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Abstract

Carbon-based nanomaterials (CNMs) are being explored for neurological applications. However,
systematic in vivo studies investigating the effects of CNM nanocarriers in the brain and how brain
cells respond to such nanomaterials are scarce. To address this, functionalised multi-walled carbon
nanotubes and graphene oxide (GO) sheets were injected in mice brain and compared with charged
liposomes. The induction of acute neuro-inflammatory and neurotoxic effects locally and in brain
structures distant from the injection site were assessed up to one week post-administration. While
significant neuronal cell loss and sustained microglial cell activation were observed after injection of
cationic liposomes, none of the tested CNMs induced either neurodegeneration or microglial
activation. Among the candidate nanocarriers tested, GO sheets appeared to elicit the least
deleterious neuro-inflammatory profile. At molecular level, GO induced moderate activation of pro-
inflammatory markers compared to vehicle control. At histological level, brain response to GO was
lower than after vehicle control injection, suggesting some capacity for GO to reduce the impact of
stereotactic injection on brain. While these findings are encouraging and valuable in the selection
and design of nanomaterial-based brain delivery systems, they warrant further investigations to

better understand the mechanisms underlying GO immunomodulatory properties in brain.
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Introduction

Nanomaterials may offer new solutions for unmet medical needs in the treatment of neurological
disorders [1-4]. Among the different types of nanomaterials suitable for these biomedical
applications, carbon-based nanomaterials (CNMs), including single-walled (SWNTs) or multi-walled
carbon nanotubes (MWNTs) and graphene have recently emerged as potential new candidates given
their remarkable interaction with the neural tissue [5-10]. CNMs possess unique physicochemical
properties, such as high surface area, mechanical strength, electrical conductivity [11-15] and the
ability to be chemically functionalised [16, 17]. In the context of neuroscience, these properties have

been shown to support neuronal activity [17] and facilitate drug delivery in the brain [18, 19].

Studies performed in vitro have for instance revealed the promising applications of functionalised
SWNTs as glutamate uptake enhancers in primary astrocytes [20] or as neuroprotective factors in
primary glial cells extracted from brains of an Alzheimer’s disease (AD) mouse model [21]. Similarly,
in animal models, functionalised CNMs were efficient in delivering siRNA in a stroke model [22] or as
drug carrier in an AD model [23]. Another step toward their clinical translation was achieved when
the translocation of functionalised MWNTs (~MWNTSs) across the blood-brain barrier (BBB) was
demonstrated, initially in vitro [24, 25] and then in vivo [26, 27]. These seminal studies have paved
the way toward the targeted delivery of active therapeutics across the BBB after peripheral
administration of CNMs, as proposed in one proof-of-concept in vivo study for brain glioma [19]. More
recently, graphene-based materials (GBMs) and in particular Graphene Oxide (GO), the oxidised
form of graphene that results from chemical exfoliation of graphite, have also been explored for brain
therapy [6, 15]. Noticeably, GBMs were shown to inhibit the formation of -amyloid aggregates and
could thus be beneficial in preventing the progression of AD [28]. Then, chemically functionalised GO
sheets were reported to be suitable photothermal platforms for destroying formed amyloid
aggregates in AD model upon near-infrared light irradiation, via the generation of localised heat [29,
30]. Finally, GBMs were used as nanocarriers for anti-tumour drugs in both in vitro and in vivo
models of brain cancer [18, 31], and as neurotransmission modulator with potential applications in

neurobiology [32].

However, a key issue for a more widespread use of nanocarriers (including CNMs) in brain therapy is
the response of the brain parenchyma once nanomaterials interact with the different cell populations
of the central nervous system (CNS). This becomes especially crucial in view of potential
applications of nanocarriers in brain diseases with an inherent neuro-inflammatory component, such
as neurodegeneration, stroke, infection or cancer [33-35]. Therefore, to support the exploration of the
full potential of CNMs for brain therapy applications, increasing effort has been devoted to investigate
the possible side effects of these materials upon interaction with the brain parenchyma. MWNTs
coated with polymeric material (Pluronic F127, used to increase solubility of MWNTSs) were initially
incubated with primary cortical neurons [36]. As these MWNTSs did not induce apoptotic effects in
vitro, their biocompatibility was then validated in vivo upon injection in the visual cortex of mice [36].

Similarly, no major tissue damages were reported in another study performed to analyse the neuro-
3
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inflammation and cellular uptake of two types of FMWNTs (carboxylated or amino-functionalised),
after injection in the cerebral cortex [37]. Both -MWNT types were internalised by microglial cells and
neurons, and elicited a higher glial cell marker expression at the injection site, 2 days after injection
[37]. However, at 30 days post-injection, only carboxylated MWNTSs resulted in persistent glial cell
activation in regions peripheral to the injection site [37]. In another set of studies, after the infusion of
PEGylated SWNTs in the hippocampus of rats, an antioxidant response was observed after 24 h [38]
and up to 7 days [39]. The authors theorised that the antioxidant response to SWCNTs could partly
explain the moderate impact of the nanomaterials on animal behaviours [38]; moreover, the
biopersistence of these CNMs at the injection site was ascribed for the persistence of the antioxidant
response over 7 days [39]. Lastly, a study on the neurotoxic effect of different -MWNTs using
primary cultures of neuronal and glial cells derived from either the striatum or frontal cortex revealed
that while ~MWNTSs did not affect neuronal cells from any of the two brain regions or glial cells from
the frontal cortex, the viability of striatum-derived glial cells decreased [40]. Although the brain
region-dependent cytotoxicity to glial cells was shown to be independent of the ~MWNT type, it was
instead associated with the number of microglial cells in the considered brain region-derived cell
cultures [40], highlighting the key role of microglial cells (the resident macrophages of the brain) in

the regulation of the biological response to CNMs.

More recently, the potential impact of GBMs on brain cells and tissue has also been explored.
Functionalised graphene-based systems investigated as drug delivery carriers in the treatment of
subarachnoid haemorrhage did not show neurotoxicity in the targeted region [41]. However, GO
sheets were reported to down-regulate neuronal activity and signalling in vitro, albeit without affecting
viability [42, 43]. Autophagy and calcium homeostasis were also found to be disturbed in neuron
cultures exposed to GO, highlighting the ability of GO sheets to damage neuronal transmission and
functionality, without inducing toxicity [43]. Astrocyte function and homeostasis were similarly altered
by GO sheet exposure and internalisation, subsequently impacting the neuronal network that
astrocytes were supporting [44]. Finally, when primary mixed glia or the microglia BV2 cell line were
pre-treated with GO sheets, inhibition of NLRP3 inflammasome-dependent interleukin (IL)-18

secretion was observed upon lipopolysaccharide (LPS) and ATP priming [45].

Despite this growing knowledge and the great potential of CNMs as brain drug delivery vectors,
systematic studies assessing the inflammatory potential of these nanocarriers in brain tissue remain
scarce. To address this gap, three different types of engineered CNMs, including one GO type and
two FMWNTs (aminated or carboxylated), were here injected stereotactically into the striatum of mice
and their potent inflammation was assessed. For comparison, two types of highly charged liposomes
were used as benchmark drug delivery systems with previously reported tissue [46, 47] and brain
[48, 49] inflammogenicity. Considering recent findings highlighting the immunomodulatory and anti-
inflammatory properties of GO sheets in vitro and in vivo [32, 45, 50], the present study was also
designed to test the hypothesis that GO materials present a unique inflammation profile when

compared to other nanomaterials. The inflammatory potential of the different candidate nanocarriers
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was therefore assessed at different time points of the acute early stage response (up to 1 week after
injection) at both the molecular (i.e. transcripts encoding a panel of cytokines and chemokines) and
histological (i.e. activation of astrocytes and microglial cells, number of neurons and dead cells)
levels. These analyses were performed not only at the injection site (central position in the striatum)
but also in adjacent and distant positions within the brain, to assess both the diffusion of inflammation

processes and the delocalised effects caused by nanomaterial diffusion.

Results

Characterisation of the NMs

Either aminated or carboxylated -MWNTs that have been previously explored for biomedical
applications were used in the present study [22, 37, 51-54]. Their chemical functionalization is
thought to not only improve solubility, but also increase biocompatibility by reducing toxicity through
mitigation of the material-cell membrane interaction. The dimensional features (diameter and length)
of those -MWNTSs were analysed by transmission electron microscopy (TEM; Figure 1-B, and S1-
A). Both types of FMWNTSs had an outer diameter between 20 and 30 nm. Carboxylated MWCNTs
(ox-MWNTs) were between 200 and 300 nm in length, while aminated -MWNTs (MWNT-NH;*) had
a length between 500 nm and 2000 nm. The Kaiser test was performed to establish the amount of
amino groups present on the MWNT-NH;*, and found a loading of 58 pmol/g of amino functional
groups (Figure S1-A); while the amount of carboxyl group on the ox-MWNTs had been previously

determined using thermogravimetric analysis and found a loading of 1,7 umol/g [55].

In line with our previous works, several techniques were used to assess the physicochemical
properties of GO sheets (Figures 1-B and S1-B). The C-potential was -50.0 £ 0.4 mV. The lateral
dimensions were established with TEM and were in between 10 and 1800 nm, while atomic force
microscopy (AFM) revealed a thickness between 0.9 and 4.8 nm, consistent with few layer 2D

materials, as we previously reported [56, 57].

