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Depending on their applications, graphene-based materials may be inhaled. After
exposing mice via the nasal cavity, Newman et al. demonstrate that thin graphene
oxide sheets can infiltrate several brain regions in a size-dependent fashion. They
show that the materials gradually experience changes consistent with
biodegradation in the brain.

Newman et al., Cell Reports Physical Science 1,
100176

September 23, 2020 © 2020 The Author(s).
https://doi.org/10.1016/j.xcrp.2020.100176

Gheck for
Updaies


mailto:cyrill.bussy@manchester.ac.uk
mailto:kostas.kostarelos@manchester.ac.uk
https://doi.org/10.1016/j.xcrp.2020.100176
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2020.100176&domain=pdf

Cell Rel?orts )
Physical Science

Nose-to-Brain Translocation and
Cerebral Biodegradation of
Thin Graphene Oxide Nanosheets

¢? CellPress

OPEN ACCESS

Leon Newman,'? Artur Filipe Rodrigues,’? Dhifaf A. Jasim,’? Isabella Anna Vacchi,*
Cécilia Ménard-Moyon,* Alberto Bianco,*® Cyrill Bussy,"?* and Kostas Kostarelos'-?4:>/.*

SUMMARY

Understanding the interactions of graphene oxide (GO)-based
materials with biological systems is critical due to the potential
applications of these materials. Here, we investigate the extent to
which single- to few-layer GO sheets of different controlled lateral
dimensions translocate from the nose to the brain following intra-
nasal instillation. We explore tissue location and in vivo biodegrad-
ability of the translocated materials using various techniques. Mass
spectrometry and confocal Raman analyses indicate that trace
amounts of GO undergo nose-to-brain translocation in a size-depen-
dent manner. The smallest GO-sheet size category (us-GO, 10-
550 nm) gains the greatest access to the brain in terms of quantity
and coverage. Confocal Raman mapping and immunofluorescence
combinations show that in vivo, us-GO resides in association with
microglia. Point-and-shoot Raman spectroscopy shows that trace
quantities of us-GO are maintained over 1 month, but undergo
biodegradation-related changes. This study adds to growing aware-
ness regarding the fate of graphene-based materials in biological
systems.

INTRODUCTION

Graphene is a two-dimensional (2D) sheet of spz-hybridized carbon atoms, and the
archetypal member of the carbon nanomaterial (CNM) fami|y1'2; since its character-
ization,” many graphene-based materials (GBMs), including single- to few-layer gra-
phene oxide (GO) sheets and graphene quantum dots have been described.” GBMs
continue to receive considerable attention due to their unique properties.’”

GO is the main oxidized derivative of graphene.” It has been studied in various ap-
plications, including chemically resistant coatings with anti-corrosive properties,®
membranes for tunable sieving of ions,” energy storage,® construction materials,”
and biomedical technologies.'”"" Workers in the chemical and manufacturing in-
dustries using or developing GO-containing products or products that require the
use of GO, may be at risk of exposure. Larger populations may also be exposed if
GO is incorporated into materials used in water treatment'? or construction.’ With
increased research into the use of GBMs such as GO, the gap between bench-top
research and consumer products is closing, making studies that seek to understand
the biological interactions of these materials critical.'® Such studies can help guide
the production of safer GBMs by identifying physicochemical features that may
make such materials hazardous, especially after inhalation, and should be avoided
in their design.
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The nasal route represents a means by which nanomaterials can gain access to the
brain in exposed individuals.'* Per the International Commission on Radiological
Protection (ICRP) model of fractional depositions of inhaled particles,15 the aero-
dynamic diameter of an inhaled particle can influence its deposition in the pulmo-
nary tract. Nanometer-sized particles are expected to deposit predominantly in the
nasopharyngeal and laryngeal regions. Considering the anatomy of the olfactory
region in the nose, which connects directly and indirectly with the brain,'® nano-
particle deposition in this region may result in nose-to-brain translocation. In
support of this, epidemiologic studies, clinical trials, and animal experiments
exploring the biodistribution of inhaled nanoparticles have identified the materials
in extrapulmonary organs, including the brain."’~"? Several studies have examined
the fate of GBMs in the pulmonary system”®™?;, however, none to date have
explored the fate of the materials in the brain following potential nose-to-brain
translocation.

Vulnerability of the central nervous system (CNS) to engineered nanoparticles
was demonstrated initially by De Lorenzo and Darin®®; gold particles were
imaged in transit from the nasal mucosa to the brain using electron microscopy.
Nose-to-brain transport is now an established phenomenon reported for a
variety of nanoparticles, including silver nanoparticles,”® iron oxide nanopar-
ticles,”® ultrafine carbon particles,”® titanium dioxide nanoparticles,”’ manganese
oxide nanoparticles,”® and exosomes.”” Recently, exogenous combustion-
derived iron oxide nanoparticles were detected in the brains of deceased
humans, previously living in distinctive geographic locations®®; this presence in
the CNS may have been the result of nose-to-brain translocation following inhala-

tion of polluted air.*

Several modes of transport by which nanoparticles may enter the brain from the
nasal cavities have been considered, including transport via axons of olfactory (olfac-
tory neural pathway)®' and trigeminal (trigeminal pathway)***

between neuronal axons (paracellular ’cransport).34 Other pathways include paracel-

neurons orvia Spaces

lular or transcellular transport in relation to olfactory sustentacular epithelial
cells.'®?*53% Nanoparticles may also undergo absorption into the systemic circula-
tion and then permeate the blood-brain barrier (BBB) to access the brain.’® The
latter pathway remains unlikely due to various defenses of a healthy BBB, including

efflux pumps and narrow tight junctions.®’-*®

Here, we describe a study in which mice were exposed intranasally to aqueously
dispersed GO sheets of different lateral dimensions (large- [I], small- [s], and ultra-
small- [us] GO). Our objectives were to understand (1) the influence of GO sheet
lateral dimensions on the extent of nose-to-brain translocation and (2) the biode-
gradability of translocated materials over a 1-month period. Our hypothesis was
that lateral dimensions of GO sheets would primarily govern the extent to which
the materials underwent nose-to-brain translocation and that translocated GO
sheets would be biodegraded by resident phagocytic immune cells. Recent studies
have shown that CNMs, including GO, can undergo biologically mediated degrada-

3743 and in vitro.*44¢

tion, both in vivo
We show that single- to few-layer GO sheets undergo size-dependent nose-to-brain
translocation following intranasal administration in mice, with us-GO achieving the
greatest amount and coverage. Once in the brain, us-GO undergoes changes that
are consistent with biodegradation, suggesting that its presence within the brain
is likely to be transient.

