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Two-dimensional nanomaterials have potential as a new class of antioxidants that combine physical
barrier function with ultrahigh surface area for free radical scavenging. This work presents the first
measurements of the chemical reactivities of graphene-based materials toward a set of model free
radicals and reactive oxygen species using electron paramagnetic resonance spectroscopy (EPR) and
sacrificial dye protection assays. Graphene-based materials are shown to protect a variety of molecular
targets from oxidation by these species, and to be highly effective as hydroxyl-radical scavengers. When
hydroxyl radical is produced photolytically, the overall antioxidant effect is a combination of preventative
antioxidant activity (UV absorption) and "OH radical scavenging. Few-layer graphene is more active than
monolayer graphene oxide, despite its lower surface area, which indicates that the primary scavenging
sites are associated with the spz-carbon network rather than oxygen-containing functional groups. To
explain this trend, we propose that GO is a weak hydrogen donor, due to the non-phenolic nature of
most OH groups on GO, which reside at basal spa-carbon sites that do not allow for radical resonance
stabilization following hydrogen donation. As an example application of graphene antioxidant behavior,
we show that encapsulation of TiO, nanoparticles in graphene nanosacks reduces undesired photo-
oxidative damage to nearby organic target molecules, which suggests graphene encapsulation as a new
approach to managing adverse environmental or health impacts of redox-active nanomaterials.

Keywords:

antioxidant; free radical; metal ion toxicity; superoxide; titanium oxide; graphene.

Dynamic Article Links »

ARTICLE TYPE

1. Introduction

Reactive oxygen species (ROS) play an important role in food
. 1 . . yepe . 1 . 2
spoilage,” oil rancidification,” polymer degradation,” and
damage to biological structures that include cell membranes,
protein structures, and DNA.>® Oxidation protection is a broad
area of chemical and biochemical technology with applications
. e 6 . . 4,7, 8
in nutrition,” food and pharmaceutical formulations,
biomedical implants,9 topical protection,10 cosmetics,7 metal
. 11 . . 12
corrosion,” wound healing therapies,” and the long-term
stabilization of chemical products and polymer materials.’
Graphene-based materials have been explored as two-
dimensional physical barriers that restrict access of oxidants to
surfaces, but the potential for graphene-based materials as
chemical agents in oxidation protection has not been
systematically explored to our knowledge.
Low temperature oxidation protection often involves
destroying or inhibiting the formation of ROS, which form by

the uncontrolled and undesired partial reduction of molecular
oxygen in the presence of Fenton-active metal catalysts,
45 material surfaces, or UV radiation. Carbon nanomaterials can
generate ROS through surface reactions, often involving defect
or heteroatom sites,ls’ % or through transition metal
impurities.ls'17 A variety of heteroatoms can be present in
chemically modified nanocarbons and these may govern ROS
s0 generation or toxicity.ls'20 Carbon nanomaterials may also
scavenge ROS, as reported by several studies focused on
fullerenes, carbon nanotubes (CNTs) and functionalized carbon
dots.” Oxidation protection by carbon materials may involve
radical adduct formation at sp2 carbon sites, which delocalizes
s5 spin across the conjugated graphenic backbone®® and leads to
destruction of the radical following second adduct
formation;zs’ z through electron transfer;zg’ 0 through
hydrogen donation from functional groups;31 or through
chelation of transitional metal ions and inhibition of Fenton-
60 based radical generation.32'34 Graphene-based materials may
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show one or more of these important behaviors, but this has
not been confirmed, and the relative activity of different
members of the graphene family, or toward different radicals
or ROS is unknown.

Here we investigate the basic chemical activity of graphene
oxide (GO), reduced graphene oxide (rGO), and few-layer
graphene (FLG) against various ROS: hydroxyl radical,
superoxide, peroxides/peroxyls, and the model stable radicals
2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-
ethylbenzothiazoline -6-sulphonic acid) (ABTS) radical cation.
Hydroxyl radicals ((OH) are generated in situ through Fenton
chemistry or UV irradiation, and detected by electron
paramagnetic resonance (EPR). Additional experiments are
designed to test whether suspended graphene sheets can
protect organic dyes from destruction by in situ generated "OH.
Multiple experiments here show that GO is an effective
scavenger of ‘OH and can protect water soluble dyes and spin
traps from oxidation. FLG is more active despite its lower
surface area, suggesting that the main scavenging sites are on
the pristine graphenic basal plane and are not associated with
H-donation from hydroxyl groups. In experiments involving UV-
induced 'OH generation, some of the protective effect is
attributed to UV absorption by graphene in addition to radical
scavenging. These behaviors are discussed in relations to the
physical and chemical structures of GO and FLG. Finally, we
demonstrate one application, in which graphene nanosack
encapsulation is used to reduce ROS generation and oxidative

damage that are undesired side effects when TiO,
nanoparticles are used for UV protection.
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2. Results
2.1. Characterization