Characterisation of cationic (DOTAP:Chol) and anionic (DOPG:Chol) liposomes was performed to
confirm their hydrodynamic diameter size, polydispersity index (PDI) and {-potential (Figures 1-B
and S1-C). Cationic (DOTAP:Chol) and anionic (DOPG:Chol) liposomes showed a hydrodynamic
diameter of 125.6 £ 2.6 nm and 118.1 £ 3.0 nm, respectively. DOTAP:Chol liposomes showed a PDI
of 0.254 + 0.004, while in the case of DOPG:Chol liposomes, the PDI was 0.393 + 0.061. The
surface charge of the liposomes was confirmed by ¢-potential measurements. DOTAP:Chol
liposomes were formed by positively charged polar chains (DOTAP, Figure S1-C) that attribute the
cationic nature to the system ({= +60.5 £ 2.6 mV), while DOPG:Chol liposomes were formed by
negatively charged polar chains (DOPG, Figure S1-C) that attribute the anionic nature to the system
(C=-54.1 £ 0.5 mV).
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Expression of inflammation-related genes

The gene expression levels of transcripts encoding inflammatory molecules were measured in the
sampled brain tissue blocks. Transcripts encoding TNF-q, IL-18, IFN-y, IL-6 and IL-12 were used to
evaluate pro-inflammatory cytokines, CCL2 and CXCL10 as pro-inflammatory chemokines, and IL-
10, IL-4 and TGF-B as anti-inflammatory markers (Table S1).

Central brain injection site

The gene expression results for inflammatory markers in the injection site (central striatum) are
presented in Figure 2. As expected, bacterial LPS injection (positive inflammation control) induced
significantly higher expression levels for all inflammatory transcripts tested, except for ifn-y mRNA at
day 1 and cxc/70 mRNA at day 1 and 2. At day 7, the upregulation of inflammatory transcripts
induced by LPS was lower than at the two shorter time points, but remained significantly different
from il-10 mRNA induced by dextrose injection. Surprisingly, there was no significant upregulation of

cxcl10 expression at any time point.

In contrast, carbon nanomaterials had a limited effect on the expression levels of these genes
(Figure 2). Over time, ox-MWNTSs had a limited impact at day 1 (upregulation of tnf-a and il-18
mRNAs), high impact at day 2 (upregulation of il-12, ifn-y, il-6 and tgf-8 mRNAs) and returned to
basal levels at day 7. Similarly, GO upregulated only tgf-8 expression at day 1, upregulated tnf-a and
il-6 expression at day 2, but had no effect at day 7. MWNT-NH;3* upregulated only the il-6 gene at
both day 1 and 2 but had no effect at day 7. Comparison of the three carbon NMs revealed that
MWNT-NH;* had the safest inflammatory profile at day 1 while GO was the safest at day 7. At day 2,
both MWNT-NH3* and GO behaved similarly, while ox-MWNTSs induced the greatest inflammation.

Liposomes were used here as positive nanomaterial controls and were found to more broadly affect
gene expression (Figure 2). DOTAP:Chol upregulated il-6 and il-10 mRNAs at day 1; this
upregulation persisted at day 2, when expression levels of tnf-a, il-18 and tgf-8 mRNAs were also
upregulated. In addition, the inflammation induced by DOTAP:Chol was maintained at day 7 with
upregulation of ifn-y, ccl2 and cxcl10 gene transcripts. Similarly, DOPG:Chol upregulated il-12, il-6
and il-10 mRNAs at day 1 and upregulated tnf-a, il-1B, il-12, il-10 and ccl2 expression at day 2 but
returned to basal level at day 7. When comparing the two types of liposomes, no significant
differences were observed for any inflammatory marker at day 1. At day 2, significant differences
were found for ccl2 mRNA only. At day 7, significant differences were found for tnf-a, ifn-y, il-12, ccl2
and cxcl10 mRNAs, revealing an accentuated pro-inflammatory profile for cationic DOTAP:Chol

liposomes in comparison to anionic DOPG:Chol liposomes.

Among the different NMs, carbon NMs appeared to elicit the mildest inflammatory response at the
injection site. Both MWNT-NH3;* and GO yielded similar results, whereas ox-MWNT was the most

pro-inflammatory NM, especially at day 1 and 2 post-injection.
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Adjacent posterior brain region

The results of gene expression for different inflammatory markers in the posterior brain region in
direct contact with the injection site are presented in Figure S2. After LPS injection, upregulation of
transcript levels for all markers followed the same trends as in the site of injection. At day 1 and 2, all
transcripts were upregulated except for ifn-y mRNA at day 1. At day 7, expression of the tnf-a and il-

1B genes were still upregulated.

At day 1, carbon NMs had no significant impact on the expression of any of the genes tested in this
brain region (Figure S2). At day 2, all three carbon NMs regardless of their characteristics
significantly downregulated tnf-a expression and upregulated ccl2 expression. At day 7, none of the
carbon NMs had any significant effect. No significant differences were observed at any time point
among the three carbon NMs, despite a trend suggesting a mild (compared to nanotubes)
inflammatory profile after GO administration, especially at day 7 (i.e. ccl2, il-12, and ifn-y mRNAs had

lower values, albeit without statistical significance).

In contrast, following injection of liposomes, DOPG:Chol significantly upregulated cc/2 and cxcl10
mRNAs at day 1, whereas DOTAP:Chol had no effect in the posterior brain region (Figure S2). At
day 2, while DOTAP:Chol significantly upregulated il-18 and il-10 transcripts, DOPG:Chol
upregulated tnf-a and cc/l2 mRNAs. At day 7, none of the liposomes had any effect on inflammatory
marker gene expression, highlighting the transient inflammatory impact of these materials, possibly

due to their well-known poor long-term structural stability in living tissue.

Distant anterior brain region

Gene expression levels for the inflammatory markers in the anterior brain region (distant from the
injection site) are presented in Figure S3. As described above, at day 7 in the posterior brain region
(in direct contact with the injection site), a drastic decrease of the inflammatory response for all
markers and conditions tested was observed, including LPS injection (Figure S2). We therefore
reasoned that in a distant brain site (not in direct contact with the site of injection) inflammation levels
at day 7 would be even lower. This led us to investigate gene transcripts in the distant anterior brain
region only at day 1 and 2 (Figure S3). A second motivation for performing analyses of gene
transcripts in the anterior striatum after injection in the middle/central striatum (these two parts of the
striatum being at relative distance from each other) was brought about the hypothesis that liposomes
can diffuse across this brain region and therefore induce inflammation beyond the site of injection
[58, 59]. In addition, analyses were performed only for liposomes, as they were inducing upregulation
of genes in the posterior brain region (Figure S2), whereas all carbon NMs did not induce any gene

upregulation in this brain region (Figure S2).

The results following LPS injection in the anterior brain region were identical to those found for the
posterior brain region at day 1 and 2, with an upregulation of all markers except for ifn-y expression
at day 1 (Figure S3). At day 1, anionic DOPG:Chol liposomes elicited the greatest inflammatory

7
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response, with significant upregulation of tnf-a, il-1, il-6, ccl2 and cxcl/10 mRNAs, whereas cationic
DOTAP:Chol only upregulated il-18 expression. In contrast, DOTAP:Chol liposomes were more
inflammatory at day 2, with upregulation of tnf-a, il-18, ccl2 and cxcl10 expression, while DOPG:Chol

liposomes only upregulated il-12 expression.

Overall, anionic DOPG:Chol liposomes seemed to have a greater inflammatory potential at day 1 and
2 not only at the injection site but also in nearby and distant regions of the brain. In contrast, cationic
DOTAP:Chol liposomes showed a greater inflammatory potential at day 2 in all brain regions,
persisting at day 7 only in the site of injection. These results suggested that liposomes, as
hypothesised, can diffuse across the brain tissue from the injection site and mediate pro-

inflammatory effects along their path.

Impact on microglial cells and astrocytes

To investigate the effect of the tested NMs on microglial cells and astrocytes, we focused our efforts
on day 2. This time point was selected based on the molecular findings presented above, which
indicates that expression levels of pro-inflammatory transcripts were higher 2 days after injection
than at the other time points. The same three brain regions assessed for the RT-qPCR analyses

were used for the histology study (Figure 1-A).

Glial cell analyses were based on CD11b and GFAP immunophenotyping. Both qualitative
observations of cell features to detect structural changes indicating an activated state (such as cell
body hypertrophy and increased thickness of processes) and quantitative analyses were performed
(CD11b, Figure 3 -Ai, -Bi, and -Ci; GFAP, Figure 3 -Aii, -Bii, and -Cii). The latter evaluated the
following different parameters: j) area covered by microglia and astrocytes, including cell branches (a
higher area indicating cell hypertrophy) (Figures S4-A and S5-A), ii) intensity of microglial cell
immunoreactivity evaluated by densitometry (increased intensity indicating CD11b upregulation)
(Figure S4-B) and iij) astrocyte cell number (an increased cell number indicates astrocytic activation)
(Figure S5-B).

The area covered by microglial cells (Figure 3 -Ai, -Bi, and -Ci) and astrocytes (Figure 3 -Aii, -Bii,
and -Cii) was evaluated for all conditions tested and in the three brain regions considered. The
analysis was also conducted in matched regions of the contralateral hemisphere to obtain data in

tissue devoid of mechanical trauma due to stereotactic injection or surgery.

