentals of
DNA adsorption on GO (Figure 4). Adsorption is found to be enhanced for small oligomers,
and at low pH and high ionic strength, as might be expected by interaction of negative
charges on DNA and GO. Also, ssDNA can be exchanged by free DNA in solution and can
be effectively desorbed by complementary DNA in solution, but not effectively by increased
temperature.

What is the fundamental reason for the preferential binding of ssDNA to GO relative to
dsDNA? This trend was found empirically, but is now believed to reflect the role of GO-
base interactions in ssDNA adsorption. DNA is a polyanion and is electrostatically repelled
from GO, but the DNA bases can bind to graphenic surfaces through hydrophobic forces and
π-π stacking 50. These latter attractive forces can overcome the electrostatic repulsion,
especially in the presence of high ionic strength where electrolytes shield the charges, or at
low pH where GO charge is reduced by protonation. In dsDNA, the bases are protected
inside the double helix and the outer charged phosphate groups show low affinity for GO
surfaces.

A final example of strong GO/ssDNA interactions is the hydrogel synthesis of Xu et al. 49.
The authors do not study DNA adsorption per se, but rather mix dsDNA with GO and heat
to 90 ° C causing uncoiling to ssDNA and conversion of the mixture to a stable hydrogel.
The gelation is attributed to noncovalent ssDNA interactions with GO that bridge the
individual sheets and XRD evidence is presented to support the physical bridging
mechanism. At the level of a single GO sheet, this interaction is related to ssDNA adsorption
and its selective adsorption relative to dsDNA. A different but related concept was pursued
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by Sheng et al. 43 who used a GO platform in an aptamer-based sensing method for the
model fungal food contaminant, ochratoxin A. The concept is to selectively bind the toxin
with a fluorescently-tagged aptamer, and to use GO to adsorptively quench the unbound
aptamer, but not the bound form, which adopts a antiparallel G-quadruplex confirmation that
is less prone to adsorption on the planar surface of GO 43. The authors find, however, that
achratoxin adsorption on GO limits the sensitivity of the technique, and introduce PVP as a
GO coating, which improves sensitivity. Here GO is used as a quenching agent, but its
native surface chemistry is not selective enough in the adsorption of one aptamer
confirmation over another.

A very different mode of DNA interaction is reported by Ren et al. 46, who provide evidence
that nGO intercalates between base pairs in dsDNA, in a manner similar to planar aromatics
that are known DNA intercalants. In the presence of Cu2+, Ren et al. 46 report DNA
cleavage, under conditions where Cu2+ alone is not active. It appears that the behavior relies
on a combination of the planar single-atom-thick GO structure, which can be inserted in the
molecular spaces between base pairs, and the peripheral COOH groups that provide sites for
Cu2+ binding (Figure 5). These two features bring redox-active Cu2+ in direct proximity to
vulnerable target sites in the DNA double helix and catalyze oxidative cleavage. This
finding may lead to concern about potential toxicity of small-dimension GO in the human
body, but may also open up applications for new chemotherapeutic agents in the common
class that work through DNA intercalation.

4.3 Lipid and protein interactions
Relative to DNA and to small molecule drugs, there is little information on the interaction of
GFNs with lipids or proteins. The two-dimensional geometry of GFMs may lead to unique
interactions with lipid assemblies. Titov and coworkers 51 use coarse-grained molecular
dynamics simulations to study the interaction of monolayer to few-layer graphene (up to 8
layers) with lipid bilayers. The GFMs are observed to localize in the hydrophobic core
(Figure 6) with minimal perturbation of the overall bilayer thickness when layer number is
small 51. The work suggests the ability to form stable and functional graphene-lipid hybrid
structures, though experimental data are lacking.

Other nanomaterials have been shown to interact with lipid molecules to change the fluid-
gel phase behavior of bilayers 52, 53. Electrostatic interaction with head groups can promote
bilayer gelation (seen for negatively charged particles) or promote fluidity (seen for
positively charged particles) 53. The behavior of GFMs is unknown, but in comparison to
nanoparticles of similar hydrodynamic size, GFMs have very large potential for lipid
interaction due to their extended 2D surface.

Protein adsorption on nanomaterial surfaces is believed to mediate cell uptake and thus toxic
responses, and has been receiving increasing attention over the last several years (reviewed
by Nel et al. 23). Due to high specific surface area, GFNs possess potentially larger protein
adsorption capacities than most other nanomaterials. There have been few studies of GFN-
protein or GFN-amino-acid interactions. Zhang et al. 54 use peptide adsorption on GO as the
basis for a sensing technology targeted at protease activity. Fluorescently tagged peptides
are first physically adsorbed on nGO, where they reside in a quenched state. Protease
activity (here thrombin) cleaves the peptide, releasing the tagged tail to recover
fluorescence. It is notable that GO protects ssDNA from nucleases 47 but does not protect
(these) peptides from proteases, a difference which is not presently addressed in the
literature, but may have to do with the geometries and confirmations of the adsorbed states
and the enzyme active sites. Zhang et al. 54 support this study with fundamental
measurements of single amino acid adsorption on nGO, and find that positively charged side
chains, and aromatic side chains promote adsorption – the same trend reported for amino
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acid adsorption on SWNTs 26. Qin et al. 55 used density functional methods to study the
adsorption of the amino acid L-leucine on graphene surfaces. More research is clearly
needed on the interaction of proteins with graphene-family nanomaterials.

4.4 Oxidative reactions
Recently Liu et al. 56 studied the interaction of carbon nanomaterial surfaces with the
antioxidant glutathione, and report catalytic activity for the glutathione-O2 reaction for a
range of materials including GO. The reaction is dependent on surface area and increases
with structural disorder and nitrogen doping 56. GO has significant catalytic activity for this
model reaction, and may thus mediate oxidative damage in living systems, although it shares
this property with other members of the carbon nanomaterial family such as nanotubes and
carbon black. Chang et al. 57 report oxidative stress upon exposure of A549 cells to GO, but
it is unclear whether this cellular endpoint reflects direct mediation of oxidation reactions on
GO surfaces or indirect generation of cellular-derived oxidants following interaction with
GO.

