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ABSTRACT: Single-layered graphene oxide (GO) has
exhibited great promise in the areas of sensing, membrane
filtration, supercapacitors, bioimaging, and therapeutic carriers
because of its biocompatibility, large surface area, and
electrochemical, photoluminescent, and optical properties.
To elucidate how the physical dimensions of GO affect its
intrinsic properties, we employed sonication to produce more
than 130 different sizes of GO in aqueous dispersion and
implemented new approaches to characterize various GO
properties as a function of the average flake size. New
protocols were developed to determine and compare the flake
size of GO dispersions sonicated with energies up to 20 MJ/g
by using dynamic light scattering and atomic force microscopy
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(AFM). The relationship between the average flake size and sonication energy per unit mass of GO was observed to follow a
power law. AFM height measurements showed that the sonication of GO yielded monolayered flakes. Photoluminescence of GO
was characterized as a function of the sonication energy (or the average flake size which is the monotonic function of the
sonication energy), excitation wavelength, and pH of the dispersion. The strong dependence of the photoluminescence intensity
on pH control and the variation of the photoluminescence intensity with different flake sizes were observed. An intense
photoluminescence signal, likely related to the separation of the oxidative debris from the GO framework, was found at the
highest sonication energies (E 2 15 MJ/g) or under extremely alkaline conditions (pH 2 11). The cytotoxicity of GO was
studied with various flake sizes. Size- and concentration-dependent cytotoxicity was observed for cell lines NIH 3T3 and AS549.
The NIH 3T3 cell line also demonstrated time-dependent cytotoxicity.

KEYWORDS: sonication, dynamic light scattering, atomic force microscopy, pH dependent, cell viability

B INTRODUCTION

Graphene oxide (GO) has presented itself in recent years as
one of the most exciting new materials of the future. In
particular, GO is considered an important intermediate for the
large-scale processing of graphene as it is highly soluble in
aqueous media and can be readily reduced to graphene.'™
Two-dimensional (2D) morphology of single-layer GO has
offered a great deal of possibilities for its use as an architectural
template or a component of layer-by-layer assemblies with
nanoparticles’ and polymers.” GO presents interesting photo-
luminescent,””® electrochemical,’ structural,'® and optical
properties,ll leading to its integration into sensors, >~
supercapacitors,>'® and drug-delivery vehicles."” ™" To fine
tune GO for various applications, more research is required to
better understand the correlation between its flake size,
morphology, and intrinsic properties. Large flakes with lateral
dimensions in the millimeter range have been used in the
fabrication of 2D*° and three-dimensional (3D)*' architectures
because they demonstrate higher transparency and higher
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charge mobility in electrical devices compared with small GO
flakes.”” On the other hand, smaller flakes have proven useful
for sensors™ and biological applications.”* Also, Shin et al.
showed that small GO flakes produced by ball milling had
higher electrorheological efficiency than the starting GO
material.>> Therefore, it is important to develop reliable flake
size control methods and further explore the relationship
between the GO flake size and intrinsic properties.

Several methods have been proposed to control the GO flake
size. Sun et al. used density gradient ultracentrifugation (DGU)
after chemical oxidation to separate different sizes of GO
flakes.”® Luo et al. used chemical exfoliation of crystalline
graphite nanofibers to create a uniform population of GO
nanosheets.”” Others have used pH-assisted selective sedimen-
tation™® or chemical “scissors””’ to control the GO flake size.
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However, each of these methods suffers from one or more
inherent flaws: DGU and pH-assisted selective sedimentation
afford only low yields, graphite nanofibers are economically
prohibitive, and chemical “scissors” utilize strong oxidizers.

Sonication has previously been used for graphite exfoliation
and GO preparation.”” >’ It was demonstrated that large GO
flakes were broken up by sonication in aqueous dispersions,
hinting at an efficient and cost-effective method to control the
flake size.’* In another study, Luo et al. produced 30 nm GO
nanosheets by sonicating graphite powder.” Ye and Feng
sonicated GO powder for 2, 10, 30, and 60 min and observed
completely exfoliated GO after 2 min, with further sonication
resulting in a reduction of the average flake size.”® Similar
results were observed by Cai et al. who used atomic force
microscopy (AFM) to measure flake sizes.”” Recently, it was
pointed out that the sonication treatment for GO preparation
lacks a systematic experimental control methodology. In the
present work, we intend to further develop sonication of GO
dispersions as a reliable flake size control method. The
dispersions were processed with a tip ultrasonic processor
that facilitated accurate control of the amount of transferred
sonication energy. We explored the relationship between the
total applied sonication energy and the average flake size of GO
dispersions via systematic characterization by dynamic light
scattering (DLS) and AFM.