Microglial cells

Immunolabelled microglial cells at the injection site did not show features of activation, or only mild
activation in comparison to vehicle control (5% dextrose in water), at day 2 after injection (Figures
S4-A and 3-Bi). This was observed for all NMs and doses tested here. Only injection of cationic
DOTAP:Chol or anionic DOPG:Chol liposomes replicated the features observed after LPS injection
(i.e. hypertrophy and “bushy” appearance of microglial cells). However, this was not significantly

different from the vehicle control, as analysed quantitatively (Figure 3-Bi). High cell death, likely
8
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involving both neurons and glia, was observed at the site of injection after either of these liposomal
treatments and could account for this finding. Surprisingly, GO injections at 1 mg/ml resulted in
significantly lower CD11b immunoreactivity than control vehicle injection and was similar to that
observed in the contralateral non-injected hemisphere (Figure 3-Bi). Administration of either type of
-MWNTs at both 0.5 and 1 mg/ml and GO at 0.5 mg/ml induced a glial cell activation comparable to
that observed after vehicle injection.

In brain tissue sections distant from the injection site (i.e. anterior brain region), weak microglial cell
activation was observed after NM injections, while LPS induced clear microglial cell activation
(Figure S4-A). When analysed quantitatively and in comparison to the contralateral region, only LPS
injection elicited a significant activation of CD11b-positive cells (Figure 3-Ai). All the other conditions,
including both types of MWNTSs or liposomes and GO, induced microglial cell activation at a level
similar to that induced by vehicle injection or even lower, and was similar to that observed in the
contralateral hemisphere. Only cationic DOTAP:Chol liposomes (and to a lesser extent DOPG:Chol
liposomes) induced microglial cell activation that was slightly more pronounced (but not significant)

than the vehicle.

In sections from brain tissue in direct contact with the injection site (i.e. posterior brain region), mild
activation of microglial cells was observed after injection of LPS and anionic DOPG:Chol liposomes;
this was also observed to a lesser extent after cationic DOTAP:Chol liposome injection (Figure S4-
A). Accordingly, quantitative evaluation of the percentage of the area covered by CD11b-positive
cells showed a significant increase only in brains after LPS or DOPG:Chol liposome injection (Figure
3-Ci). DOTAP:Chol injection induced a modest, but not significant, increase of CD11b-positive cell
coverage compared with both vehicle control injection and the contralateral region. Both types of -
MWNTs at either concentration had no effect on activation of microglial cells in this region with
results similar to vehicle control injection. Noticeably, GO injection at either concentration resulted in
a lower signal than the vehicle and was more comparable to the contralateral region, albeit not

significantly.

Based on these results, particularly the surprising results obtained with GO versus liposomes or f-
MWNTs, a densitometric evaluation of CD11b immunostaining intensity was performed in brain
sections containing the injection site and compared against results obtained from LPS- and vehicle-
injected brain tissues (Figure S4-B). Consistent with the findings mentioned above, densitometric
analysis revealed a significantly lower CD11b optical density after administration of GO than after
vehicle, at the two tested GO doses. These results suggest that the presence of GO could be
beneficial in reducing the trauma of surgical injection in the striatum. In contrast, and as expected,
CD11b optical density after LPS injection was significantly higher than vehicle injection. Differences
in this parameter between injection of DOTAP:Chol or DOPG:Chol liposomes and vehicle were not

significant.
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Astrocytes

Hypertrophic astrocytes, as indicated by higher GFAP immunoreactivity, were observed after LPS
injection at the injection site (Figure S5-A). Accordingly, the relative surface area covered by
astrocytes after LPS injection showed a significant increase when compared with vehicle control
injection (Figure 3-Bii). Although not significant, the area covered by GFAP-positive cells was also
slightly increased after injection of ox-MWNT at both concentrations or injection of anionic
DOPG:Chol liposomes when compared with vehicle. None of the other NMs induced significant
differences when compared with vehicle control injections, but all conditions induced higher astrocyte
coverage than in the matched, contralateral non-injected brain regions; this suggests that the

mechanical trauma due to their respective injections could account for this mild astrocytic reaction.

In brain sections from the anterior region (distant from site of injection), mild features of astrocyte
activation were observed after administration of LPS or cationic DOTAP:Chol liposomes (Figure S5-
A). Accordingly, the relative surface area of the brain tissue covered by GFAP immunoreactivity was
significantly higher after injection of LPS and DOTAP:Chol liposomes than after vehicle, although
values were lower after injection of DOTAP:Chol than LPS (Figure 3-Aii). None of the other NMs
induced significant differences. Although not significant, values were lower after GO injection than
after vehicle injection (for both GO doses tested) and were similar to the contralateral hemisphere,
consistent with the results for microglial cell reactivity after GO treatment. For all conditions, the
relative surface area of the tissue covered by GFAP immunoreactivity was overall lower in this

anterior brain region than at the injection site (Figure 3-Aii and -Bii).

In the posterior brain region (i.e. sections in close vicinity to the injection site), astrocyte activation
was observed only after LPS injection and to a far lesser extent after DOTAP:Chol or DOPG:Chol
liposome injection (Figure S$5-A). Astrocytes had normal appearance for every other condition.
These observations were supported by quantitative evaluation of the area covered by GFAP
immunoreactivity (Figure 3-Cii). Only LPS induced a significant increase of GFAP coverage. Values
after DOTAP:Chol or DOPG:Chol liposome injection were slightly higher than after vehicle
administration, while every other condition showed values similar to or lower than vehicle-injected
controls. Noticeably, values after GO at 1 mg/ml were lower than after vehicle injection and similar to

those in the matched contralateral brain region.

Considering these results and the higher astrocyte activation observed in the anterior brain region
after injection of cationic DOTAP:Chol liposomes, astrocyte cell number was analysed after injection
of DOTAP:Chol liposomes and compared to both positive (LPS) and negative (vehicle) controls
(Figure S5-B). DOTAP:Chol liposome injection did not significantly affect the number of astrocytes in
the three analysed brain regions, despite being higher than the vehicle control in the anterior brain
region. The latter result was concordant with the relative coverage of GFAP-positive cells in
DOTAP:Chol liposome-injected brains (Figure 3), which showed greater astrocyte activation than

after vehicle injection but lower than after LPS injection. Astrocyte number was also significantly
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increased in the anterior and posterior brain regions after LPS injection, but was not significantly
increased in the injection site. These findings were also in agreement with the relative coverage of
GFAP-positive cells that showed that LPS resulted in higher values in both the anterior and posterior
brain regions (Figure 3-Aii and -Cii) than in the injection site (Figure 3-E) when compared with
vehicle. As mentioned above, this could be explained by the high cell death (involving glia) elicited by

LPS in the injection site (Figure 3-Bii).

Impact on neuronal cell viability

Akin to glial cells, the impact of the different NMs on neurons was also studied at day 2 after
injection. Neuronal cell death following injection of NMs was quantified using NeuN immunostaining
(Figure S6). Statistical evaluation was performed by comparing each data set with that obtained after
vehicle injection in the respective brain region (Figure 3 -Aiii, -Biii, and -Ciii). Only in the injection
site and after LPS or cationic DOTAP:Chol liposome injections was a significant loss of neurons
observed (Figure 3-Biii). LPS induced higher neuronal cell loss compared to DOTAP:Chol. No
significant neuronal cell loss was observed after injection of the other NMs or in the other two brain

regions.

Based on neuronal cell loss, the number of apoptotic cells were analysed measuring the cleaved
caspase 3 immunoreactivity after LPS and cationic DOTAP:Chol liposome injections, and were
compared to vehicle and GO injections (Figure 4). The greatest number of cleaved caspase 3
positive cells was found in brain sections containing the injection site after LPS or cationic liposome
injections, in agreement with the loss of NeuN immunoreactivity. Interestingly, a greater number of
cleaved caspase 3 positive cells was also observed in the cerebral cortex at the level of the injection
site, possibly associated with the needle track passing through the cortex to reach the striatum, but
only after LPS and DOTAP:Chol liposome injections and not after vehicle or GO injections. This
suggests a safer toxicological profile for GO than DOTAP:Chol liposomes, consistent with the results

obtained with CD11b immunoreactivity (Figure S3-B).

Finally, a Fluoro-Jade B staining was performed (Figure S7) to label neurons undergoing
degeneration [60]. Combining Fluoro-Jade B staining with cleaved caspase 3 staining would help
confirming whether cleaved caspase 3 positive cells were in fact neurons. Consistent with both the
NeuN and cleaved caspase 3 signals, only LPS-injected brains had Fluoro-Jade B labelled neurons
in the striatum. In the cortical tissue surrounding the needle track, a limited number of Fluoro-Jade B
positive cells were observed after injection of LPS, DOTAP:Chol liposomes, or (to a lesser extent)
vehicle. Surprisingly, no Fluoro-Jade B stained cells were observed after GO injection in the striatal
or cortical regions, suggesting that the presence of GO sheets may have prevented the brain tissue
damages associated to surgery and observed after vehicle injection, which supports the data
obtained with CD11b immunoreactivity (Figure S4-B). Results from NeuN and cleaved caspase 3
immunostaining clearly revealed that NMs inducing neurotoxicity (i.e. DOTAP:Chol liposomes) were

only detrimental at the site of injection, but not in adjacent brain regions. This finding was suggesting
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that, despite the potency of these materials to diffuse across the brain tissue (as indicated by their
inflammatory potential across the three tested regions), the amount of diffusing materials is likely to
be limited, or that neurotoxicity requires a high dose of materials, such as found at the injection site,

to occur.