4.5 Biological Degradation
Resistance of carbon nanomaterials to biological degradation is a major factor responsible
for biological durability or biopersistence in intact organisms, especially following
inhalation into the lungs 58. High aspect ratio nanomaterials such as carbon nanotubes share
similar characteristics with asbestos fibers including size, high surface area and reactivity,
and biopersistence that is a concern for potential lung toxicity 59. In acellular assays,
SWNTs are usually not degraded under conditions that simulate the phagolysosome of
macrophages unless they are carboxylated 60. Carboxylated SWNTs are also susceptible to
biodegradation by exposure to hydrogen peroxide and horseradish peroxidase 61 or
hypochlorite and the mammalian enzyme myeloperoxidase 62. Kotchey et al. 63 also
reported that GO, but not rGO, is susceptible to oxidative attack by hydrogen peroxide and
horseradish peroxidase. This observation may enable design of safer GFNs 64 that are
potentially biodegradable in order to minimize adverse environmental and human health
impacts.

5. Potential for Human Exposure
There are four distinct entry routes for nanomaterials into the human body: inhalation,
ingestion, dermal penetration, and injection or implantation for biomedical applications. For
many materials, inhalation exposure often contributes the highest risk, and there is
significant evidence that correlates inhaled ultrafine and ambient particles with adverse
health effects 65–67. To our knowledge, there have been no reports of or experimental studies
on exposure to airborne GFNs. As discussed above, however, some GFNs are processed as
dry powders, for which inhalation exposures must at least be regarded as a possibility. GFNs
are unique powders, however, with plate-like structure, atomic thinness, and extreme aspect
ratio. The implications of this unique geometry for inhalation exposure and deposition
patterns are explored in the following section. Biomedical applications will be discussed in
Section 7.

5.1 Deposition and Clearance in the Human Respiratory Tract
Mathematical models, such as the International Commission on Radiological Protection 68

and the National Council on Radiation Protection and Measurement 69, have been developed
for predicting total and regional deposition of particles in the human respiratory tract 70.
These models predict the dose to organs and tissue due to inhalation of radioactive particles
by men and women, both adults and children. Both models are based on experimental data,
theory, and an earlier ICRP model developed in the 1960s. The models predict regional and
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total deposition in the human respiratory tract for a wide range of aerosolized particle sizes
and cover a full range of breathing conditions. Specifically, the ICRP model predicts
deposition fractions using empirical equations based on experimental data and theory. It
accounts for various deposition mechanisms such as settling, inertia, and diffusion in five
regions of the respiratory system: the nose and mouth, throat and larynx, upper airways
(bronchi), lower airways (bronchioles), and alveoli.

Inhaled particles may deposit in various regions of the respiratory tract by impaction,
sedimentation, and diffusion or they may be exhaled. The retention time for particles
depends on their site of deposition and interactions with the airway surface. If the particles
deposit in the conducting airways, the retention time is short due to efficient mucociliary and
cough clearance. The conducting airways consist of the nose, nasopharynx, larynx, trachea,
bronchi and bronchioles 71; the trachea, bronchi and bronchioles form the tracheobronchial
region of the lung (generations 1–16 in the bifurcating airway model). The main function of
the conducting airways is to act as a conduit for movement of air into the respiratory tract
and to filter, warm, and humidify the incoming air. Mucociliary clearance is the
predominant mechanism of particle clearance in the conducting airways. The rate of
clearance depends on ciliary function and physical parameters of the respiratory tract lining
fluids. As particles deposit more proximally, deeper into the lung, the retention time
increases as a result of decreasing mucociliary clearance.

Mucus is produced in the airways by serous cells, goblet cells, and Clara cells and protects
the airway epithelia from foreign substances. This secretion provides a renewable and
mobile layer that can interact with, trap, and clear harmful substances. Mucus is a viscous
solution that has defined physical and chemical properties that enable it to be transported out
of the respiratory tract by ciliary motion of the ciliated cells that line the airways. Mucus
glycoproteins or mucins are structural and secretory products of all secretory epithelia,
including the airway epithelium 72–74. Mucins that form the mucus gel resemble long
flexible strings that are densely coated with short glycans some of which are negatively
charged at their ends due to the presence of carboxyl or sulfate groups 75. The glycosylated
and hydrophilic regions are interspersed with hydrophobic domains of the protein that fold
into hydrophobic globules stabilized by multiple internal disulfide bonds. Alternating
regions of hydrophilic and hydrophobic domains is what imparts mucus its tenacity to trap
particles with great efficiency. Each mucin fiber, as a result of its flexible array of
alternating hydrophilic and hydrophobic domains, can conform to any surface of an
“interacting” particle and form multiple low-affinity bonds. Respiratory cilia then clear the
mucus blanket of pathogens and environmental debris from the upper and lower respiratory
passages by beating in a coordinated and rhythmic manner 76.

Some inhalable particles have regular geometric shapes while others such as agglomerates
or crushed materials have irregular shapes. The shape of a particle affects its drag force and
settling velocity thus a correction factor, a shape factor, is applied to account for the effect
of shape on particle motion. The dynamic shape factor is defined as the ratio of the actual
aerodynamic resistance force of a nonspherical particle to the resistance force of a sphere
having the same volume and velocity as the nonspherical particle. Some GFNs are
atomically thin, and all GFNs have very high aspect ratios that deviate markedly from
spherical or equi-axed particles.

To our knowledge there have been no studies of the aerodynamic behavior or respiratory
deposition patterns of the extreme plate-like GFNs. We therefore set out to estimate their
regional deposition in the respiratory tract using shape factors determined for oblate
spheroids 77 as a function of layer number and lateral dimension. GFNs are anisotropic
particles with a short (polar) and a long (equator) axis, and may move along the polar axis or
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perpendicular to the polar axis. Equations (2) and (3) describe the shape factors for each
transport mode. A ratio, q, is defined for short, a, and long, b, axes: q= a/b. Using this ratio,
the shape factor for particles moving along the polar axis is:

(2)

and for a particle moving perpendicular to the polar axis:

(3)

For nonspherical particles, as in the case of GFNs, the aerodynamic diameter is

(4)

where da is the aerodynamic diameter, de is the volume equivalent diameter, ρp is the density
of the material, ρ0 is the standard particle density and χ is the shape factor 70. The following
equations have been fitted to the ICRP model for monodisperse spheres of standard density
at standard conditions but they can be applied to other particles by using the aerodynamic
diameter for particles larger than 0.5 μm 70. The inhalable fraction, IF, as used by the ICRP
model is:

(5)

where dp is the particle size in mm. The deposition fraction in the head airways region,
DFHA, is:

(6)

The deposition fraction in the tracheobronchial region, DFTB, is:

(7)

Whereas, the deposition fraction in the alveolar region, DFAL, is:

(8)
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Using the above equations, the regional deposition for 3 GFNs of different lateral dimension
has been calculated and shown in Figure 7.