2 Cell Reports Physical Science 1, 100176, September 23, 2020

Cell Rerrts )
Physical Science



Cell Rer_)orts .
Physical Science

RESULTS

Physicochemical Characterization of GO Materials

GO sheets of differing controlled lateral dimensions (I-GO, s-GO, and us-GO)
were prepared by a modified Hummers’ method under pyrogen-free condi-
tions.*”**® Structural characterization by transmission electron microscopy (TEM)
and atomic force microscopy (AFM) (Figure 1A) revealed that each material (I-GO,
s-GO, and us-GO) was composed of sheets of distinct lateral dimensions (Figure 1B).
Further material characterization is provided in Figures ST and S2. While I-GO sheet
lateral dimensions were 1-35 pm, s-GO sheet lateral dimensions were 29 nm—
1.9 um, and us-GO sheets had a narrower size distribution, with lateral dimensions
ranging from 10 to 550 nm. Other physicochemical parameters, such as oxidation
degree and thickness, remained constant and comparable between the three sheet
categories, permitting lateral dimension-based study.

To track and quantify the presence of GO after instillation, we functionalized GO
sheets with a chelating agent (mechanism shown in Figure S3) that could bind trace-
able metallic probes ""'In or ""®In. The chelation agent used was 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid (DOTA), attached to a poly(ethylene), gly-
col molecule, which displayed a free amine group (NH,-PEG4-DOTA). There was a
reduction in sheet lateral dimensions upon functionalization with NH,-PEG4-DOTA
to form GO-DOTA (PEG, linker is not included in the name of the functionalized ma-
terial for simplicity). The decrease in lateral dimensions was most evident for I-GO-
DOTA in relation to the dimensions of I-GO; there was at least a 5-fold reduction.
AFM showed that the thickness of GO materials had increased slightly upon
DOTA functionalization (Figures 1A and 1B). Lateral dimension and thickness distri-
bution histograms of the GO-DOTA structures are shown in Figure S1. Raman spec-
troscopy (Figures 1B and S2) revealed no significant changes in the I(D):|(G) ratio
following functionalization. Fourier-transform infrared spectroscopy (FTIR) demon-
strated new bands at 2,950-2,850 cm~', an increased band at ~1,600-
1,650 cm~', and the presence of a stronger band at 1,260-1,330 ecm™" for NH,-
PEG,-DOTA compared with FTIR spectra of the starting materials. X-ray photoelec-
tron spectroscopy (XPS) analysis demonstrated a decrease in the amount of epoxide
groups and the added presence of C-N bonds on the GO sheets, following DOTA
functionalization (Figure S2).

Chelation and Stability of GO-DOTA[In] Conjugates

GO-DOTA materials were examined for their ability to chelate the metal isotopes
radioactive ""'In and non-radioactive "*In. We confirmed via radio-thin-layer chro-
matography (TLC) that after the chelation reaction using ' 'In, followed by 2 washing
steps and compared with the control DOTA ["In], chelation had occurred. A small
amount of unbound DOTA['""In] (~10%-13%) was detectable at the solvent front
(Figure 2A). Inductively coupled plasma-mass spectrometry (ICP-MS) analysis indi-
cated that GO-DOTA structures could chelate 0.2-0.4 pmol '"*In/mg of GO-
DOTA (Figure 2B, left).

Stability (the amount of '"?In released over time compared with the initial amount of
"5 chelated, shown in Figure 2B, right) of the GO-DOTA['"®In] constructs was as-
sessed over time in 50% FBS at 37°C, at 1 and 7 days post-chelation using ICP-MS
(Figure 2B, right). Similar to the radio-TLC results, at day 1, we observed a small
free fraction of unbound DOTA['"In] in the supernatant for each construct. Taking
this into account, the GO-DOTA['"®In]-labeled complexes were 75%-80% stable,
and at day 7 post-chelation; this stability was retained.
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Parameter | Technique I-GO s-GO us-GO
Lateral TEM 10 ym [1-35 um] 450 nm [0.2—1.9 um] 122 nm [10-550 nm]
Dimension| — Ap, 21 um [10-30 pm] 74 nm [29-369 nm] 69 nm [30-300 nm|
Thickness AFM 1.8 nm [1-6 nm] 2 nm [0.5-12 nm] 1 nm [0.4-2.5 nm]
1(D)/1 (G) Raman 1.30 £ 0.04 1.35+0.02 1.34 £0.03
Parameter | Technique I-GO-DOTA s-GO-DOTA us-GO-DOTA
Lateral TEM 2 um [0.2-5.1 ym] 354 nm [29-1434 nm] 160 nm [10-538 nm]
Dimension AFM 0.36 pym [0.1-3.5 um] 91 nm [30-800 nm] 49 nm [30-480 nm]
Thickness AFM 1.9 nm [0.3-51.2 nm] 2.5nm [0.2-34.3 nm] 2.6 nm [0.2—48.0 nm]
1 (D)1 (G) Raman 1.34 +0.05 1.33+0.03 1.34 +0.02

Figure 1. Physicochemical Characterization

(A) GO nanomaterials were interrogated for morphological and structural features by TEM and AFM, before and after DOTA functionalization.
Histogram analysis of lateral dimensions (TEM and AFM) and thickness (AFM) distributions are provided in Figure S1. Spectroscopic features were
analyzed with Raman spectroscopy, FTIR, and XPS, as shown in Figure S2. Scale bars are as indicated.
(B) The characterization summary table shows measured sizes, expressed as means and ranges.

