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1. Introduction

The carbon-based nanomaterials have been one of the focal points on
the scientific stage since the discovery of fullerene in 1985, carbon nano-
tubes (CNTs) in 1991 and then followed by graphene in 2004 [1,2]. Be-
fore 2004, graphene was only a scientific model and was literally the
mother element of other well-known carbon-based nanomaterials —
graphite, diamond, nanoribbons, CNTs and fullerenes (Fig. 1). It was
not until 2004, graphene was proved to be thermodynamically stable
under ambient conditions, thanks to Andre Geim and Konstantin
Novoselov — winners of the Nobel Prize in Physics 2010 [1]. In recent
years, the research efforts invested in excavating the potential applica-
tions of graphene in the field of biomedicine [3-12] have gradually
exceeded the fullerenes [2] and are expected to match those of the
CNTs in the near future [13,14].

Graphene is a one-atom-thick, two-dimensional (2D) planar sheet
(0.35-1.6 nm in thickness) that possesses trigonally bonded sp? carbon
atoms that are tightly organized into a honeycomb crystal lattice [15].
The large surface area of graphene which is doubled compared to
CNTs, has made it a good drug carrier candidate. However, the use of

(a) Graphite

(3D) (3D)

graphene as a drug carrier has been hampered by its high aggregation
tendency due to its hydrophobic nature. It was not until 2008 that
Dai's group [16] overcame the aggregation issue of graphene by using
the oxidized form of graphene — graphene oxide (GO) (Fig. 2). In com-
parison to other carbon-based nanomaterials such as CNTs, GO exhibits
some merits like low cost of production [16,17], extremely large surface
area for efficient drug binding and lesser toxic metallic impurities from
fabrication process [13]. In fact, GO derivatives are reported to have no-
tably improved tumor passive targeting effect and higher tumor uptake
via the enhanced permeability and retention (EPR) effect compared to
CNTs, probably attributed to the unique 2D structure and small lateral
size [18].

The unique properties of GO such as high drug loading capacity [19]
have sparked growing interests in biomedical field but its safety consid-
erations are still posing a myriad of unanswered questions. Until now,
biological investigations of GO, both in vitro and in vivo have no consen-
sus results and sometimes the results are in contradiction. The method
of production, chemical characterization and biomedical applications of
GO have been extensively reviewed [2,18,20-28]. There is still a lack of
systematic review on the structure-activity relationship between the

(c) Nanoribbon
(3D)

(d) Graphene
(2D)

(e) Carbon Nanotube

(f) Fullerene

(1D) (1D)

Fig. 1. Carbon-based nanomaterials.
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(d) Reduced graphene oxide (rGO)

(e) Graphene oxide (GO)

Fig. 2. Graphene family nanomaterials.

properties of GO and interactions with organism. This paper attempts to
offer some guidelines at this infancy stage to assist the development of
safe GO-based nanocarriers.

In this paper, we start the discussion with the properties of GO that
qualify it as a potential drug carrier. Then, we discuss in detail how each
of the physicochemical characteristics of GO - size, surface charge, par-
ticulate state, number of layers - as well as surface coatings affect the
in vitro and in vivo behaviors of GO-based formulations. At the end of
the paper, we delineate the challenges and safety issues associated
with GO and the future perspectives of GO research.

1.1. Graphene oxide (GO)

Graphene oxide (GO) (Fig. 2(e)) has a structure similar to that of
pristine graphene (Fig. 2(a)) but features a variety of chemically reac-
tive functionalities — epoxy (-0-), hydroxyl (-OH) and carboxylic
acid (-COOH) groups [29,30]. This highly oxygenated amphiphilic
sheet contains a large hydrophobic basal plane and hydrophilic edges.
In contrast to graphite oxide, which has more than 10 layers arranged
in a crystalline structure, GO exists in monolayers or a few layers (max-
imum up to 10 layers) [31] with defects randomly spread on the large
basal structure. The thickness of a single-layer GO is usually between 1
to 1.4 nm [32]. This thin layer provides flexibility to the GO that allows
it to be folded into a gauzelike shape in a biological medium [31] or dur-
ing the cellular internalization process [33].

1.2. Properties of GO as a drug carrier

GO has several prominent properties relevant to biological applica-
tions particularly for use as an anticancer drug nanocarrier [34].

1.2.1. Large surface area

Unlike other carbon-based nanomaterials, two-dimensional (2D)
GO has both single sheet surfaces and edges that are accessible for bio-
molecular interactions. The surface area of GO is approximately
2600 m?/g, at least an order of magnitude higher than the surface area

of most other nanomaterials [17,35,36]. This enormous surface area en-
dows GO with a high drug loading capacity [17,37,38]. For example, a
drug loading of 235 wt.% has been reported on GO [19]. This value is
far greater than the loading value of other nanomaterials such as poly-
mer micelles [39] and liposomes [40] which have a loading capacity
that is usually below 10%.

1.2.2. Unique surface properties

In contrast to the hydrophobic nature of pristine graphene that eas-
ily causes irreversible agglomeration [15] and a large amount of protein
adsorption [23], GO contains both hydrophobic graphenic domains and
hydrophilic edges that provide an amphiphilic characteristic to this ma-
terial. The former is important for carrying water-insoluble dye mole-
cules and drugs through non-covalent bonding — m-m stacking or
hydrophobic interaction or hydrogen bonding [23]. The latter serves
as anchor sites for functionalization [15,41] and provides pH-
dependent negative surface charges to maintain colloidal stability [42].

1.2.3. Good water dispersibility

Water dispersibility of a drug carrier is fundamental and important
for applications in life sciences [43]. GO has good water dispersibility
and is generally considered better than CNTs [13]. GO dispersed in
water has a negative surface charge due to ionization of the carboxylic
acid and hydroxyl groups; the negative surface charge is high enough
to create electrostatic repulsion that provides stable dispersion of GO
in water [42].