As shown in Figure 7, there may be substantial deposition of all 3 sizes of GFNs throughout
the respiratory tract. The deposition is higher for the smallest (0.5 μm) and largest (25 μm)
of the three GFNs considered. Independent of the particle orientation, deposition efficiencies
can be as high as 45 % for the 0.5 μm GFN in the alveolar region. Even GFNs as large as 25
μm can travel to the pulmonary region with reasonable efficiencies (10 %) due to transverse
thinness. Figure 8 provides estimates for deposition of GFNs ranging from 5 nm to 100 μm
in their lateral dimensions. Particle deposition in the alveolar region is as high as 50 % for
GFNs with a lateral dimension of approximately 100 nm, irrespective of their orientation.

Figure 9 shows the aerodynamic diameters of GFNs as a function of lateral size and layer
number. The aerodynamic diameters are always much less than the quoted lateral dimension
due to the ultrathin nature of GFNs in the transverse direction, which also contributes to the
calculation of aerodynamic size. The orientation of the particle as it travels through the fluid
also becomes more important with increasing size as is evident from the separation in the
two curves for particles 0.5 μm and larger (Figure 9D–F). Movement perpendicular to the
layer planes gives high flow resistance and lead to smaller effective sizes, as expected.
Similar particle aerodynamic diameter curves can also be generated for particles of
intermediate lateral dimensions. Finally, we note that GFNs in the dry state, like other
nanomaterials, have a strong tendency to aggregate into stacked plate structures, and in some
cases may also fold or crumple during processing, and each of these behaviors will modify
their effective shape and deposition patterns.

In general, is important that all three components of mucociliary clearance (epithelium, cilia,
and mucus) must function properly for efficient clearance of GFNs and to protect the
pulmonary region from potential toxic insult. The alveolar region does not have a protective
mucus layer due to its gas exchange function. GFNs deposited in the alveolar region region
may be engulfed by alveolar macrophages and cleared very slowly over months or years.
The biopersistence of GFNs may impair this clearance mechanism and potentially cause
scarring or fibrosis of the alveolar region. Further, hydrophobic materials may adhere
strongly to mucins 78, 79 causing them to bundle together and increasing the pore size in the
mucus mesh 80–84. Thus, respiratory tract mucus is a critical diffusional barrier that may
offer significant protection of the airways against GFNs. It is important to study the
interactions between GFNs and respiratory tract lining fluids in order to understand natural
protective defense mechanisms. Alternatively, hydrophobic GFNs that enlarge mucin pores
may increase susceptibility to microbial penetration and infection 84.

5.2 Observed Behavior of Plate-Like Minerals
It is useful to consider our experience with other nonfibrous, plate-like materials. There have
been occupational exposures to plate-like minerals in industries that mine and use talc, mica,
slate, kaolin, and Fuller’s earth. These minerals contain silicates, and some of these particles
are respirable. Heavy exposure is known to result in accumulation in the respiratory
bronchioles, in the interstitium surrounding the bronchioles and blood vessels, and in
lymphatics and lymph nodes associated with the lungs 7. Following chronic inhalation, these
dust aggregates may become fibrotic with collagen deposition. This pattern of focal dust
accumulation has also been described in graphite workers 85. Inhalation of talc and other
plate-like minerals can also induce granulomas in the lungs 86. Granulomas are formed in
response to biopersistent foreign materials that are not readily engulfed and degraded by
macrophages. Granulomas are an aggregate of activated macrophages that frequently
contain multinucleated giant cells formed by the fusion of macrophages that surround the
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foreign material 87. These lesions, as well as focal and interstitial fibrosis, are also induced
by instillation or inhalation of carbon nanotubes in rodents 88.

In summary, there is the potential for substantial deposition of inhaled GFNs in the human
respiratory tract, and the deposition will depend on lateral dimension, layer number,
orientation in the airflow, and possibly stiffness. Based on experience with other materials,
hydrophobic GFNs may increase microbial penetration into the mucus layer. In the alveolar
regions, deposited GFNs may impair clearance, form granulomas, and possibly produce
fibrosis similar to carbon nanotubes 88. The major discussion of adverse responses to GFNs
appears in the next section.

6. Toxicity and Biocompatibility
Similar to other carbon nanomaterials, GFNs may elicit adverse responses from prokaryotic
or bacterial cells as well as eukaryotic mammalian cells. In contrast to carbon black
nanoparticles or carbon nanotubes, much less is known about interactions with target cells
and potential toxicity of GFNs. GFNs may be inhaled into the lungs (Section 5), deliberately
injected intravenously for drug delivery, or implanted for tissue engineering (Section 7).
This section will review potential toxicity of GFNs for bacteria, mammalian cells in the
lungs, and other mammalian target cells following intravenous injection or implantation.
Systemic distribution and potential acute and chronic effects will also be considered.

6.1 Bacterial toxicity
A number of studies report bacterial toxicity of GFNs and suggest they may find future
application in antimicrobial products. Kang et al. showed that highly purified CNTs
inactivated E. coli 89.90. Akhavan et al. 91 investigated the bacterial toxicity of GO and
reduced graphene against Gram-negative, E. coli, and Gram-positive, S. aureus bacteria.
Both GO and rGO were effective as antibacterial materials with rGO exhibiting the strongest
antibacterial effectiveness. Similar results were obtained by Hu et al. 92 where they
investigated the antibacterial activity of both GO and rGO on E. coli. Within 2 hours, E. coli
cell metabolic activity was reduced to approximately 70 % and 13 % at concentrations of 20
and 85 mg/ml respectively. The authors confirmed these results using transmission electron
microscopy 93, which revealed that the bacterial cells lost membrane integrity. These
experiments suggest that GO and rGO produce bacterial membrane damage upon contact,
although the fundamental toxicity mechanism and its relationship to specific GFM material
properties awaits further study.

In contrast to these studies, the Shewanella family of bacteria are capable of metal reduction
and have been shown to reduce GO in suspension cultures with no inhibition of bacterial
growth. 94 Microbial reduction of GO provides a unique, nontoxic approach for synthesis of
graphene.