Size-Dependent and Brain-Specific Biodistribution of GO following a Single

Intranasal Instillation

Brain-specific biodistribution of 30 ng I-GO-DOTA["""In], s-GO-DOTA['""In], or us-
GO-DOTA['""In] following a single intranasal administration was determined by

4 Cell Reports Physical Science 1, 100176, September 23, 2020
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Figure 2. Indium Chelation Efficiency and Stability of GO-DOTA[In] Conjugates

(A) The chelation of """In by GO-DOTA was assessed using radio-TLC and Raman spectroscopy
(spectra acquired at the application point); n.d., not detectable.

(B) Left: the extent of chelation of '"°In by each GO-DOTA construct (umol of '°In per mg of GO-
DOTA) was assessed immediately after the chelation procedure using ICP-MS. Right: stabilities of
the constructs were assessed over 1 and 7 days in 50% fetal bovine serum (FBS) at 37°C using ICP-
MS (100% binding was taken from the values determined in the left panel). All ICP-MS experiments
were completed with at least 3 replicates. Values are plotted as mean + SD. Statistical differences
were assessed using the Kruskal-Wallis test followed by Dunn'’s post hoc test. *p < 0.05.

single-photon emission computed tomography/computed tomography (SPECT/CT)
imaging, autoradiography, and y-scintigraphy (Figure 3).

Per the qualitative SPECT/CT results, upon intranasal instillation, the 3 radiolabeled-
GO materials partially accumulated in the nasal cavities (Figure S4). Signal intensity
continued to be detected within the nasal cavities for 24 h (Figure 3A). Raman spec-
troscopy on the extracted nasal cavities was performed in a separate experiment us-
ing non-functionalized GO starting materials, and confirmed the presence of GO in
each case (Figure S5). Twenty-four hours after intranasal administration, a weak radi-
ation signal was detectable in the region of the brain corresponding to the olfactory
bulb in mice administered s-GO-DOTA['""In], us-GO-DOTA['""In], or DOTA["In].
In contrast, radiation signal in the brain was not obvious for mice administered |-
GO-DOTA['""In] (Figure 3A).

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 1, 100176, September 23, 2020 5




Cell Reports

¢? CellPress Physical Science
OPEN ACCESS

A I-GO-DOTA["In] s-GO-DOTA[*In]  us-GO-DOTA[""In]  DOTA["""In]
1.0

0.5

24 h Post-
Administration
Intensity (a.u.)

0.0

B |-GO-DOTA["In]  s-GO-DOTA["In] us-GO-DOTA['"In]  DOTA["""In]

[P P P IR
D o WD D

c 39

Intensity

= =) n
1-GO-DOTA[I""In]
5 [ s-GO-DOTA[""'In]

[ us-GO-DOTA[""'In]
[ DOTA[In]

Percentage of Administered
Dose/Tissue Weight (%/g)

Figure 3. Brain Biodistribution of GO-DOTA[In] Conjugates

Biodistribution of GO-DOTA[""'In] was analyzed using (A) SPECT/CT imaging, (B) autoradiography of perfused, extracted, and immersion-fixed brains,
and (C) y-scintigraphy of microdissected perfused brain substructures. All scintillation values were subtracted from the background signal and are
plotted as mean + SD. Statistical significances were assessed using the Kruskal-Wallis multiple comparisons test with Dunn’s post hoc test and were
considered as p < 0.05; no comparisons met this criteria here. n = 3-4 mice were used per group.

Following SPECT/CT, animals were culled via cardiac perfusion and their brains (two
mice per material) extracted, immersion fixed, and then sagittally sectioned into
halves. The left half of each brain was placed onto an autoradiography plate for
7 days. The results demonstrated that all of the materials, including I-GO-DOTA
["""In], had undergone nose-to-brain translocation to some extent (Figure 3B). In
agreement with SPECT/CT, the extent of translocation was least for [-GO-DOTA
[""In] and greatest for us-GO-DOTA["""In]. The smallest us-GO-DOTA['"'In] had
translocated to a comparable extent to DOTA["""In]; both probes were detected
in more than one brain region. It was not clear whether us-GO-DOTA['""In] had

6 Cell Reports Physical Science 1, 100176, September 23, 2020
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translocated to a greater extent compared with DOTA["""In] or vice versa, due to the
saturation of the signal observed in the autoradiography results and the low number
of replicates. Noticeably, widespread diffusion was not apparent for mice treated
with I-GO-DOTA["""In] or s-GO-DOTA[""In] (Figure 3B).

SPECT/CT and autoradiography results were validated quantitatively in a separate
24 h post-administration experiment by measuring the percentage of administered
dose of I-GO-DOTA['""In], s-GO-DOTA['""In], or us-GO-DOTA['""In] per gram of
dried microdissected mice brain tissue, using y-scintigraphy (Figure 3C). This
technique was expected to reveal the weak radiation signals missed by previous
techniques. Following intranasal administration of '"'In-labeled GO-DOTA sheets,
I-GO-DOTA["""In] was again found to translocate to the least extent, while us-GO-
DOTA["""In] had the greatest translocation, and s-GO-DOTA[""'In] was in-between.
The results of the group treated with DOTA["""In] suggested that an even greater
brain accumulation had occurred compared with us-GO-DOTA[""In], although
there was large intragroup variation.

Raman spectroscopy on homogenized brain tissues 24 h after instillation of non-
functionalized GO sheets was used to confirm these biodistribution results. This
approach allowed us to be more confident in rejecting the possibility that the
radioactive signal used to locate GO sheets using previous techniques originated
from free DOTA['"'In] and not the GO-DOTA['""In] conjugates. It also helped to
validate GO-DOTA as a suitable system to model the behavior of non-functional-
ized GO samples following intranasal administration. The results indicated that us-
GO was present in all of the brain regions; s-GO in the olfactory bulbs, pons, me-
dulla, and cerebellum; and |-GO in the olfactory bulbs, pons, and medulla
(Figure 4).

Cell-Specific Brain Distribution of us-GO 24 h following a Single Intranasal
Instillation

The above results on GO brain biodistribution suggested independently that us-GO
underwent the most extensive nose-to-brain translocation (albeit statistical signifi-
cance was not achieved, likely due to the trace quantities and complex processing
procedures; however, trends were apparent across all of the conducted experi-
ments). Therefore, we focused our next experiments on the brain-specific localiza-
tion and fate of us-GO in 2 regions, namely the olfactory bulb and cerebellum, at
24 h after intranasal administration. The pons and medulla were not chosen for
this experiment due to difficulties in separating the structures from the spinal cord
and cervical lymph nodes.