1.2.4. pH-sensitive zeta potential

The zeta potentials of GO suspensions are pH sensitive. GO sheets
can form a stable suspension at pH values ranging from 3 to 12 with
the best stability at pH 7 or 8 [44]. Through proper tuning of this unique
property, GO can be formulated into a smart system that has controlled
release property in various specific microenvironments (e.g., weak acid-
ity) that differentiate cancer tissue from normal tissue. For example, GO
has been reported to give a higher drug release at acidic pH compared to
neutral pH [19].
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1.2.5. Unique intrinsic optical properties

GO possesses unique intrinsic optical properties including near-
infrared photoluminescence (570 nm) (for live cell imaging) [33,45,
46] and optical absorptions (for photothermal therapy) [47-49]. The
photoluminescence of GO could allow direct tracking of the intracellular
location of GO-based nanoparticles without requiring the conjugation of
foreign fluorescence moieties. Interference during imaging is also mini-
mized because of minimal cellular autofluorescence in the NIR region
[45].

1.3. Limitations of GO

GO has great potential as a drug carrier if the limitations in its prop-
erties could be addressed and the knowledge gap in GO-related bio-
medical research could be filled.

1.3.1. Aggregation in biological solution

GO disperses well in water but aggregates in salted environments,
such as phosphate buffered saline (PBS) [16] and protein rich cell cul-
ture medium. Salts, such as NaCl, MgCl, and CaCl, greatly destabilize
GO [50]. GO aggregates and settles out in PBS and culture medium be-
cause the ionic strength of the salts [51] and the non-specific binding
of the protein [18] shield the electric double layer of GO.

1.3.2. Non-uniform size

GO sheets rarely appear in one uniform size [17]. The wide distribu-
tion of sizes of GO might affect the biocompatibility of GO sheets as well
as leading to non-consensus results, both in vitro and in vivo. Some-
times, it is the chemical impurities retained in GO [33] or the different
types of testing models used in in vitro and in vivo settings that lead to
inconsistencies in the biological assessment.

1.3.3. Knowledge gap in GO-related biomedical research

The controlled release capability of GO triggered by different stimuli
such as NIR light, pH and electricity has been studied [52-56] but the
studies have yet been carried out in vivo. The in vivo behaviors of GO
such as blood circulation time, inflammation response and clearance of
GO nanocarriers are not clearly understood due to limited researches in
these areas [37,57]. Also, study on the underlying mechanism of GO-
induced pulmonary toxicity [58,59] has not been determined definitively.

2. In vitro and in vivo biocompatibility of GO-based formulations

As a drug carrier, GO would be in contact with human organs and
cells. Titov and co-workers [60] demonstrated by using dynamic simu-
lation that graphene family nanomaterials interact with lipids without
any significant perturbation of the phospholipid bilayer. However,
how the intrinsic properties of GO affect cellular responses and the be-
havior of GO in a real biological environment are still poorly understood.
Therefore, effort in filling the knowledge gap as to the extent of the tox-
icological risks caused by GO nanomaterials is urgently needed.

2.1. In vitro biocompatibility

Table 1 lists different GO-based formulations according to size and
the in vitro model utilized in the biocompatibility testing. The in vitro
biocompatibility tests generally involve red blood cells, phagocytes
(macrophage) and non-phagocytic cells (endothelial and tumor cells)
[33], which come into contact with the administered GO. Off note, dif-
ferent from the classification framework for graphene-based materials
by Wick et al. [61], micro-sized and nano-sized GO sheets here refer to
GO with lateral dimension in micrometer range and nanometer range,
respectively.

2.1.1. Hemocompatibility

Hemocompatibility investigation is an important toxicity assess-
ment for biomedical applications that involves intravenous injections
because red blood cells (RBCs) are one of the primary sites of interaction
upon administration. The hemocompatibility studies of plain nano-
sized GO started in the year 2011 [51,59].

Nano-sized GO (350 nm) was found to induce a severe hemolysis ef-
fect (70% hemolysis at 25 pg/mL) compared to micro-sized (3 um)
graphene sheets (10% hemolysis at 100 pg/mL) after 3 h of incubation
[51]. The serious RBC membrane disruption by GO was attributed to
the strong electrostatic interactions between the negatively charged
GO surface and the lipid bilayer of RBC membrane [51,65]. In contrast,
the good hemocompatibility of micro-sized graphene sheets was most
likely due to the lower overall surface area of aggregated graphene
sheets available for interaction with RBCs. The author claimed that indi-
vidually dispersed GO samples were more toxic than the aggregated
carbon nanomaterials, and similar results were previously reported for
CNT nanocarriers [51,75]. Despite the lower hemolysis effects of
micro-sized graphene sheets, hemagglutination was observed around
the graphene sheet aggregates [51]. Interestingly, when a GO sample
consisted of a wide size distribution (10-800 nm), the hemolysis effect
was greatly suppressed to below 10%, even for concentrations up to
80 pg/mL [59]. The inconsistency of the results remains unclear and re-
quires further investigation.

A proper surface coating can remarkably improve GO hemo-
compatibility. For example, coating GO with chitosan (CS) (by electro-
static adsorption) [51], bovine serum albumin (BSA) and heparin
(Hep) [65] nearly eliminated the hemolytic activity. Biopolymer coat-
ings might serve as a protecting layer or create electrostatic repulsions
that reduce the contact between GO and RBCs, thus mitigating the tox-
icity of GO to RBCs [51,65].

Another possible reason for the higher hemocompatibility of GO/CS
is the pH-responsive conformational change of CS. GO/CS dispersed well
in acidic water (pH ~4.8) but rapidly aggregated in PBS (pH ~7.4) [51].
The GO/CS aggregates had a smaller interaction surface with RBCs and
thus, a decreased hemolysis effect.

The aggregation of blood cells caused by GO was reduced by adding
1% Tween 80 surfactant, which could greatly attenuate the interaction
between GO and blood cells [64].

2.1.2. Inflammation responses

Macrophages play an important role in non-specific immune de-
fense by engulfing foreign substances through phagocytosis, but they
also establish a substantial barrier against intravenously injected GO
nanocarriers. GO nanocarriers have high possibility of being cleared
out by macrophages before reaching the targeted site or induce an in-
flammation response.