Figure 1 summarizes the properties of the graphene-based
materials synthesized and used in this study. The GO has
typical lateral dimensions from 1-5 um (Figure 1B) and is
primarily in monolayer form (Figure 1C), which exhibits ~2600
ng'l surface area when fully dispersed in aqueous media. In
contrast, the FLG and rGO materials are multilayer structures
that were obtained/fabricated as dry powders that must be
dispersed in the aqueous test media. Vapor adsorption
methods provide information on surface area and pore
structure of these graphene-based powders (Figure 1D), which
are lower (663-713 m’ g'l) than the monolayer surface area
due to face-to-face association of individual layers (or
incomplete exfoliation in some cases). The surface area of rGO
powders measured by N, probe is only 10 m’ g'1 (data not
shown) but 680 m? g™ when measured by CO, probe. This is a
well-known effect in carbon materials (Areayirogen << Ar€acarbon-
dioxide) that indicates the presence of super-micropores near
the molecular diameter of N, (0.3-0.84 nm) that are not
accessible to the N, probe at the low temperature of the
experiment (77 K) due to diffusional limitations but are
accessible to CO, (a similarly sized molecule) at the higher
temperatures used to obtain those isotherms (273 K).35 The
presence of these ultrafine micropores capable of molecular
sieving has been observed previously in rGO films.*® Raman
characterization (Figure 1A) shows lower defect densities on
FLG, as expected for this material that has not been subjected
to permanganate-mediated basal surface oxidation.
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Figure 1. Graphene material characterization. A: Raman spectra; B: Typical SEM image showing 1-5 pm nominal lateral dimension for GO sheets on
silicon substrate; C: AFM image of typical GO sheet. Line scan shows 1.04 nm step height indicating monolayer GO; D: Differential pore size distributions

2 -1

(Diff. PSD) for rGO and FLG as bulk dry powders as probed by CO, at 273 K (main plot) and N, at 77 K (inset). The total surface areas near 700 m“g’
indicate that the materials are composed of multilayer stacks of approximately 3-4 layers (2600/700). The N, Diff. PSD show characteristic modes with a
65 periodic spacing of 1-2 nm, which has been interpreted as the pores formed by irregular stacking of 1-2 nm plate-like structures ¥
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2.2. Hydroxyl radical scavenging

Multiple assays were employed to characterize the ability of
graphene-based materials to scavenge -OH, which is a highly
s reactive radical implicated in a wide range of undesired low-
temperature oxidation processes and biochemical reactions.
Figure 2 shows the ability of (monolayer) GO in suspension to
protect organic molecules in solution from -OH oxidation. Here
the -OH is generated by Fenton chemistry (Fe2+ + H,0, > -OH +
10 OH + Fe3+), and the oxidizable target molecules are tracked by
UV-vis. spectroscopy (for the case of phenol red, Figure 2A) or by
EPR (for DMPO, which forms the DMPO-OH radical adduct with
its characteristic EPR spectrum shown in Figure 2B). The
protective effect of GO in both cases is dose-dependent and
15 quite pronounced above 100 ug mL™ (100 ppm).

We considered the possibility that the observed effect was
due to inhibition of the Fenton reaction by iron complexation at
oxygen-containing functional groups on GO rather than radical
scavenging, and carried out two control experiments to evaluate

20 this possibility. Figure 2C shows that the GO protective effect is
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still observed when an excess of ethylenediaminetetraacetic acid
(EDTA) is added, whose strong chelation ability prevents iron
complexation with GO. (Separate experiments involving iron
analysis by inductively coupled plasma-atomic emission
spectroscopy (ICP-ES) show that GO does bind iron in these
solutions, but not in the presence of the much stronger
complexing agent EDTA — see ESI). The EDTA-Fe complex retains
some redox activity, which leads to phenol red oxidation and
DMPO adduct formation, and these oxidation processes are still
inhibited by GO, confirming the presence of the radical
scavenging mechanism. Further, Figure 2D shows that GO is still
protective when -OH is generated by sonochemistry, which
involves homolytic cleavage of H,0, 38,39 by a mechanism that
does not involve iron. Another possible artifact here would be
the direct reaction between GO and H,0, used in the Fenton-
generation of -OH, but this reaction was found to be slow by
direct measurement of H,0, (see ESI) and through a later assay
(Figure 6A). Overall, it is clear that dispersed monolayer GO at
100 ppm concentration is quite active as an -OH scavenger.
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Figure 2. GO as a hydroxyl-radical scavenger. A: Addition of 100 ppm GO protects phenol red from oxidation by Fenton-generated ‘OH over 8 hrs. B:
Addition of GO protects the spin-trap DMPO from oxidation by Fenton-generated ‘OH detected by EPR spectroscopy. The protective effect is
concentration dependent over the range 0.1-90 ppm GO. C: Both phenol red monitoring and EPR were used to test if the GO-mediated protective effect
is due to radical scavenging or Fenton suppression by Fe-binding. The protective effect of GO is still present when GO-Fe binding is suppressed by EDTA,

45 confirming the importance of radical scavenging. D: GO also protects DMPO when ‘OH is generated sonochemically, in a non-Fenton assay, providing
additional evidence for true radical scavenging. All experiments were done in PBS (pH 3.5).
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Figure 3. GO antioxidant function in systems with ‘OH generation by UV-irradiation of hydrogen peroxide. A: GO (200 ppm) retards phenol red oxidation,
B: GO (200 ppm) suppresses DMPO-OH radical adduct formation; C: Mechanism - additional experiments to separate the effects of radical scavenging
and UV adsorption by GO. Placing GO in the UV beam path but physically separated from the dye reveals the contribution of UV absorption to the total
protective effect of GO. Results from both dye monitoring (main plot, 200 ppm GO) and EPR (inset, 100 ppm GO) show that the protective effect of GO in

these systems is a combination of UV absorption and radical scavenging.