Intercalation of redox active metal ions such as Fe2+ between GO sheets (described in
Section 4.2) may also be exploited for bacterial killing. Natural nanoscale clays containing
adsorbed metals have been shown to kill bacteria. This antibacterial activity does not require
direct physical contact but depends on aqueous leaching of Fe2+, intracellular transport, and
generation of hydroxyl radicals intracellularly resulting in bacterial death 95. This
mechanism could be exploited by designing metal-intercalated GO sheets for external
application to treat wounds infected with antibiotic-resistant bacteria.

6.2 Mammalian Cell Toxicity in vitro
Potential target cells in the lungs following inhalation of GFNs include alveolar
macrophages, lung epithelial cells, and fibroblasts in the interstitium of the alveolar walls 88.
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Macrophages are the initial cell that responds to inhaled microorganisms or particulates 96.
Although there is the potential for human inhalation exposure to GFNs, to our knowledge
there are no published papers using macrophages as target cells. We used the human
monocytic cell line, THP-1, to investigate initial interactions with FLG of different lateral
dimensions. As illustrated in Figure 10, these cells readily internalize carbon black
nanoparticles, carbon nanotubes, and FLG up to 5 μm in lateral dimension. When exposed to
25 μm FLG, the cells adhere to the surface initially and gradually spread to surround and
cover the surface of these large FLG sheets (Figure 11). Exposure of macrophages to CNTs
induces macrophage activation and granuloma formation 97; it is unknown whether GFNs
will also induce similar responses.

The interaction between dispersed graphene or GO sheets and target cells has been studied
in monolayer cultures of lung epithelial cells 57, fibroblasts 98 and neuronal cells 99. Single-
layer GO sheets were internalized and sequestered in cytoplasmic, membrane-bound
vacuoles by human lung epithelial cells or fibroblasts and induced toxicity at doses above 20
μg/ml after 24 hours 98, 100. Chang et al. 57 using human lung epithelial cells found minimal
toxicity at doses higher then 50 μg/ml and no cellular uptake. However, they did
demonstrate extracellular generation of ROS. Zhang et al. 99 also reported that few-layer
graphene increased intracellular generation of ROS and induced mitochondrial injury in
neuronal cells after 4 and 24 hours at a dose of 10 μg/ml. Surface modification of graphene
has been reported to alter its toxicity 47 with reduced GO and carboxylated graphene
reported to be less toxic than GO or native graphene 101. Fetal bovine serum in the cell
culture medium has also been reported to decrease toxicity using A549 human lung
epithelial cells 100. No information is given on lateral size or dispersion behavior.

Direct or indirect generation of reactive oxygen species leading to oxidative stress in target
cells is the leading mechanism proposed for toxicity of engineered nanomaterials 102, 103.
Normal cellular homeostasis is a balance between the level of ROS generation and its
elimination or reduction by antioxidant enzymes. Levels of ROS are balanced by action of
superoxide dismutase (SOD), catalase, or glutathione (GSH) peroxidase; when levels of
ROS cannot be reduced by cellular antioxidant activity, this may lead to alteration of
macromolecules such as polyunsaturated fatty acids in membrane lipids, protein
denaturation, and ultimately DNA. Little is known about toxicity pathways for GFNs. Their
chemical similarity to carbon nanotubes, however, as well as early studies on GFNs
themselves 56, 57, 99 suggest that oxidative stress may be an important pathway in the
graphene family.

Two-dimensional graphene nanomaterials are unique in comparison with spherical
nanoparticles or one-dimensional nanotubes or nanorods, and the chemical and physical
determinants for their cellular interactions and biocompatibility are unknown. We emphasize
the need for systematic studies that address the role of layer number, lateral size,
hydrophobicity, stiffness, and surface reactivity in determining adverse environmental and
health impacts.

6.3 In vivo biodistribution and toxicity
GFNs with nanoscale dimensions and specific chemical modifications are being developed
for intravenous drug delivery. Drugs and targeting molecules can be covalently attached to
the graphene surface and edge site or polymers may be adsorbed onto the grapheme surface
to enhance solubility 64. PEG-coated nanographene sheets (10–50 nm) were fluorescently
labeled and the biodistribution assessed in mice bearing tumor xenografts. The
nanographene sheets accumulated in tumors with lower uptake by the reticuloendothelial
system (RES) after 24 hours and no short-term toxicity 104. A second study used
nanographene sheets with PEG and labeled with radioactive iodine to assess biodistribution
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and excretion following intravenous injection. These nanographene sheets accumulated
initially in the RES, liver and spleen followed by gradual clearance after 3–15 days. After 3
months, the nanographene sheets were cleared and induced no toxicity at a dose of 20 mg/
kg 105.

In comparison, two studies reported biodistribution and toxicity of graphene oxides
following intravenous injection in mice. At doses of 0.1 or 0.25 mg, no toxicity was
observed; however, a dose of 0.4 mg induced granulomas in the lungs, liver, spleen, and
kidney and was lethal in 4/9 of the mice 98. Zhang et al. 106 also noted deposition and
retention in the lungs with production of lung injury, inflammation, and granuloma
formation when delivered intravenously at a dose of 0.4 mg. Granulomas are also induced in
the lungs of drug abusers following intravenous injection of drugs containing talc
particles 86. In summary, GFNs designed for intravenous drug delivery have the potential for
bioaccumulation and granuloma formation although these potential complications may be
decreased by surface modifications to achieve selective tumor targeting and to promote
biodegradation following drug delivery as discussed in Section 4.5 and in Kotchey et al. 63.

6.4 Potential for foreign body tumorigenesis
Future biomedical applications of graphene-family materials may include implantable
sensors, tissue scaffolds, or coatings on prosthetics or implanted devices. Nonbiodegradable
foreign materials have induced sarcomas in rodents following implantation at a variety of
anatomic locations (reviewed in IARC) 107. This phenomenon is called solid state or foreign
body carcinogenesis and it is hypothesized to be induced by biopersistent, smooth,
continuous surfaces regardless of chemical composition 108–110. Foreign body tumors are
classified as sarcomas with a range of differentiation including muscle, blood vessels,
connective tissue, and bone and are postulated to originate from a local mesenchymal stem
or progenitor cell population 111. Rare cases of human foreign body sarcomas have been
reported in association with silicone breast implants, vascular grafts, and orthopedic
implants (reviewed in IARC) 107.

