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The brain is a dynamic structure in which the extracellular space (ECS) takes up
almost a quarter of its volume"?. Signalling molecules, neurotransmitters and nutrients
transit via the ECS which constitutes a key microenvironment for cellular communication®
and clearance of toxic metabolites. The ECS spatial organization varies during sleep®,
development®, aging® and is likely altered in neuropsychiatric and degener ative diseases’,
as inferred from eectron microscopy®® and macroscopic biophysical investigations®™.
Here we show an approach to directly observe the local ECS structures and rheology in a
brain tissue using super-resolution imaging. We inject single-walled carbon nanotubes
(SWCNTS9) in rat cerebroventricles and follow individual nanotubes near-IR emission for
tens of minutes in acute dices as they diffuse inside the ECS. Because of the interplay
between the nanotube geometry and the ECS local environment, we can extract
information about the ECS dimension and local viscosity. We find a striking diversity of

ECS dimensions down to 40 nm, and as well as of local viscosity values. Moreover, by
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chemically altering the brain extracellular matrix of the live animals before nanotube
injection, wereveal that ECSrheology properties are affected, but that ECS alterationsare
local and inhomogeneous at nanoscale dimensions.

Investigations of the fine structure of live brain ECS require brain preparations that best
preserve cellular architectures. In that respect, we used acute brain slices as opposed to other
preparations that poorly preserve native tissue organization, e.g. cultured neurons or organotypic
slices. Moreover, one needs an imaging modality reaching spatial resolutions beyond the
diffraction limit as well as tissue access deeper than the first 2-3 pyramidal cell layers inside the
slice (> ~30um) to avoid regions affected during slicing. To this aim, deep tissue localization
microscopy based on tracking the successive positions of single nano-emitters while they explore

brain tissues would represent a unique approach.

Near-infrared luminescent SWCNTs were previously proposed as unique probes for ensemble
imaging in whole animal''"'* due to their brightness, photostability and spectral imaging range'>
14 as well as for intracellular single molecule tracking in cultured cells'>'°. It was also shown, at
the ensemble level, that their unusual length-to-diameter aspect ratios contribute to enhance their
penetration within multicellular tumour spheroids depending on the encapsulation agents used'”
'8 In fact, in contrast to spherical nanoparticles, SWCNTs have two characteristic dimensions
impacting their diffusion behaviours. Their small diameter (nanometer scale) confers them a
remarkable accessibility in complex environments, while the combination of their length and
rigidity can moderate their diffusion rates so as to be compatible with video-rate single molecule
imaging'’.

SWCNTs were delivered into young rat brains by injection of a small volume (5 pl,
3 pg/mL) of solubilized nanotubes in the lateral cerebroventricles (Figure 1a) *°. This SWCNT
delivery method generates minimal tissue inflammation as the gross morphology and density of
microglial cells — the resident macrophages of the brain- were found to be similar in buffer- and
SWCNT-injected brains (Figure S1). SWCNTs coated with phospholipid-polyethylene glycol
(PL-PEG) were used since they display low cytotoxicity as compared to other encapsulation
methods of luminescent SWCNTs?' %%, Rats were sacrificed 30 min after the ventricular injection
and acute brain slices were prepared for observation under a wide field fluorescent NIR

microscope (Figure 1b). Wavelengths of excitation (845 nm to excite (6,5) SWCNTs at a phonon
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sideband®) and emission (986 nm for (6,5) SWCNTs) are in the transparency window of the
studied brain tissues (Figure 1¢) and as such, minimize tissue phototoxicity (Figures S2 and S3).
Phonon sideband excitation also ensures better emission photostability” as compared to high
photon-energy excitation commonly used to excite SWCNT at their second order electronic

transition (Figure S4).

Single luminescent (6,5) SWCNTSs were detected in diverse areas of sagittal brain slices
(e.g. neocortex, hippocampus, striatum) (Figure S5). Imaging was performed at different depths
in the brain slices, from a few tens of pm to avoid the damaged superficial layers up to ~100 pm
(Figure S6). The broad SWCNT dissemination away from cerebroventricular injection site was
surely facilitated by their nanometer-size diameters, and also suggests that SWCNTs were
primarily located in the ECS since such a large dissemination would not be possible if SWCNTSs
were internalized in brain cells. The diffusion of molecules in the ECS is thought to be globally
governed by several parameters such as the geometric path length, trapping in dead space
domains, and ECS viscosity by molecular crowding and transient molecular interactions. At a

macroscopic scale, these parameters participate to the so-called tortuosity of the ECS***