Dispensing large amounts of sonication energy leads to flake
fragmentation, but can also affect other GO properties. In
addition to lateral dimensions, the thickness of GO flakes was
measured by AFM to determine whether single or multiple
layers had formed during sonication as several other methods of
preparing GO had resulted in the presence of multilayered
materials.”*>’

In a recent study of GO photoluminescence, band intensities
and peak excitation and emission wavelengths were observed to
be dependent on pH values, which were attributed to the
functional groups on the flake surface.”” In an earlier work,
sharp and structured molecular-like photoluminescence features
were observed and assigned to originate from the coupling of
carboxylic acid groups and carbon clusters in the graphene
framework."' In the present work, GO photoluminescence
intensity maps as a function of emission and excitation
wavelengths were recorded at various sonication energies up
to 20 MJ/g and pH values up to 11.5 to better understand the
GO breakdown process and the relationship between the GO
photoluminescence, average flake size, and pH value of the
dispersion.

With increasing use of engineered nanomaterials, a thorough
understanding of their interactions with biological systems is a
key factor in the development of sustainable nanotechnolo-
gies.””~** GO and other graphene-based materials are potential
candidates for drug-delivery and bioanalysis because of their
ease of chemical modification and expected biocompatibil-
ity.'”~"” However, the issues of biocompatibility and toxicity of
these materials remain unresolved as the research results
obtained so far are somewhat conflicting. A popular method to
study the cytotoxicity of nanomaterials is through the in vitro
model using colorimetric assays such as MTT*~* and WST-
8*9* (also known as CCK-8). The cytotoxicity of GO has been
studied in the past on a variety of cell lines: AS49 cells,**
CRL 2522 cells,” HDF cells,”® HeLa” cells, and HUVEC
cells;”" it was somewhat dependent on the dose, exposure time
and flake size. Although various definitions of cytotoxicity have
been in use, a common indicator of obvious toxicity is a final

cell viability lower than 80%. Chang et al.*’ evaluated the
cytotoxicity of three sizes of GO flakes on AS49 cells using the
WST-8 assay and observed that the cytotoxicity of GO is both
dose- and size-dependent but not time-dependent. They
concluded that GO hardly enters the cells and shows good
biocompatibility. Wang et al.”” studied the biocompatibility of
in-house made GO, including its toxicity on human fibroblasts
(HDF cells) and observed a dose-, time-, and size-dependent
toxicity. Liao et al.** used two assays (MTT and WST-8) and
observed GO to interfere with the MTT reagent, giving falsely
high viabilities. This was not observed in other works that used
the MTT assay.***” Clearly, obvious differences between the
results of various studies exist, and multiple issues such as the
interference with the MTT assay, the overall toxicity of GO,
and the time dependence of the cytotoxicity remain unresolved.
These differences could result from varying properties of GO
originating from different sources with different compositions
and possible impurities and/or the different cell lines studied.
As past GO toxicity studies have been inconclusive, more
research is required. In this work, the toxicity of commercially
available GO was studied with NIH 3T3 and AS49 cells for
three incubation periods and three flake sizes, using the WST-8
assay. Using the same source of commercially available GO
potentially eliminates any variances in the composition or
impurities of the GO samples and allows for the retrieval of
reproducible data and reliable comparison of results.

B EXPERIMENTAL SECTION

Materials. For sonication and photoluminescence studies, raw
materials of GO were purchased from Graphenea Inc. (Cambridge,
MA, USA) as 0.5 mg/mL dispersion in water and from Angstron
Materials (Dayton, OH, USA) as 1.0 wt % dispersion. For the
cytotoxicity studies, 4 mg/mL dispersion of GO in water was
purchased from Graphenea Inc. and diluted to 2 mg/mL, with water as
the stock solution for further dilutions. Milli-Q water (Millipore,
Billerica, MA, USA) deionized to 182 M cm was used in all
experiments.