Yue et al. [33] compared the cellular responses of 2 pm GO and
350 nm GO in two types of cells — phagocytes and non-phagocytes.
They found that macrophages had higher uptake capability than that
of non-phagocytes, most likely because the former could overcome
the strong electrostatic repulsions between GO (negatively charged car-
boxyl group) and the negatively charged cell surface via the Fcy
receptor-mediated phagocytosis pathway [33].

Both micro-sized and nano-sized GO sheets led to similar cellular
uptake by macrophages but the micro-sized GO activated stronger in-
flammation responses as evidenced by remarkable increases in the
levels of many cytokines (IL-6, IL-12, TNF-o, MCP-1 and IFN-vy) [33].
The author postulated that the powerful immune response from macro-
phages was most likely due to the strong steric effects imposed by the
micro-sized GO upon cellular internalization [33]. Ma et al. reported a
similar finding as they claimed that larger GO enhanced the production
of inflammatory cytokines and recruitment of immune cells due to a
stronger interaction with toll-like receptors on plasma membrane and
activation of NF-kB pathway [76].
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Table 1
In vitro biocompatibility studies of GO-based nanocarriers.
GO-based formulation Targeting molecule Size of GO Cell type Ref.
GO - 2 um & 350 nm PM@ (peritoneal macrophage) [33]
J774A.1 (murine macrophage)
LLC (murine Lewis lung carcinoma)
MCF-7 (human breast cancer)
HepG2 (human hepatocarcinoma)
HUVECs (human umbilical vein endothelial cells)
- ~1-5 um HDF(human fibroblast) [58]
MGC803 (human gastric cancer)
MCF-7 (human breast cancer)
MDA-MB-435 (human breast cancer)
HepG2 (human hepatocarcinoma)
- ~1um ARPE-19 (human retinal pigment epithelial) [62]
- 780 4+ 410 nm A549 (human lung adenocarcinoma) [63]
430 + 300 nm
160 £ 90 nm
- ~350-780 nm RBC (human red blood cell) [51]
CRL-2522 (human skin fibroblast)
- 10-800 nm Sprague-Dawley rats erythrocyte [59]
- 205.8 nm HelLa cell (human cervical adenocarcinoma) [34]
146.8 nm
33.8 nm
GO and GO/Ag - ~1um HT-29 (colorectal adenocarcinoma) [43]
GO/Tween 80 - 300-1000 pm Balb/c mice blood cells [64]
GO/BSA and GO/Hep - ~1um HUVECs (human umbilical vein endothelial cells) [65]
RBC (human red blood cell)
GO/BSA - ~400-1200 nm C2C12 (mouse mesenchymal progenitor) [31]
GO-FBS - ~1 pum A549 (human lung adenocarcinoma) [66]
GO-1PEG - <40 nm A549 (human lung adenocarcinoma) [17]
GO-1PEG and GO-6PEG - 95 nm Saos-2 (human osteoblast) [48]
190 nm MC3T3-E1 (murine preosteoblasts)
1929 (murine fibroblast)
RAW-264.7 (murine macrophages)
GO-1PEG and GO/1PEG RGD 20 nm U87MG (human glioblastoma cells) [67]
18.8 nm
GO-6PEG TRC105 ~10-50 nm HUVECs (human umbilical vein endothelial cells) [68]
MCF-7 (human breast cancer)
GO-DEX - ~50-100 nm HeLa cell (human cervical adenocarcinoma) [69]
- ~2 um HeLa cell (human cervical adenocarcinoma) [70]
Fe 1744 nm HelLa cell (human cervical adenocarcinoma) [71]
GO-G4-Cy Fe ~50 nm MCF-7 (human breast cancer) [47]
MDA-MB-231 (human breast cancer)
GO-GOH FA ~6.4 um HelLa cell (human cervical adenocarcinoma) [72]
GO/F127 - ~350 nm HeLa (human cervical adenocarcinoma) [73]
GO-TiO, - ~1um HeLa (human cervical adenocarcinoma) [74]

Symbols: GO = graphene oxide, Ag = silver, BSA = bovine serum albumin, Hep = heparin, FBS = fetal bovine serum, 1PEG = linear poly(ethylene glycol), 6PEG = branched poly(eth-
ylene glycol), RGD = arginine-glycine-aspartate peptide, TRC105 = CD105 endoglin targeting human/murine chimeric IgG1 monoclonal antibody, DEX = dextran, Fe = Fe304, G4 = 4th
generation amine-terminated poly(amido amine) dendrimer, Cy = cyanine 5.0, GOH = hydroxyl-terminated poly(amido amine) dendrimer, F127 = pluronic, TiO, = titanium oxide.
Chemical bonds: - indicates covalent bonding and / indicates noncovalent bonding in the GO-based formulation.

The similarity of the cellular uptake by macrophages for both micro-
sized and nano-sized GO sheets might be due to similar total surface
area of the GO sheets per equal quantity amount [33]. Accordingly,
both GO sheets absorbed equal amounts of IgG opsonin and were thus
internalized by macrophages at a similar level through IgG-FcyR-medi-
ated phagocytosis [33]. Additionally, some micro-sized GO sheets were
reported to be transported into acidic lysosomes [33], possibly to be
digested by lysosomes.

Phagocytosis is an energy-dependent process. At 37 °C, the internal-
ization of GO (both micro- and nano-sized) into phagocytes was at least
two-fold faster than the GO internalization at 4 °C (approximately 20%
cellular internalization) [33].

These findings indicated that nano-sized GO was a more suitable
carrier in terms of avoiding inflammation response. In fact, according
to Vila et al. [48] and Stolnik et al. [77], the macrophage recognition
of nanomaterials could be reduced by maintaining the particle
size at approximately 150 nm and by conferring the nanomaterial
with hydrophilic surfaces that would weaken the opsonin-protein
interaction.