To investigate the cellular localization of us-GO, the brains of treated mice were
cryo-sectioned and immunostained to identify three major brain cell types: micro-
glia, astrocytes, and neurons (using anti-IBA-1, anti-GFAP, and anti-NeuN anti-
bodies, respectively). To determine the potential presence of GO in or near these
cells, confocal Raman mapping was conducted on the immunostained sections.
Raman maps and immunofluorescence images were superimposed (Raman maps
were made 50% transparent). Representative immunohistochemistry images with
Raman overlay of olfactory bulb (Figure 5A) and cerebellum (Figure 5B) sections
were provided. Due to the limited total number (n = 62) of GO Raman positive re-
gions detected within brain sections across the 3 mice examined, only a semiquan-
titative representation is presented (Figure 5C). The data indicate that us-GO sheets
were found predominantly in close association with microglia (Figure 5C).
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Figure 4. Biodistribution of Non-functionalized GO in Brain Regions
Each Raman spectrum is an average of 9 Raman spectra obtained from 9 different GO Raman positive regions, found across 3 mice. n.d., not detectable.

Time-Dependent Distribution of us-GO at 1 and 7 Days following a Single
Intranasal Instillation

We could not use y-scintigraphy to assess the biodistribution of us-GO at time
points after 24 h, due to the short radioactive half-life of "In. Instead, we used
the "%In isotope and measured the brain biodistribution of us-GO-DOTA["®In]
with ICP-MS, at days 1 and 7 post-administration. The results are presented in Fig-
ure 6 (percentage of administered dose per dry weight of tissue) and Figure S8
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(percentage of administered dose per whole-brain substructure); results of this
experiment confirmed those of the y-scintigraphy experiment (Figure 3C). At
7 days, the overall amount of us-GO-DOTA['"°In] remained approximately the
same. There were some variations when comparing each microdissected brain re-
gions at days 1 and 7. At day 1, the DOTA['"*In] control exhibited a qualitative bio-
distribution similar to that of us-GO-DOTA[""®In]; however, the translocation to the
olfactory bulb was much greater (Figure 6). Seven days after instillation, and in
contrast to us-GO-DOTA[""®In], the vast majority of free DOTA['"®In] cleared from
the brain; only traces were detectable within the cortex, hippocampus, and
cerebellum.

To confirm the ICP-MS data by a technique that did not rely on a probe (i.e., '"?In)
but on GO intrinsic properties, we administered mice with non-functionalized us-
GO and used Raman spectroscopy on the perfused and extracted brain sample ho-
mogenates. We obtained a qualitative Raman-based biodistribution atdays 1 and 7,
following intranasal administration of us-GO sheets (Figure 7). After 1 day, us-GO
could be found in more than one brain region, as demonstrated previously (Figures
3,4, and 6). After 7 days, us-GO was detected not only within the olfactory bulb and
cerebellum in agreement with corresponding ICP-MS data but also in the pons and
medulla.

In Vivo Biodegradation of Nose-to-Brain-Translocated us-GO after Intranasal
Instillation

To explore the in vivo fate of the translocated us-GO, biodegradation was assessed.
We analyzed GO Raman spectra detected in brain homogenates to interrogate the
crystalline state of the us-GO sheets over time (Figure 8). We focused this experi-
ment on material present within the olfactory bulbs, where our data indicated that
the majority of GO resided, and the cerebellum, where some material had further
translocated. We extended the timeline of the experiment to 1 month to assess
spectral changes more confidently. We detected GO at 3 different time points
(days 1, 7, and 28) in both the olfactory bulb and cerebellum of treated mice (Fig-
ure 8A). GO Raman signal intensity decreased over time, and at 1 month, the signal
intensity was at its minimum with respect to both brain regions. The rate at which the
intensity decreased was greater for us-GO in the olfactory bulbs than in the cere-
bellum. With regard to the I(D):I(G) ratio at each time point, there was an initial in-
crease in the ratio in the first 7 days in the olfactory bulb, whereas the ratio remained
largely unchanged within the cerebellum (Figure 8B). At 1 month, however, there
was a statistically significant decrease in the ratio for both regions compared with
day 7.

We then assessed whether the same changes would occur if the same dose of us-GO
were administered multiple times (5 doses over 5 consecutive days, 1 dose per day).
There was only a modest increase in the number of GO* cells per square millimeter
of brain tissue in both the olfactory bulbs and cerebellum following repeated
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Figure 5. Cellular Location of Non-functionalized us-GO within the Brain

(A and B) Representative fluorescence images of brain cells (green indicates IBA-1* microglia, GFAP* astrocytes, or NeuN™ neurons; DAPI (blue) was
used to indicate cell nuclei), with Raman overlay (50% transparency) of tissue sections taken from (A) olfactory bulbs and (B) cerebellums of perfused
brains of treated mice. The magnifications (12x and 40x) of regions of interest highlight the location of GO, as detected by overlaid 50% transparent

Raman maps. Respective non-transparent 40 x magnified Raman maps have been provided for comparison, with a color scale bar referring to the

percentage of similarity of the Raman™ region to a GO reference spectrum, given in Figure S6. Diagrammatic representation of the overlay procedure is

provided in Figure S7, for reference.