It is unknown whether graphene-family materials have the potential to induce foreign body
sarcomas. The biomaterial properties associated with foreign body sarcomas, however,
include large size or surface area, smooth continuous surface, and biopersistence 112. Rough
surfaces, powdered materials, nonmetallic particulates, and porous materials (> 0.02 μm in
diameter) are less likely to induce tumors 107. Graphene-family materials can have very high
surface areas, smooth topography, and may be biopersistent 113 similar to tumorigenic solid-
state implants, hence the inclusion of this topic in the present review.

The temporal sequence of host responses to foreign bodies and medical implants has been
studied in rodents (Figure 12) 114, 115. Host-derived proteins including albumin, fibrinogen,
and extracellular matrix components (fibronection, vitronectin) initially adsorb onto the
surface of the implant followed by an early acute inflammatory response. Macrophages may
fuse to form multinucleated giant cells on the implant surface, which is surrounded by a
wound healing response characterized by ingrowth of new capillaries, fibroblast
proliferation, and collagen deposition. After approximately three months, an acellular, dense
fibrous collagen capsule surrounds the implant, which remains in a dormant phase 114. After
8 months, proliferating cells appear in direct contact with the implant and may have an
atypical appearance; this is defined as the preneoplastic phase 115. Foreign body sarcomas
have a very long latent period developing 26–110 weeks after implantation in rodents 115.
This long latent period may explain the rarity of foreign body sarcomas in humans who
usually receive medical implants later in life 107.
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In contrast to solid surfaces, porous cellulose acetate filters induce persistent inflammation
characterized by multinucleated giant cells that infiltrate into the pores and surrounded the
implant with minimal fibrosis 116. Implantation of gelatin sponges induces an initial acute
inflammatory response that resolves after one month as the gelatin is broken down 112.

Several mechanisms have been considered for foreign body tumorigenesis. Direct physical
contact between progenitor or preneoplastic cells with the surface of a smooth, contiguous,
biopersistent implant has been hypothesized as essential for carcinogenicity 108. It is
unlikely that additives, chemicals, or metal ions that leach slowly from medical implants
contribute to carcinogenicity because inert biomaterials such as aluminum oxide ceramic
and stable polymers including polytetrafluoroethylene produce foreign body sarcomas 107.
Kirkpatrick et al. 115 tested nine medical grade biomaterials implanted subcutaneously in
rats as smooth disks and all of these materials which included one ceramic material, three
metals, and five polymers induced sarcomas. Formation of a dense fibrous capsule
surrounding the implant has been hypothesized to impair cell-cell communication allowing
uncontrolled cell proliferation and aberrant cell differentiation that progress to tumor
formation 116. Finally, persistent inflammation accompanied by release of reactive oxygen
and nitrogen species from infiltrating inflammatory cells has been hypothesized to promote
DNA damage, epigenetic alterations, and tumor progression 117, 118. Tazawa et al. 93

demonstrated local expression of inducible nitric oxide synthase and markers of oxidative
and nitrative DNA damage in inflammatory and stromal cells 14 days after subcutaneous
implantation of plastic films in mice 93. Okada 112 hypothesizes that reactive oxygen and
nitrogen species, inflammatory mediators, and growth factors released from inflammatory
cells contribute to development of foreign body tumors. However, release of oxidants such
as H2O2 or enzymes such as myeloperoxidase from inflammatory cells may also contribute
to biodegradation of GFNs, as reported recently for some carbon nanotubes and for
GO, 60, 62, 63, 119 and discussed earlier in this review.

The physicochemical properties of biomaterials responsible for induction of foreign body
sarcomas are well-known, and in principle, it should be possible to engineer biomedical
GFNs to prevent this adverse reaction. For example, the surface texture of graphene coatings
can be altered through controlled folding or rippling to reduce smoothness and prevent
inflammation 120 and formation of a thick fibrous capsule. Graphene could be employed in
patches to reduce the extended surface, or selective surface functionalization may be
exploited to create a biocompatible surface that will not elicit prolonged inflammatory and
fibrotic responses.

7. Biomedical Applications
The limited early literature on GFNs suggests their potential as biosensors 14, tissue
scaffolds 121, 122, carriers for drug delivery 38 or gene therapy 123, antibacterial agents 92,
and bioimaging probes 10, 12, 38. In biomedical applications, the major advantage of GFNs
over other nanomaterials is their high specific surface area, which allows high-density
biofunctionalization or drug loading. Due to their 2D structure, both sides of a single
graphene sheet can be used as a substrate for the controlled addition or adsorption of
molecules and functional groups. Both covalent and non-covalent surface modification has
been used to impart specific biological activity to GFNs as well as to improve
biocompatibility and colloidal stability. The most common covalent modifications include
oxidation by Hummers method to make GO or rGO, conjugation of hydrophilic polymers,
1,3-dipolar cycloaddition, arylation, or amine coupling to carboxylic groups, while non-
covalent modifications are often achieved using hydrophobic forces or π-π interactions on
the pristine graphene surface or unmodified graphenic patches lying between functional
groups on GO surfaces.
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7.1 Drug delivery
Covalent attachment of chitosan 124, folic acid 10,125 and polyethylene glycol (PEG) 38, 126

to GO has been shown to produce a potential platform for the delivery of anti-
inflammatory 124 and water-insoluble anticancer drugs such as doxorubicin
(Dox) 10, 38, 125, 127, and SN38, a camptothecin analogue 126. Functionalized in this way,
nano-GO becomes dispersible and highly stable in physiological solutions such as cell
culture media, serum, and phosphate buffered solution (PBS) and has been reported to show
negligible or no toxicity in vivo 104, 105 and in vitro 38, 124, 126 at the doses used. Controlled
loading of hydrophobic drugs onto GO by physisorption increases the total concentration of
these compounds in the physiological suspension and aids in delivery. In many cases the
driving force for physisorption is cited as π-π interaction and hydrophobic forces. For certain
drug molecules, lowered pH increases their solubility and thus decreases their tendency to
stay adsorbed, leading to potential controlled release in acidic lysosomes following cellular
endocytosis 38, 40, 125, 127. Relatively hydrophilic molecules are retained by GO-composites
less than hydrophobic molecules in both physiological and acidic pH solutions 124.