2.1.3. Cytotoxicity

The testing of the GO cytotoxicity in mammalian cells showed that
micro-sized GO led to higher cytotoxicity than nano-sized GO likely
due to the faster sedimentation rate and the formation of compact GO
aggregates on top of the adherent cells in the wells, inhibiting the nutri-
ent availability for the growth of cells [51]. Generally, GO exhibited
dose-dependent toxicity [51,58,59,62,63]. At concentrations greater
than 50 pg/mL, micro-sized GO showed obvious toxicity to both normal
and tumor human cells, including breast cancer, hepatocarcinoma, um-
bilical vein endothelial cells, gastric cancer and fibroblast cells [33,58].
For example, GO (1-5 um) significantly reduced the cell viability of
human skin fibroblasts (CRL-2522), human dermal fibroblasts (HDFs)
and human retinal pigment epithelial (ARPE-19) cells to ~30-75% via-
bility after 24 h of incubation [51,58,62]. Similar phenomena were also
observed in other cell lines such as MGC803, MCF-7, MDA-MB-435
and HepG2 cells [58].

In contrast, Liao et al. [51], Chang et al. [63] and Li et al. [ 78] reported
that nano-sized GO with sizes ranging from 430 nm to 780 nm was less
toxic to fibroblast cells, A549 cells and GLC-82 cells, with a survival rate
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exceeding 80% at the high concentration of 200 pig/mL. Recently, Zhang
et al. [34] reported that nano-sized GO in the range of 33 nm to 205 nm
at a concentration of 100 pg/mL inhibited approximately 50% to 90% of
the Hela cell viability after 24 h of treatment. The smaller GO (33 nm)
produced 40% less cytotoxicity compared with that of 205 nm GO. Ac-
cording to the author, this result most likely occurred because the larger
sized GO nanosheets caused more severe physical damage to the cell
membrane [34].

The cellular uptake of nano-sized GO by HeLa cells was also size-
dependent, with smaller GO nanosheets having higher cellular uptake
[34]. In fact, the optimum size of particles for faster cellular uptake
was reported to range from 100-200 nm [79].

In conclusion, nano-sized GO is preferred over micro-sized GO as a
carrier with a lower toxic level, weaker inflammation response and bet-
ter cellular uptake. However, there are inconsistencies in evaluations of
the size dependence cytotoxicity [34,63]. This might be due to variations
in GO preparation and the types of cells used in in vitro testing [63].
Fig. 3 below provides a schematic overview of how the intrinsic proper-
ties of GO affect its in vitro biocompatibility.

2.2. In vivo biocompatibility

Table 2 below lists different GO-based formulations whose in vivo
biocompatibilities have been investigated; these properties include tox-
icity, pathological changes, inflammation response and clearance from
the body.

2.2.1. In vivo toxicity

The toxicity of plain GO was investigated in Zebrafish [88], Kunming
mice [58,59], C57/B6 mice [33] and Japanese white rabbits [62].

Microinjection of nano-sized GO (99 nm) into Zebrafish induced ap-
optosis and thus morphological defects in a dose-dependent manner,
whereas GO-PEG (301.3 &+ 87.2 nm) significantly attenuated its toxicity
[88]. However, both GO and GO-PEG caused similar degree of angiogenic
defect and the underlying mechanism was not clear. In mice, the drug-
loaded GO-PEG could effectively destroy the tumor with no tumor

— Hemocompatibility

~& &

recurrence observed in the next 40 days [86], and the treated mice had
a nearly two-fold longer life span than mice treated with free drug
[85]. Importantly, when severe lesions were found in the heart tissue
of mice treated with free DOX, histology analysis showed that GO-PEG/
DOX caused only little cell denaturation of heart tissue [86].

2.2.2. Pathological changes

Generally, both micro- and nano-sized GO sheets primarily accumu-
lated in the lungs, liver and spleen at dosages of 0.2 to 0.5 mg per mouse
[58,59,89], with a much longer retention time of up to one month in the
lungs [58]. This accumulation induced significant pathological changes
in the lungs, including strong dose-dependent inflammatory cell infil-
tration, pulmonary edema and granuloma formation [58,59]. Intrave-
nous administration of micro-sized GO resulted in lung occlusion
within 1 min, likely due to the particulate aggregation [89]. The uptake
of GO in the liver and spleen indicated that the uptake of GO was also
intercepted by the mononuclear phagocytes in the reticuloendothelial
system (RES) [59]. Fortunately, nano-sized GO did not exert a significant
pathological influence on the liver, spleen and kidney, suggesting that
nano-sized GO was biocompatible with most organs, although lung pa-
thologies still occur at high doses (0.4 mg per mouse) [59].

A dextran (DEX) coating caused GO-DEX to dominantly accumulate
in the liver and spleen with no obvious toxicity noticed in the organs
[69], in contrast to the dominant uptake of plain GO in the lungs
which led to obvious pulmonary toxicity [58]. The potential risk of GO
to the lung also could be reduced by adding 1% Tween 80 to the GO sus-
pension [64]. GO/Tween 80 tended to accumulate in the liver due to its
greater mobility in the circulatory system. According to the author, the
GO/Tween 80 formulation greatly altered the biological performance
of GO and caused no histological alterations of blood cells, spleen,
brain and testes [64].

2.2.3. Inflammation response

Yue et al. [33] demonstrated that micro-sized plain GO (2 pm)
caused a more severe inflammation response compared with nano-
sized GO (350 nm) upon subcutaneous injection into the neck region

M cro-sized graphene has lower hemolysis
ef fect compared to nano-sized GO.

Similar uptake f or both micro- and nano-sized

GO treated Graphene
RBC treated RBC
In vitro
biocompa- L Nacrophage uptake and inflammation
tibility of

GO ‘:J °

Macrophages

— Cytotoxicity and uptake by non-
phagotic cells

//’ .\N\'
@n
\\;/
Mammalian or
cancer cells

GO.

M cro-sized GO has higher inf lammatory
reaction compared to the nano-sized.

Nano-sized GO is less cytotoxic compared
to micro-sized GO.