(C) Pie chart highlighting the location of detected us-GO™" regions (n = 62) in terms of their relative position to cells; this represents a semiquantitative

distribution of GO location in brain tissue, 24 h following administration.
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Figure 6. Evolution of the Biodistribution of us-GO- DOTA[In] Conjugates from Days 1 to 7

The biodistribution profiles of us-GO-DOTA['"®In] and DOTA[""®In] at days 1and 7 was determined
following a single intranasal administration. Each perfused microdissected brain region was
analyzed with ICP-MS for the presence of '"°In. The data are expressed as percentages of
administered dose per weight (g) of dry tissue. The data corresponding to the average percentage
of administered dose per anatomical brain region are presented in Figure S8. Values are plotted as
mean =+ SD. Statistical significances were assessed using the Kruskal-Wallis multiple comparisons
test with Dunn’s post hoc test and were considered as p < 0.05; no comparisons met this criteria
here. n = 4 mice were used per group.

exposures compared with the single administration (Figure S9). We did not collect
spectra for I(D):I(G) ratio determination at day 1 post-administration in this multi-
ple-exposure experiment, as this would require more animals and because the pre-
dominant changes in the I(D):I(G) were previously observed to occur between days 7
and 28. Moreover, the I(D):I(G) ratio at days 7 and 28 could be compared with the
I(D):(G) ratio of the materials at day 1 post-administration, as determined in the sin-
gle-administration experiment. When analyzing Raman spectra in this multiple-
exposure experiment (Figure S10), we observed an initial non-significant increase
in the I(D):(G) ratio at day 7 in mice administered multiple doses (compared with
the ratio at day 1 as determined for us-GO, following administration with a single
dose). Comparing the spectra obtained in the multiple-exposure experiment be-
tween days 7 and 28, we observed a decrease in the I(D):I(G) ratio and Raman signal
intensity, in a fashion similar to the decrease found in the single-administration
experiment.

General Well-Being of the Mice during the Experiments

No change in body weight or signs of distress were found in mice treated with GO
(Figure S11). They displayed normal behavior similar to those in the age-matched
dextrose 5%-treated group (dextrose 5% was used here as the vehicle control
[i.e., solution in which the GO was dispersed]).

DISCUSSION

The notion that the lungs and other components of the respiratory tract are targets
of inhaled nanoparticles has held strong; we recently revealed the impact of GO
sheet size in this setting.”” However, evidence from epidemiologic studies,*” clinical
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Figure 7. Evolution of the Biodistribution of Non-functionalized us-GO from Days 1 to 7
The presence of non-functionalized us-GO was confirmed in different perfused and microdissected brain regions using Raman spectroscopy. Each
Raman spectrum is an average of 9 GO Raman™ regions found across 3 mice at each condition and time point. n.d., not detectable.
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Figure 8. Biodegradation of us-GO over 28 Days

Olfactory bulbs (left) and cerebellums (right) of perfused brains of mice treated with us-GO were
isolated, physically homogenized, and screened for the presence of GO, using Raman spectra at
days 1,7, and 28.

(A and B) Average Raman signal (A) and the boxplots (B) of the I(D):I(G) at each time point are
presented. At each time point, 5 spectra were collected from each of the 3 mice treated. Values are
plotted as mean + SD. Statistical significances were assessed using a Kruskal-Wallis test with
Dunn's post hoc test. *p < 0.05 and **p < 0.01.

trials,” and animal experiments®* has shown that extrapulmonary organs including
the brain can also be affected. Here, the potential of GO sheets of different
controlled lateral dimensions to undergo nose-to-brain translocation following intra-
nasal instillation was investigated.

To perform our investigation, DOTA-functionalized and non-functionalized GO ma-
terials were used. The purpose of the DOTA-functionalized materials was to allow
the labeling of GO sheets with metallic probes that could facilitate their identifica-
tion and quantification within tissues. Single- to few-layer GO sheets of controlled
lateral dimensions*® were functionalized with DOTA connected to a PEG, linker
group (NH,-PEG,4-DOTA) via an epoxide ring-opening reaction.”’ This strategy
allowed the functionalization of GO materials, without disrupting the graphitic back-
bone or causing chemical reduction. We have shown that this epoxide ring-opening
reaction is a versatile means to functionalize GBMs.>" The lateral dimensions of the
[-GO-DOTA sheets were smaller than that of the starting I-GO sheets. Changes in
lateral dimensions were not as obvious for s-GO-DOTA or us-GO-DOTA compared
with the respective non-functionalized materials. Nevertheless, the lateral
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dimensions of I-GO-DOTA remained greater than that of s-GO-DOTA and us-GO-
DOTA constructs, permitting a lateral dimension-based examination of the nose-
to-brain translocation of GO sheets. The observation that a reduction in the lateral
dimensions occurs in GO sheets following chemical functionalization has been pre-
viously reported by us®” and others.”*

The reduction in I-GO sheet lateral dimension may be a consequence of the coop-
erative alignment of epoxy groups, which is expected to create fracture lines in
the sheets.”*>> Upon epoxide ring-opening using the amine group of the NH,-
PEG,-DOTA group as the nucleophile, a mass unzipping of the sheet along
epoxide-related fracture lines could occur, resulting in graphene sheets of smaller
lateral dimensions. This phenomenon was not observed to the same extent for
s-GO or us-GO sheets. We hypothesize that the cooperative alignment of epoxy
groups—the required configuration of epoxides for an unzipping process to
occur—in these smaller and more numerous sheets was less likely, due to the smaller
surface area and consequent fewer epoxide groups per individual us- or s-GO
sheets, relative to individual I-GO sheets.

Sheet thickness was observed to increase on average for all sheet size categories
upon DOTA functionalization and may be due to the added DOTA functionalities.
Increased thickness has also been reported following the functionalization of GO
with other DOTA derivatives,”” dextran,”® and PEG.>” The graphitic backbone of
the materials was interrogated using Raman spectroscopy, which demonstrated
the presence of characteristic D and G scatter bands (~1,330 and ~1,595 cm™ ).
The spectra of the materials were scrutinized for their I(D):I(G) ratio, which is used
commonly to assess disorder within GBMs.®” When comparing the I(D):I(G) ratios
of GO sheets and GO-DOTA conjugates, the value of the ratio did not increase
significantly, which was expected because of the conditions used in the epoxide
ring-opening reaction.”’

