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We have recently reported that administration of thin graphene oxide (GO) sheets in the systemic circula-
tion of rodents leads to rapid urinary excretion for the majority of injected dose and accumulation by the
reticuloendothelial system organs for the remaining dose. In this study, graphene oxide was function-
alized with a chelating moiety (DOTA, (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid)) and
labeled with [64Cu] for positron emission computed tomography (PET/CT) imaging. The thin function-
alized graphene oxide material (f~GO-thin) consisted of a few layers (~5nm) in thickness. Aging of the
f-GO-thin material led to re-stacking of the flakes that resulted in materials of increased thickness (f-
GO-thick) without altering their lateral dimension. These two types of f~-GOs were comparatively studied
pharmacologically to reveal the previously unexplored in vivo role of graphene oxide sheet thickness.
Our results showed that a significantly larger fraction of the thicker GO sheets (47.5% of injected dose)
remained within the body of living animals 24 h after intravenous administration, residing mainly in the
spleen and liver. The thinner GO sheets were predominantly (76.9% of injected dose) excreted through
the glomerular filter into the urine. This pilot study provides an initial correlation between graphene-
based material structure and pharmacological profile that is imperative towards understanding of how
2D structures behave in vivo to give information on potential biomedical applications.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Graphene has attracted a lot of interest recently due to its unique
2D carbon geometry that offers a variety of outstanding physico-
chemical properties [1,2]. These properties are explored in diverse
scientific disciplines and application areas, ranging from physics to
materials science and biology [3-7]. Among the characteristics rel-
evant to biomedical applications of graphene and 2D materials are
the large surface area [8-10], high mechanical strength [11-14]
and flexibility [3,6] that play critical roles in determining their
interactions with soft biological matter [12,15]. Graphene oxide
(GO), the oxidation reaction product of various graphitic forms,
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is rich in oxygen groups on both sides of the planar 2D struc-
ture making the material significantly more hydrophilic. As a more
biologically-compatible material compared to pristine graphene,
GO has generally widened the use of graphene-based materials
(GBMs) in biological research and applications [4].

Because of the potential GBMs hold in biomedical applications,
it is imperative to understand the fundamental pharmacological
interactions of free suspensions of 2D flakes of GO with biological
matter at different scales (molecular, cellular, tissue) [15]. GO has
been administered in live animal models using different routes of
injection, including intravenous [16-19], intraperitoneal [20,21],
oral [21] and intravitreal [22] with no reported adverse reactions
even after relatively long exposure times [21,22]. After intra-
venous or intraperitoneal administration, some studies reported
the accumulation of GO in tissues of the reticuloendothelial system,
followed by slow clearance from those organs over time starting
after 24 h from mediastinal lymph nodes [23] or much more rapidly
via urinary excretion [18]. Urinary excretion within the first few
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hours after intravenous administration of GO has been recently
reported [18,24-26], even for GO sheets that are as large as 1 um
in lateral dimension, that is significantly above the dimensions of
the glomerular filtration slits (40 nm) [27]. On the other hand, pul-
monary instillation of pristine graphene, GO or reduced GO (rGO)
has been associated with lung retention and activation of acute
and chronic inflammatory pathways that may eventually lead to
lung injury [23,28,29]. The lung has been identified as a critical
organ based on various studies after administration of GO via dif-
ferent routes. We believe the reported pulmonary accumulation
is mainly due to the poor quality of the GO suspensions adminis-
tered and their colloidal instability or aggregated state (particularly
in vivo) that can result in entrapment within the pulmonary cap-
illaries [30]. Accurate control of graphene sheet thickness remains
challenging even for materials fabricated by chemical vapour depo-
sition (CVD) [31]. We serendipitously observed that ageing of the
thin, covalently functionalized GO (f-GO) sheets previously stud-
ied [27] was evolving by re-stacking of individual sheets. In the
present study, we compared aged (kept over 18 months at 4°C)
DOTA-GO flakes that consisted of a significantly thicker popula-
tion of flakes compared to freshly synthesized thin DOTA-GO, with
apparent unaltered size distributions. These two types of materi-
als were radiolabeled using 4Cu to perform whole body positron
emission computed tomography (PET/CT) imaging and pharma-
cokinetics analysis in mice following intravenous administration.
This allowed us to interrogate the previously unexplored effect of
GBM thickness on the in vivo behavior of functionalized graphene
oxide flakes.