The smaller size GO gives higher cellular
uptake.

- Surface coatings lowers GO
interaction with biological interfaces
and hence, it becomes more
biocompatible.

Fig. 3. In vitro biocompatibility of GO: hemocompatibility, macrophage uptake, immune response, cytotoxicity and cellular uptake.
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Table 2
Preclinical studies of GO-based nanocarriers.
GO-based formulation Drug*/photosensitizer™* Targeting molecule Size of GO Animal model Ref.
GO - - ~1-5pm Kunming mice [58]
- - 2 um & 350 nm C57/B6 mice [33]
- - 10-800 nm Kunming mice [59]
- - ~1 pum Japanese white rabbit [62]
- Trastuzumab 64 nm Balb/neuT mice [80]
Balb/c nu/nu mice
Doxorubicin* HA 10-200 nm H22 hepatic cancer cell-bearing Kunming mice [81]
GO-6PEG - - ~25-50 nm Balb/c mice [82]
- TRC105 ~10-50 nm 4 T1 murine breast tumor-bearing mice [68]
Doxorubicin* Transferrin 100-400 nm Sprague-Dawley rats [83]
Doxorubicin* IONP ~50-300 nm 4T1 murine breast tumor-bearing Balb/c mice [84]
GO-1PEG HPPH** - <50 nm Athymic nude mice [85]
Doxorubicin* - ~100 nm EMT6 tumor-bearing mice [86]
GO-DEX - - ~50-100 nm Balb/c mice [69]
GO/Ag Doxorubicin* NGR - S180 tumor-bearing Balb/c mice [87]
GO/Tween 80 - - 300-1000 nm Balb/c mice [64]

Symbols: GO = graphene oxide, HA = hyaluronic acid, 6PEG = branched poly(ethylene glycol), TRC105 = CD105 endoglin targeting human/murine chimeric [gG1 monoclonal antibody,
IONP = iron oxide nanoparticle, 1PEG = linear poly(ethylene glycol), HPPH = (2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-alpha), DEX = dextran, Ag = silver, NRG = Asn-Gly-
Arg peptide. Chemical bonds: — indicates covalent bonding and / indicates noncovalent bonding in the GO-based formulation.

Asterisk: * indicates chemotherapeutic drug and ** indicates photosensitizer.

of mice. A large number of mononuclear cells and tissue impairment
were observed in the harvested neck adipose tissues injected with
2 um GO. A recent study reports a similar result in which the micro-
sized GO induced a classic foreign body response [89]. In another
study, Yan et al. [62] studied the intraocular biocompatibility of micro-
sized (~1 um) GO. The rabbit eyes injected with 0.3 mg of GO were
clear with no inflammation responses for 49 days but the GO might
have diffused to the vitreous region of the eye [62]. PEGylated GO
showed no noticeable sign of inflammation in major organs of the treat-
ed mice [82].

—— Biodistribution

Lung Liver
%.? ——  Toxicity
In vivo / L‘
biocompatibility e
of GO Lung Heart

—Clearance

Renal

Y A

Spleen

2.24. Clearance

Size, rather than surface coatings, determines the clearance path-
ways of GO-based formulations. Nano-sized GO (usually smaller than
10 nm) was quickly eliminated through renal routes [59], whereas
micro-sized GO was preferentially expelled by liver secretion into the
biliary tract system [58]. For example, GO-PEG conjugates whose sizes
were larger than the cut-off of renal filtration (~5 nm) were cleared
through the hepatobiliary pathway [68]. However, GO-DEX with a
wide size distribution (~50-100 nm) had two different clearance path-
ways. Ultra-small GO-DEX was excreted in urine via the renal pathway,

« Both micro and nano-sized GO
accumulate in lung, liver and spleen
with longer retention time in lungs.

+ Nano-sized GO is biocompatible with
most organs.

« Accumulation of both micro and nano-
sized GO in lungs can caused lung
pathologies at high dose.

Surface coatings reduce accumulation
and toxic effect of GO in lungs and drug
induced lessions in heart tissues.

—— Inflammation response  * Micro-sized plain GO caused more severe

inf lammation response than nano-sized
GO.

.

Clearance pathways for GO-based

formulations:

i. Renal pathway: smaller GO (~ 5 nm).

ii. Hepatobiliary pathway: GO bigger
than 5 nm.

Hepatobiliary
pathway pathway

Fig. 4. In vivo biocompatibility of GO: biodistribution, toxicity, inflammation response and clearance.
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whereas larger GO-DEX was excreted via the fecal pathway [69]. Inter-
estingly, the majority of GO-DEX was cleared from Balb/c mice within
one week and did not cause any obvious abnormality in various organs
of the treated mice [69]. Fig. 4 below gives an overview of the in vivo
(preclinical) studies of GO, offering some guidelines to develop safe
GO-based nanocarriers.

In conclusion, coatings with biopolymers and surfactant could strik-
ingly change the biocompatibility and biodistribution of GO. Therefore,
surface functionalization is important to make GO highly biocompatible
while also retaining its excellent properties for a drug delivery system.
Nevertheless, biocompatibility assessment of GO is still limited. Further
intensive investigation of the GO in vivo behavior, biodistribution and
long-term toxicity is in high demand. Table 3 provides an overview of
in vitro and in vivo cellular responses of the GO-based formulations
based on factors such as size, surface coating, number of layer, particu-
late state and surfactant.

3. How different surface coatings address biocompatibility issue
of GO

For attempts to fully utilize the excellent properties of GO as a drug
nanocarrier without being hampered by their inherent weakness such
as cytotoxicity at high concentration and preferential lung accumula-
tion, several strategies have been proposed. The most convenient and
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efficient method involves surface functionalization of GO via either co-
valent or noncovalent conjugation [22,31,64,67,90]. In the following
section, we discuss several surface coatings that have been studied to
improve the biocompatibility of GO nanocarriers. Among the surface
coatings, poly(ethylene glycol) (PEG) is the most often used polymer
but its cost of production is relatively high [91]. This has encouraged re-
searchers to explore other biocompatible surface coatings.