FTIR analysis revealed differences between the non-functionalized and DOTA-func-
tionalized GO sheets, confirming the chemical modification. Compared with GO,
GO-DOTA displayed enhanced and broader bands near 1,650 cm™' and at
1,260-1,330 cm™" in the regions where the amide C=0 stretch, and C-N stretch
and C-H bending are expected, respectively. There were also 2 new bands between
2,850 and 2,950 cm™~', which were attributed to the stretching of aliphatic C-H
groups. This supported the functionalization of GO with NH,-PEG,-DOTA, resulting
in GO structures that contained N-H and C-N bonds and were rich in aliphatic C-H
groups. XPS of the functionalized materials compared with the non-functionalized
materials supported these inferences. Similar observations have been reported

previously.*?>%

Using radio-TLC, we demonstrated the successful retention of '"'In by GO-DOTA.
Using ICP-MS, we show that all GO-DOTA materials chelated a comparable and
significant amount of '"®In. GO-DOTA['"®In] structures were shown to be
75%—-80% stable when incubated in serum at 37°C, over 24 h. These values are
comparable with those reported in previous studies.’”*® No significant decreases
in stability were detected for up to 7 days, indicating that this stability was main-
tained. We have shown previously that non-functionalized GO sheets labeled via
simple mixing with free In ions result in structures that exhibit poor stability over
time in serum at 37°C; the majority of bound In was released in 24 h.>? The initial
release in our current experiment was likely due to small amounts of unreacted
NH,PEG,-DOTA, which may have been physisorbed onto the surface of the GO
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and then released gradually over 24 h. Taken together, the physicochemical and
labeling characterizations demonstrate the synthesis of GO-DOTA sheets of
controlled lateral dimensions.

Alternative labeling strategies have been reported; these include labeling with
radioactive iodine,®" which requires no chelating agent-based attachment. These
strategies often use highly oxidizing species, which can damage the graphitic back-
bone of the materials. Moreover, physiological accumulation of iodine within the
thyroid gland can lead to difficult-to-interpret data.”® Physical adsorption strategies
to attach radioactive metals, bound within a chelating agent, onto the surface of GO
via Tt-7t interactions have also been investigated. These strategies can result in large
increases in sheet thickness,®” potentially affecting the behavior of the materials and
compromising their value as models to approximate the biodistribution of single- to

few-layer GO sheets.?'¢?

Following successful preparation of labeled GO constructs of different controlled
lateral dimensions, we investigated the materials’ respective brain biodistribution
profiles after intranasal administration. Qualitative SPECT/CT imaging data revealed
that during the early time points (i.e., 30 min after instillation), there was no
convincing evidence of transfer of materials across the cribriform plate, the structure
that separates the CNS from the roof of the nasal cavities. After 3 h, a weak signal
could be seen in the olfactory bulbs of mice administered with either us-GO-
DOTA[""In] or DOTA["""In]. This provided evidence of the translocation of these
two materials from the nasal cavities to the brain. Other studies investigating
nose-to-brain transport of nanoparticles also reported a short delay between the
time of administration and the translocation of materials to the brain.®* This is
possibly due to the size of the materials and nature of the translocation mechanisms.
Based on the results of our multiple techniques, 24 h after administration, stronger
evidence of the translocation of materials from the nose to the olfactory bulb was
apparent in the s-GO-DOTA, us-GO-DOTA, and DOTA control groups. Other
than SPECT/CT, all of the experiments were performed on animals sacrificed via car-
diac perfusion; this reduced the possibility of signal originating from materials circu-
lating in cerebral blood vessels.

The initial detection of materials within the olfactory bulb 3 h after a single adminis-
tration suggests that it was unlikely that translocation occurred only via axonal
transport. In this pathway, materials in the nasal cavities are taken up by neurons
via endocytosis or pinocytosis and are actively transported through the cribriform
plate in a retrograde fashion toward the olfactory bulb.”**'*> Axonal transport
tends to be relatively slow; studies have shown that ~24 h is typically required before
any material reaches the CNS.®> Axonal transport may, in part, be responsible for
some translocation of materials into the brain, particularly at 24 h, but it does not
explain the initial rapid (within 3 h) transport found for us-GO. Another possibility
is the transport of materials from various locations (e.g., nasal cavity, respiratory
tract, stomach, intestine) after their translocation from the nasal cavity to the sys-
temic circulation. From here, materials could cross the BBB and migrate into the
CNS?*%7; this mechanism is unlikely to explain our results, as the initial and major
accumulation was observed within the olfactory bulb near the cribriform plate.
This pattern of accumulation would not be expected had the materials entered
the brain primarily by crossing the BBB. Moreover, previous biodistribution studies
that used higher doses of GO showed that when administered systemically, the ma-
jority of materials underwent extensive urinary excretion, while the remnant fraction
was taken up by components of the mononuclear phagocytic system such as the
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spleen, with no obvious uptake into the brain.”?“® Studies that investigated the
transfer of intravenously administered GO from the systemic circulation to the brain
showed that even at high dosages, there was negligible evidence of BBB perme-
ation.®”%® Other mechanisms of nose-to-brain transport include transcellular
conveyance of materials through the olfactory sustentacular epithelial cells or para-
cellular transport through narrow tight junctions between these sustentacular
epithelial cells.'® These transport mechanisms can occur continuously over short
time frames and are more likely to explain the rapid appearance of materials within
the olfactory bulb. Drug molecules, fluorescence molecular tracers, exosomes, and
quantum dots, when administered intranasally, have also been reported to translo-
cate to the olfactory bulb within short time frames.??3¢:64:67-7"

SPECT/CT imaging, autoradiography maps, and y-scintigraphy measurements, all
using functionalized materials, together with the Raman-based biodistribution using
non-functionalized materials, provide quantitative and qualitative matching evi-
dence to support size-dependent nose-to-brain translocation of GO sheets. Size-re-
striction issues could explain these findings. De Lorenzo®' determined that axons of
olfactory neurons (in 2-month-old rabbits) had approximate diameters of 200 nm.
This indicates that axonal transport would be permitted in similarly small mammals,
only if the materials in question did not exceed the diameter of the neuronal axons.
Transcellular transport through the olfactory sustentacular epithelial cells is also
possible, but, again, will be size restricted due to the sizes and capacities of the cells
involved. Paracellular diffusion pathways, between olfactory sustentacular cells and
neurons, are also size limited. Tight junctions between cells of the olfactory mucosa
are reported to be 3.9-8.4 A, allowing negligible transport of materials >15 A7z
Even in the presence of absorption enhancers, these tight junctions will open by
15-20 times their normal size,”* resulting in gaps below the nominal lateral dimen-
sions identified during the characterization of the GO materials tested. However,
frequent turnover of the olfactory neurons may provide opportunities for larger par-
ticles to penetrate.”*’> Other studies have also reported that size plays a critical role
in determining the extent that nanoparticles undergo nose-to-brain translocation.?”
Our findings may be relevant for industries that aim to produce water-stable 2D ma-
terials with safer (by design) features’®; materials with lateral dimensions >1 um may
appear safer with respect to possible inhalation and brain exposure.