. Many
SWCNTs were found immobilized away from the ventricular injection zones, likely originating
from non-specific interactions with molecules of the ECS (although PL-PEG coating minimizes
this effect in live cell culture (Figure S7) and live animals®'), and/or by the existence of dead-
space microdomains®. The direct observation of PL-PEG-coated SWCNT trapping is thus
consistent with the existence dead-space domains in the ECS. To further ascertain extracellular
location, we directly loaded SWCNTs within hippocampal pyramidal neurons through a patch-
clamp pipette. The behaviours of detected intracellular SWCNTs were distinct from

cerebroventricular injected ones (Figure S8), further supporting that SWNCTs imaged after icv

injection are primarily extracellular.

The movements of individual SWCNTs exploring the ECS could be resolved with video
rate fluorescence imaging (Figure 1d). This is primarily due to the SWCNT high aspect-ratio and
rigidity, linked to their nanometer diameter, which significantly slows down their diffusion in the
ECS maze, as compared to nanometer sized probes or fully flexible polymers. We indeed
checked that small isotropic fluorescent probes diffuse too fast in the ECS to be imaged at video
rate for a long time (observed trajectories < 1s, Figure S9). In addition, we could record long

movies of single SWCNT (x, y) diffusion occurring during more than 20,000 frames within the
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~Ium depth-of-focus of the microscope (Movie 1). By means of two-dimensional asymmetric
Gaussian fitting analysis, we extracted in each movie frame i the nanotube center-of-mass
localization (x;, y;) in the imaging plane with sub-wavelength precision (~ 40 nm) and its axis
orientation 6; relative to the x axis in the laboratory frame (Figure lc, inset). Analysis of the
fitted 2D Gaussian asymmetry provides a measure of the nanotube lengths L which range here
from ~490-780 nm. These lengths match the typical SWCNT lengths of the injected solution
determined by AFM imaging (Figure S10). Assuming characteristic ECS dimensions ¢ larger
than 50 nm, these SWCNTSs behave as rigid rods in the ECS and their diffusion should be
independent of flexibility'’. The nanotube movements along (I) and perpendicular (L) to their
axis were then decoupled to calculate two 1D Mean Squared Displacements MSD, and MSD, as
a function of time (Figure 2a). The MSD,,, corresponding to the 2D movements in the laboratory
frame was also calculated. On short time scales (t < t, ~ 200 ms), MSD,,, is linear with time
and MSDy,, ~ MSDy + MSD, while for longer times MSD,, levels off and MSD, + MSD, is
close to linear, such that MSD,, < MSD;, + MSD, (Figure 2a). The different behaviours of
MSDy, and MSD; + MSD, indicates that nanotube movements are not free® and thus
constrained by local ECS environment. The deviation from linearity of MSD,,, also suggests that

t. represents a characteristic time scale during which SWCNTs explore single ECS sub-domains.

Because MSDs calculated on full trajectories inherently reflect average displacements,
the properties of transient diffusive states can hardly be retrieved by the direct analysis of

MSD,,,, MSD, or MSD,. To access transient diffusive states in local environments, we used

xy>
instead an analytical analysis based on the Distribution of Squared Displacements (DSD)***’
along and perpendicular to the nanotube axis DSDT(rf 1) defined for different time
lags t with t < t. (supplemental materials). Along each direction (ll, L), two diffusion
behaviors are found characterized by the time dependence of their mean MSDs denoted
(r;,1%);(¥), where j = 1 corresponds to the slowest SWCNT diffusive states and j = 2 to faster
ones (Figure S11). The population of small displacements perpendicular to SWCNT axis is
bounded as evidenced by the fast saturation of (r,2),(z) (Figure 2b) while other states display
mainly unrestricted diffusion (Figure 2b and S11). This behaviour can be related to successive

diffusion episodes occurring in different ECS confinement domains (see below). The plateau of

(r;%);(7), which equals (£)2/6 for confined diffusion along a 1D coordinate®®, provides a
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measure of () representing the average confining ECS dimension (Figure 2b). As displayed in
Figure 2¢, (&) ranges from 80 to 270 nm (150 + 40 nm, mean + SD). This dynamic analysis
demonstrates that anisotropic diffusion behaviours of single SWCNTs locally probe the brain

ECS and can reveal nanoscale dimensions (Figure 2d).