Figure 3 characterizes the behavior of GO in systems
where -OH is generated by water photolysis rather than Fenton
chemistry. Here again, suspended monolayer GO shows some
protective effect for phenol red (Figure 3A) and for DMPO (Figure
3B). These effects cannot be related to iron binding, but may
involve -OH scavenging or UV absorption that inhibits the
original -OH generation. Figure 3C shows the results of special
control experiments to determine the separate contributions of
UV absorption and -OH scavenging. The red curves (second from
bottom) were generated by placing the GO in a separate cuvette
isolated from the target molecule, but in the beam path where
UV absorption can occur but not scavenging in a manner that

could protect the phenol red (main plot) or the DMPO (inset).

20 These results show that the antioxidant effect of GO here is a
combination of UV absorption and -OH scavenging. The UV
absorption is a type of preventative antioxidation mechanism,
and because this absorption is the result of integration along the
total beam path, it should be more important in thicker systems

25 (tissues, bulk materials or thick films) and less important in thin
film systems according to Beer-Lambert law.
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Figure 4. Comparison of different graphene-based materials as ‘'OH scavengers. A: EPR spectra of DMPO-OH' adduct formed through 20 min Fenton
reaction- in the presence of 200 ppm graphene-based and reference materials. Radical scavenging potency follows rank order: FLG > rGO > GO >
mannitol> pC60. Ascorbic acid is a pro-oxidant under these conditions. B: MDA assay showing 100 ppm FLG (red bar, second bar from left) is more active
than 100 ppm GO (black bar, first bar from left) in protection of 100 mM deoxyribose from Fenton-generated ‘OH oxidation. The right-hand two bars
show control experiments that rule out adsorptive artifacts in the FLG experiment. When FLG is added and removed before the oxidation step (green
bar, third bar from left), there is no effect (which rules out physical adsorption of deoxyribose). When FLG is added and removed after the oxidation
(blue bar, fourth bar from left), there is also no effect (which rules our physical adsorption of the deoxyribose oxidation products).

An important goal of this work was to explore the relative 30 with peroxidem' 42, which accelerates 'OH generation in this

antioxidant activity of different members of the graphene assay.
material family as a guide to material selection and design. The antioxidant activity of the graphene-based materials
We attempted to use all three materials (GO, rGO, FLG) in all toward ‘OH falls in the order FLG > rGO > GO. Because monolayer

assays, but found that the hydrophobic varieties (rGO, FLG) GO has by far the highest surface area, this rank order indicates a
produced adsorptive artifacts, especially in those assays much higher area-specific (intrinsic) activity for the pristine or

w
a

involving dye destruction, due to the well-known affinity of reduced graphene forms (FLG, rGO), an observation that
pristine carbon surfaces for conjugated dyes.40 We therefore provides insight into the mechanism of antioxidation (see
focused on GO in most assays, but devised special experiments Discussion). The left two bars in Figure 4B shows that FLG is
to compare the three materials in a reliable manner free of more active than GO in protecting deoxyribose from ‘OH attack.
artifacts. Figure 4A compares the "OH scavenging activities of GO, 4 We were concerned about artifacts, since the pristine
rGO, FLG, and reference antioxidants using the DMPO spin trap hydrophobic surfaces of the FLG samples can cause significant
protection assay with Fenton-generated ‘OH and EPR detection physical adsorption of dyes and reagents in biological fluids and
of DMPO-OH as above. At 200 ppm, all the graphene-based assays.40 We therefore carried out an additional assay with
materials are active scavengers and are more active than the deoxyribose as a very soluble hydrophilic target molecule that is
reference antioxidants mannitol and the fullerene derivative 45 not depleted by physical adsorption under these conditions (the
pyrrolidine tris-acid Cgy (pC60), which is a commercially available right two bars in Figure 4B). Here too FLG is more active
water-soluble fullerene derivative reported to show antioxidant indicating that it is an intrinsically better ‘OH scavenger than GO.
activity.23 Ascorbic acid is seen to be a pro-oxidant under these Additional controls indicate that the EPR effects in Figure 4A are
conditions, as has been observed previously,41 and attributed to not due to FLG interacting with DMPO or its OH adduct (see ESI).

its activity in reducing Fe** to Fe’" for further Fenton reaction

This journal is © The Royal Society of Chemistry [year] Nanoscale, [year], [vol], co—oo0 | 5
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Figure 5. GO interactions with other radical species. A,B: superoxide radical scavenging by GO and reference antioxidants (83 ppm) using nonenzymatic
(A) and enzymatic (B) methods of superoxide generation. Superoxide was monitored for 600 s by measuring the absorbance of superoxide-reduced NBT
at 560 nm. GO shows modest scavenging activity in this assay. C, D: Interaction of GO and reference antioxidants (100 ppm) with the model stable free
radicals DPPH" (C) and ABTS™" radical cation (D). GO shows weak activity relative to the known H-donor antioxidants ascorbic acid and Trolox.