2. Experimental
2.1. Synthesis of the graphene oxide (GO)

GO was prepared from Chinese flake graphite (Branwell) by the
modified Hummers method [27,32] Briefly, 0.4 g of graphite were
mixed with 0.2 g of sodium nitrate (NaNOs ), and then 9.2 mL of 99%
sulfuric acid (H,SO4) was added slowly to the mixture, which was
continuously stirred. The temperature did not exceed 20 °Cby using
an ice bath. After obtaining a homogenized mixture, 1.2 g of potas-
sium permanganate (KMnO,4) was added slowly. The temperature
was monitored again and did not exceed 20°C. The mixture was
then removed from the ice bath and the temperature started to rise
gradually. This was maintained for 30 min until the mixture started
thickening and became a paste of dark brown/green color. Deion-
ized H,0 was added slowly while stirring at the same time. Violent
effervescence and rapid increase of temperature was observed.
Temperature was monitored and was kept between 98—100°C for
another 30 min with the aid of a hot plate. The mixture was fur-
ther diluted with 56 mL of deionized H,0 and 6 mL 30% H,0, was
added gradually for the reduction of the residual KMnO4, MnO, and
Mn, 07 to soluble manganese sulfate (MnSQO,) salts. The resulting
suspension was centrifuged at 9000 rpm for 20 min and the super-
natant was discarded. This was repeated until the supernatant had
a pH of about 6 and the GO gel-like layer appeared on top of the oxi-
dation byproducts. This layer was then extracted using warm water
carefully in order to avoid remixing of this layer with graphite oxide
sediments.

2.2. Preparation of the functionalized graphene oxide (f-GO)

f-GO was prepared according to the protocol reported in a
previous work [27]. The formation f~-GO-thick was observed spon-
taneously from f~-GO-thin by an aging effect after 1.5 years of the
fresh preparation.

2.3. Radiolabeling of f-GO

f-GO-thin, f~-GO-thick and control EDTA (ethylenediaminete-
traacetic acid) were radiolabeled as previously described [27,33].
All samples were diluted with an equal volume of 0.2 M ammo-
nium acetate buffer at pH 5.5. Then 20 MBq of 64CuCl; was added.
The copper was left to react with the samples for 60 min at 60 °C,
after which the reaction was quenched by the further addition of
0.1 M EDTA chelating solution.

2.4. Radiolabeling efficiency of f-GO

The labeling efficiency was determined by taking aliquots of
each final product, then diluting them five folds in PBS. One pL
was spotted on silica gel impregnated glass fibre sheets (PALL Life
Sciences, UK). The strips were developed with a mobile phase of
50 mM EDTA in 0.1 M ammonium acetate and allowed to dry before
analysis. This was then developed and the autoradioactivity quan-
titatively counted using a Scan-RAM Radio TLC detector (LabLogic,
UK). The immobile spot on the TLC strips indicated the percentage
of radiolabeled f-GO material, while free [64Cu]-EDTA were seen as
the mobile spots near the solvent front.

2.5. Scanning electron microscopy (SEM)

SEM imaging was performed using an FEI Quanta 250 ESEM
operating in high vacuum. GO and f~-GO samples dispersed in water
were further diluted prior to pipetting onto super smooth SEM
mounts (silicon wafer chips) and allowed to dry prior to exami-
nation by SEM.