Sonication. The GO dispersions were diluted to a target
concentration of 0.21 mg/mL by adding 10 mL of water to 7.5 mL
of the as-received 0.5 mg/mL Graphenea dispersion or 17.125 mL of
water to 0.375 mL of the as-received Angstron dispersion. The diluted
dispersions were mixed by inversion and sonicated with various
energies using a 130 W ultrasonic processor (Cole-Parmer, Vernon
Hills, IL, USA) equipped with a 6 mm probe. Sonication was
performed in a cold—water bath (~4 °C) and in intervals (15 min
sonication/1 min cooling) to prevent excessive heating of the
dispersions. The average sonication power, as indicated by the
processor display, was 10 W for all samples.

AFM Imaging. AFM height/topography images were recorded
using both NanoWizard II BioAFM (JPK Instruments, Berlin,
Germany) mounted on an Olympus IX81 inverted microscope and
MultiMode NanoScope V with PeakForce QNM mode (Bruker Nano
Surfaces Division, Santa Barbara, CA, USA). XSC-11 tips (Cantilever
D, MikroMasch, CA, USA) with a typical spring constant of ~42 N/m
and a resonance frequency of ~350 kHz were used for images
captured with a JPK atomic force microscope. Additionally, ScanAsyst-
Air probes (Bruker AFM Probes, Camarillo, CA, USA) with a typical
spring constant of 0.4 N/m and a resonance frequency of 50—90 kHz
were used. The peak force was always kept at the lowest stable imaging
level of 200—500 pN.

Samples for AFM were made by spin-coating diluted GO
dispersions (40 uL, 0.05 mg/mL) onto freshly cleaved 1 cm by 1
cm squares of mica substrate at 3000 rpm for 45 s. For each condition,
three samples were prepared, and for each sample, three to five images
were recorded at three to five different locations on the mica surface,
for a total of nine to fifteen images per sample. The scan ranges of the
images were 10 ym by 10 um or 20 ym by 20 pm.
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Size and Height Measurements. AFM image processing and
analysis were performed with Gwyddion open source software with
well-documented operation and functions. Details of the determi-
nation of the flake size can be found in the Supporting Information.
Briefly, to facilitate automated analysis, images were flattened in
Gwyddion to correct for drifts during scanning. The threshold was set
at half of an average flake gray value, which corresponds to height, and
the flakes were selected by masking all pixels above the threshold.
Finally, the maximum Feret’s diameter (the maximum distance
between two parallel lines tangent to the flake circumference) or the
flake area was measured for each masked flake. The flake areas were
next converted to equivalent circle (circle with the same area as that of

a flake) diameters using the d = 2./area/z formula. The Feret’s
diameter was further used as the flake size descriptor for comparison
with DLS results.

Only isolated flakes were measured; images were typically recorded
with a large scan area (20 ym by 20 ym) to minimize the bias (see
Supporting Information for details). Features with an area smaller than
4 pixels were excluded (also see Supporting Information for details).
The workflow of the AFM analysis is illustrated in Figure S1 (see also
Table S1 for size distributions).

Isolated flakes were chosen for height measurements. To minimize
the analyst bias in the measurement and to average noise effects and
variability of the GO flake flatness, the flake height was measured by
taking three profiles along the slow AFM scan direction for each flake:
one at the top, one in the middle, and one at the bottom of the flake
(Figure S2A). Variation of the vertical displacement value in the flake
and background areas resulted from variation of the flake thickness and
residual background curvature and roughness, respectively, as well as
from noise and other instrumental and ambient effects. The three
profiles measured along these lines are shown in Figure S2B—D. The
minimum and maximum height values were recorded for each trace,
and the average value was calculated to represent the flake thickness
(the background is assumed to be 0).

DLS Measurements. GO dispersions were diluted for DLS
measurements to a concentration of 0.002 mg/mL using Milli-Q
water. The measurements were performed using a Zetasizer Nano ZS
(red) particle size analyzer (Malvern Instruments, Worcestershire,
UK). For each sample, three measurements consisting of ten 10 s-long
runs were taken. The measurements were conducted at 25 °C with
120 s-long initial equilibration time.

DLS measurements yielded for each sample an intensity-weighted
arithmetic-average equivalent sphere hydrodynamic diameter, which
was used as the flake size DLS descriptor. The equivalent sphere
hydrodynamic diameter is the diameter of a sphere that diffuses
through the dispersion via Brownian motion at the same rate as the
measured particles.”” The average sphere diameter was determined for
the dominant population in those cases when multimodal distribution
of flake sizes was recovered from the analysis.

