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Toxicity Studies and Biomedical
Applications of Graphene Oxide

Larisa Kovbasyuk and Andriy Mokhir

11.1 Introduction

Graphene oxide (GO) is a carbon-rich material that is derived from graphene. Similarly to
the parent material, GO contains flat regions made of sp*hybridized carbon atoms. In
contrast to graphene, it also contains non-flat regions and modified edges, which can be
formally considered as products of the partial oxidation of the sp? system (Figure 11.1).
Such non-flat GO sections carry a rich plethora of chemical fragments, including rather
abundant epoxides, alcohols, carboxylic acids, carbonyl groups and sulfate esters, as well
as a number of less abundant fragments and ions, whose role in GO properties relevant to
its biological activity is often poorly understood. The presence of these groups explains the
good solubility of GO in aqueous solutions at pH close to 7 and its substantially lower
tendency to aggregation than that observed for graphene. Though GO has a lower area of
flat, sp>-hybridized sections, it seems to be sufficient to provide for the efficient interaction
with biomolecules of different types, including small molecules and biopolymers such as
nucleic acids, as well as with unnatural biologically active compounds, e.g. drugs and fluo-
rescent dyes. Finally, GO exhibits substantial cell membrane permeability and relatively
low toxicity both in cellular assays and in vivo. This combination of properties, which is
rather unusual for carbon-rich materials, makes GO an interesting material for biomedical
and medicinal applications.

Graphene Oxide: Fundamentals and Applications, First Edition. Edited by Ayrat M. Dimiev and Siegfried Eigler.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.



Toxicity Studies and Biomedical Applications of Graphene Oxide 365

Figure 11.1 A cartoon illustrating the presence of a variety of functional chemical groups, flat
graphene-like regions and non-flat regions on the surface of graphene oxide (GO)

11.2 Toxicity of Graphene Oxide
Graphene oxide is an amphiphilic material, which has an overall negative charge at physi-

ological conditions. The charge can be reversed by covering GO with polycationic reagents,
olymers or dendrimers. Correspondingl

In this section, we will discuss known toxic
effects of GO observed in cellular assays (in vitro) and in vivo, and, where possible, outline
reasons for the toxicity. Biological effects of GO and analogous materials, including their
cytotoxicity, have been previously reviewed [1-8].

Data on the toxicity of GOs in cellular assays found in the literature are often contradictory
[1-9]. This is partially explained by the large number of parameters that have to be
controlled to be able to compare the results obtained in different laboratories. In particular,
the source of the starting materials as well as the method of synthesis and purification of
GO affect the size, the number of sheets in the material, surface charge, oxidative state and
the presence of low-molecular-weight impurities and different functional groups on the
surface. Substantial efforts have to be invested to account for all of these parameters to
obtain standardized GO materials. Unfortunately, this is not yet done routinely. Moreover,
GO can interfere with cell viability assays, producing false positive results. For example,
Macosko, Haynes and coworkers have observed that methylthiazolyldiphenyl-tetrazolium
bromide (MTT), which is used as a reagent in the popular cell viability assay, is efficiently
reduced in the presence of GO with the formation of a blue-colored product [9]. A product
of the same color is produced when MTT is reduced in viable cells. Therefore, MTT-based
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assays will fail to indicate GO cytotoxicity. The same authors have found that another
tetrazole-based reagent, the water-soluble tetrazolium salt WST-8, as well as trypan blue
exclusion, allow for accurate estimation of the number of viable and dead cells [9].

A number of other studies on the toxicity of GO, Han0"GONNGO) and related materials
toward various cell lines have appeared recently [1-3, 12-19].

Interestingly, Fiorillo er al. have observed that GO inhibits the proliferative expansion
of single cancer stem cells in the tumor-sphere assay [19]. The effect has been confirmed
for six different cancer types, including breast, pancreatic, prostate, ovarian, lung cancer
and glioblastoma. Surprisingly, GO has been found to be only weakly toxic to mature
(non-stem) cancer cells. This is a significant result, since cancer stem cells are tumor-
initiating cells, which are practically insensitive to conventional chemotherapy and
radiation. The survival of a few cells of this type after treatment leads to tumor recurrence
and distant metastasis.

Toxicity of GO in vivo depends on the experimental settings selected and the parameters
investigated. For example, it has been found that

22]. Furthermore, a
systematic study of Li et al. on the distribution and toxicity of NGO in C57BL/6 mice for

three months after the exposure has revealed that
# [23].