3.1. Bovine serum albumin (BSA)

Bovine serum albumin (BSA) in cell culture medium can affect
the cellular uptake, intracellular localization and biocompatibility of
nanomaterials [92]. If serum is used, opsonin proteins, such as immuno-
globulins, that are coated on nanomaterials can activate phagocytosis
[92]. BSA proteins that are adsorbed on nanomaterials could also miti-
gate cell cytotoxicity by lessening the contact between nanomaterials
and cells [34,92]. In another instance, heat inactivation of the serum,
which is typically performed during medium preparation might cause
complement depletion, leading to conflicting outcomes for the same
materials [92]. Therefore, the cell culture conditions should be carefully
controlled when assessing the biocompatibility of nanomaterials so that
the obtained results can be reasonably extrapolated to both in vitro and
in vivo scenarios.

Table 3
In vitro and in vivo cellular response of GO-based formulations.
Factors In vitro biocompatibility Ref. In vivo biocompatibility Ref.
Size Hemocompatibility: Inflammation responses:
* Micro-sized graphene has lower hemolysis effect compared  [51,59,65] « Micro-sized GO causes more severe inflammation [33,62]
to nano-sized GO, due to electrostatic interaction. response than nano-sized GO.
» Micro-sized graphene induced hemagglutination. * Micro-sized GO causes no inflammation response
in rabbit eyes.
Inflammation responses: Pathology changes:
» Micro-sized GO induces stronger inflammation response, [33,48,76,77]  + Both micro- and nano-sized GO cause pulmonary [58,59,89]
due to steric effect or stronger interaction with toll-like edema and granuloma formation in the lung, due
receptors on plasma membrane, thus activating to retention time of up to 1 month.
NF-kB pathway. * Micro-sized GO causes lung occlusion within 1 min.
* Micro-sized GO is possible to be digested by lysosome, » Nano-sized GO has no toxic effect on the liver,
due to lysosome co-localization. spleen and kidney.
Cytotoxicity: Clearance:
» Micro-sized GO has higher toxicity, due to faster [33,51,58,62] + Micro-sized GO accumulates in the liver and biliary [58,59,69]
sedimentation rate and thus inhibiting the nutrient tract system while nano-sized GO accumulates in
available for cells or due to micro-sized GO causing the urine.
more severe physical damage. + Nano-sized GO (<5 nm) is eliminated through renal
route while bigger sized GO (~50-100 nm) is
eliminated through both renal and fecal pathways
Surface coating Hemocompatibility Toxicity:
« Surface coatings mitigate hemolysis effect by acting [51,65] « Surface coated GO accumulates in the liver and [69,86,88]
as protecting layers or exerting repulsion force or spleen, and gives no obvious toxicity.
forming aggregate to reduce GO-cell contact. « Surface coating attenuates GO-induced apoptosis
in Zebrafish.
« Surface coated GO causes only little cell denaturation
of heart tissues compared to drug alone.
Inflammation responses: [82]
« Surface coated GO shows no noticeable sign of
inflammation in major organs.
Number of layer  Inflammation responses:
* Both micro- and nano-sized GO with similar amount [33]
of layers have similar macrophage uptake level.
Particulate state  Hemocompatibility: Pathology changes:
» Aggregation in micro-sized GO and in some surface [51] * Both micro- and nano-sized GO cause pulmonary [58,59,89]
coated GO reduces hemolysis effect, due to lower edema and granuloma formation in lung, due to
interaction surface with RBC retention time up to 1 month.
» Micro-sized GO causes lung occlusion within 1 min.
Surfactant Hemocompatibility: Toxicity:
« Surfactant (1% Tween 80) reduces hemolysis effect [64] « Surfactant (1% Tween 80) leads to accumulation [64]

of GO, due to reduced interaction between GO
and blood cells.

of GO in liver, due to greater mobility in circulatory
system.

Pathology changes:

« Surfactant (1% Tween 80) leads to no histological
alterations of blood cells, spleen, brain and testes by GO.
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Two studies reported that a BSA coating on GO resulted in very little
inhibition of cell proliferation at doses up to 50 pg/mL [31,65]. The mit-
igation behavior might be attributed to the protein adsorbed on GO that
weakened the interaction between GO and the cells [66].

In terms of cellular uptake, Mu et al. [31] reported that the internal-
ization of GO/BSA into mouse mesenchymal progenitor (C2C12) cells
was complete within 30 min. Although the protein in BSA was not iden-
tified, these proteins most likely helped in modulating the uptake.
Different sizes of GO/BSA led to different patterns of internalization.
The results showed that GO/BSA larger than 500 nm activated phagocy-
tosis, whereas those conjugates smaller than 500 nm entered cells via
clathrin-mediated endocytosis [31].

3.2. Poly(ethylene glycol) (PEG)

Poly(ethylene glycol) (PEG) is a biocompatible polymer that has
been approved for human use by the Food and Drug Administration
(FDA). It is non-toxic and can be easily eliminated by the renal or he-
patic pathway. PEG is frequently used as a GO coating because it pro-
vides good dispersibility of GO in biological solutions [17,48,67,68,
93] and it confers stealth properties to the particles it coats. PEG con-
jugation can prevent the uptake of GO-PEG by macrophages because
PEG screens the electrostatic charge of GO [17,77] and also because
of the protein-resistant properties of PEG that help to decrease the
interaction between GO and biological interfaces [48]. In addition, a
covalent coating of PEG on GO also remarkably increased the NIR ab-
sorbance of GO at 808 nm, by at least 6-fold due to a chemical reduc-
tion reaction that restored the aromatic and conjugated character of
GO sheets [67]. Such alterations may provide another advantage to
GO for use as a NIR light-induced photothermal agent for anticancer
photothermal therapy.