Using a similar approach as in single-molecule localization microscopy®’, a large number
of nanotube localization coordinates obtained with sub-diffraction precisions were pooled to
create a super-resolved image of the ECS (Figure 3a). Such images directly unveil the spatial,
nanoscale and structural tortuosity of the live brain ECS. The ECS maze is heterogeneous and
consists of many connected submicron structural domains of various sizes. A total of 419 ECS
domains were identified with typical dimensions ¢ ranging from ~ 50 to 700 nm (Figure 3b and
S12). Noteworthy, the ECS nanoscale dimensions and morphologies described here in live brain
samples resembles the ECS morphology visualized by electron microscopy following cryo-
fixation of brain tissues”” (Figure S13). Maps of the instantaneous diffusion constants calculated
along nanotube trajectories on 300 ms sliding time windows were constructed (Figure 3c¢) to
evaluate the spatial dependence of the local SWCNT diffusion in live brain tissue. From the
knowledge of nanotube lengths, high-resolution spatial maps of the ECS viscosity were also
obtained (Figure 3¢ and Extended Data Movie 1). Viscosity values ranged from ~ 1 to 50 mPa-s
which is up to two orders of magnitude larger than that of the cerebrospinal fluid. These
viscosity maps reveal that ECS local viscosity is spatially inhomogeneous. Interestingly, within
this viscosity range, the instantaneous diffusion constants of quantum dots in the ECS, having
hydrodynamic diameters of 35 nm would locally vary from ~ 0.1 to 10 um?s~1. As expected,
the average diffusion constant of such quantum dots (~ 0.1 um?s~1) previously observed on
macroscopic spatial scales in the ECS* is constrained towards the smallest local values and
cannot divulge the diversity of local viscosities. By comparing Figures 3a&c, the spatial
dependence of the ECS rheological properties indicates that locally ECS viscosity values do not
correlate with ECS dimensions. Indeed, although ¢ values span up to two orders of magnitude,
SWCNT instantaneous diffusion constants vary over up to three decades independently of the
ECS dimensions in which SWCNTs are diffusing. Although bearing diffusion properties not
necessarily identical to those of endogenous molecules diffusing in the brain ECS, our findings
demonstrate that SWCNT tracking unveils and quantifies the diversity of nanoscale diffusive

environments composing the ECS. Interestingly, considering the ECS as a fluidic connected
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space with specialized functional regions®*, our results indicate that local structural dimensions
are not sole responsible for affecting molecular diffusion properties of the ECS. It follows that
other mechanisms including fine-tuned molecular interactions involving constitutive components
of the ECS must play an important role for controlling local diffusion of e.g. endogenous

signalling molecules or nutrients in local areas of interest.

In order to support this hypothesis, we then biochemically altered the ECS structure by
injecting hyaluronidase in the brain lateral ventricles of young rats several hours before nanotube
injection and imaging, a time period supposedly sufficient to significantly digest hyaluronic
acid’’. We first confirmed alterations of the ECM components in hyaluronidase-injected brains
as attested by strong decrease of both hyaluronan binding protein (HABP) (Figures 4a-d) and
aggrecan immunostaining (Extended Figure 14). Noteworthy, we did not observe modification of
the morphology of neuronal soma and overall cellular density in hyaluronidase-injected brains at
spinning-disk confocal resolution. Analysis of SWCNT diffusion indicates that they explored
wider areas as compared to naive brains within identical time scales (Figures 4e&f). Consistent
with hyaluronidase-induced disappearance of ECM components, instantaneous diffusion
coefficients were significantly increased (calculated as in Figure 3b), indicating a global
reduction of medium viscosity (Figures 4g&h, Movie 2). More precisely, the histogram of
diffusion coefficients from naive brains was well fitted by a single lognormal distribution
whereas in the altered brains two lognormal distributions were needed, with one of them being
indistinguishable from the one used to fit the histogram of naive brains (Figure 4h). This
demonstrates that hyaluronidase effect is in fact not spatially homogeneous in the ECS (see also
Figure 4g). Characterizing the ECS dimensions explored by SWCNTs using the DSD analysis, a
moderate but significant reduction of mean size values ({) was found in altered brain
(280 = 60 nm) as compared to naive ones (150 £ 40 nm) (Figure 4i). This indicates that upon
profound but non-uniform alteration of the ECM, the ECS topology offers larger territories for

SWCNT nanoscale molecular exploration.