11.3  On the Toxicity Mechanism

11.3.1 Membrane as a Target

-24]. An analogous mechanism can be assumed for GO and other

GO-derived materials, since they have graphene-like regions, including edges, whose extent
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depends on the C/O ratio and other factors. Other mechanisms of GO-induced membrane
damage are possible [1-3]. The current literature on the subject indicates that the effect of
GO on outer cellular membranes is strongly dependent upon the cell type. For example,
Cao, Wang and coworkers have observed that the incubation of human alveolar adenocar-
cinoma A549 cells with GO at concentrations of up to 200pgml™' does not significantly
modulate the level of the extracellular lactate dehydrogenase (LDH) activity, which is a
common marker for membrane damage [11]. Similar results have been obtained by Dai,
Lu, Liu and coworkers, who studied the effect of GO on eyesight both in vitro and in vivo
[17]. In particular, they have observed that the level of LDH did not exceed 8% in the in
vitro assay with ARPE-19 cells (a cell line derived from human retinal pigment epithelium)
incubated for a variable time (24—72h) with variable GO concentrations (5—100ugml™).
For comparison, ~2-3% LDH have been released from the untreated cells. Furthermore,
Mullick Chowdhury et al. have studied the toxicity of oxidized graphene nanoribbons
(O-GNR, width ~125-220nm) stabilized with 1,2-distearoyl-sn-glycero-3-phosphoethan-
olamine-N-[amino(polyethylene glycol) (PEG-DSPE) in several selected cancer cell lines:
cervical cancer cells HeLa and breast cancer cells SKBR3 and MCF-7 [25]. Upon the
incubation of MCF-7 cells for 24h with 0.4mgml~' of O-GNR-PEG-DSPE (the highest
concentration used), the cells release ~55% LDH compared to the LDH activity in the lysed
cells. For SKBR3 cells, the effect was comparable. In a negative control experiment (cells
not treated with anything), ~40% and ~55% LDH activity was observed for MCF-7 and
SKBR3, respectively. These data indicate that the membrane is not significantly affected by
the treatment of the breast cancer cells with O-GNR-PEG-DSPE. In contrast, the mem-
brane of HeLa cells has been found to be substantially more sensitive: 95% LDH release in
the presence of O-GNR-PEG-DSPE versus ~50% in its absence. Moreover.

Finally, the membranes of a variety of bacterial cells
have been found to be sensitive to graphene-based materials [26-28].

For example,
One example of such an influence has been reported by

Ge, Zhou and coworkers. By using electron microscopy, these authors have observed that
bovine serum albumin (BSA) reduced the cell membrane permeation of GO, inhibited

the cellular damage induced by GO and reduced its cytotoxicity [29]. Based on molecu-

lar dinamics studies, thei have concluded that the _

In other work, the effect of GO on human serum albumin (HSA) properties has been

T By cutting off OXYGEN supply to your body’s cells the
graphene oxide literally STARVES your organs to disease (Think
Cancers, Heart attacks, Strokes, etc) and SUDDEN DEATH!
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reported by Ding et al. [30]. In particular, they have observed that

11.3.2 Oxidative Stress

A number of reports confirm that
he latter can be detected, for example, by using a variety of commercially avail-
able leuco-dyes, including dichlorodihydrofluorescein diacetate or dihydroethidium, in
combination with flow cytometry or fluorescence microscopy. In particular, Chang et al.
[11] have observed that incubation of A549 cells with GO induced a dose-dependent intra-
cellular oxidative stress that leads to a slight loss of cell viability at high concentrations.
Moreover,

[14]. A similar effect has been
observed by Lammel and Navas [31], who studied the influence of GO and carboxyl
graphene (CXYG) on fish hepatoma cell line PLHC-1. For example, they found that

he treated PLHC-1

cells demonstrated

at 16pugml~! GO and CXYG (72h incubation). Other reports confirming the
GO-induced oxidative stress in cellular assays have been reviewed elsewhere [1-3].

The data obtained in in vitro assays are supported by in vivo data. For example. the
effects of prolonged exposure of the roundworm Caenorhabditis elegans to GO have been
evaluated by Wu et al. [32]. Caenorhabditis elegans is especially well suited as a model
organism for evaluation of the biological effects (including toxicity) of chemical com-
pounds in vivo, since this organism is transparent and can be monitored/studied by using
fluorescence imaging. Wu et al. [32] have found tha

terestingly, in the
intestine, the production of ROS was detected, which correlated with the adverse effects
observed. Furthermore, Li et al. [23] have proven that

In another model organism, zebrafish,
[33].