Photoluminescence of GO. Photoluminescence spectra of GO
samples were recorded with a Fluorolog Tau-3 spectrofluorometer
(Horiba Jobin Yvon, Edison, NJ, USA) with face excitation using thin
quartz cuvettes oriented at 45° with respect to the excitation beam.
The spectra were recorded with the excitation in the 250—510 nm
range in 20 nm steps and emission detection starting 10 nm to the red
of the excitation wavelength and continuing up to 700 nm in 3 nm
steps. To minimize bleaching, the spectra acquisition started with the
excitation at the longest wavelength in the excitation range and
advanced to the blue. The samples were mixed inside the cuvette
between scans to reduce the potential effects of bleaching on the
spectra.

Photoluminescence spectra were edited by removing water Raman
and second-order Rayleigh scattering peaks, allowing these regions to
be smoothed by the OriginPro 8 software. An elevated background
was observed for 4., = 250, 270, and 290 nm; as the background signal
was rather noisy for these excitation wavelengths, a scaled background
correction procedure with multipliers 0.05, 0.5, and 0.9, respectively,
determined from averaged background scans rather than direct
background subtraction, was used.

Dispersion Stability Measurements. Stability measurements of
GO dispersions under highly basic conditions were performed with a
Turbiscan LAB stability analyzer (Formulaction SA, L'Union, France)
at 37.5 °C with the initial equilibration time of 10 min. Transmission
and backscattering profiles were acquired with 40 ym steps along the
cell height every hour over a span of 24 h.

Cytotoxicity Study. Graphenea GO dispersions were prepared by
probe sonicating 10 mL of 2 mg/mL GO in sterile water (autoclaved
at 121 °C for 30 min) for a predetermined amount of time to create
samples with three approximate average flake sizes: 150, 250, and 850
nm (by DLS). Cell media [Dulbecco’s modified Eagle’s medium
(DMEM) and F-12K], fetal bovine serum (FBS), and penicillin
streptomycin were purchased from Gibco (Thermo Fisher Scientific
Inc., Burlington, ON, Canada). NIH 3T3 (immortal, murine embryo
fibroblast) cells were cultured in DMEM and A549 (immortal, human
lung epithelium) cells were cultured in F-12K, both supplemented
with 10% heat-inactivated FBS and 1X penicillin streptomycin in an
incubator at 37 °C with 5% CO, and a high relative humidity. GO
toxicity studies were performed in 96-well, flat-bottom plates (BD
Falcon, purchased from VWR International LLC., Mississauga, ON,
Canada), and the cells were seeded to a density of (1.5—2.5) x 10*
cells/well, depending on the cell line. The cells were exposed to
various concentrations of GO (5, 10, 20, 30, 50, 75, 100, and 200 ug/
mL) for 24, 48, and 96 h. Following the exposure period, 10 uL of the
WST-8 reagent (Cedarlane Laboratories Limited, Burlington, Canada)
was added to all wells, and the well plate was incubated for 4 h. The
optical densities of the WST-8-treated samples were measured at 450
nm on a FLUOstar Omega microplate reader (BMG Labtech,
Ortenberg, Germany).

B RESULTS AND DISCUSSION

Control of GO Flake Size and Size Measurements.
Sonication treatments have been commonly used in graphite
exfoliation and GO preparation.”™® It was previously pointed
out that the sonication treatment for GO preparation lacks
systematic experimental control methodology.*® In the present
work, we explore the relationship between the total sonication
energy and the average flake size of GO dispersions. Graphenea
and Angstron GO samples were sonicated with various
amounts of energy per unit mass of GO present in dispersions
up to 20 MJ/g. The flake size of multiple sonicated dispersions
was measured by AFM (Figure S1, Table S1) and DLS (Figure
1, Tables S2 and S3). Although AFM can provide a rather
accurate description of both lateral and vertical dimensions of a
single flake as well as ensemble size distributions, the method is
tedious and time-consuming as a large number of images must
be recorded and analyzed, which rarely is the case. DLS, in
comparison, facilitates a much faster and less expensive
assessment of the average flake size and size distribution,
although only equivalent size, the equivalent sphere hydro-
dynamic diameter, is determined. Although both methods have
their limitations, DLS appears to be more advantageous
compared with AFM for fast GO flake size assessment,
especially when a large number of samples are to be analyzed
and a relative size description, as opposed to an absolute size
description, is sufficient. It should be pointed out that even
though the measurands (size and size distribution) are defined
somewhat differently by the two methods and comparison of
DLS and AFM results is not straightforward, both methods can
effectively be used to monitor the size variation as a function of
the sonication energy.”*° Even though both DLS and AFM
have previously been used to measure the GO flake size, no
systematic evaluation of the relationships between both size
descriptors and the corresponding applied sonication energy
has been conducted.”
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Figure 1. Average DLS-measured flake size as a function of sonication
energy for Graphenea (blue, 136 samples) and Angstron (red, 20
samples) GO dispersions. The inset displays a log—log plot of the size
as a function of the sonication energy for both GO materials,
illustrating that the power law governs the fragmentation of GO flakes.
The vertical error bars shown for selected points correspond to plus
and minus 1 standard deviation of three repeat DLS measurements.
The horizontal error bars are plus and minus 1 standard error of the
sonication energy per unit mass of GO. All samples had a
polydispersity index (PDI) between 0.2 and 0.5 and a count rate
optimized to the signal-to-noise range.