According to the ICRP model,'® nanoparticles would be expected to remain lodged
within the nasal cavities after intranasal administration.”’-”® To confirm this expecta-
tion, we harvested the nasal cavities from animals treated with non-functionalized
GO 24 h after instillation. Black materials were found in or on the tissue (Figure S5).
Raman-based analysis confirmed the graphitic nature of these black materials. The
amount of material found in the nasal cavities 24 h post-administration was size
dependent (as indicated also by the SPECT/CT imaging at 24 h post-administration);
the lowest amount was observed visually in I-GO-treated animals and the highest in
us-GO-treated animals. This may have contributed to the observed size-dependent
nose-to-brain translocation.

After 24 h, besides being present in the olfactory bulbs, trace quantities of us-GO
translocated to more distant structures, such as the cortex, striatum, hippocampus,
midbrain, cerebellum, and the pons and medulla. Previous studies have also re-
ported the presence of materials in distant brain structures following the intranasal
administration of carbon particles,”® iron oxide nanoparticles’” and exosomes.?” On
close analysis of the sagittal autoradiography maps, us-GO appeared to reach these
distal brain structures after passing through the olfactory bulb (as suggested by the
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gradient from the olfactory bulb to distal regions) rather than being introduced by an
alternative means. Extraneuronal transport pathways (i.e., in between cells) may
explain this observation. These pathways may transport administered nanoparticles
directly from the nasal epithelium and olfactory bulb regions into the cerebrospinal
fluid within the subarachnoid space that surrounds the brain.?® The materials may
then move toward deeper sites in the brain by convective flow driven by arterial pul-

sations, through perivascular spaces’"%

surrounding surface and brain-penetrating
arteries before being released into the brain interstitial spaces.®’ The total quantity
of GO that reached the brain in the present study was very low—on average
~0.012% of the initial dose. The dose of the material per gram of dry tissue in the
olfactory bulb was higher than that in other studies using nanoparticles, such as
20 nm silver nanoparticles,”* but comparable with that reported in studies using
related materials, such as ultrafine carbon particles derived from graphite.?® In all
of the cases, the total quantity that translocated into the mice brains was far lower
compared with values reported in studies exploring the use of nanoparticles for
nose-to-brain drug delivery.?? If larger mammals were to be exposed, then the
nose-to-brain translocation of us-GO would be expected to be greater due to the
higher absolute surface area of exposed nasal epithelium® and volume of air
breathed in. However, there are several differences between mammalian species,
including anatomy and physiology of airways that may influence the extent of this
potential translocation.

We focused our subsequent experiments on us-GO-based structures, as us-GO-
DOTA accumulated in the brain to the greatest extent at 24 h compared with
the other GO structures. Using Raman map analysis in correlation with immunoflu-
orescence microscopy, we investigated the location of us-GO sheets within the
olfactory bulb and cerebellum, with respect to three main cell types in the brain.
The olfactory bulb and cerebellum were selected for their distance apart. In
both brain regions, most of the translocated material was associated with
microglial cells, with smaller fractions associated with astrocytes, and less so
with neurons. This suggested that us-GO sheets were able to translocate to the
deep brain parenchyma, albeit in diminutive quantities, and interact with different
brain cell populations. Microglial cells are the resident macrophages of the CNS
and should be able to recognize us-GO sheets as foreign materials.***> Sequestra-
tion of us-GO by microglial cells after intranasal administration and nose-to-brain
transport has been previously reported for other nanomaterials, such as exo-
somes,”” silver nanoparticles, and quantum dots.”*** Under certain conditions,
the internalization of nanomaterials by macrophages has been associated with
cytotoxic and inflammatory responses.?*®” Further research is therefore warranted
to assess the impact of us-GO accumulation in microglia and on brain physiology
and functions, especially after repeated exposure and looking at possible delayed-
onset reactions. In this respect, recent studies investigating the effect of direct
stereotactic administration into the brain parenchyma of single- to few-layer GO
sheets demonstrated that the materials were not associated with significant in vivo
adverse effects.®®

Following the initial entry of us-GO-DOTA into the brain, ICP-MS (detecting ""®In)
and y-scintigraphy (detecting """In) revealed similar brain regional distributions at
day 1, with the highest accumulation in the olfactory bulb. When examining the
7-day time point, the overall percentage of the administered dose of the us-GO
materials throughout the brain remained on average constant with non-significant
variations. This was unlike the DOTA control, which had almost cleared from all of
the brain regions by day 7, indicating that us-GO-DOTA sheets and free DOTA
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evolved differently with regard to their distribution profiles, with greater retention of
us-GO-DOTA in several brain regions. It also reaffirmed the stability of our materials
in vivo. The similar biodistribution profile at day 1 supported the idea that us-GO-
DOTA had traveled mostly through perivascular and interstitial spaces, where small
molecules such as DOTA are also likely to gain access, permitting the flow and diffu-
sion of materials and molecules from the olfactory bulb to more distal regions (e.g.,
the cerebellum) over time. It is possible that after 7 days, free DOTA, unlike us-GO-
DOTA, had been cleared by mechanisms such as lymphatic transport.%??7° These
mechanisms are also relevant to materials in the interstitial space and not entrapped
in cells.

An important question was whether this trace amount of translocated and brain-
retained us-GO sheets could be biodegraded. This was an intriguing concept,
as most of the material was shown to be associated with microglial cells, which
are known to remove and degrade unwanted materials, including CNMs.*%** In
a previous study,”® we showed that in vivo degradation of GO sheets was
plausible when GO materials interacted with cells with degradative capabil-
ities.”””" In this previous study,”® splenic macrophages sequestered GO sheets
and mediated their structural degradation over a 9-month period. In the past,
we have also demonstrated, in vivo®® and in vitro,***¢ that microglial cells can
biodegrade sp?hybidized CNMs. These previous results are supported by several
degradation studies that demonstrate the capacity of mammalian enzymes in this

respect.”””?