2.6. Atomic force microscopy (AFM)

A Bruker Multimode 8 was used in tapping-mode with an
J-type scanner, Nanoscope VI controller, Nanoscope v614r1 con-
trol software (Veeco, Cambridge, UK) and a silicon tapping tip
(NSGO1, NTI-Europe, Apeldoorn, The Netherlands) of 10 nm cur-
vature radius, mounted on a tapping mode silicon cantilever with
a typical resonance frequency 283-374kHz and a force constant
of 12-103 N/m (Bruker OTESPA, UK). Images were taken in air, by
depositing 40 pL of the sample on a freshly cleaved mica surface
(Agar Scientific, Essex, UK) coated with poly-L-lysine 0.01% (Sigma-
Aldrich, UK) and allowed to adsorb for 2 min. Excess unbound
material was removed by washing with filtered distilled water, and
then allowed to dry in air; this step was repeated once. Size distri-
butions were carried out using Image] software, to measure the
lateral dimension of individual graphene sheets. Sheet thickness
distribution was determined from AFM height sections. Both size
and thickness distributions were based on counting approximately
81-246 individual sheets.

2.7. Raman spectroscopy of GO and f-GO

Samples were prepared for analysis by drop casting approxi-
mately 20 pLof f~GO dispersion on to a glass slide. Samples were left
to dry at 37°C. Spectra were collected using a micro-Raman spec-
trometer (Thermo scientific, UK) using a A =633 nm LASER. Spectra
were collected at a laser power of 0.4 mW at a magnification lens
of 50 x with 10 s exposure time, averaged over 3 locations.

2.8. Animal handling procedures

Eight week-old C57BL/6 mice each weighing
between18.1+0.7g were obtained from Harlan (Oxfordshire,
UK), allowed to acclimatize for 1 week and kept under a 12h
light/dark cycle under steady temperature and humidity with
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access to food and water ad libitum. All experiments were con-
ducted with prior approval from the UK Home Office. One mouse
was used for each imaging experiment.

2.9. Positron emission computed tomography (PET/CT)

Mice were anesthetized using isoflurane (induction 5%, 2-2.5%)
in O, and catheterized in the tail vein for tracer administration. Each
animal was injected via the tail vein with 200 L containing 50 g of
f-GO labeled with 2.51-4.55 MBq of [¢4Cu]. At different time points
after injection (1, 3.5 and 24 h), mice were imaged on a Siemens
Inveon® PET/CT scanner. Mice were first scanned for 60 min scans
starting with the administration of the tracer. Animals were then
allowed to recover and re-anesthetized and rescanned for 30 min,
3h and 24h post-injection. Animal respiration and temperature
were controlled using a pressure-sensitive pad and rectal probe
(BioVet, m2 m Imaging Corp., Cleveland, OH, USA) and body tem-
perature was maintained at 37 4+ 0.7 °Cvia the interface managed by
the BioVet system. PET/CT was performed as previously described
[34]. Briefly, a CT scan was performed prior to the PET acquisition
for attenuation correction. The list mode emission data were his-
togrammed into 25 dynamic frame 3D sonograms for the 1 h scans
and into a single 30 min frame for the 3h and 24 h scans. Scans
were normalized, corrected for dead-time, attenuation, scatter and
radioactive decay, and reconstructed using OSEM3D (16 subsets
and 4 iterations) into images of dimensions 128 x 128 x 159 voxels
of volume 0.776 x 0.776 x 0.796 mm?.

2.10. PET image analysis

PET images were analyzed using the BrainVisa/Anatomist
framework (http://brainvisa.info/). Briefly, PET were segmented
using the Local Means Analysis (LMA) method (http://www.ncbi.
nlm.nih.gov/pubmed/18334430) with Partial Volume Effect (PVE)
correction using the Geometric Transfer Matrix (GTM) method
and the ROlopt methods (http://www.ncbi.nlm.nih.gov/pubmed/
18334430, http://www.ncbi.nlm.nih.gov/pubmed /20942812,
http://www.ncbi.nlm.nih.gov/pubmed/20443471). Automatic
segmentation of the volume had the advantage of producing user-
independent ROIs, these ROIs were then checked for consistency
in size and position for the organs measured in the co-registered
CT images.