From here onwards, linear PEG and 6-arm branched PEG are termed
1PEG and 6PEG, respectively. GO-1PEG conjugates (~40 nm) were
highly biocompatible with A549 cells, in which no toxicity was observed
up to a concentration of 100 pg/mL upon 48 h of incubation [17]. In an-
other report, Vila et al. [48] conducted a comparative study on how the
number of PEG branches affects the cellular uptake and cytotoxicity ef-
fects of GO. The cellular uptake of GO-1PEG (95 nm) was significantly
higher than that of GO-6PEG (190 nm) in osteoblasts, fibroblasts and
macrophages. The lower cellular uptake of GO-6PEG might be due to
the reduced interaction of highly branched PEG with the biological sur-
faces of the cell [48]. GO-6PEG had lower cell uptake compared with
that of GO-1PEG but produced similar effects on cell viability (60% via-
bility at 75 pg/mL), indicating that GO-6PEG could most likely induce
different alterations of cell function from those by GO-1PEG [48]. Differ-
ent types of conjugations (covalent and non-covalent) of PEG with GO
showed similar levels of toxicity [67].

3.3. Dextran (DEX)

Dextran (DEX) is a biodegradable natural polymer that can weak-
en the serum opsonization of GO in vivo. DEX has been reported
to improve the stability of GO in biological solutions without obvious
agglomeration [69]. Three research groups [69-71] coated GO with
DEX and observed that GO-DEX was highly compatible with HeLa
cells, maintaining more than 80% of the cell viability at concentra-
tions of up to 450 pg/mL [70]. Interestingly, the optical density
of GO-DEX in the NIR region (800 nm) was significantly increased
by 18.6-fold compared with that of as-prepared GO [69]. This finding
again alludes to the promising application of GO-DEX in photo-
thermal therapy. Chen et al. [71] further coated iron oxide (Fe) on
GO-DEX to transform it into an MRI contrast agent. The GO-Fe-
DEX had negligible toxicity (~100%) although the Fe concentration
was as high as 80 pg/mL.

3.4. Poly(amido amine) (PAMAM) dendrimer

Wate et al. [47] constructed a multicomponent nanostructured sys-
tem — GO-G4-Fe-Cy — that displayed multiple features, such as high
payload, magnetic cellular targeting, aqueous dispersibility and fluores-
cence optical imaging. G4, Fe and Cy represent 4th generation amine-
terminated poly(amido amine) dendrimer, Fe304 and cyanine 5, respec-
tively. The GO-G4-Fe-Cy nanostructured system showed almost no
toxic effects on MDA-MB-231 cells at 100 pg/mL but the free PAMAM
G4 dendrimer induced 97% cell death. The author claimed that the
amine (NH) groups on the dendrimer caused the increase in the toxic-
ity of the material [47]. The GO-G4-Fe—Cy nanosystem mainly localized
in the cytoplasm of MCF-7 cells after 6 h and then migrated to
perinuclear regions after 24 h. The nanosystem resided in cells far lon-
ger than did the free Cy, most likely due to the high mobility of small
Cy, which allows it to diffuse out of cells. In another study, hydroxyl-
terminated PAMAM dendrimer and folic acid were chemically conjugat-
ed to GO to produce GO-DEN-OH-FA conjugate [72]. In contrast to the
amine-terminated dendrimer, the study found that the hydroxyl-
terminated dendrimer had improved biocompatibility with cell viability
of more than 70% at 100 pug/mL. Upon irradiation with a laser beam at
780 nm for 15 min, the GO-DEN-OH-FA conjugate induced cell death
in Hela cells. The author claimed that the cells' death was caused by
ROS generated from the conjugate upon irradiation, suggesting the
presence of phototherapeutic behavior of the GO conjugates.

3.5. Other surface coatings

Pluronic F127 - a triblock amphiphilic copolymer - is an excellent
stabilizer for enhancing the dispersibility of GO in aqueous electrolyte
solutions, cell culture media and serum [73]. However, GO/F127 exhib-
ited more than 20% toxicity at 0.5 mM polymer, whereas pluronic F127
itself was safe at 4 mM [73]. Improvement of this type of surface coating
is needed, and the in vitro toxicity profile requires further investigation.

A coating of titanium oxide (TiO,) on GO helped GO advance into a
visible light-driven PDT tool [74]. Under visible light, the GO/TiO,
(100 pg/mL of GO) semiconductor generated 4-fold more ROS com-
pared with that of GO alone and this led to the apoptosis of HeLa cells.
No dark toxicity was observed at the same concentration of GO.

Thus far, PEG and DEX are the two most biocompatible surface coat-
ings for GO. In addition, these coatings provide GO with good dis-
persibility in biological solutions and enhance the NIR photothermal
effect of GO. A PEG coating also helps GO to escape from macrophage
recognition.

Table 4 shows the in vitro stages and preclinical trials of GO and its
derivatives formulated with anticancer drugs (chemotherapeutic
drugs and photosensitizers). The principles of chemotherapy and pho-
todynamic therapies have been clearly elaborated [94-97]. It can be
seen that the published studies are focusing on chemotherapy drugs
and photosensitizers with planar structures that can form a - interac-
tion with graphenic domain on GO. Therefore, further studies are re-
quired to explore the possibility of loading other hydrophobic drugs
with non-planar structures on GO-based nanocarriers.

4. Conclusion — challenges and future perspectives

This paper gives a systematic review on how physicochemical prop-
erties of GO and different surface coatings affect the in vitro and in vivo
biocompatibility of GO-based formulations. This article complements
previous reviews on the design, synthesis [24,25,27,36], physicochemi-
cal properties, biomedical applications [20] and in vitro efficacy [2,22,
23] of GO.