Taken together, the results obtained with NeuN, cleaved caspase 3 and Fluoro-Jade B indicate that
only cationic DOTAP:Chol liposomes (and the positive control for inflammation, LPS) had a clear
negative impact on cells and primarily at the site of injection. In contrast, GO appears to have a safer

and potentially beneficial profile in respect to neurons.

Discussion

Due to their unique properties and dimensions, engineered nanomaterials have emerged as novel
nanomedicine solutions for the treatment or diagnosis of various neurological conditions [1].
However, the CNS is a very sensitive environment. If freely bioavailable in the brain parenchyma,
nano-sized foreign materials such as nanocarriers may easily cause disruption to physiological
processes and functions. It is therefore of greatest importance that safety considerations are
implemented at an early stage during the development of biomedical nanomaterials for CNS
applications [61]. For this to happen, a better understanding of the nanomaterial physicochemical
characteristics that may induce adverse effects in the brain, such as inflammation, is warranted. This
is particularly essential for biomedical nanomaterials developed to treat brain diseases that already

have an inflammatory component [34, 35].

Recently, both carbon nanotubes and graphene-based materials have shown great promise for the
treatment and imaging of neurological disorders. However, there is a limited number of studies that
have specifically explored the neuro-inflammation profiles of these CNMs in the brain. With this in
mind, we went on investigating the neuro-inflammatory potential of different CNMs that could
potentially be used as brain nanomedicines. The tested nanocarriers were directly injected in the
striatum, which was used here as a model of centrally positioned brain region for assessing the
reactions of the three main cell types of the brain (namely neurons, astrocytes, and microglial cells)
to exogenous materials. Along with CNMs, both cationic and anionic liposomes were used as
benchmark materials with known inflammatory properties in various tissues [46, 47] or the brain [48,
49, 62]. These inflammatory properties are due to their high density of surface charges. Indeed, while
anionic micelles were shown to be well tolerated regardless of administration modalities [48], cationic
micelles and cationic liposomes elicited immune cell infiltration and neuronal degeneration due to

inflammatory response after central administration [48, 49].

In the present study, the inflammatory potential of the different nanomaterials was then tested at both
molecular and histological levels. These investigations were performed not only in the area of the brain

injected with the candidate nanocarriers, but also in adjacent brain areas, either in close vicinity to the
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site of injection (posterior area) or a few mm away from the site of injection (anterior area). This
assessment in three different locations of the same striatum was designed to assess the possible
diffusion of the materials or biological effects (or both) across the injected brain region, namely the
striatum. In addition, different doses of nanomaterials were considered. The main tested dose for f-
MWNTs and GO (i.e. 0.5 ug) was based on previous studies for drug delivery purposes using similar
administration route, bypassing the blood brain barrier [22, 53]. This amount was then doubled to
directly compare with the dose used for liposomes and to assess the role of positive and negative
charges in the inflammation profile of surface-charged CNMs, such as functionalised MWNTs and GO.
All tested materials were compared to a negative control, an injection with the vehicle (5% dextrose in
water), which reflected the background inflammatory response to the brain tissue damage induced by
the stereotactic surgical procedure. The reported neuro-inflammation profiles for the different
nanomaterials tested are therefore representing not only the brain tissue response to the material
injections, but also how each tested nanomaterial modulated the inflammatory response inherent to
the brain surgery used to administer those materials [50]. NM treatments were also compared to LPS,

a known inflammogenic compound.

Gene expression analyses of pro- and anti-inflammatory markers revealed that the tested
nanomaterials elicited different patterns of inflammatory response in the considered brain areas. In
general, regardless of their nature, the levels of pro-inflammatory markers after the administration of
nanomaterials were found to be significantly lower than those elicited by LPS injection at days 1 and
2, when the LPS-induced upregulation was greatest. But an overall mild acute neuro-inflammatory
response was found for all the different nanomaterials tested, in comparison to the negative control.
Although the administration of carbon NMs, including GO, elicited a mild upregulation of pro-
inflammatory transcripts immediately after injection, still observable at day 2, gene expression levels
for these materials were comparable to the negative control by day 7. These findings are in
agreement with previous investigations in which -MWNTSs that were either carboxylated and
aminated or aminated only, had been injected in the cerebral cortex of mice and induced in both
cases a transient inflammatory reaction, attributed to both nanomaterial and brain surgery, with brain
tissue showing no signs of inflammation by day 14 [37]. Contrastingly, injection of cationic liposomes
induced marked levels of transcripts encoding pro-inflammatory markers (particularly at the site of

injection) that persisted for up to 7-day after injection, in agreement with previous studies [48, 49].

In brain regions close to (but not within) the injection site, there was an overall lower level of pro-
inflammatory transcripts compared to the injection site. Apart from day 2, the administration of -
MWNTs and GO did not elicit upregulation of any pro-inflammatory mediators in a nearby brain
region from the injection site, which is consistent with a previous study that did not reveal any
diffusion of the biological effects after intra-cerebroventricular injection [37]. However, despite the
distance from the injection site, the administration of cationic liposomes induced marked upregulation
of inflammatory markers in these brain regions at both day 1 and 2. This suggests potential diffusion

of either the biological response via intercellular signalling, possibly mediated by activated microglial
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cells, or the nanomaterials (or both). This observation is consistent with observations by Knudsen et
al. [48]. In this study, macrophage infiltration was observed both in the injection site and in a nearby

brain region 1 week after the injection of cationic and anionic liposomes in the dentate gyrus of rats.

Neurotoxicity leading to neurodegenerative effects represents a major concern for the use of
nanocarriers in the brain [54]. The results obtained in the present study did not reveal acute neuronal
cell death effects for most of the analysed nanomaterials. Indeed, cell counting revealed a significant
decrease of neuronal cell number in the injection site only after administration of cationic liposomes.
These findings are consistent with results obtained in a previous study in which the potential
systemic and central toxic responses were evaluated after brain administration of non-PEGylated
cationic (DOTAP:Chol-Chol) liposomes or PEGylated micelles that were either cationic or anionic
[48]. In the latter study, intra-cerebroventricular administration of cationic liposomes induced
inflammatory cell infiltration, neuronal degeneration, and cell apoptosis, whereas the administration
of anionic particles did not cause any toxic reaction [48]. Similarly, in the present study, the
DOPG:Chol anionic liposomes did not induce neurotoxicity, while cationic DOTAP:Chol liposomes
resulted in neurotoxic effects. However, while LPS elicited glial and neuronal cell death at the site of
injection, cationic liposomes only affected neuron cell number. This could be due to the properties of
cationic liposomes, which are instable nanosystems characterised by rapid clearance due to fusion

with cell membranes, hence are short-lived [63].

In contrast to liposomes, regardless of their surface charge none of the CNMs induced neurotoxicity.
This is consistent with a previous long-term (12 w or 1 y) experimental study on brain tissue
response following the injection of nanowires with different lengths (2, 5, and 10 um) in which no
significant differences in the number of neurons were measured [59]. In another study, PEGylated
SWNTs did not induce cerebral tissue damage or cognitive function alterations at 1 or 7 days after
infusion in the rat hippocampus [39]. In addition, despite short-term oxidative damage observed at 30
min, an unanticipated antioxidant effect was observed after 7 days, suggesting a potential

neuroprotective ability of these functionalised carbon nanotubes [39].

The brain inflammatory response to nanocarrier injection is expected to be mediated by glial cells,
since both microglia and astrocytes act as scavengers for maintaining homeostasis and signalling
between cells. On one hand, astrocytes control ion and nutrient balance [64], and are activated upon
injury, which manifests structurally by an hypertrophy of the cell body and processes, and an
upregulation of GFAP [65]. On the other hand, microglial cells are the main CNS immune-resident
components, reacting to early changes in neuronal activity or to pathological conditions [66] and
constitute the main defence mechanism in the brain. Therefore, the responses of both microglial cells

and astrocytes were analysed in detail in the present study.

At the injection site, no activation of microglial cells was observed after injection of CNMs, regardless

of their type or surface charge, whereas hypertrophic microglial cells were observed after injection of
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liposomes (also regardless of their surface charge). Interestingly, in the brain region adjacent to
injection, mild microglia activation was observed after administration of both positively-charged amino
f-MWNTSs and liposomes (anionic or cationic). These findings are consistent with a previous study in
which a local inflammatory response was induced by -MWNTSs [37]. In addition, a mild astrocyte
response was observed here at the injection site 2 days after injection, particularly after
administration of ox-MWNTs and anionic liposomes. In adjacent or distant brain regions, the
astrocyte response was significantly lower with respect to the injection site. A previous in vitro study,
performed on primary mixed glial cell cultures, emphasised the importance of microglial cells and
how their number (with respect to other cells such as astrocytes) can affect biological outcomes [40].
We observed that administration of cationic liposomes induced astrocyte activation at a distance from
the injection site, consistent with the pro-inflammatory gene expression response observed in the
same brain region with RT-gPCR analyses. These findings agree well with results obtained in a
previous study in which both astrogliosis and microgliosis (based on GFAP and Iba1

immunostaining) were identified directly at the site of injection of cationic micelles or in nearby brain
regions [48]. In contrast, anionic micelles did not induce a similar activation, highlighting the safer
profile of negatively charged nanomaterials when compared to positively charged nanomaterials.
Indeed, anionic particles interact less with cell membranes that are negatively charged surface. In
contrast, cationic particles, due to a higher electrostatic interaction with negatively charged cells, can
accumulate to a greater extent in cells and create a more significant burden. This in turn increases

the potential of positively charged nanomaterials to exert a toxic effect [67, 68].