3. Results
3.1. Preparation and characterization of GO

GO was prepared by the modified Hummers’ method described
previously [27,32] using chemical oxidation in strong acidic
conditions and collecting only the top layer of multiple centrifu-
gation/filtration purification cycles. This resulted in highly purified
graphene oxide sheets stably dispersed in an aqueous phase at
physiological pH. Structural characterization of the GO is shown
in Fig. 1A and Fig. S1A. The SEM and AFM images on the left hand
side of Fig. 1A show the morphology and ultrathin nature of the GO
prepared. AFM height images in Fig. S1A were further analyzed by
counting 81 and 142 individual sheets to obtain the thickness and
lateral size distributions respectively, as shown in Fig. 1A (right).
The thickness of as-prepared GO sheets ranged between 1 and 2 nm
corresponding to 2-4 single sheets of graphene, while the lateral
dimension of the sheets broadly ranged from 200 nm and to 2 pm.
Fig. S2 displays the Raman spectrum showing the characteristic G
and D bands of the GO with Ip/I¢ intensity ratio.

3.2. Synthesis and characterization of thin, functionalized
graphene oxide (f-GO-thin)

To synthesize the thin functionalized f~-GO-thin, the chelating
agent DOTA was grafted onto GO, as previously described [27].
Briefly, triethylene glycol (TEG) diamine was used to open the
epoxy rings and introduce amino functions on the GO surface. The
amount of amino groups on GO-NH, was assessed by the Kaiser
test [35]. The loading corresponded to 595 pmol of NH, functions
per gram of GO. Then, the amino groups of GO-NH;, were deriva-
tized with DOTA bearing an isothiocyanate moiety (DOTA-NCS).
Kaiser test of f~GO-DOTA indicated that the amount of unreacted
amine functions was 230 pmol/g, accounting for a ~60% coupling
efficiency.

Structural characterization of the freshly prepared f~-GO-thin is
shown in Fig. 1B and Fig. S1B. The SEM and AFM images in Fig. 1B
show the lateral morphology and thickness of the functionalized
GO sheets. AFM height images in Fig. S1B were further analyzed
by counting 246 and 149 individual sheets to obtain the thickness
and lateral size distribution, respectively. The f~GO-thin was found
to range between 4 and 8 nm in thickness indicating that the func-
tionalization reaction and processing led to few-layered sheets. The
distribution in lateral size after functionalization was reduced to
sheets no larger than 0.8 wm compared to the starting GO, in agree-
ment with our previous findings [27]. The Raman spectrum with
Ip/Ig ratio of f~GO-thin is displayed in Fig. S2.

3.3. Aging and characterization of thick, functionalized
(f-GO-thick)

The ageing of GO-DOTA materials was monitored to reveal
that stacking of the individual flakes was taking place, leading
to increased overall thickness of the aged GO flakes. To that end,
following the synthesis of f~GO-thin, the material was kept dis-
persed in water at 4 °C for 18 months. The thin GO sheets gradually
re-stacked forming the aged, thicker material. Structural charac-
terization of f~GO-thick (Fig. 1C and Fig. S1C), by SEM and AFM
imaging confirmed the increased thickness of the aged functional-
ized sheets. AFM height images in Fig. S1C were further analyzed by
counting 167 and 123 individual sheets to obtain the thickness and
lateral size distribution respectively. The f~GO-thick sheets were
shown to be four times thicker than the starting f~GO-thin mate-
rial, with flakes about 20 nm thick on average (up to 40-50 nm
thick), while their lateral size distribution remained unchanged (up
to 0.8 wm) compared to the fresh f~GO-thin. The Raman spectrum
with Ip/Ig ratio of f~GO-thick is displayed in Fig. S2.