As described throughout the review, we found that nano-sized GO,
especially GO in the range of 100 to 200 nm, can fulfill the majority of
the essential requirements of an effective drug carrier. The drawbacks
of nano-sized GO for the biocompatibility criteria, such as hemolysis
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Table 4
In vitro and preclinical trials of GO-based formulations carrying chemotherapeutic and photodynamic drugs.
GO-based formulation Drug*/photosensitizer™* Targeting molecule Size of GO Cell type and animal model Ref.
GO Doxorubicin® - ~500 nm - [19]
Doxorubicin® - - CNE1 (human nasopharyngeal carcinoma) [98]
Doxorubicin* HA 10-200 nm HepG2 (human hepatocellular liver carcinoma) [81]
RBMEC (rat brain microvascular endothelial cell)
H22 hepatic cancer cell-bearing Kunming mice
Doxorubicin*, Camptothecin* FA ~150 nm MCF-7 (human breast cancer) [99]
A549 (human lung adenorcarcinoma cells)
Hypocrellin B** - - HeLa (human cervical carcinoma cell) [100]
SMMC-7721 (human carcinoma cells)
SGC-7901 (human gastric cancer cells)
A549 (human lung adenorcarcinoma cells)
Chlorin e6** FA ~500 nm MGC803 (human stomach cancer) [101]
GO-6PEG Doxorubicin* Rituxan <10 nm Raji cells [45]
CEM T-cells
Doxorubicin® TEN 100-400 nm C6 glioma [83]
Sprague-Dawley rats
Doxorubicin*® IONP ~50-300 nm 4 T1 (murine breast cancer) [84]
4 T1 murine breast tumor-bearing Balb/c mice
SN-38* - ~5-50 nm HCT-116 (human colon cancer) [16]
Paclitaxel* - 50-200 nm A549 (human lung adenorcarcinoma cells) [102]
MCF-7 (human breast cancer)
Chlorin e6™* Herceptin <50 nm KB (human nasopharyngeal epidermal carcinoma) [103]
GO-6PEG-PAH-DA Doxorubicin* - 70 nm MCF-7/WT (wild-type human breast cancer) [104]
MCF-7/ADR (drug-resistant human breast cancer)
GO-1PEG Doxorubicin® - ~100 nm EMT6 (murine mammary tumor line) [86]
EMT6 tumor-bearing mice
GO-Cyt-ALG-1PEG Doxorubicin* - 94.7 + 9.6 nm HepG2 (human liver carcinoma cell) [57]
GO-1PEG-Gd Doxorubicin* - 100-300 nm HepG2 (human liver carcinoma cell) [105]
GO-1PEG HPPH** - <50 nm 4T1 murine breast cancer cell [85]
Athymic nude mice
GO-CS Doxorubicin* FA >5 pm - [106]
GO-CS Camptothecin® - ~170 nm HepG2 (human hepatocellular liver carcinoma) [107]
Hela cell
GO-bPEI Doxorubicin* FA <30 nm CBRH7919 (rat hepatocellular carcinoma) [108]
Elsinochrome A** HL7702 liver cells
Primary cultured mouse central neurogliocyte cells
GO-bPEI-1PEG Doxorubicin*® - 100-200 nm PC-3 (human prostate cancer cell [49]
HelLa cell (human cervical carcinoma cell)
GO-PAH Doxorubicin* - ~5pm MCF-7 (human breast cancer) [109]
GO/Ag Doxorubicin® NGR - MCF-7 [87]
Balb/c mice S180 tumor model
GO/Fe Doxorubicin® FA <200 nm Hela [110]
SK3 (human breast cancer)
GO/Au Doxorubicin* - ~50 nm - [111]
GO/DEX-hematin Doxorubicin® - 220-240 nm MCF-7/ADR [90]

Symbol: GO = graphene oxide, HA = hyaluronic acid, FA = folic acid, 6PEG = branched poly(ethylene glycol), TEN = transferrin, IONP = iron oxide nanoparticle, SN38 = 7-ethyl-10-
hydroxy-camptothecin, PAH = poly(allylamine) hydrochloride, DA = 2,3-dimethylmaleic anhydride, 1PEG = linear poly(ethylene glycol), Cyt = cystamine, ALG = alginate, Gd =
gadolinium, HPPH = (2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-alpha), CS = chitosan, bPEI = branched polyethyleneimine, Ag = silver, NGR = Asn-Gly-Arg peptide, Fe =
Fe;0, iron oxide, Au = gold nanostar, DEX = dextran. Chemical bonds: — indicates covalent bonding and / indicates noncovalent in the GO-based formulation.

Asterisk: * indicates chemotherapeutic drug and ** indicates photosensitizer.

and clearance issues, can be addressed by choosing appropriate surface
coatings, like PEG and DEX.

A recent study reported that GO could selectively target and inhibit
the proliferation of cancer stem cells to form tumor-sphere, providing
yet another characteristic of a promising therapeutic candidate for
targeted drug delivery [112].

However, as-prepared GO rarely appears in uniform sizes, which
could greatly affect its in vitro and in vivo biocompatibility, leading to in-
consistency in the results. At this stage, plain GO is known to induce pul-
monary toxicity because it has a tendency for high accumulation in the
lungs upon injection. Moreover, the bio-persistence of plain GO in the
human body could potentially trigger immunology and pathology effects.

Therefore, we note the following challenges that must be met and
the progress that is required in the future to propel applications of
GO-based carriers into pre-clinical or clinical stages:

* To develop a facile method for reproducible synthesis and meaningful
batch-to-batch characterization of GO to accurately control the size
and quality.

« To explore the optimum dosage that maintains a balance between the
therapeutic effects and nanotoxicity of GO-based formulations.

To explore the possibility of GO-based formulations carrying other
hydrophobic drugs that have limited clinical utility because of their
poor solubility.

To develop a GO-based formulation that can cure lung disease be-
cause GO has a strong tendency to accumulate in lungs.

To explore other surface coatings of GO that have unique proper-
ties similar to PEG and DEX.

To develop a GO-based formulation that can be cleared from the
body in a shorter period.

To evaluate the biocompatibility of GO-based formulations with
relevant pre-clinical in vitro and in vivo models so that the results
obtained can easily be translated to clinics.

To standardize the terminologies used in GO research and validate
the toxicological methodologies to give comparable results to elu-
cidate the potential toxicological effects of GO-based formulations.
To assess the adverse effects of GO based formulations on human
and environment as the large scale of production at industrial
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level can lead to potential human exposure and environmental
issues.
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