Regarding the overall brain inflammation potential of the different nanomaterials tested here, GO
nanosheets appeared to have the least inflammatory profile, when combining both molecular and
histological results. This is consistent with a recent review that mentioned that, thus far, graphene-
based nanomaterials (including GO) appear to be safer than carbon nanotubes [69]. When
comparing carbon nanotubes and carbon based two-dimensional lattices, not only the dimensions
(lateral, thickness or length) but also physicochemical features such as rigidity/stiffness or
bioavailable surface area could be amongst the explanatory material factors making GO more
tolerable than MWNTSs under the tested conditions [70, 71]. However systematic investigations
addressing those questions and comparing the two types of materials are lacking so far, in both the
nanotoxicology and nanomedicine literatures. Here, we observed that GO nanosheets not only
induced a moderate and acute inflammatory response (tgf-g8 over-expressed at day 1; tnf-a and il-6
over-expressed at day 2; expression levels similar to negative control for all transcripts by day 7), but
also led to a lower level of glial cell activation at day 2 when compared to vehicle injection (i.e. glial
activation due solely to surgery in this later case), especially at the 1 mg/mL dose. In addition, GO
induced less neurotoxicity than LPS, cationic liposomes, or even the vehicle control. This suggests
that the presence of GO in the brain could be beneficial to reduce the impact of intra-parenchymal
stereotactic surgical injection of materials, a traumatic injury that causes inflammation and cell death
by itself, as evidenced in the negative control results reported here. These findings are consistent
with a study [50] that reported that mouse brain directly injected with GO had lower GFAP
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immunoreactivity at 48 h and lower iba1 immunoreactivity at 72 h after injection compared to
negative vehicle control, suggesting that GO had the capacity to lower the activation of astrocytes
and microglial cells, both caused by the brain surgery at the injection site. In agreement with this,
another study reported the immunomodulatory effects of GO pre-treatment on the macrophage
response to inflammatory challenge [45]. In this study, GO pre-treatment had an anti-inflammatory
effect upon activation of the inflammasome. Specifically, GO sheets reduced the release of IL-1p and
IL-6 by an NRF2-mediated mechanism. This effect was observed not only in immortalised bone
marrow-derived macrophages but also in a primary murine mixed glia and immortalised microglia
BV2 cell line. While all these converging findings, including ours, are encouraging from a biomedical
perspective, they warrant further investigations to fully understand the underlying mechanism of the
immunomodulatory effects of GO nanosheets. In particular a greater sample size, a broader range of
doses and longer time points after injection will be required to reveal how these effects could be
controlled and safely translated into valuable clinical applications of GO based nanovectors for brain

diseases.

Conclusion

In the present pilot study looking at the acute response to injection of nanovector candidates in the
brain, lipid-based NPs, particularly cationic liposomes, induced the greatest inflammatory response in
all considered brain regions. In contrast, CNMs were well-tolerated in the brain parenchyma, with
assessments at both molecular and histological levels revealing only an acute response at days 1
and 2 followed by fast recovery by day 7. No significant differences were observed between the two
types of MWNT functionalisation or the two doses of CNMs (1 ug vs 0.5 pg). Among the different
CNMs, GO nanosheets displayed the least deleterious profile, with even some beneficial
immunomodulatory properties that mitigate the inherent inflammation and brain tissue damages
associated with the brain stereotactic administration. Therefore, under the conditions tested here, GO
nanosheets appeared to have the best profile for future development as brain nanovector, especially
for cerebral applications that require focal drug administration or in conditions with an inherent
inflammatory component. Going further, additional investigations should examine not only the long-
term fate and chronic effects of these materials after their injection in the brain, but also the long-term

consequences of the apparent immunomodulation properties of GO.

Experimental Section

Nanomaterials production

Functionalised multi-walled carbon nanotubes. Pristine MWNTs were purchased from
Nanostructured and Amorphous Materials Inc. (NanoAmorph, Houston, TX, USA) with a carbon
content of 94%. The pristine materials were then modified using either a 1,3-dipolar cycloaddition
reaction to obtain aminated MWNTs (MWNT-NH;*) or a 24-h reaction in H,SO4/HNO; (3:1) solution
to produce carboxylated MWNTs (ox-MWNT), as previously described [72, 73].
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Graphene oxide sheets. GO flake suspensions in water were prepared from graphite powder
(Merck, Sigma-Aldrich, UK) and synthesis was conducted using a modified Hummers’ method as

previously described [56, 57].

Liposomes. To produce liposomes, 1,2-dioleoyl-3-trimethylammonium-propane hydrochloride
(DOTAP) and 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-glycerol))] (DOPG) were kindly
provided by Lipoid GmbH (Ludwigshafen, Germany). Cholesterol (CHOL) was purchased from Merck
Sigma-Aldrich (UK). Chloroform and methanol were purchased from Thermo Fisher Scientific (UK).
Both cationic (DOTAP/CHOL; 2 mM DOTAP:1 mM CHOL) and anionic (DOPG/CHOL; 2 mM
DOPG:1 mM CHOL) liposomes were prepared using the film hydration method [74]. Briefly, DOTAP
or DOPG and CHOL were dissolved in chloroform/methanol (4:1, v/v) and the organic solvents were
evaporated under pressure for 30 min at +40°C using a rotary evaporator. The resulting thin lipid film
was hydrated in sterile-filtered 5% (w/v) dextrose solution in water and then bath sonicated for 15 min
at +40°C. The final liposome solution was kept at room temperature for 30 min to stabilize the

colloidal stability before storage at +4°C for a maximum of 5 days.

Characterization of the nanomaterials

Functionalised multi-walled carbon nanotubes. MWNTs were analysed by transmission electron
microscopy (TEM) to determine the mean diameter and length as previously described for the
aminated and carboxylated MWNTSs [37, 73]. A Kaiser test was used for MWNT-NH3;* to measure the
amount of amine functionalization as previously reported [72]. Kaiser test is based on the colorimetric
reaction between the ninhydrin reagent and the amine groups. The reaction gives a blue colour
readout and the intensity in proportionally related to the amount of free terminal amine groups [75].
DLS was not used to assess hydrodynamic diameter of the GO sheets, as it has been proven non
reliable for one dimensional tube-shaped or two-dimensional plate-shaped materials. More systemic

characterisation of these materials has been previously reported.

Graphene oxide sheets. GO sheets were characterised by several techniques, including dynamic
light scattering (DLS, Nano Zeta Sizer ZS, ZEN3600, Malvern Panalytical, Malvern, UK), TEM
(Philips/FEI, Thermo Fisher Scientific, UK), and atomic force microscopy (AFM, Bruker, UK) to
assess physicochemical properties. These properties include {-potential, lateral dimensions, and the
thickness of the sheets. DLS was not used to assess hydrodynamic diameter of the GO sheets, as it
has been proven non reliable for two-dimensional plate-shaped or one dimensional tube-shaped
materials. More systemic characterisation of these materials were reported previously [57] (in this

reference, the GO sheets used herein are named small GO).

Liposomes. Liposomes were first characterised by the DLS technique. Particle diameter and
electrophoretic mobility of cationic and anionic liposomes were measured at 25 + 0.1°C using a Zeta-
Sizer unit (Nano Zeta Sizer ZS, ZEN3600, Malvern Panalytical, Malvern, UK). The particle size is
based on DLS in back-scattering mode, at 173° and excitation A=632.8 nm. For electrophoretic
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mobility measurements, dispersions were placed into U-shaped cuvettes equipped with gold
electrodes. The C-potential is related to the electrophoretic mobility by Henry’s equation valid in the
Smoluchowski approximation, when the screening length is much smaller than the particle radius.

The prepared liposomes were also analysed using TEM (Philips/FEI, Thermo Fisher Scientific, UK).

Preparation of nanomaterials for brain injection

Functionalised multi-walled carbon nanotubes. The day before injection, dry powders of MWNT-
NH3* and ox-MWNT were weighed, exposed to low energy UV light for 6 hours in order to “sterilise”
the nanotubes, and then rehydrated with sterile-filtered 5% dextrose solution in water (final
concentration 1 mg/mL) in sterilised glass container. This material suspension was initially sonicated
for 45 min using a water bath sonicator (VWR, UK) operating at 80 W (45 kHz) to allow dispersion of
the nanotubes in the dextrose solution. A 0.5 mg/mL suspension was achieved by further dilution in
sterile-filtered 5% dextrose solution. All colloidal suspensions kept at +4°C were sonicated for an

additional 15 min immediately before the injection.

Graphene oxide sheets. Dry powder of GO sheets that were exposed to UV light for 6 hours after
weighting was also rehydrated in sterile-filtered 5% dextrose solution at a concentration of 1 mg/mL.
This suspension was sonicated for 30 min using a water bath sonicator (VWR, UK) operating at 80 W
(45 kHz) to allow dispersion of GO flakes in the dextrose solution. The 0.5 mg/mL suspension used

here was achieved by further dilution in sterile-filtered 5% dextrose solution.