3.4. Radiolabeling and PET/CT imaging f-GO-thin and f-GO-thick

The two f~-GO-DOTA aqueous suspensions were then radio-
labeled using $4CuCl; by using the heating method described
previously [27,33]. The efficiency of radiolabeling of the two func-
tionalized GO samples with [54Cu] (f-GO-thin and f-GO-thick)
compared to control EDTA are shown in Fig. S3. The radiolabel-
ing efficiency of freshly prepared [64Cu]-f~-GO-thin was more than
double that of the [64Cu]-f~-GO-thick (62.7% vs 26.4%), while the
control sample [64Cu]-EDTA almost entirely moved to the sol-
vent front (89.7%), as expected. That indicated that less DOTA
groups were available for radiolabeling in the thicker samples,
indirectly confirming the stacking process that took place. Intra-
venous injection of the same amount of thin and thick radiolabeled
GO sheets followed by dynamic PET/CT imaging was then per-
formed. PET imaging-based comparative pharmacokinetics and
tissue distribution profiling of [4Cu]-f~-GO-thin, [64Cu]-f-GO-thick
and control [64Cu]-EDTA using PET/CT imaging was carried out
(Fig. 2, Fig. S4). PET imaging in the heart and brain suggested
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Fig. 1. Structural characterization of GO, f~-GO and aged f-GO. SEM and AFM images of: (A) GO; (B) f~GO-thin; and (C) f~GO-thick. Thickness and lateral size distribution
analysis were performed based on counting several (81-246) individual sheets from the AFM images.

fast perfusion-dependent kinetics of the GO sheets, peaking at
30-40s post-injection and rapidly decreasing, with no significant
accumulation in both those organs (Fig. S4). Very different tissue
distribution and accumulation profiles were observed for [64Cu]-f-
GO-thin, [64Cu]-f-GO-thick and control [64Cu]-EDTA (Fig. 2, Table
S1 and Video S1). Namely, [64Cu]-f-GO-thick began accumulat-
ing rapidly (within 1 min post-injection) in the liver and spleen.
Almost equally rapid pharmacokinetics (peak levels and wash-out
within 5 min post-injection) and much lower accumulation were
observed through the kidneys and lungs. Conversely, the PET sig-
nal from [64Cu]-f-GO-thin increased more slowly in kidneys (peak
at 10 min post-injection) but to much higher levels, followed by
rapid decrease to reach a plateau within 30-60 min. In terms of tis-
sue distribution and accumulation, the fraction of [¢4Cu]-f-GO-thin
that remained in the body of the animals also accumulated mainly
in the liver and spleen, followed by a much smaller fraction in the
lungs.

It must be noted that at 40-60 min post-injection the levels
of tissue retention for the [4Cu]-f~-GO-thin and [4Cu]-f-GO-thick
material in the spleen, liver, lung and kidneys were very dif-
ferent. [64Cu]-f-GO-thick generally exhibited significantly higher
levels of retention in the liver, lungs and particularly the spleen,
accompanied by dramatically lower urinary excretion. The urinary
excretion observed for [64Cu]-f-GO-thick was about half of the lev-
els of urinary excretion obtained for [64Cu]-f-GO-thin (Table S1
and Video S1). In the lungs, accumulation was identical for both

GO materials (1.6% ID/cm3 vs 1% ID/cm3 at 40-60 min and 2.5%
ID/cm3 vs 0.90% ID/cm?3 at 3.5 h). In the kidneys, the pharmacoki-
netic profile of [54Cu]-EDTA and [%4Cu]-f-GO-thin was very similar
for both compounds, slowly reaching its maximum 6-7 min post-
injection before slowly decreasing to similar levels (0.8%ID/cm3 and
0.6%ID/cm3 for [64Cu]-EDTA and [64Cu]-f-GO-thin, respectively).
Overall the total amounts retained in major organs were almost
double for [64Cu]-f-GO-thick compared to [4Cu]-f-GO-thin, on the
other hand [54Cu]-EDTA control sample was almost completely
eliminated from the body 3.5 h after injection (Table S2).