The intensity-weighted average hydrodynamic diameter
determined by DLS was compared with the number-weighted
average Feret’s diameter measured by AFM, and both size
descriptors were analyzed as a function of the sonication energy
(see Table S1). Here, the focus was on the relative size
variation with the sonication energy, the comparison between
an intensity weighted size descriptor by DLS and a number
weighted one by AFM, was deemed acceptable. It was observed
that the average GO flake size could be reliably controlled
through sonication in a wide range of sizes. In the 0—20 MJ/g
range of sonication energies, the average hydrodynamic
diameter of the Graphenea GO flakes varied from ~2000
down to ~170 nm and for the Angstron GO flakes from ~330
to ~140 nm. Figure 2 shows the size measurement results of
AFM (average Feret’s diameter) and DLS (hydrodynamic
diameter) for Graphenea and Angstron GO materials in a log—
log plot as a function of the applied sonication energy. It should
be noted that the as-received flake sizes of the two materials are
different, with the Angstron and Graphenea GO flake average
DLS hydrodynamic diameters of ~330 and ~2000 nm,
respectively. Both AFM and DLS flake sizes, when plotted as
a function of the sonication energy, show a rather dramatic
decrease with increasing energy up to ~1.5—2 MJ/g to slowly
level at higher energies. However, in the log—log plot (see
Figures 1 inset, 2A, and S3), a linear relationship is apparent,
which indicates that the flake fragmentation by sonication is
governed by a power law in the range of sonication energies
studied in this work. The DLS power function fits yielded the
following size-energy relationships: d;, = 408.17 X 107%%** for
Graphenea GO (R* = 0.9901) and d;, = 168.95 X 107°% for
Angstron GO (R* = 0.4652), where E is the sonication energy
in MJ/g and dj, is the hydrodynamic diameter in nm. Power
function fits for the AFM measurements of Graphenea GO and

Angstron GO are di = 558.85 X 107%%%¢ (R* = 0.8955) and d;. =
223.33 X 107%'"% (R* = 0.6545), respectively, where E is the
sonication energy in kJ/g and dy is the average Feret’s diameter
in nm. The flake size analyses yielded number-weighted (AFM)
and intensity-weighted (DLS) flake size distributions. The DLS
determined size distributions appear systematically narrower
(PDI ranging from 0.2 to 0.5) compared with the AFM
determined ones (Figure 2B—E), which may indicate some
aggregation of substrate-deposited flakes, but also reflect a
method-specific effect.

The observed power law variation of the flake size with the
sonication energy is consistent with the recent work by
Gongalves et al,”> who suggested a two-step breakdown
pathway of GO flakes via sonication. Initially the GO flakes are
broken in regions with a large proportion of sp® bonds (C—OH
and O—C—O0) as these areas do not benefit from the strength
inherent to sp” bonds. Breakage in these areas causes a rapid
decrease in the size of the flakes as the large flakes are broken
into smaller pieces. The second stage involves the removal of
functional groups (COOH and C=O0) from the periphery of
the material, leaving behind s.p2 bonds and a more hydrophobic
material. Gongalves et al. hypothesized that this is the result of
sonication causing the degradation of water molecules into
high-energy hydroxyl radicals, which then act to reduce the
carboxyl and carbonyl groups (dubbed hot spot atomic
reduction).>

Several methods of GO production have been observed to
yield multilayered flakes. As multilayered GO flakes have
different properties than single-layered ones,””"” it is important
to evaluate how sonication affects the flake thickness. Using
AFM, the flake thickness was measured for both unsonicated
and sonicated GO, the results of which can be found in Figure
S2.