Liposomes. Liposomes were initially prepared at 2 mM DOTAP:1 mM Chol or 2 mM DOPG:1 mM
Chol and then further diluted to the final concentration of 1 mg/mL in sterile-filtered 5% dextrose

solution.

The vehicle used for all nanomaterials, sterile-filtered 5% dextrose solution, was used as negative
control (i.e. basic conditions of inflammation following stereotactic injection of an isotonic solution,
such as 5% dextrose in water). Lipopolysaccharide (LPS) O111:B4 suspension at 5 mg/mL in sterile-

filtered 5% dextrose solution was used as positive control for inflammatory reaction [37].

Animals and sample preparation

A total of 84 young (3-week-old) C57BL/6 male mice were used. The protocol received ethical
approval from the University of Manchester under authorisation from the United Kingdom Home
Office (project License number PPL-70/7763). Suffering was minimised and the minimal number of
animals were used in accordance with the Code of Practice for the housing and care of animals used
in scientific procedures. The animals were kept in groups of four to five in standard cages with free
access to food and water under controlled environmental conditions, including a 12 h/12 h light/dark

cycle.
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For surgery, mice were initially anesthetised with isoflurane inhalation, injected with analgesic
(Buprenorphine 0.1 mg/kg, im), and then placed on a stereotactic apparatus. A hole was drilled in the
skull at specific lateral coordinates. A total of 1 pl of the different nanomaterials suspended in 5%
dextrose in water was injected in the striatum with a micro-syringe mounted on a stereotaxic holder
(coordinates used: lateral (x) -0.1 mm, ventral (y) -2.3 mm, rostro-caudal (z) -3.0 mm from bregma)
[76].

During the surgical procedure, the mice were kept under oxygen and heated using a blanket with a
thermostat to maintain body temperature at approximately 37°C. At the end of the procedure, the

wound was sutured and the animal was maintained in a thermally controlled incubation chamber at
37°C until complete recovery from anaesthesia. The mice were then returned to their maintenance

cages and culled at different time points as shown in the experimental design (Figure 1-A).

Mice used for gene expression analyses were sacrificed at 1 day, 2 days, or 7 days after injection (n
= 3 per group; total of 63 mice). They were culled with CO, exposure followed by cerebral
dislocation. The brain was then rapidly dissected out and cut into 2 mm thick slices using a Zivic
stainless brain slicer matrix. For each brain, four coronal slices were prepared: one containing the
injected area, one immediately posterior to assess diffusion of nanomaterials or of signal in a region
adjacent to the injection, and two anterior to the injected area. The most anterior of the latter two
slices was used to assess diffusion of nanomaterials or of signal in a distant brain region. From the
three brain slices thus sampled, a 2 x 2 x 2 mm tissue block was dissected for RT-gPCR analysis
(Figure 1-A). In the slice containing the injection site, the sampled tissue block was centred on this
site. In the adjacent posterior slice and in the anterior slice, the tissue blocks were sampled along the
same antero-posterior and dorso-ventral axes of the injection site. The tissue blocks were snap-

frozen in liquid nitrogen and cryopreserved for RNA extraction and real-time RT-gPCR analysis.

Animals for colorimetric histochemical and immuno-histochemical procedures were sacrificed at day
2 after injection (n = 3 per group; total of 21 mice). They were anaesthetised by isoflurane inhalation
and then cardiac-perfused with 4% paraformaldehyde in 0.01 M phosphate-buffered saline, pH 7.4
(PBS). The brain was then dissected out and immersed overnight in 4% paraformaldehyde in PBS.
The following day, brains were soaked in sucrose (5%, 15%, 30% steps) at 4°C for cryoprotection

following a previously described procedure [37].

Real-Time Quantitative PCR analysis
Tissue blocks from animals injected with GO (0.5 mg/mL), MWNT-NH3* (0.5 mg/mL), ox-MWNT (0.5
mg/mL), cationic liposomes (1 mg/mL), anionic liposomes (1 mg/mL), 5% dextrose (vehicle, negative
control), or LPS (positive control) were used for transcript analysis. Tissue blocks were homogenised
with a TissueLyser LT (Qiagen, Netherlands) and total RNA was extracted using a NucleoSpin
RNA/Protein kit (Macherey-Nagel, Germany) according to the manufacturer’s instructions. The
concentration of RNA was determined as the optical density ratio 260 nm/280 nm using a
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BioPhotometer plus (Eppendorf, Germany). Ratio values between 1.8 and 2.2 were considered good
quality. Samples of cDNA were prepared from 1 mg RNA in a total volume of 20 pl using the BioRad
iScript cDNA Synthesis Kit (BioRad, USA). Samples were run on a CFX-96 Real Time Detection
System (BioRad, USA) with the following sequence: 95°C for 3 min (initial denaturation step), 1
cycle; 95°C for 10 sec (amplification), 60°C for 30 sec (annealing), repeated for 40 cycles.

Amplification was followed by a melting-curve analysis to confirm PCR product specificity.

Each RT-PCR reaction in a 25 ul total volume contained 2 pl of cDNA from reverse transcription
PCR, 12.5 pl Fast SYBR Green Master Mix (BioRad, UK), and primers at 200 nM each (Merck-
Sigma-Aldrich, UK; see Table S1 for reverse and forward primer sequences). Gene expression
levels (tnf-a, il-1B, il-6, il-12, ifn-y, cxcl10, ccl2, il-10, tgf-B, il-4, and housekeeping gene B-actin) were
calculated using the Livak method, based on calculation of 2-22CT[77]. B-actin was used as a
reference housekeeping gene to normalise the amount of target primer transcripts. The normalised
values for each gene were compared to the relative expression for 5% dextrose (negative control) to

calculate the fold increase of the target gene in the sample.

Immuno-histochemical and histochemical procedures

Tissue processing. Brains (day 2 post injection) from animals injected with GO (0.5 and 1 mg/mL),
MWNT-NH;* (0.5 and 1 mg/mL), ox-MWNT (0.5 and 1 mg/mL), cationic liposomes (1 mg/mL),
anionic liposomes (1 mg/mL), 5% dextrose (vehicle, negative control), or LPS (positive control) were

used for cell analyses.

Following cardiac perfusion of fixative under anaesthesia (as described above), post-fixation, and
brain cryoprotection in sucrose, brains were snap-frozen and then cut using a cryo-microtome into
30-um-thick serial coronal sections. Series of sections (one every 360 um) were collected in the
following three regions: i) anterior to the injection site (from +1.9 to +1.0 from bregma), ii) at the

injection site (from -0.1 to -0.9 from bregma), and iii) posterior to it (from -1.2 to -2.0 from bregma).

Immuno-phenotyping of neurons, microglia, astrocytes, and apoptotic cells. For each
experimental group (n = 3 animals per group), a series of sections was processed for immuno-
histochemistry. Free-floating sections were pre-treated with 1% H,O, (Merck Sigma-Aldrich, UK) for
15 sec at room temperature, rinsed in PBS (Merck Sigma-Aldrich, UK), and incubated in 5% Normal
Serum of the appropriate species (Vector Lab, USA; Table S2), and 0.03% Triton-X100 (Merck
Sigma-Aldrich, UK) in PBS for 1 h at room temperature to prevent nonspecific binding. After rinsing in
PBS, the sections were incubated overnight at 4°C in primary antibodies (Table S2) diluted in 1%
Normal Serum in PBS. The sections were then incubated in biotinylated secondary antibodies
(Vector Lab) in 1% Normal Serum in PBS. The sections were then reacted with the Vectastain ABC
kit (Vector Lab) and finally with 0.5% 3-3’ diaminobenzidine (DAB, Merck-Sigma-Aldrich) in PBS.
After rinsing, the sections were dehydrated through an increasing alcohol gradient, mounted, and
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cover-slipped. The sections were examined with an Olympus microscope equipped with a QICAM

digital camera (Qlmaging, Canada) using Image-Pro Plus 7.0 Software (Media Cybernetics, USA).

Fluoro-Jade B histochemistry. To evaluate ongoing neuronal cell death, Fluoro-Jade B staining
was performed [60]. Sections were mounted on gelatin-coated slides, air dried, and soaked for 5 min
in 1% NaOH (Merck-Sigma-Aldrich) in 80% alcohol in distilled water. The sections were then soaked
for 2 min in 70% alcohol and 2 min in distilled water, and then in a solution of 0.06% potassium
permanganate (Merck Sigma-Aldrich) for 10 min to reduce the background signal. The sections were
then rinsed in distilled water for 2 min and soaked for 15 min in the staining solution. The Fluoro-Jade
B working solution (0.0004%) was obtained by diluting 4 mL of 0.01% stock solution (10 mg of
powder [Histochem Inc., USA] in 100 mL of distilled water) into 96 mL of 0.1% acetic acid (Merck
Sigma-Aldrich). The sections were then rinsed in distilled water and air dried. They were cleared in
xylene for 2 min, mounted, and then cover-slipped. The sections were analysed with an Olympus
microscope equipped with a UV bulb light source (450-490 nm blue excitation light filter; Fluoro-Jade
B has a green light emission) and images were taken with a QICAM digital camera (Qlmaging,
Surrey, BC, Canada).