2.3. Other radical and oxidant interactions

Superoxide anion, O,-, is another important oxygen-centered
radical species that forms through the one-electron reduction of
molecular oxygen, and is scavenged in biological system by the
superoxide dismutase family of antioxidant enzymes that
catalyze its destruction through disproportionation to H,0, and
02,43 Figure 5 shows the effects of GO on superoxide
concentrations following O, generation by non-enzymatic (A)
and enzymatic (B) routes. The assay monitors the superoxide-
mediated conversion of nitroblue tetrazolium chloride (NBT) to
the blue chromagen formazan, which has a characteristic
absorption peak at 560 nm.* Figure 5A shows that GO shows a
modest scavenging effect against superoxide compared to
ascorbic acid and pC60, which both have been reported as strong
0, scavengers.B’ 47 Because the activity is seen in both the
enzymatic and non-enzymatic systems, the results cannot be

2

3

3

S
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&

attributed to GO-mediated enzyme deactivation.

In addition to the protection-based, three-molecule (oxidant,
target, antioxidant) assays described above, antioxidant activity
can also be assessed by measuring the direct reaction rates of
candidate antioxidant molecules (here graphene-based
materials) with model free radicals of sufficient stability for use
in laboratory assays. Figure 5C shows results for the standard
radical DPPH-***®*° and Figure 5D for ABTS™* GO shows weak
activity toward DPPH- in comparison to the known reference
antioxidants pC60 and ascorbate.’® Similarly, GO shows weak but
measureable activity toward ABTS' relative to known
antioxidants ascorbate, pC60, and Trolox.”® ' Because the
quenching of DPPH- and ABTS™ typically occur through hydrogen
donation®® > the weak activity of GO here suggests it is a poor H-
donor.

6 | Nanoscale, [year], [vol], oo—oo0
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Figure 6. Graphene material activity against hydrogen peroxide (A) and lipid peroxyl radicals (B). A: GO and rGO (100 ppm) shows no protection on 4 mM
GSH against oxidation by 1 mM H,0,. B: GO (200 ppm) shows weak protection on linoleic acid against oxidation.

Glutathione (GSH) is a key endogenous antioxidant, whose
depletion is widely used as a measure of oxidative stress in
biological systems.43’ %54 GSH oxidation can be catalyzed by
carbon nanotubes™ and an acellular GSH oxidation assay has
been proposed as a measure of pro-oxidant potential for carbon
nanomaterials.">** GSH reacts quickly with hydrogen peroxide B
and here we carried out experiments to see if GO could inhibit
that oxidation and protect GSH. Figure 6A shows that GO has no
measurable ability to protect GSH from H,0,. Figure 6B shows
that the presence of GO caused a slight delay in lipid
peroxidation initiated by the azo free-radical initiator 2,2’-
azobis(2-amidinopropane) hydrochloride (AAPH)  which
decomposes by a first order kinetics. Lipid peroxidation is a
major cause of food and drug product spoilage and has been
implicated in human disease.®> Here GO shows a weaker
antioxidant activity than Trolox, an analog of vitamin E used as a
standard reference antioxidant for lipid peroxidation.

3. Discussion

Figures 2-6 provide the first systematic data on the antioxidant
behaviors of graphene-based materials. A number of clear
patterns are seen: first they are active against ‘OH in multiple
independent assays, and when present in a well-dispersed state
at ~ 100 ppm can protect dissolved organic dyes and spin traps
from 'OH oxidation. They show modest activity against
superoxide, but are relatively inactive toward hydrogen peroxide,
lipid peroxyl radicals, and two stable free radicals (DPPH’, ABTS™)
that are often used as standard probes to assess the activity of
molecular antioxidants. The graphene-based materials show OH
radical scavenging activities in the order FLG > rGO > GO, which is
in inverse order to their total surface area.

To what extent can this pattern of antioxidant activity be
related to the structures of GO or pristine FLG? First we note that
graphene materials may also have pro-oxidant activities, and the
observed ROS inhibition here is, in principle, the net effect of
ROS scavenging and generation, though the high concentrations
of externally generated ROS may be expected to overwhelm the

80

material-dependent ROS. We have carried out studies of oxidant
production from this set of materials (see ESI), and the order of
activity is also FLG > rGO > GO, so pro-oxidant contributions
cannot explain the trends seen here for anti-oxidant activity.