4. Discussion

The starting GO material synthesized was of high purity and
either single or few-layer thick sheets, as described previously
[27,32]. Chemical functionalization of these sheets resulted in f-
GO-thin, and almost doubling in thickness (to about 5 nm) made of
more stacked sheets. Despite this increase in thickness, the mate-
rial can still be considered within the thin graphene-based material
range [36]. Increase in nanosheet thickness after chemical func-
tionalization of GO materials has been previously observed linking
different moieties and using different functionalization strategies.
We have also previously reported that the chemical functionaliza-
tion and covalent attachment of DOTA onto the GO surface resulted
in increased thickness [27]. Yang et al. reported slight increase in
thickness of GO upon covalent functionalization with polyethylene
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Fig. 2. Dynamic PET/CT imaging and tissue distribution of [64Cu]-f-GO-thin, [64Cu]-f~GO-thick and [4Cu]-EDTA. (A) Whole body PET/CT images of C57BL/6 mice injected
intravenously with [%4Cu]-f-GO-thin (top) and [64Cu]-f-GO-thick (bottom) at different time points (1, 3.5, 24 h); (B) Time activity curves of major organs of C57BL/6 mice
injected with [54Cu]-f-GO-thin, [#4Cu]-f-GO-thick and control [54Cu]-EDTA; (C) Whole body PET/CT images of a C57BL/6 mouse injected intravenously with the control sample
[64Cu]-EDTA showing almost complete excretion and no tissue accumulation after 3 h. 3-D whole body PET/CT imaging videos can be found in Supplementary data.

glycol (PEG), however a more profound increase (~5 fold) in thick-
ness was detected upon the physisorption of the PEG moiety [21].
Li et al. also demonstrated that the covalent attachment of PEG
to GO doubled flake thickness, while the physisorption of bovine
serum albumin (BSA) onto GO increased the thickness dramatically
by ten-fold [37]. In contrast, lateral size distribution was reduced
by GO functionalization, presumably due to further processing (fil-
tration, purification) as has been previously reported for different
types of chemistries [37]. The Raman spectra demonstrated the
characteristic G band at 1595 cm~! due to bond stretching of sp?
hybridized carbon atoms and the prominent disorder D band was
at 1330cm~!. The 2D band near 2700cm~! was absent, and the
D to G band intensity ratio (Ip/Ig), corresponding to the metric of
disorder [38] in the graphitic structure, increased upon function-
alisation as reported before [27]. Furthermore, it increased upon
aging due to increased surface defects and disorder with the re-
stacking of the sheets. The f~GO-thin sheets aged by re-stacking,
leading to significant differences in the thickness between the
freshly synthesized (f~GO-thin) and the same material after aging
(f-GO-thick). Such re-stacking was irreversible even after long son-

ication times. Some studies have demonstrated that multi-layered
GO films are metastable species, with their structure and surface
chemistry evolving at room temperature undergoing reduction
[39]. Another study demonstrated that aging of GO resulted in the
oxygen functionalities to agglomerate and form highly oxidized
domains surrounded by areas of pristine graphene. This was sug-
gested as a means to control the material properties and produce
new forms of GO [40]. The latter two studies could explain the
re-stacking we observed with our f~GO during aging. Despite this
significant increase in the thickness of the aged material, the lateral
size distribution of the sheets remained largely unchanged.

Both thin (freshly synthesized f~-GO) and thick (aged f-GO) con-
tained the appending DOTA chelating group, capable of complexing
radiometals with high efficiency and thermodynamic and kinetic
stability as is widely used in clinical nuclear medicine and imag-
ing [33]. The efficiency of [¢4Cu] radiolabeling of the f~GO-thin was
more than double that of the f~GO-thick (62.7% vs 26.4%), likely
due to the observed re-stacking of the aged sheets. This resulted in
fewer DOTA moieties available for chelation of the isotope [64Cu],
and an overall dramatic reduction in radiolabeling efficiency for
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the thicker material. However, we did not observe any differences
in the stability of radiolabeling once the radiometal complexed
with the DOTA moieties. Dynamic PET/CT imaging revealed the
blood kinetics and tissue distribution profile for the two radiola-
beled f~-GO materials intravenously injected in anesthetized mice,
to show three processes taking place: (a) rapid elimination of the
GO material from the blood pool, as previously published [27]; (b)
extensive glomerular filtration, bladder accumulation and even-
tual urinary excretion of the GO flakes within the first few hours
after administration; and (c) retention mainly in the liver, spleen
and significantly less in the lungs. The latter has been previously
reported for other GBMs, including GO [30], but not using PET/CT.
The observation of extensive urinary excretion of the material is in
agreement to previous studies by us and others using f-GO [24-27]
(e.g. dextran-functionalized graphene) [26]. However, further stud-
ies will need to be performed before generalizations are reached
with regards to the pharmacological profile of other GBMs.