The average flake height for both the samples is
approximately the same at ~1.0 nm, a typical value for GO
on a mica substrate.”® Figure S2E,F shows the histograms for
the flake heights collected for unsonicated and 1.3 MJ/g
sonicated Graphenea GO. We concluded that the average flake
thickness is not affected by sonication. Therefore, sonication
preserves the monolayer morphology of GO flakes.

Photoluminescence of GO. GO dispersions are known to
luminesce when excited with specific wavelengths of light. The
photoluminescence has been attributed to two separate
mechanisms: electron—hole recombination across the band
gap defined by the size of the sp® clusters found within the
carbon framework® and the presence of functional groups on
the GO sheets (C—0, C=0, and O=C—O0H).*® In this work,
photoluminescence has been probed as a function of the
average flake size and pH value of a dispersion by acquiring 2D
photoluminescence spectra with the excitation wavelengths
varying in the 240—500 nm range and emission wavelengths in
the 260—700 nm range. The flake size was controlled by tuning
the sonication energies, which resulted in the average flake sizes
of the dominant fraction (with sonication energy shown in
parentheses) equal to 458 nm (0.6 MJ/g), 243 nm (4 MJ/g),
161 nm (12 MJ/g), 171 nm (16 MJ/g), and 194 nm (20 MJ/
g). For each of the sonicated dispersions, pH was adjusted to
approximately 2, 4.5, 7.5, 10, and 11.5 by the addition of HCI or
NaOH (see Figure 3). Graphenea GO dispersions were
selected for photoluminescence studies as this material
displayed fewer defects under AFM and was expected to give
a better representation of the GO framework (Figure S4).
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Figure 2. (A) log—log plot of average flake sizes of Angstron and Graphenea GO as a function of sonication energy measured by AFM and DLS.
Representative histogram of the average size determined by AFM for (B) Angstron GO sonicated with 0.3 MJ/g and (C) Graphenea GO sonicated
with 8 MJ/g. (D,E) Corresponding size histograms measured on the same sample of (B) and (C) by DLS, respectively.

A very clear trend in the intensity is present as the pH
increases from 2 to 11.5. The intensity of the band gap
photoluminescence in the 4., & 300—400 nm and A, & 400—
600 nm range becomes steadily weaker with increasing pH.
Around or slightly above pH 4.5, the intensity of this region
drops substantially, coinciding with the deprotonation of the
carboxylic acid groups found on the GO framework. At pH 10,
the band gap photoluminescence signal disappears completely,
perhaps coinciding with the deprotonation of the phenol
groups (pH =~ 8).”” Despite the substantial loss of intensity
with increasing pH, the band gap photoluminescence appears
to be present for all pH values across all sonication energies,
with the emission maximum apparently shifting to the blue.
The shift is clearly related to the emergence of the narrow band
at A, & 290 nm at high pH. Figure 4 depicts this trend for the
12 MJ/g sonicated samples showing the 370 nm excited
normalized spectra for all investigated pH values. The variation
of the band gap photoluminescence intensity may be a result of
size change of the sp” carbon clusters inherent to the material
because of modification of the electronic structure mediated by
the protonation status of surface groups as well as
fragmentation of flakes and/or change of density of the
framework defects. A relatively small variation of the
luminescence intensity with increasing sonication energy and
a strong decrease with increasing pH would appear to indicate
that the protonation status of the surface groups plays the
dominant role. However, because of a rather weak photo-
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luminescence signal and large intensity fluctuations, extraction
of more details on photoluminescence trends was not feasible.

At a high pH (11.5), a strong and relatively narrow
photoluminescence band at A, =~ 290 nm and 4., =~ 350—
450 nm can be observed. Previous work by Rourke et al.
suggests that this signal may arise from a highly oxidized
component of GO, the oxidative debris (OxD), which is
attached to the main GO framework and is able to separate
under basic conditions.”*"®* To examine this suggestion, highly
alkaline GO dispersions (pH = 14) sonicated with 0.6, 4, and
20 MJ/g energy were created. All three samples were phase-
separated (Figure SA) into a black flocculate (the base washed
GO or bwGO) and a “clear” solution (OxD) layer.