Several approaches to drug delivery have been evaluated in vivo and in vitro. Rituxan 128, a
monoclonal antibody against the B-cell membrane surface marker CD20, is often used in
combination with chemotherapy drugs for the treatment of non-Hodgkin’s lymphoma 129. A
composite made by covalent attachment of Rituxan to PEG-nano-GO together with
physisorption of doxorubicin (Rit-PEG-nano-GO/Dox) was evaluated in vitro for targeting
of Raji B-cells, a human Burkitt’s lymphoma cell line. Rit-PEG-nano-GO/Dox improved
cell growth inhibition when compared to free Dox, PEG-NGO/Dox, or PEG-NGO plus free
Dox with or without free Rituxan 38. In other study, SN38, a water insoluble topoisomerase I
inhibitor produced by hydrolysis of the synthetic camptothecin (CPT), was adsorbed to
PEG-nano-GO. CPT is used for colon cancer treatment and due to its high excretion rate
only a part of the administrated dose is converted to SN38, its active form 130. PEG-nano-
GO/SN38 complexes are soluble and stable in water, PBS and serum with negligible or low
release. In vitro testing showed that PEG-nano-GO/SN38 is equally effective to free SN38
in DMSO but approximately 1000 times more potent when compared to CPT in inducing
death in HCT-116 cells, a human colon cancer cell line 126. Simultaneous physisorption of
Dox and CPT to GO previously covalently functionalized with both sulfonate groups (SO3

−)
to increase stability and folic acid (FA) for specific targeting of cancer cells expressing FA-
receptor has been evaluated in vitro as well 10. By using MCF-7 cells, a human breast cancer
cell line expressing FA receptors, and A549 cells, a human adenocarcinomic alveolar basal
epithelial cell line that do not express FA receptors, the authors shown specific uptake of
FA-GO by MCF-7 cells. When treated with FA-GO/Dox/CPT, breast cancer cells were
more sensitive compared to FA-GO/Dox or FA-GO/CPT.

FA-GO has been evaluated in vitro as a carrier for the photosensitizer chlorin e6 (Ce6).
Photosensitizers are porphyrin-based molecules used in photodynamic therapy to induce cell
death via generation of ROS upon irradiation 131. Significant reduction in cell viability was
reported in MGC803 cells, a human stomach cancer cell line positive for FA receptors,
when exposed to FA-GO/Ce6 following irradiation with the appropriated wavelength 41.

Recently, it has been suggested that nanoscale PEG-GO can be a good candidate for
photothermal cancer therapy due to its strong near-infrared 24 optical absorption. After 24
hrs of intravenous injection, PEG-nano-GO can passively accumulate in tumors of different
xenograft tumor mouse models 104. Upon irradiation at 808 nm with power density of 2 W/
cm2, a significant increased in tumor temperature is achieved leading to efficient tumor
ablation. Although PEG-nano-GO accumulates in the reticuloendothelial system (RES) after
intravenous administration, after 90 days post exposure, there was no indication of any
toxicological or pathological effects. 104, 105
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7.2 Tissue engineering
The mechanical properties of graphene such as high elasticity, flexibility and adaptability to
flat or irregular surfaces 132–134 are suitable for the structural reinforcement of
biocompatible films, hydrogels and other scaffold materials frequently used for tissue
engineering. Due to their resemblance to soft tissue, hydrogel composites have been
extensively studied as scaffolds or cell-encapsulating fillers to generate or repair tissues such
as skin, bladder, cartilage, and bone 135. In general, compared to single-component
hydrogels, composites present higher mechanical strength, stability, lubricity, water
retention, and improved cell adhesion, differentiation and function 135–137.

Hydrogel composites made of synthetic hydrophilic polymers as polyvinyl alcohol (PVA)
and poly(methyl methacrylate) (PMMA) have the potential to be used as fillers to repair
cartilages, tendons and meniscuses, but have low mechanical strength or elasticity 135.
Incorporation of GO to PVA suspensions (GO/PVA) increases both the tensile strength and
elasticity modulus of PVA hydrogels or films 138, 139 without affecting their potential for
osteoblast attachment 139. Similar results were obtained for films when GO was
incorporated to PMMA 140, acid-functionalized FLG added to PVA or amide-functionalized
FLG to PMMA 141. In all cases, the increase of tensile strength and elasticity modulus was
dependent on the concentration of graphene.

Chitosan gels are known to be osteoconductive and enhance bone formation 142. Chitosan is
a biocompatible and biodegradable polycationic biopolymer, generally obtained by alkaline
deacetylation of chitin, the main component of the exoskeleton of arthropods. Structurally, it
is similar to glycosaminoglycans, the major component of the extracellular matrix of bone. It
can be gelled alone or as composites to be used as biological adhesive, and to promote
wound-healing, and cellular attachment and proliferation 135, 142, 143. Graphene can be used
to reinforce chitosan films (GS/Cht) to improve their mechanical properties. Although GS/
Cht films were not toxic when used as a substrate for culture of L929 cells, a murine
fibrosarcoma cell line, they induce morphological changes dependent on the graphene
concentration 144. GO-chitosan scaffolds synthesized by covalent linkage of the carboxyl
groups of GO with the amide groups of chitosan present a possible solution to control the
rate of scaffold degradation used for hard tissue regeneration. GO-chitosan hydrogels retain
their size and shape under physiological and extreme pH conditions, hold moisture longer,
have lower degradation rate, and better mechanical strength when compared to chitosan
alone. Moreover, they significantly improve cellular adhesion, proliferation, differentiation,
and calcium and phosphate deposition of MC3T3-E1 cells, a mouse pre-osteoblast cell
line 145.

Improvement of the osteogenic potential by graphene-coated surfaces with different stiffness
and roughness has been reported by in vitro evaluation of differentiation of human
mesenchymal stem cells (hMSCs) and pre-osteoblasts into osteoblasts 121, 122.
Polydimethylsiloxane (PDMS), poly- ethylene terephthalate (PET), glass, and Si/SiO2
substrates, with or without coating, support stem cell-like morphology, cellular viability and
proliferation when hMSCs are cultured using normal stem-cell medium. Compared to
uncoated surfaces, when cultured in osteogenic medium without the addition of growth
factors, hMSCs show increased expression of specific osteoblast cellular markers and
calcium deposition on graphene-coated surfaces, independent of the stiffness of the
substrate. Moreover, the differentiation rate induced graphene-coated surfaces was similar to
the rate induced by the addition of BMP-2 to osteogenic medium in uncoated surfaces 121.