Based on this knowledge, we used Raman spectroscopy to probe the crystalline
state of the non-functionalized GO sheets®’ after their translocation to the brain.
Within the olfactory bulb, GO-Raman signal intensity and integrity decreased
gradually. The I(D):I(G) ratio increased from day 1 to day 7, indicating that the
degree of defects had increased within the materials.®” The Tuinstra-Koenig equa-
tion predicts that the I(D):I(G) ratio should increase in graphitic material until the
material achieves maximum defect density, at which point, the ratio will
decrease.”’ In line with this, after 1 month, the I(D):I(G) ratio decreased to a level
below that of the starting materials. This signified an increase in defects and pres-
ence of amorphicity in the graphitic backbone of our brain-bound us-GO sheets.
The continuation of such processes is expected to cause gradual attenuation of
all of the component peaks associated with the Raman spectra of GO.?”:”* These
results suggest that us-GO sheets, previously shown to be largely associated with
microglial cells, underwent biodegradation-related changes in the brain, in agree-
ment with other studies concerning the biodegradation of CNMs.*%#4-%¢7%> The
exact mechanisms by which microglial cells degrade CNMs require further investi-
gation, but may involve peroxidase family enzymes, NADPH oxidase, or other cell
components, as reported for macrophages and neutrophils.**7*"? Results from
the cerebellum indicate that GO materials underwent a similar transformation,
albeit at a slower rate.

From a toxicological perspective, demonstrating that cells in the brain may be able
to degrade trace quantities of us-GO sheets that translocate to the brain is a
relieving prospect. It suggests that, even though us-GO sheets can enter the brain
from the nasal cavities, their residence as non-degraded GO sheets may be tran-
sient, reducing the potential risk of long-term damage to brain tissue due to material
persistence. To challenge the robustness of this statement, we conducted a multi-
ple-exposure experiment (5 repeat administrations of the dose initially administered
in the single-exposure experiment; 1 dose per day over 5 consecutive days). We
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were surprised to find that there was only a modest increase in the amount of mate-
rial deposited within the brain, perhaps due to the initial accumulation of GO in the
nasal cavities, blocking further entry. Nevertheless, over the course of 1 month, the
GO Raman signal evolved in a way similar to that observed after a single exposure,
suggesting that biodegradative processes were occurring. Even though the persis-
tence of us-GO sheets in the brain may be averted due to biodegradation, it is un-
certain whether the transformed material would be cleared from the brain. More
research is needed in this respect.

Previous studies have shown that in vitro enzyme-derived CNM degradation prod-
ucts do not induce enhanced toxic effects in vivo following pulmonary and perito-
neal administration.”®”” Throughout our experiments, we regularly measured the
weights and observed the general well-being and body condition of all of the
mice, in agreement with standards defined previously.'” No abnormal weight
loss or behaviors were observed relative to age-matched vehicle (dextrose 5%) con-
trol. These observations support the absence of the significant detrimental effects of
translocated materials and biodegradation by-products. Further investigations
should assess whether the observed trace amounts of materials and their degrada-
tion by-products can impair brain function and physiology, particularly at long term
after exposure.

If graphene nanoplatelets of equal dimensions to us-GO were administered in
mice using our methodology, then nose-to-brain translocation of these materials
would likely be more limited due to their hydrophobicity and greater tendency
to agglomerate compared with GO. In this respect, large agglomerates would
not translocate to the brain easily due to size restrictions, as seen here with |-
GO. If graphene sheets were to enter the brain, however, their biodegradation
would likely be of a different kinetic profile, presumably significantly slower due
to the lack of defects in the planar lattice of these materials. Previous studies
have shown that enzymes involved in the biodegradation process interact prefer-
entially with defected sites in CNMs to catalyze their degradation.'®’ The possible
long-term persistence and impact of graphene nanoplatelets entering the brain
should, therefore, be explored further.

In conclusion, our results suggest that following the intranasal administration of
aqueously dispersed GO sheets, the materials underwent size-dependent translo-
cation to the brain. The smallest sheet size category (us-GO, 10-550 nm) experi-
enced the greatest translocation and was present in every examined brain region,
notably in the olfactory bulb. However, the percentage of materials that translo-
cated to the brain is diminutive compared with the administered dose. Focusing
on us-GO, we observed that a large fraction of the translocated material resided
in association with the microglia. Over 1 month, us-GO sheets present in the brain
were subjected to in vivo biodegradative processes, which were likely affecting the
fraction associated with, or sequestered within, microglial cells. This study adds to
the growing awareness regarding the potential interaction of GBMs with biological
systems, which is critical in light of the predicted increase in the use of these
materials.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
the Lead Contact, Prof. Kostas Kostarelos (kostas.kostarelos@manchester.ac.uk).
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Materials Availability
All unique/stable reagents generated in this study are available from the Lead
Contact.

Data and Code Availability
All data associated with the study are included in this article and the Supplementary
Information. Raw data are available from the Lead Contact on reasonable request.

Synthesis of Non-functionalized GO Sheets of Differing Lateral Dimensions
The synthesis of GO sheets of controlled different lateral dimensions was in accor-
dance with our protocol, as previously described.*® During the procedure, measures
were taken to minimize the contamination of GO with endotoxin, including the use of
depyrogenated glassware, use of water for injection, and the handling of GO post-
synthesis under sterile laminar flow cabinets.

PEG,4-DOTA Functionalization of GO Sheets

NH,-PEG4-DOTA (9 mg, 0.0129 mmol) was added to an aqueous suspension of GO
starting material (either us-GO, s-GO, or I-GO) (9 mg, 1 mg/mL). The mixture was left
to react for 2 days under continuous stirring at room temperature. GO-DOTA was
then directly dialyzed in MilliQ water for 4 days. The final GO-DOTA was stored in
water, without further treatment. For further details, see the Supplemental Experi-
mental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.
2020.100176.
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