The ranking FLG > rGO > GO suggests that the primary actives
sites are associated with the pristine graphenic network, rather
than oxygen-containing functional groups. We note that the
activity of oxygen-containing groups may be pH-dependent, but
the high activity of FLG relative to GO is seen at both pH3 and
pH7 in separate assays. Most molecular antioxidants that show
activity toward DPPH’ and ABTS™ are hydrogen donors of the
form AH that act through: AH + R° - RH + A’, where the new
radical A is sufficiently stable not to propagate the free-radical
chain reaction. Many H-donor antioxidants for ‘OH scavenging
act through R-O-H groups where the O-H bond dissociation
energy (BDE) is low enough for sufficient reactivity. 33 0t s
interesting that GO is seen here to be a weak antioxidant in
these standard assays, and is thus a poor H-donor antioxidant
despite its high hydroxyl content compared with rGO and FLG as
shown by the FTIR spectra in ESI (OH/C ratio ~0.25 as reported in
Iiterature).56

We believe the weak activity of GO as a donor antioxidant is
consistent with its chemical structure. Many antioxidants are
phenolic compounds,57 whose radical forms following H-
donation are stabilized by resonance structures,58 in which the
unpaired electron can reside on the oxygen atom, or on ortho or
para carbons on the adjacent aromatic ring.59 GO has many
hydroxyl groups and also extensive aromaticity in the form of
pristine spz-carbon domains between oxidized regions, but is not
highly active as an H-donor. Most accepted models for GO
structure place the OH groups out-of-plane at basal sites, where
oxidation of C=C double bonds has created local sp3 sites that do
not offer the adjacent conjugated structure necessary for radical
resonant stabilization. Such basal OH groups on GO are not
expected to show strong antioxidant activity.

In the absence of basal defects in GO, the only source of
phenolic groups (aromatic hydroxyl sites) would be at the sheet
periphery. Such sites are very few, however, for the GO sheets of
microscale lateral dimension (L ~ 1 um) used here and in most

This journal is © The Royal Society of Chemistry [year]
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other studies. The ratio of basal-to-edge sites scales as Lipeet/Lc.c.
bong» Which is of order 10° for microscale sheets. Even if phenolic
OH groups were to cover the entire GO edge, at 1:1000 edge-to-
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GO must be non-phenolic, and this is consistent with the low H-
donor antioxidant activity observed here.
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Figure 7. Antioxidant mechanisms and example application. A: Overview of relevant antioxidant mechanisms (UV absorption, iron binding, 'OH adduct
10 formation on sp>-carbon sites; electron transfer, and hydrogen donation). This study shows that the primary antioxidant activity for graphene-based
materials is against ‘OH and is associated with pristine sp>-carbon domains. Hydrogen donation activity is limited by the low population of phenolic OH,
which are found on edge but not basal sites. B: Example application of graphene-based oxidation protection. TiO,-mediated photocatalytic destruction of
Rhodamine B dye in the presence and absence of graphene-based materials when exposed to 365 nm long-wavelength UV. Addition of GO (final
concentration 20 ppm) in suspension slightly inhibits dye destruction. Encapsulation of TiO; in graphene nanosacks (0.1 mg mL™ nanosacks with ~80
wt% TiO, and ~20 wt% rGO) significantly inhibits dye oxidation. ROS produced at TiO, surfaces are scavenged by internal rGO surfaces prior to release

and dye oxidation.

Figure 7A summarizes the behaviors observed in this study.
Graphene-based materials are effective scavengers hydroxyl
radical, and show some activity toward superoxide. The primary
radical scavenging sites are believed to be associated with the
pristine spz-carbon domains, which act through adduct
formation”’ or electron transfer. Graphene-based materials may
also act as preventative antioxidants through UV absorption
during photochemical ROS formation. Graphene-based materials
including GO are weak H-donor antioxidants, which together
with the fact that they are large non-diffusible species limits
their use to certain applications in oxidation protection.
Graphene-based sheet-like materials of microscale lateral
dimension can be thought of as stationary, passive scavengers of
the more reactive species, such as ‘OH, and to be effective in this
data, must be present at concentrations on the same order as
the target molecules they protect. In some terminologies,
materials in this class are referred to oxidation retarders rather
than true antioxidants,60 the latter term being reserved for
materials that are effective at much lower concentrations. This
pattern of activity suggests two possible antioxidant applications
for graphene-based materials:

(1) as fillers or additives in a continuous organic matrix phase,
where their ultrahigh surface area provides good site
availability and large capacity for ‘OH or 'O, scavenging.
These applications will require high concentrations of the
carbon material,2 in a well-dispersed state, and are thus likely
of most interest when the graphene material also provides a

5

5

6

6.

5 second function as a conductive filler or mechanical
reinforcement.®

as planar films or encapsulation shells where the graphene
material serves both as a chemical antioxidant and a physical
barrier to oxidant transport to achieve a high degree of
0 oxidation protection. This class of application makes use of

the unique 2D geometry of graphene.

As a first demonstration of application type (2) we explored the
potential for graphene encapsulation to suppress the release of
ROS from TiO, nanoparticle surfaces. TiO, nanoparticles are
widely used in exterior coatings, paints and sunscreens to scatter
and absorb potentially damaging ultraviolet radiation (290-400
nm) in sunlight.62 Ultraviolet photon absorption produces
electron-hole pairs in TiO, that lead to ROS formation through
surface reactions,63 which in turn causes oxidative damage in the
paint, coating, or adjacent skin tissue. Organic and inorganic
coatings have been used to suppress ROS formation and protect
the product or tissue.*” ® The present results suggest that
graphene-based materials may be effective in this role both
through UV adsorption and radical quenching if a suitable TiO,-
graphene hybrid architecture can be designed.