The question of why GO induces oxidative stress in cells is currently being actively
investigated. For example, Nie’s group has reported that the ROS-generating ability of GOs
in mouse embryo fibroblasts (MEFs) is dependent upon the oxidation degree of GOs [34].
In particular, the which
was explained by the conversion of less toxic H,O, into highly toxic HO" radicals in cells.
The theoretical simulations by the same authors revealed the involvement of carboxyl
groups and planar domains of GO in varying the energy barrier of the H,O, reduction reac-
tion. Furthermore, using a fluorogenic, DNA-based probe, Mokhir and colleagues have
confirmed that GOs obtained either by the Hummers method or by the milder method first

@ GUESS WHY THEY WANT TO GIVE YOU "BOOSTER SHOTS”
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generates ROS in cells; is toxic to cells l

GO-EP: Endoperoxide-containing GO
GO-UV: Endoperoxide-free GO

F: Fluorescein

ROS: reactive oxygen species

GO-UV:
does not generate ROS in cells;
is not toxic to cells

Figure 11.2 Detection of endoperoxides (EP) on the graphene oxide (GCO-EP) surface using
fluorogenic probes (EP probe) consisting of an oligonucleotide (ON), which binds strongly to the
GO-EP, a reactive moiety (an anthracene derivative) and a fluorescent dye (fluorescein, F) [35]

reported by Eigler contained low amounts of surface-bound endoperoxides: one moiety per
~10* carbon atoms (Figure 11.2) [35].

These GOs were efficiently taken up by HeLa cells, which was accompanied by an
increase in the intracellular ROS concentration and a decrease in cell viability. Interestingly,
endoperoxide-free GOs, obtained by irradiation of the GOs with ultraviolet light of low
power, were also taken up by the cells, but neither increased the intracellular ROS amount

nor affected cell viability. These data allowed the authors to conclude that_
— Next, Chen and coworkers

have investigated the effects of GO on T-lymphocytes and HSA [30]. In particular, they
have observed that the

11.3.3 Other Factors

_ These data may contribute to further under-

standing of the mechanism of GO toxicity in vivo. In particular, Wu et al. [36] have observed

that —
strongly affected translocation of GO into the body of C. elegans, its toxicity

on both primary and secondary targeted organs compared with wild type, the intestinal

permeability and the mean defecation cycle length. Furthermore, Wang and coworkers
have. investigate . [







‼️ Graphene oxide causes DAMAGE to DNA, MUTATION of genes, SUPPRESSION of body’s natural immune response and EARLY CELL DEATH!




11.4 Biomedical Applications of Graphene Oxide

11.4.1 Graphene Oxide in Treatment of Cancer and Bacterial Infections

In general, disease therapy relies on the selective action of a drug on disease-associated
cells, biomolecules (e.g. enzymes, nucleic acids) or biochemical states (e.g. inflammation),
which ideally occurs without affecting healthy organs and normal cells. The currently
applied therapies for cancer treatment, including chemotherapy (using, for example,
Pt(11)-based drugs, bleomycin and 5-fluorouracil) and radiotherapy, are not sufficiently
cancer-cell-specific. Therefore, such treatments exhibit characteristic dose-limiting toxici-
ties. Moreover, repeat treatments lead to the development of resistance. This partially
explains why cancer is still one of the most common causes of death (together with cardio-
vascular disease) in developed countries. Therefore, the search for new approaches to
cancer treatment is warranted. Targeted therapy is an advanced, recently introduced method,
in which cancer-specific drugs (or prodrugs) are applied. GO is used in several approaches
for cancer targeting, including photothermal and photodynamic therapy and as a nano-sized
carrier to improve the cell membrane permeability of drugs and achieve their accumulation
in tumors due to the enhanced permeability and retention (EPR) effect [6-8].

11.4.2 Photothermal Therapy

In photothermal therapy (PTT), disease-causing cells, including cancer cells in tumors and
bacteria in wounds, are loaded with a reagent that absorbs near-infrared (NIR) light. Then
subsequent exposure to NIR light heats up the system, inducing hyperthermia and thereby
causing cell death. However, human tissues contain large amounts of hemoglobin and
water, which strongly absorb visible and NIR light. To avoid unspecific heating of healthy
tissues, for PTT, light is used that is practically not absorbed by the tissues: in the first bio-
logical window, 700-980nm (BW1); and in the second biological window, 1000-1400 nm
(BW2) [39]. Such light can penetrate through several centimeters of human tissue [40],
whereas deeper located sites can be accessed by delivery of the light via optical fibers in
combination with endoscopy [41]. Since the light beam can be focused on a specified area
(e.g. tumor location) and its intensity (dose) can be easily controlled, PTT allows surgery-
free tumor ablation practically without affecting healthy tissues.

Single-layered GO is suitable for PTT, since, in addition to its excellent water solubility,
membrane permeability and stability, this material absorbs light in the NIR range [42—44].
It has been reported that the NIR absorptivity of GO can be improved by optimization of
its size. For example, small GOs (less than 300nm in size) absorb NIR light more effi-
ciently than the conventional material. In particular, extinctions at 808 and 1200 nm have
been found to be between about five- and eight-fold higher for small GOs [45]. The latter
material is often called nano-GO (NGO) in the scientific literature.

T Exposure to graphene oxide may REDUCE the LIFESPAN
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