Elimination of agents injected in the human body is in most
cases one of the requirements set by the Food and Drug Adminis-
tration (FDA) for the development of therapeutic and diagnostic
agents. Without clearance or biodegradation into benign prod-
ucts long-term accumulation is considered a potential risk [41-43].
Renal clearance is preferred for imaging contrast agents since it is
commonly a rapid elimination process with minimal cellular inter-
nalization and no needed for metabolic processing of the material.
Most of the current FDA-approved imaging contrast agents exhibit
renal clearance efficiency of at least 50% of injected dose within
the first 24 h [44]. The size of nanoparticles (NPs) or molecules
(drug/toxin) in general has been the main determinant of renal
clearance. NPs with small dimensions are excreted via the renal
pathway due to their capability to cross the glomerular filtration
threshold (GFT) <40 nm [45] or some report even less GFT <10 nm
[41]. Examples of such NPs include quantum dots (QD) [41,46],
gold NPs (GNPs) [47-49], silica NPs [50], iron oxides [51], car-
bon dots [52], copper NPs [53], palladium (Pd) nanosheets [54]
and graphene nanosheets [24-26]. The effect of charge and surface
coating has been studied to a limited extent, however zwitterionic-
coated NPs such as cysteine coated QDs [41], glutathione coated
GNPs [49] and glutathione coated Pd nanosheets exhibited high
resistance to protein binding thus retained their small dimensions
and were more efficiently cleared compared to their charged coun-
terparts. Cationic, small NPs (@ = 6-8 nm) have been associated with
a greater capacity for excretion compared to the anionic ones with
similar size, due to the greater chance of interaction with the neg-
atively charged glomerular filtration membrane [42,43]. The total
24 h urinary excretion rate reported for the NPs that are capable of
renal passage is generally >50%, that is within the FDA-approved
imaging contrast agents range [44]. NP shape has also been shown
to impact renal clearance. The excretion of fibre-shaped carbon
nanotubes, despite having one dimension exceeding several times
the GFT, has been attributed to their capability to align perpendic-
ularly to the glomerular filtration membrane, and translocate the
barrier [45,55].

In the present study, the tissue distribution and urinary
excretion of two planar-structured f~GO with different thickness
distributions were studied. The study revealed the rapid urinary
elimination (76.9% of injected dose after 24h) and less overall
(remaining whole-body) accumulation of the thin [¢4Cu]-f~-GO-thin
material. This may be due to more in vivo flexibility [6] of the
thinner 2D sheets and their ability to translocate [56] and cross
the glomerular filtration barrier to a greater extent compared to
the structurally more complex [64Cu]-f~-GO-thick. This material
accumulated in the liver and spleen to a much larger extent, pre-
sumably because of increased thickness and rigidity. The lack of
renal accumulation or entrapment observed in this study is another
promising advantage over other smaller sized NPs that tend to

accumulate in the glomerular compartments for longer periods
of time increasing the risk of nephrotoxicity [44,47,57]. The abil-
ity of sheet-like f~GO material to be excreted through the kidney
with remarkable efficiency and kinetics is considered promising
for various potential therapeutic and imaging applications.

To conclude, in this study, freshly synthesized chemically
functionalized, few-layered GO sheets (f~GO-thin) and their aged
thicker equivalent (f~-GO-thick) with appending DOTA moieties
were radiolabeled and imaged using PET/CT. This allowed us to
quantitatively compare the previously unexplored pharmacolog-
ical profile of f~GO materials of different thickness distributions.
Our findings indicated that the thinner f~-GO flakes were able to
be excreted via the renal pathway to a larger extent compared to
thicker f-GO. These findings reveal GO sheet thickness as a criti-
cal structural feature that will significantly impact pharmacological
and eventually toxicological outcomes.
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