One possible architecture involves graphene encapsulation,
which has been demonstrated through electrostatic wrappingse'
 or through continuous aerosol microdroplet drying to form
filled graphene nanosacks.®*”° An important pathway for TiO,-

(2

b

S

A

70 mediated oxidative damage involves ‘OH production according

to: OH'+ hole"™> "OH’* followed by ‘OH diffusion from the surface
to attack adjacent molecular targets. In a TiO,-filled graphene

8 | Nanoscale, [year], [vol], oo—oo0

This journal is © The Royal Society of Chemistry [year]

Page 8 of 13



Page 9 of 13

o

o

2

S

2

o

30

3

by

40

4

o

50

Nanoscale

nanosack, these surface hole sites would exist only inside the
folded sack, and the ‘OH produced would have to diffuse through
the porous interior and around internal graphene structures to
reach surrounding tissue. We hypothesized that the high
reactivity of ‘OH toward graphenic surfaces would lead to
quenching before radical release, and that graphene sack
encapsulation would be effective at mitigating TiO, nanoparticle-
induced oxidative damage.

Figure 7B shows the effect of graphene-based materials on
TiO,-induced photocatalytic dye destruction. TiO, nanoparticles
alone catalyze the destruction of most of the dye (Rhodamine B)
within 3 hrs, and addition of GO in co-suspension has a slight
inhibitory effect under these conditions. Much more significant
inhibition is seen when all of the TiO, particles are encapsulated
in folded graphene nanosacks, which are known to be multilayer
(3-10) rGO structures whose irregular folding allows rapid
diffusional exchange of solutes in aqueous phases,68 here oxygen
and ROS. The overall antioxidant function seen in Figure 7B is
believed to be a combination of UV absorption, ROS scavenging
in the graphene sack interior, and possible passivation of a
portion of the TiO, surfaces by close contact with internal
conforming graphene structures (see Sl) in a manner analogous
to the passivation of silica by carbon black following co-grinding
to produce intimate contact.”?

It is interesting that some other studies report the opposite
trend - increases in TiO, photochemical activity following
hybridization with graphene.73' " These prior studies fabricate
TiO, nanostructures bound to planar graphene sheets and
attribute the enhancement to electron transfer from TiO, to
graphene, which reduces electron-hole recombination and
improves the photochemical efficiency. This same effect may be
present in the data in Figure 7B, but is overwhelmed by the
antioxidant function in the nanosack configuration, and the net
result is significant inhibition of ROS and oxidative damage. We
believe this is a unique behavior of the sack-cargo architecture,
which places the oxidizing sites (holes) entirely inside a porous
graphenic structure that provides numerous sites for radical
scavenging before ROS species can be released to the
surrounding medium. This simple demonstration suggests that
graphene sack encapsulation may be useful for managing the
environmental and health risks associated with some
nanoparticle-based technologies.

4. Materials and Methods
4.1. Materials

GO was prepared using a modified Hummers method and
purified as described previously.68 RGO was produced by heating
multilayer GO flakes at 250 C for 30 min in nitrogen flow. Few
layer graphene (3-5 layers with nominal lateral dimension of 800
nm) was obtained commercially and characterized. Ascorbic acid,
titanium (IV) oxide (TiO,) nanopowders (<25 nm particle
size, >99.5 % trace metal basis), iron (ll) sulfate haptahydrate
(FeSO,-7H,0), reduced GSH, D-mannitol, pC60, xanthine,
xanthine oxidase from bovine milk grade 1V,2,2’-azobis(2-

55

o
%

100

105

amidinopropane) hydrochloride (AAPH), thiobarbituric acid
(TBA), trichloricacetic acid (TCA), DPPH, 2-deoxy-D-ribose
(deoxyribose), sodium dodecyl sulfate (SDS), ABTS, B-
Nicotinamide adenine dinucleotide 2'-phosphate reduced
tetrasodium salt hydrate (NADH), phenazinemethosulfate (PMS),
xanthine, xanthine oxidase from bovine milk, and NBT were
purchased from Sigma Chemicals Co (St. Louis, MO). Hydrogen
peroxide (H,0,), phosphate buffered saline (PBS) (pH 7.4), and
EDTA were purchased from Fisher Scientific Inc. (Pittsburgh, PA).
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were purchased from
Dojindo Molecular Technologies, Inc. (Rockville, MD). ThioGlo-1
Fluorescent Thiol Reagent is purchased from EMD Millipore
Chemical (Darmstadt, Germany), Nanopure water was used
throughout.