Photoluminescence maps (Figure SB—D) for the OxD layer
solution showed intense peaks centered at A, &~ 290 nm and
Aem 350—450 nm, indicating that the OxD may be
responsible for this intense photoluminescence signal. As the
highly alkaline environment has deprotonated the functional
groups on the GO surface, this likely creates enough
electrostatic repulsion between the heavily oxidized OxD and
the underlying GO framework to cause a separation. Once free,
OxD ceases to act as a surfactant, causing the more
hydrophobic bwGO to flocculate. Stability measurements
conducted with a Turbiscan LAB analyzer showed that the
GO dispersions remained stable with pH increasing up to
~12.3, at which point the onset of aggregation was observed
(Figure SS).

~
~
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Figure 3. (A—Y) A set of 2D photoluminescence maps for Graphenea GO dispersions sonicated with varying amount of energies up to 20 MJ/g and
pH ranging from 2 to 11.5. The spectra were corrected for variations in the excitation light intensity, but not for the variation of detection efficiency
with wavelength. As a consequence, the apparent luminescence intensity in the emission long wavelength range is somewhat suppressed compared
with the fully corrected signal. All spectra were recorded with the same instrument settings and are displayed on the same intensity scale with
arbitrary units. The intensity of all plots is scaled logarithmically. Excitation wavelengths ranged from 270 to 500 nm. Emission wavelengths ranged
for each scan from 20 nm to the red of the excitation wavelength and continuing up to 700 nm.

For the dispersions sonicated with 20 MJ/g of energy
(Figure 3U—W), an intense band centered at 4., & 290 nm and
Aem & 350—450 nm can be observed across the entire range of
pH values. In addition, a similar band also appeared for the
dispersion sonicated with 16 MJ/g, but only for the two highest
pH values. The intense bands observed for the dispersions
sonicated with the highest energy and those for dispersions
with the highest pH value all appear to share the same
excitation wavelength and cover the same emission wavelength
range. Therefore, we believe that the detachment of the OxD
may be induced by either highly basic conditions in the
dispersion or excessive sonication or a combination of both.
Occasionally, a strong luminescence signal at the excitation and
emission wavelengths corresponding to those of the OxD-
assigned band was observed for low-sonication-energy samples

(Figure 6). This would suggest that other factors may exist,
inducing OxD detachment in dispersions.

Size Dependence and Cell Cytotoxicity. In this work, we
have investigated the cytotoxicity of GO as a function of the
flake size, concentration, and treatment time. GO flakes are
expected to show enhanced biocompatibility compared with
other graphene-based materials because of a large number of
hydrophilic groups on their edge and basal plane. NIH 3T3
mouse embryonic fibroblast cells and a human lung carcinoma
epithelial cell line A549 were evaluated after GO exposure.
Figure 7 demonstrates the viability of NIH 3T3 and A549 cells
in the presence of GO flakes of three different sizes after 24, 48,
and 96 h of incubation, as measured by the WST-8 assay. The
average size of the GO flakes, as determined by DLS and AFM
(Table S4), respectively, was (A) (147 + 4) and (159 + 7) nm,
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Figure 4. Photoluminescence spectra excited at 370 nm for the 12 MJ/
g sonicated samples for various pH values, as indicated in the plot.

(B) (220 + 1) and (239 + 12) nm, and (C) (896 + 9) and
(867 + 29) nm. To calculate the viability of the cells after GO
treatments at n ug/mlL, the following equation was used

oD, — OD,,
ODC - Och (1)

Where OD,, ODg,, OD,, and ODy, are the optical densities of a
sample, sample blank, control, and control blank, respectively.
The flake size effect on GO cytotoxicity was observed for both
cell lines, with smaller flakes showing greater toxicity. The effect
is most obvious for the 24 h incubation period as the impact of
evaporation and the variability of the original cell seeding

Viability =

density is the least significant. However, it is observed for
longer incubation periods as well. After 24 h exposure to 200
ug/mL of GO with the largest flake size, up to 20% of the cells
remained viable, whereas no viable cells were observed when
treated with the smallest flake size GO. The size effect is more
prevalent for the NIH 3T3 line, perhaps because of the higher
overall toxicity and therefore an enhanced response due to the
flake size variation. The impact of the flake size on the
cytotoxicity of GO was previously studied by other groups,
which used formazan-based assays.*>***’ In those cases, a size-
dependent toxicity was observed; smaller sizes of GO resulted
in lower cell viability, which agrees well with the findings of this
work. It is expected that small flakes are more likely to become
internalized by the cells and therefore show increased
cytotoxicity, though more research should be performed to
demonstrate the route of toxicity.