Another promising approach to be used for fabrication of graphene-based scaffolds is
protein micropatterning. Using a PDMS stamp for microcontact printing, spatial patterning
of laminin onto micro-scale epitaxial graphene has been achieved with micrometer-
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resolution 146. Irreversible physisorption by π-stacking of bifunctional 1-pyrenebutanoic
acid succinimidyl ester via its aromatic pyrenyl group to graphene leaves a free succinimidyl
ester group. Subsequently, covalent attachment of lamin occurs via nucleophilic substitution
of N-hydroxysuccinimide by the amine residue of lysines, resulting in the formation of an
amide bond 146, 147.

7.3 Other biological and medical applications
The literature contains a variety of other studies in which GFNs intersect the world of
biology or medicine. For example, graphene has been proposed as a substrate for
biomolecular imaging by TEM 148; as a component in electrodes for neural stimulation 149,
and as a platform for introducing nanopores used for DNA sequencing 150. Bacteria have
been reported to reduce GO 151, and phage display has been used to functionalize GFNs 152.

A major area for GFNs is their development is molecular probes that use fluorescence or
fluorescence quenching. Due to its stability and biocompatibility, PEG-GO has been
evaluated as platform for covalent attachment of fluorophores for in vivo and in vitro
cellular imaging. Cy7, a NIR fluorescent dye, was covalently conjugated to six-branched
PEG-GO via the formation of an amide bond (Cy7-PEG-GO). Whole-body fluorescence
imaging show that after 24 hrs of intravenous administration into mouse models with
different xenograft tumors, Cy7-PEG-GO passively accumulates into tumors 104. Labeling
of HeLa cells, a human cervical cancer cell line, using fluoresin (excitation 495 nm/emission
521 nm) covalently attached to PEG-GO (F-PEG-GO) has been reported. Instead of six-
branched PEG, a linear PEG polymer was used as a bridge to covalently attach the aromatic
fluorophore, preventing physisorption and quenching of the fluorophoro by GO. Cellular
internalization of F-PEG-GO is suggested to occur by an energy-independent
mechanism 153.

Molecular beacons (MBs) probes have been used, among other applications, to detect
specific mRNA expression in living cells. MBs are small self-complementary hairpin-
shaped DNA sequences, with close proximity terminal-labeled ends, bringing together a
fluorophore and a quencher. Upon hybridization with its complementary target, the opening
of the stem restores the fluorescence 154. Adsorption of MB to nano-GO can be used as an
alternative strategy for the cellular delivery MB with high efficiency and to prevent DNA
digestion before MB interacts with its target. Upon cellular exposure, internalization of MB/
GO leads to detectable expression of mRNA in HeLa cells 47. These are intended as
examples rather than an exhaustive coverage of GFN-based probes.

8. Conclusions and Research Needs
The literature on graphene family nanomaterials (GFNs) in biology is growing rapidly,
although it remains a small subset of the total literature on these new 2D materials. Similar
to carbon nanotubes, graphene forms a material family with variation in layer number, lateral
dimension, and surface chemistry, and these variations are likely to influence the biological
response. GFNs show several unique modes of interaction with biomolecules including
preferential adsorption of single-stranded over double-stranded DNA, interleaflet insertion
in the hydrophobic core of lipid bilayers, DNA intercalation in the presence of copper
cations, and high cargo-carrying capacity for conjugated small molecule drugs, which can be
physically adsorbed and reversibly desorbed. This set of unique biomolecular interactions
make the graphene-bio interface an exciting area for further scientific study. A number of
biomedical applications have been proposed for GFNs, with the largest set of studies
focusing on nano-GO in drug delivery and fluorescence-based biomolecular sensing.

Sanchez et al. Page 20

Chem Res Toxicol. Author manuscript; available in PMC 2013 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



There is also an emerging literature on potential health risks. Despite the popular image of
graphene as a large-area substrate coating, many graphene-family materials are dry powders
at some point in their processing, and in this form pose the most significant exposure risk
through inhalation. Of particular concern are few-layer graphene samples directly following
the thermal exfoliation step or after washing and drying. There is need for measurement of
airborne dust levels in research laboratories, and in pilot and full-scale manufacturing
facilities. Aerodynamic diameters and deposition profiles have been estimated here from
published theories on thin plate hydrodynamics. These calculations indicate the potential for
significant deposition, but the extreme aspect ratios of graphene lead to some uncertaintly in
shape factor, especially for the smaller materials, and experimental work is needed to
confirm the predicted behaviors. GFNs that are made by wet chemical techniques and used
in suspension are less likely to produce human exposures, though there is concern about
spray processes (e.g. for GO-based coatings), or during sonication in open containers.

In the area of toxicity, there have been a number of studies reported, but the field is too
young and the literature too limited to reach conclusions about potential hazards sufficient
for risk assessment or regulation. Nano-GO has been reported to be biocompatible in a
number of the studies focused on biomedical applications, at least under the limited
conditions covered by such studies. Other studies have reported adverse biological
responses, including cytotoxicity using human lung epithelial cells and fibroblasts 48, 92.

Cellular uptake of GFNs has been shown for macrophages (Figure 10) and human lung
epithelial cells in some studies 100, although there have been no studies exploring the
mechanism of uptake and intracellular fate. These sheet-like GFNs may physically perturb
cytoskeletal organization, mitosis, organelle integrity, and impair cell motility and secretion.
A potential toxicity pathway for GFNs is oxidative stress 57, 99 although it is not clear
whether oxidant generation is related to reactive edge sites or an indirect response of target
cells to nanomaterials. It is clear that lateral size is a key variable in cell uptake, while layer
number affects deposition and surface area, and surface chemistry has a large affect on
adsorption and dispersibility. Molecular dyanamics modeling of interactions between GFNs
and cell membranes should provide valuable information about uptake mechanisms.
Systematic investigation of toxicological endpoints using a defined set of carbon
nanomaterials including carbon black, carbon nanotubes, and GFNs will be important to
develop structure-activity relations (SARs).

Cellular assays using target cells in the lungs, especially macrophages, epithelial cells, and
fibroblasts, are needed to assess potential of GFNs to cause acute toxicity, inflammation,
and fibrosis following inhalation relative to other carbon nanomaterials such as carbon black
and carbon nanotubes. Interactions of GFNs with mucus barriers in the respiratory and
gastrointestinal tracts, as well as lung lining fluid in the aveoli, must be assessed, in addition
to the potential of GFNs to overwhelm macrophage-mediated defenses and clearance. In
vivo animal studies are also needed to assess biodistribution, biopersistence and chronic
toxicity including induction of foreign body tumors, following inhalation, injection, or
implantation.