4.2. Characterization

The morphologies of all the graphene-based materials were
characterized with a LEO 1530 field-emision scanning electron
microscope (SEM) and an FEI CM20 TEM. The graphenic
structure was characterized with a WITECAlpha 300S Scanning
Near-field Optical Microscope with micro Raman system using
the 532 nm laser. The functional groups on the graphenic plane
and edges were identified using a JASCO FT/IR-4100 Fourier
Transform Infrared Spectrometer. N, vapor isotherms at 77 K and
CO, vapor isotherms at 273K were measured using Autosorb-1
instrument from Quantachrome Corporation from which surface
areas were calculated by applying Brunauer Emmett Teller (BET)
model, and pore size distributions by using carbon slit pore
model nonlocal density functional theory (NL-DFT).75 The size of
TiO, nanoparticles were found to be around 20~30 nm with TEM
and about 57 nm with dynamic light scattering (DLS). The
dominant phase was identified to be anatase with X-ray
Diffraction (XRD) pattern on a Bruker AXS D8 Advance
instrument with Cu KR radiation (A = 1.5418 A) (see Sl).

4.3. Dye protection assay for ¢OH scavenging

Phenol red was used as a model target molecule for oxidant
attack, and the effects of graphene-based materials on its
decoloration rate in the presence of hydroxyl radical used as a
measure of antioxidant activity. 10 mL solutions (pH 6.2)
containing phenol red (0.1 mM), FeCl, (0.58M), H,0, (50 mM)
and graphene-based materials (0.10 g L'l) in PBS (50 mM) were
continuously stirred on a rotator for 8 hours. 1.5 mL solutions
were taken out, centrifuged at 12,000 rpm to remove graphene-
based materials and then the absorption spectra of the
supernatant were measured with a JASCO V-630 UV/Vis
Spectrometer.

4.4. «OH scavenging assay by EPR

EPR spectra were obtained using a Bruker EMXplus spectrometer
with procedures similar to our previous research.”® Spectra were
obtained at center field of 3519 G; sweep width 100 G;
microwave power 2 mW; sweep time 30 s; number of scans 10;
modulation amplitude 1 G; time constant, 81.92 ms. ‘OH were
generated in situ through three methods: Fenton reactions, UV
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photolysis and sonochemical cleavage of H,0,. In the former
method, 180 BIL solution containing DMPO (11 mM), H,0, (1.1
mM), graphene-based materials (GO, rGO, FLG, etc) (up to 222
ppm) in PBS (5.5 mM, pH 3) was prepared in a centrifuge tube.
Fe(ll) (20 BEL, 1.0 ppm) aqueous solution freshly prepared from
FeSO, was then added to initiate the reaction. After brief stirring,
about 50 BL of solution was then transferred into a capillary
tube, which was in turn mounted onto the EPR spectrometer for
scanning. The scanning started exactly 20 min after the addition
of Fe (ll) solution. In the latter method, a solution containing
DMPO (1 mM), H,0, (1 mM), GO aqueous solution (up to 20
ppm) in PBS (100 mM, pH 7.4) in a quartz cuvette was exposed
to UV light (365 nm at ~10 mW cm'z) for 20 min. 50 EL of the
solution was then transferred into a capillary tube, which was in
turn mounted onto the EPR spectrometer for scanning.

4.5. Non-enzymatic superoxide radical scavenging assay

The interaction of graphene-based materials with superoxide
anion was investigated using the NADH/PMS reaction system to
generate superoxide in a method similar to Valentao et al*Ina
96-well plate, 200 BL solution containing NADH (200 @M), NBT
(50 @M), and test materials (100 ppm) in PBS (20 mM) was
prepared and the reaction initiated by addition of PMS (40 &L, 15
EIM). The absorption at 560 nm was monitored with a Molecular
Device SpectraMax M2 Multimode Microplate Reader for 10 min
at room temperature.

4.6. Enzymatic superoxide radical scavenging assay

Here superoxide radicals were generated using the
xanthine/xanthine oxidase system using a procedure similar to
Valentao et al.* In 96-well plates, 200 BEL solution containing
xanthine (2.0 mM), NBT (50 @M), sample solution (100 ppm),
EDTA (0.5 mM) in PBS (20 mM ) was prepared and the reaction
initiated by addition of xanthine oxidase (5 BL, 20 unit mL™).
Optical absorption at 560 nm was monitored with Molecular
Device SpectraMax M2 Multimode Microplate Reader for 10min
at room temperature.

4.7. DPPHe and ABTSe" scavenging assay

DPPHe and ABTSe" are both relatively stable radicals and are
often used to assess antioxidant activity of substances.®® ** A
procedure similar to that reported by Fukumoto et al 33 \was used
here in which DPPHe concentration is monitored through its
characteristic absorption around 515 nm. 1000 EL of DPPHe (200
BIM) solution freshly prepared with 80% methanol and PBS (20
mM, pH 7.4) were mixed with 111 BL aqueous suspensions of
the test samples (1.0 g L"). The mixtures were then left in the
dark at room temperature (25 °C) and the optical absorption at
516 nm were measured at regular time intervals up to 680 min.

A modified procedure from Re et al % was applied to serve
similar purpose with ABTSe" here. Briefly, ABTS (7 mM) aqueous
solution was prepared and activated by potassium persulfate at
room temperature for 12-16 hours before use. The activated
ABTSe" radical is stable in the dark for up to 2 days. The free
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&
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ss radical solution is diluted with PBS (100 mM, pH 7.4) to get a

solution with absorbance of around 0.70 at 734 nm. The
aqueous solution of tested materials (100 EL, 2000 ppm) or
nanopure water (100 BL) as control is added into the above
solution (1.0 mL). The absorbance is recorded every 1 min after
the addition of the tested solution.