Quantitative analyses

Counts of neurons and astrocytes. To assess whether the intra-striatal injection of nanomaterials
induced neuronal cell loss, the number of neurons identified by NeuN immunoreactivity was
estimated using a stereological approach in all groups of mice (animals sacrificed at day 2 after

injection of all the materials; n = 3 per group; total of 21 mice).

Stereology was also used to estimate the number of astrocytes. This was based on glial fibrillary
acidic protein (GFAP) immunostaining in the mice treated with 5% dextrose, LPS, or cationic
liposomes. Cell counting was performed using three regions of interest (ROIs) per section in six
sections (2 regularly spaced sections through the anterior region, the injection site, and the posterior
region, respectively) per mouse and three mice per group. The counting of astrocytes was performed
in three ROls per section in six sections sampled as above per mouse and three mice per group.
Sections were analysed with an Olympus microscope equipped with a Retiga-2000R CCD Camera
(Qlmaging, Canada) and counting was performed with the Optical Fractionator probe included in

Stereo Investigator 10 software (MBF Bioscience, USA).

Analysis of glial cell coverage and optical density of microglial cells. A series of sections for
each condition (n = 3; immunostained as described above for visualisation of microglial cells and
astrocytes) were used to assess the percentage of the area covered by CD11b- and GFAP-immuno-
positive cells, assuming that a larger area is covered by activated glial cells than by “resting” cells
[78, 79]. The immunostaining was thus quantified as the percentage of the total image area,
considering the site of injection in the striatum and an equivalent ROl in the anterior and posterior
sections.
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The intensity of the CD11b immunoreactivity was also quantified by densitometry. A quantitative
densitometric analysis [80-82] was performed to measure (in the same sections) the intensity of
immunoreactivity signal in the cell somata [83]. For this analysis, three ROIs (with an area of 289
pm?2) per section in six sections per mouse sampled as above and in three mice per group were
used. Sections were analysed with an Olympus microscope and 8-bit grey-scale images were taken
with a 20X objective and a Qlmaging QICAM digital camera (QImaging, Canada) maintaining
constant light conditions and magnification. Images were then processed using the Image-Pro Plus
7.0 software (Media Cybernetics, USA). A signal from non-immunostained tissue (contralateral

hemisphere) was used to subtract the background signal.

Statistics

The results were expressed as mean per group * standard error of the mean (SEM). The Livak
method was used to analyse qPCR data using ACT values [77]. Data were checked for normal
distribution before running statistical analysis. Statistical variations were evaluated as follows: for
simple comparisons unpaired t-tests were used and one-way analysis of variance (ANOVA) per
group, followed by Bonferroni post-hoc for testing pairwise comparisons. For immuno-histochemical
and histochemical analysis, the number of sample units used in each study group (n=3) has been
compensated by different measures of the parameter (3 different ROIs) in the areas of interest, within
the brain (anterior site, injection site, and posterior site). GraphPad Prism (GraphPad Software v.6)

was used for statistical analyses. p-values < 0.05 were considered significant.
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Figures are provided as an attached single pdf document.

Figure Captions

Figure 1: Experimental design scheme and TEM of the different nanomaterials tested. (A)
Experimental design of the present study. After stereotactic administration of different nanomaterials,
brains were collected at different time points. Molecular and cellular analyses were performed in the
injection site and in nearby regions (anterior and posterior). (B) Transmission electron microscopy
characterisation of the nanomaterials (aminated MWNTSs, carboxylated MWNTSs, GO, cationic and

anionic liposomes) used in this work.

Figure 2: RT-qPCR analysis results obtained in the brain striatum injection site. (A) Gene
expression levels of transcripts encoding pro-inflammatory cytokines, chemokines, and anti-
inflammatory cytokines. The analysis was performed at 1 d, 2 d, and 7 d after injection of LPS, 5%
dextrose, cationic or anionic liposomes (1 pug/ul), MWNT-NH3* or ox-MWNT (0.5 pg/ul), or GO (0.5
pa/ul). (B) Heat map presenting the statistical analysis. All statistical differences are shown in
heatmap colours comparing dextrose with all types of material injected. Mean + SEM, *p<0.05,
**p<0.01, ***p<0.001 ****p<0.0001 vs 5% dextrose.

Figure 3: Quantitative analysis of glial cell immunohistochemical staining performed in
different brain regions; anterior to the injection site (A), the injection site (B) and a posterior site (C)
nearby the injection site. Relative proportion of the area (mean per ROI) covered by microglial
(CD11b-immunopositive) cells (i), or astrocytes (GFAP-immunopositive cells) (ii) and estimated
number of neurons (NeuN-immunopositive cells) (iii) counted in ROl were performed in the site of
injection and in the regions anterior and posterior at 2 d after administration of LPS, 5% dextrose
(ipsilateral and contralateral sides), MWNT-NH3z*or ox-MWNT or GO (0.5 and 1 ug/pl), or cationic and
anionic liposomes (1 pg/pl). Mean + SEM; p-values are in comparison to 5% dextrose samples.
*p<0.05, **p<0.01, ****p<0.0001 vs 5% dextrose. Representative images of the different

immunostainings are presented in Figures S5, S6, and S7.

Figure 4: Representative images of cleaved-caspase 3 immunohistochemical staining. The
immunophenotyping of cleaved-caspase 3 positive elements (undergoing apoptosis) in the injection
site (the striatum) and in the anterior region distant from the injection site and in the posterior region
adjacent to the injection site obtained at 2 d after injection of LPS, 5% dextrose, GO, and cationic
liposomes. Note that apoptotic elements were visible in the injection site of LPS and cationic
liposomes, while apoptotic cells visible in the GO-injected brain were comparable to the vehicle

control (5% dextrose).
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Table of Content

Various nanomaterials are been explored for the brain delivery of therapeutic or imaging compounds.
After administration in the brain, Portioli et al. demonstrate in a pilot study that functionalised carbon
based nanomaterials may present a better safety profile than highly charged liposomes. Graphene

Oxide nanosheets could even alleviate the inflammation caused by their direct injection in the brain.

Corinne Portioli, Cyrill Bussy, Mariarosa Mazza, Neus Lozano, Dhifaf A. Jasim, Maurizio Prato,

Alberto Bianco, Marina Bentivoglio and Kostas Kostarelos

Injection of Graphene Oxide Nanosheets in the Brain Does not Induce Acute Neurotoxicity

and Counteracts the Acute Microglial Activation related to Surgery in a Pilot Study

Charged Functionalised Multiwalled = Graphene Oxide
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Supplementary Information

A supplementary information document with supplementary figures is provided as an attached single

pdf document.

Supplementary Figure Captions

Table S1: Forward and reverse sequences of the primers used in the present study.

Table S2: Primary and secondary antibodies and solutions used for immunohistochemical

procedures.

Figure S1: Material characteristics. The different material characteristics (length, amount of
amination and oxidation, zeta-potential, lateral dimensions, polydispersity, and thickness) are
presented for (A) FMWNTs (MWNT-NH3;* and ox-MWNT), ) this data was previously published in
Bussy et al. Nanoscale 2016 (ref. 55 in this article), (B) GO sheets, and (C) liposomes (DOTAP:Chol
and DOPG:Chol).

Figure S2: RT-gPCR analysis of gene expression levels in the brain region posterior to the
injection site. (A) Gene expression levels of transcripts encoding pro-inflammatory cytokines,
chemokines, and anti-inflammatory cytokines. The analysis was performed at 1 d, 2 d, and 7 d after
injection of LPS, 5% dextrose, cationic or anionic liposomes (1 pg/ul), MWNT-NH3*or ox-MWNT (0.5
pg/ul), or GO (0.5 pg/ul). (B) Heat map presenting the statistical analysis. All statistical differences
are shown in heat map colours comparing dextrose with all types of material injected. Mean + SEM,
*p<0.05, **p<0.01, ***p<0.001 ****p<0.0001 vs 5% dextrose.

Figure S3: RT-gPCR analysis of gene expression levels in the brain region anterior to the
injection site. (A) Relative gene expression levels of transcripts encoding pro-inflammatory and anti-
inflammatory cytokines and chemokines obtained at 1 d and 2 d after injection of LPS, 5% dextrose,
cationic or anionic liposomes (1 pg/ul). (B) Heat map presenting the statistical analysis. All statistical
differences are shown in heat map colours comparing dextrose with all types of material injected.
Mean + SEM, *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001 vs 5% dextrose.

Figure S4: CD11b immunohistochemical staining of microglia. (A) Representative images of
microglial cells as visualised by CD11b immunoreactivity in the three analysed brain regions (site of
injection, anterior brain region distant from the site of injection, and posterior brain region adjacent to
the site of injection) at 2 d after the injection of LPS, 5% dextrose, MWNT-NH3;* or ox-MWNT or GO
(0.5 and 1 pg/ul), or cationic or anionic liposomes (1 pg/ul). (B) Densitometric evaluation (in optical

density, or OD units) of the CD11b immunosignal intensity is shown in the injection site at 2 d after
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the administration of LPS, 5% dextrose, GO (0.5 and 1 pg/ul), or cationic or anionic liposomes (1

pg/ul). Mean £ SEM; the p-value is for the comparison with 5% dextrose samples: *p<0.05, **p<0.01.