Because graphenes form a material family with wide variation in properties, the graphene-
bio field will benefit greatly in the long run, if its authors show diligence in characterizing
their materials, and describing them according to layer number, lateral size, surface
chemistry rather than ad hoc sample names. We propose a systematic nomenclature in this
article that may be helpful in this regard. The nomenclature involves a limited number of
GFN types: monolayer graphene, few-layer graphene (FLG), graphene oxide (GO), and
reduced graphene oxide (rGO), along with the modifying prefix “nano” which can be
applied to any of the materials to denote lateral dimensions below 100 nm. The names do

Sanchez et al. Page 21

Chem Res Toxicol. Author manuscript; available in PMC 2013 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



not fully define the material, but could provide convenient labels with which to refer to them
in rationally defined categories. As a final note, GFNs are high-surface-area materials with
corresponding high potential to cause adsorptive and quenching artifacts in biological
assays. More work is needed in this area, and authors must be skeptical of standard assays
without extensive controls for possible interference by GFNs.
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Abbreviations

AFM atomic force microscopy

BET Brunauer, Emmet, and Teller

BMP-2 bone morphogenetic protein-2

Ce6 chlorin e6

CNTs carbon nanotubes

CPT camptothecin

DMSO dimethyl sulfoxide

Dox doxorubicin

ds double-stranded

EHS environmental health and safety

FA folic acid

FLG few-layer graphene

GFNs graphene-family nanomaterials

GNS graphene nanosheets

GO graphene oxide

hMSCs human mesenchymal stem cells

MB molecular beacon

Nano-GO graphene oxide with nanoscale lateral dimension

PDMS polydimethylsiloxane

PEG polyethylene glycol

PMMA poly(methyl methacrylate)

PVA polyvinyl alcohol

PVP polyvinylpyrrolidone

RES reticuloendothelial system
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rGO reduced graphene oxide

Rit Rituxan

ROS reactive oxygen species

SAR structure activity relation

SEM scanning electron microscopy

SOD superoxide dismutase

ss single-stranded

SWNT single-walled carbon nanotube

TEM transmission electron microscopy

XRD X-ray diffraction
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Figure 1.
Example members of the graphene nanomaterial family and selected properties relevant to
colloidal behavior and biological interactions. Graphene oxide sketch adapted with
permission from Hamilton 155.
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Figure 2.
Surface area stability during aggregation, filtration, or drying for spherical (A) and plate-like
(B) particles. Sphere-to-sphere point contact preserves most surface area, but plate
alignment destroys surface area if interlayer spaces are inaccessible to adsorbates or surface
area measurement probes. This is the case for most GFNs, where interlayer spacing ranges
from 0.34 nm – 1 nm, which is too small even for N2 penetration used in BET analysis.
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Figure 3.
Surface area and bending stiffness for ideal GFNs, calculated from geometry and using 1
TPa for the elastic modulus of a graphene sheet 133 and the area moment of inertia for
multilayer materials with interlayer spacing of 0.34 nm.
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Figure 4.
Adsorption and quenching of dye-labeled DNA on graphene surfaces, and its (1) desorption
in presence of c-DNA, (2) exchange with the same DNA in solution, or limited desorption
upon increasing temperature up to 95 ° C. Note that the experiments involve GO, but the
structure shown is that of graphene, and can be taken to represent the unmodified
hydrophobic patches on GO surfaces. Figure adapted from Wu et al. 49 with permission.
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Figure 5.
DNA cleavage mechanism involving intercalation by GO/Cu2+. Figure from Ren et al. 46

used by permission.
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Figure 6.
Molecular dynamics simulations showing fusion of lipid-coated monolayer graphene with a
lipid bilayer, leading to localization of the sheet in the interleaflet hydrophobic core. Left:
intermediate stage of fusion and entry: Right: stable imbedding in hydrophobic core. Figure
adapted from Titov et al. 51 and reprinted with permission.
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Figure 7.
Regional fractional deposition of GFNs in the human respiratory tract. Figures A–C provide
particle deposition fractions for particles moving along the polar axis whereas figures D–F
provide particle deposition fractions for particles moving perpendicular to the polar axis (A–
C) Deposition of 0.5, 5 and 25 μm sized FLGs in the nasopharyngeal, tracheobronchial and
alveolar regions respectively; (D–F) Deposition of 0.5, 5 and 25 μm sized FLGs in the
nasopharyngeal, tracheobronchial and alveolar regions respectively.
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Figure 8.
Regional fractional deposition of GFNs in the nasopharyngeal, tracheobronchial and
alveolar regions of the human respiratory tract. Lateral dimension ranges from 5 nm to 100
μm. Particles are assumed to be 1 layer thick; layer thickness = 0.34 nm. (A) Particle
deposition as the particle moves along the polar axis; and (B) particle deposition as the
particle moves perpendicular to the polar axis.
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Figure 9.
Aerodynamic diameter of various GFNs as a function of layer number. Aerodynamic
diameters were determined using two different orientations: (1) particle moves along the
polar axis 27; and (2) particle moves perpendicular to the polar axis (BLUE).
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Figure 10.
Size-dependent internalization of FLG by human THP-1 macrophages. Untreated cells (A)
or cells exposed to 1μg/ml of carbon black particles (B), multi-walled carbon nanotubes (C),
or FLG with increasing lateral size: 550 nm (D), 800 nm (E), 5μm (F) or 25 μm (G). Cells
were fixed after 24 hrs of exposure, embedded in plastic, and 0.5 μm sections were stained
with toluidine blue for light microscopy. Magnification: 1000X.
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Figure 11.
Cellular interaction of macrophage with FLG. Following cellular recognition and attachment
to FLG with 25 μm of lateral size (A–B), macrophages spread on and wrap the sheets (C–E)
without perturbation of their plate-like shape.
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Figure 12.
Host response to subcutaneous implants in mice. Subcutaneous implantation of glass/
polypropylene transponder identification devices has been shown to induce foreign body
sarcomas in heterozygous p53-deficent mice 156. The initial histopathological reaction (A) to
the implant is accumulation of inflammatory cells characterized as macrophages and
multinucleated giant cells. The implant becomes surrounded by a dense collagen capsule (B)
containing scattered atypical fibroblasts. Atypical cells are large, irregular in shape, and
have prominent nuclei. The implant (*) was removed before tissue processing. Foreign body
sarcoma (C) composed of densely-packed fibroblast-like cells arranged in whorls. Light
microscopy, hematoxylin and eosin stain. Magnification: 200X.
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