Obvious evidence of GO toxicity was observed for the NIH
3T3 cell line at concentrations exceeding 20 pg/mlL, regardless
of the flake size. The cytotoxicity was also determined to be
time-dependent as longer exposure time resulted in lower
viability. Similar results indicating time-dependent toxicity with
GO concentrations exceeding 20—25 pg/mL have previously
been published.” Tt was noted that aggregates were observed
for GO concentrations equal to or above 75 ug/mL dispersions
for all sizes studied. Though the aggregates may reduce the
apparent toxicity of the GO sample, 75 pug/mL and higher
concentrations of GO are well above concentrations that
resulted in obvious toxicity. Furthermore, aggregation occurred
for all sizes of GO and does not impact the size-based toxicity
conclusions.
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Figure 5. (A) Photograph of GO aqueous dispersions at pH S and 14. Photoluminescence maps for the “clear” OxD bottom layer for samples
sonicated with (B) 0.6, (C) 4, and (D) 20 MJ/g energy. The intensity values of all plots are on the same logarithmic scale.
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Figure 6. Photoluminescence maps for Graphenea GO dispersions sonicated with 0.6 MJ/g at pH 2 (A) appears to follow the trend found in Figure
S, whereas a repeat measurement (B) shows the possible appearance of OxD, even at a low pH and sonication energy. For a GO sample sonicated
with 0.6 MJ/g at pH 10, most measurements do not show the OxD peak (C), but it does appear occasionally (D). A similar case arises for 4 MJ/g at
pH 4.5 (E), where the OxD band was sometimes visible in the repeat measurement (F). The intensity in all plots is shown on a logarithmic scale.

As various cell lines respond differently to external
stimulants, it was not expected that the AS549 cell line
demonstrates the same toxicity profile as NIH 3T3. This was
indeed the case as GO appeared to be much less toxic on the
AS549 cell line, demonstrating obvious signs of toxicity only at
concentrations over 50 yug/mL. This result is also in agreement
with the findings of Hu et al*® Interestingly, increased
incubation time did not result in lower cell viability. The
absence of exposure time dependence has previously been
reported for the AS49 cell line in other works.” We observed
little viability difference between the corresponding samples
exposed for 24 and 48 h. However, samples exposed to GO for
96 h showed higher viability, especially for the largest flakes.
The increased viability is likely because of the cells using GO
flakes as a growth surface, with the larger flakes providing a
larger growing surface area. A similar observation has been
reported in the work of Ruiz et al.*®
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B CONCLUSIONS

This work demonstrates probe sonication to be an easy, fast,
and reliable method for tailoring the size of GO flakes in
aqueous dispersions as needed. It also shows that DLS can be
used for rapid and accurate determination of the average GO
flake size. Even though DLS provides the equivalent hydro-
dynamic diameter as the size descriptor, the corresponding
surface area of the flakes, whenever required, can be determined
by comparison of the DLS results with the AFM size
distributions measured for selected flake sizes. The combination
of sonication and DLS size assessment facilitates quick and
accurate GO flake size modification. Although the Ilateral
dimensions of GO flakes are modified by sonication, their
monolayer morphology remains unchanged. At high sonication
energies and high alkalinity, OxD is found to detach from the
GO framework leading to appearance of a strong distinctive
luminescence band at 4., &~ 290 nm and 4., & 350—450 nm.
The band gap luminescence intensity decreases with increasing
pH of dispersions, with a large drop above pH 4.5, which
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Figure 7. Viability of NIH 3T3 and AS549 cells after incubation for 24, 48, and 96 h, with GO flakes of the average size equal to (A) ~150, (B) ~250,

and (C) ~850 nm. The WST-8 assay was used.

coincides with the deprotonation of carboxylic acid groups
found on the GO framework. Some evidence of photo-
luminescence intensity variation with the flake size was
observed, but the results are mostly inconclusive. Last,
cytotoxicity studies show a flake size effect as both cell lines
(NIH 3T3 and A549) exposed to small GO flakes have lower
viability compared to those exposed to large flakes. Increasing
incubation time or GO concentration both result in lower
viability of the fibroblast NIH 3T3 cells. The overall viability of
the GO-treated AS49 cells is much higher compared to the
viability of the NIH 3T?3 cells, indicating that the toxicity of GO
is cell line-dependent.
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