Figure S5: GFAP immunohistochemical staining of astrocytes. (A) Representative images of
astrocytes as visualised by GFAP immunoreactivity in the three analysed brain regions (site of
injection, anterior brain region to site of injection, and posterior brain region to site of injection) at 2 d
after the injection of LPS, 5% dextrose, MWNT-NH;*or ox-MWNT or GO (0.5 and 1 pg/ul), or cationic
or anionic liposomes (1 pg/ul). (B) Estimated number of astrocytes (per ROI) counted stereologically
at the site of injection and in the regions anterior and posterior is shown at 2 d after injection of LPS,
5% dextrose, or cationic liposomes. Mean + SEM; the p value is for to the comparison with 5%

dextrose samples: ***p<0.001.

Figure S6: NeuN immunohistochemical staining of neurons. Representative images of neuronal
cells as visualised by NeuN immunoreactivity in the three analysed brain regions (site of injection,
anterior brain region to site of injection and posterior brain region to site of injection) at 2 d after the
injection of LPS, 5% dextrose, MWNT-NH;*or ox-MWNT or GO (0.5 and 1 pg/ul), or cationic or

anionic liposomes (1 pg/pl). Quantitative evaluation of this staining is presented in Figure 3.

Figure S7: FluoroJade B staining. Representative images of Fluoro-Jade B staining in the cerebral
cortex and in the striatum regions of the coronal brain sections containing the injection site at 2 d
after administration of LPS, 5% dextrose, GO, or cationic liposomes. Degenerating neurons, labelled
by green Fluoro-Jade B fluorescent staining, were visible mainly in the LPS- (cortex around the

needle track and striatum) and cationic liposome (striatum)-treated tissues.
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Table S1: Forward and reverse sequences of the primers used in the present study.

Gene Forward sequence (5'-3')
mp-actin GACCICIATGCCAACACAGT
mTNFa CAGACCCTCACACTCAGATCATCT
miL-1B GGACAGAAITATCAACCAACAAGIGAITA
miL-6 ATGGATGCTACCAAACTGGA
miL-12 AGAGGTGGACTGGACTCCCG
mINFy ICAAGTGGCAIAGAIGTIGGAAGAA
mCXCL10 GACGGTCCGCTGCAACTG
mCCL2 CATGCTTCTGGGCCTGCTGTTC
miL-10 GGITGCCAAGCCTTATCGGA
mTGFB GACCAGCCGCCGCCGCAGG
miL-4 GAGACTCTTTCGGCITITC

AGTACTTGCGCTCAGGAGGA
CCTCCACTTGGTGGTTTGCTA
GIGIGCCGICTTTCAITACACAG
CCTCTTGGTTGAAGATATGA
AGTCTCGCCTCCTTTGTGGC
IGGCICIGCAGGALTTICAIG
GCTTCCCTATGGCCCTCATT

ACCTGCTCCACTGCCTTGCT
AGGGCTGTCTGGAGTCCTC
TGATGCTCTTTAGGCTTTCCA

Table S2: Primary and secondary antibodies and solutions used for immunohistochemical

Reverse sequence (5'-3')

CCTGCTGCTGGTGATCCTCTTGTAG

procedures.
Pre- R : e . ¢ e
Marker . ; Primary antibody | Dilution Supplier Secondar antibody | Dilution
incubation
normal horse ) Millipore, biotinylated horse e
Neurons ) mouse anti-NeuN 1:500 B ¢ . y, 1:200
serum 5% Massachusetts, US anti-mouse
Ast normal goat rabbit polyclonal 1:500 Dako, biotinylated goat 1:200
SUEHCHIES serum 5% anti-GFAP N Carpinteria, US anti-rabbit ’
i i al goat AbD Serotec biotinylated goat
Microglial | normal goa rat anti CD11b 1:500 . i . Jr i 1:200
cells serum 5% Oxtord, UK anti rat
Apoptotic | normal horse | rabbit anti-cleaved 1:600 Cell Signaling, biotinylated horse 1:200
cells serum 5% caspase 3 (Aspl75) ’ Danvers, US anti rabbit ’




O Joy b wN

O OO OO U U OO0 DD DDDDDAEDWWWWWWWWWwWwNhNdDNNNdNNdNdNMNNNRERrERERRRRRRERE
OO WNEFPFOWO-JTOHUPDd WNEFEFOWWOWJOHUPd WNREFPOWOJOHUd WNEOWOJOUBDWNE OWOW-JOoO U D WNEFE O W

Aminated Carboxylated

Measurement multi-walled CNTs multi-walled CNTs
(MWNT-NH;") (Ox-MWNT)
cycloaddition acidic treatment

Length (TEM)

Diameter (TEM)

Amount of amination
(Kaiser test)

Amount of carboxyl groups

(TGA)

E Graphene Oxide Sheets

Measurement (GO)

Zeta potential -50.0£ 0.4 mV

Lateral dimensions (TEM) 10 — 1800 nm
Thickness (AFM) 0.9-4.8 nm
Cationic Liposomes, Anionic Liposomes,
DOTAP:Chol (2:1) DOPG:Chol (2:1)
Measurement

WW/V\)LO i \NW/\/\/?L | q 2
/\N\/E/\/\/\/T /W\,\=/\/\/\/\g Na*

Zeta potential +60.5£2.6 mV
Hydrodynamic diameter SR s
(DLS) 125.6 £ 2.6 nm
Polydispersity 0.250 £ 0.007

Figure S1: Material characteristics. The different material characteristics (length, amount of
amination and oxidation, zeta-potential, lateral dimensions, polydispersity, and thickness) are
presented for (A) FMWNTs (MWNT-NHs* and ox-MWNT), ) this data was previously published in
Bussy et al. Nanoscale 2016 (ref. 55 in this article), (B) GO sheets, and (C) liposomes (DOTAP:Chol
and DOPG:Chol).
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Figure S2: RT-qPCR analysis of gene expression levels in the brain region posterior to the
injection site. (A) Gene expression levels of transcripts encoding pro-inflammatory cytokines,
chemokines, and anti-inflammatory cytokines. The analysis was performed at 1 d, 2 d, and 7 d after

injection of LPS, 5% dextrose, cationic or anionic liposomes (1 ug/ul), MWNT-NHs*or ox-MWNT (0.5

pg/ul), or GO (0.5 pg/ul). (B) Heat map presenting the statistical analysis. All statistical differences are
shown in heat map colours comparing dextrose with all types of material injected. Mean + SEM,
*p<0.05, **p<0.01, ***p<0.001 ****p<0.0001 vs 5% dextrose.
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Figure S3: RT-gPCR analysis of gene expression levels in the brain region anterior to the
injection site. (A) Relative gene expression levels of transcripts encoding pro-inflammatory and anti-
inflammatory cytokines and chemokines obtained at 1 d and 2 d after injection of LPS, 5% dextrose,
cationic or anionic liposomes (1 pg/pl). (B) Heat map presenting the statistical analysis. All statistical
differences are shown in heat map colours comparing dextrose with all types of material injected.

Mean + SEM, *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001 vs 5% dextrose.
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Figure S4: CD11b immunohistochemical staining of microglia. (A) Representative images of
microglial cells as visualised by CD11b immunoreactivity in the three analysed brain regions (site of
injection, anterior brain region distant from the site of injection, and posterior brain region adjacent to
the site of injection) at 2 d after the injection of LPS, 5% dextrose, MWNT-NH3z* or ox-MWNT or GO
(0.5 and 1 pg/pl), or cationic or anionic liposomes (1 pg/ul). (B) Densitometric evaluation (in optical
density, or OD units) of the CD11b immunosignal intensity is shown in the injection site at 2 d after the
administration of LPS, 5% dextrose, GO (0.5 and 1 pg/ul), or cationic or anionic liposomes (1 pg/ul).
Mean + SEM; the p-value is for the comparison with 5% dextrose samples: *p<0.05, **p<0.01.
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Figure S5: GFAP immunohistochemical staining of astrocytes. (A) Representative images of
astrocytes as visualised by GFAP immunoreactivity in the three analysed brain regions (site of
injection, anterior brain region to site of injection, and posterior brain region to site of injection) at 2 d
after the injection of LPS, 5% dextrose, MWNT-NHs*or ox-MWNT or GO (0.5 and 1 pg/ul), or cationic
or anionic liposomes (1 pg/ul). (B) Estimated number of astrocytes (per ROI) counted stereologically
at the site of injection and in the regions anterior and posterior is shown at 2 d after injection of LPS,
5% dextrose, or cationic liposomes. Mean + SEM; the p value is for to the comparison with 5%
dextrose samples: ***p<0.001.
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Figure S6: NeuN immunohistochemical staining of neurons. Representative images of neuronal
cells as visualised by NeuN immunoreactivity in the three analysed brain regions (site of injection,
anterior brain region to site of injection and posterior brain region to site of injection) at 2 d after the
injection of LPS, 5% dextrose, MWNT-NHs*or ox-MWNT or GO (0.5 and 1 pg/pl), or cationic or
anionic liposomes (1 pg/ul). Quantitative evaluation of this staining is presented in Figure 3.
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Figure S7: FluoroJade B staining. Representative images of Fluoro-Jade B staining in the cerebral
cortex and in the striatum regions of the coronal brain sections containing the injection site at 2 d after
administration of LPS, 5% dextrose, GO, or cationic liposomes. Degenerating neurons, labelled by
green Fluoro-Jade B fluorescent staining, were visible mainly in the LPS- (cortex around the needle
track and striatum) and cationic liposome (striatum)-treated tissues.
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