4.8. GSH competitive oxidation assay

Experiments were performed to test whether the presence of
graphene-based materials in suspension could protect GSH from
oxidation by hydrogen peroxide. The extent of GSH oxidation was
determined by measuring unreacted thiol groups using ThioGlo 1
fluorescent reagent.13 Briefly, a solution containing GSH (4 mM),
H,0, (1 mM), and graphene-based materials (40 ppm) in PBS
(100 mM, pH 7.4) were stirred with rotator for 2 h and then
filtered through Amicon Ultra-4 Centrifugal Filter Unit with an
Ultracel-3 membrane. The filtrates were collected and incubated
with ThioGlo-1 (20 EM) in the dark for 30 min after which
fluorescence emission was measured at 513 nm (excitation at
379 nm) with the SpectraMax M2 Microplate Reader.

4.9. MDA assay

The effect of graphene-based materials on the ‘OH-mediated
oxidation of deoxyribose was studied using an MDA assay
modified from Halliwell and Gutteridge.77 Briefly, freshly
prepared deoxyribose (100 mM) solution was mixed with Fenton
reagents (FeCl, and H,0,) and FLG or GO suspension to get a
solution containing FLG or GO (100 ppm) and deoxyribose (6.7
mM). An equivalent volume of TCA (3% w/v) aqueous solution
was added after 20 min incubation at room temperature to stop
the Fenton reaction. The solution was then filtered through 0.2
Bm membrane to remove the FLG or GO. Part of the filtrate (2
mL) was moved into a test tube and TBA (1 mL, 1%) aqueous
dispersion was added. The test tube was kept in a boiling water
bath for 15 min to develop the pink chromogen. The tube was
then cooled down in another water bath at room temperature
for 10 min. The solution was then moved into cuvette and
absorbance by the pink chromogen at 532 nm was then recorded
with a JASCO V-630 UV/Vis Spectrometer. To rule out adsorptive
artifacts, the ability of FLG to physically adsorb deoxyribose was
characterized by pre-incubating deoxyribose solutions with FLG
for 10 min and then removing the solids with filtration. The
filtrate was then incubated with the Fenton reagents and the
pink chromogen was developed and measured in the same way.
To further test for artifacts involving MDA adsorption, the same
Fenton reaction was carried out without FLG for 20 min after
which TCA and FLG were added. After a further 10 min
incubation, the FLG was filtered after and the filtrates treated as
above to develop and measure the pink chromogen.

4.10. Lipid peroxidation

Linoleic acid oxidation is used as a model in this study. The
oxidation is initiated by an azo initiator AAPH.”® Fresh linoleic
acid (150 uL) was dispersed in PBS (150 uL, 50 mM, pH 7.4) with
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SDS (10 mM) as surfactant. The solution was then diluted 20
times and added tested materials (200 ppm final concentration).
Oxidation is initiated by the addition of AAPH (2.4 mM final
concentration) into the above solution preheated in 40 °C water
bath. The progress of oxidation was monitored by taking a small
sample of the solution and measuring the amount of lipid
peroxides, which is determined by boiling the sample with TBA
(3% w/v) for 15 min and comparing the absorbance at 531 nm.”
Higher absorbance indicates lipid oxidized to higher extent.

4.11. TiO, encapsulation by graphene for ROS supression

Here 0.01 mM Rhodamine B (RhB) was used to monitor the
production of ‘OH-induced by UV irradiation (365 nm at ~10 mW
cm’z) and the relative quenching ability of GO added. Water is
transparent to the wavelength used here.®® The suspension
containing GO (20 ppm) and TiO, (80 ppm) looks uniform without
agglomeration in PBS (pH 7.4).81 An intrinsic contact between
graphene based materials and TiO, is achieved. We used a
method similar to a previous study by our group to produce TiO,
graphene nanosacks.®® Nanosacks (100 ppm, ~80% TiO, and
~20% graphene-based materials) were used for comparison. The
mixture of dye, TiO, (and GO) in buffer was left for 30 min in
darkness under continuous stirring with rotator for physisorption
before exposure. After exposed to UV light with a distance of ~5
cm between irradiation source and the solution under
continuous stirring for various length of time the solid materials
were removed through filtration and the absorbance of RhB was
recorded.

5. Conclusions

Here we show that graphene oxide exhibits significant
antioxidant activity in the form of hydroxyl and superoxide
radical scavenging, and can protect a variety of biomolecular
target molecules from oxidation. Few-layer graphene is more
active than GO despite its lower surface area, indicating that the
main scavenging activity is associated with pristine sp2 carbon
domains on basal surfaces rather than H-donation from hydroxyl
or hydroquinone groups. In experiments involving UV-induced
‘OH generation, the protective effect is a combination of UV
absorption by graphene and radical scavenging. The combination
of radical scavenging, UV absorption, ultrahigh surface area, and
elasticity make graphene materials promising for selected
antioxidant applications as dispersed phase fillers, or as
conformal encapsulating agents that can mitigate ROS
production and toxicity from redox-active nanoparticle cargos.
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