Here, we provide a new approach to reveal the ECS dimensions and viscosity at the
nanoscale in live brain tissue of young rats. The ECS appears as a maze of interconnected
polymorphic compartments structured down to the nanoscale and bearing specific rheological

properties. This knowledge will surely influence our understanding of the chemical-based
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cellular communication in brain physiology and pathology. In addition, detailed knowledge of

nanoscale ECS network should also foster new drug delivery strategies.
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Figure caption

Figure 1. Single molecule tracking of luminescent SWCNTSs in live ECS brain tissue.
(@) SWCNTs are injected in lateral ventricles of living rats and diffuse into the neocortex.
(b) Luminescent SWCNTSs are imaged in brain slices. (C) Absorbance spectrum of 1 mm thick
brain slice (black) and photoluminescence spectrum of a single (6,5) SWCNT in the ECS (red)
upon 845 nm laser excitation (purple). (C, inset) Photoluminescence image of a (6,5) SWCNT
recorded in the ECS with its orientation 0. (d) Color-coded trajectory of a single SWCNT
diffusing in live ECS (20,000 data points). Scale bars = 1 pm.

Figure 2. SWCNT diffusion properties in the ECS. (a) MSDy,(7) in the laboratory frame
(black squares) and MSD , () calculated along (blue circles) and perpendicular (red diamonds)
to the SWCNT axis for a 2D trajectory recorded in the ECS. Purple crosses correspond to
MSD, + MSD,. (b)Evolution of the mean MSDs for the slow diffusion states
(ry 1 %2)1(7) retrieved from the analysis of the DSDs. The plateau of (r, 2);(z) gives an average
ECS domain size (§) of 160 nm. (C) Histograms of (&) values measured from all single SWCNT
trajectories as in (b). (d) Schematic representation of a SWCNT diffusing in the ECS.

Figure 3. Super-resolution imaging of ECS morphology and ECS local viscosity maps.
(a) Super-resolved image of live brain ECS morphology obtained from 20,000 localizations of a
diffusing SWCNT. Scale bar = 500 nm. (b) Histogram of ECS domain dimensions & (N =419)
from 14 ECS super-resolved images as in (a). (C) Spatial map of SWCNT instantaneous diffusion
coefficients calculated along the same trajectory using a sliding window of 300 ms. This

representation also constitutes a high-resolution spatial map of ECS viscosities (see scale bar).

Figure 4. ECS local modifications in chemically altered brains. Representative images of
HAPB immunostaining in brain slices from naive () and hyaluronidase-injected rats (altered, b).
Neuronal nuclei are labelled with DAPI (blue). Scale bar: 250 um. High magnification spinning
disk microscope images of HAPB staining in both conditions are also presented (C, d). Scale bar:
20 um. (e) Examples of super-resolved ECS images of naive vs. altered live brain tissues. Scale
bars: 2 um. (f) Areas explored normalized by SWCNT trajectory lengths. (g) Corresponding
spatial viscosity maps. (h) Histograms of all instantaneous diffusion coefficients. In naive brains,

the distribution is fitted with a single log-normal distribution (0.08:£0.08 pm?/s, medians.d.)
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while in altered brains, two independent log-normal distributions are needed (0.09+£0.11 pm?/s &
0.28+0.26 um?/s). (i) Average ECS domain dimensions (&) as in Figure 2e for the two

conditions. Statistical tests are two-tailed unpaired Mann-Whitney t-test ** p<0.01.

M ethods

SWCNT preparation. PL-PEG preparation. HiPco synthesized nanotubes (batch no. 195.7
bought from Rice University) were suspended by biocompatible phospholipid-polyethylene
glycol (PL-PEG) molecules (#MPEG-DSPE-5000, Laysan Bio, Inc.) which prevent nonspecific

biomolecules absorption, minimize nanotubes sticking, and allow nanotubes diffusion in live
tissue' % 2 mg of raw SWCNTs and 100 mg PL-PEG were added in 2 ml Milli-Q water and
dispersed by tip sonication (6W output for 3 minutes). Nanotubes bundles and impurities were
precipitated by centrifuging the dispersion at 10,000 rpm for 60 min at 4°C. The supernatant was
collected and stored at 4°C for brain injection within 48 hours. The concentration of PL-PEG
SWCNT solution was estimated to 3 ug/ml. From the two-dimensional photoluminescence
excitation/emission map of the injected SWCNT solution (Figure S15), the subpopulation of
(6,5) SWCNTs is estimated to represent 3-5% of the total population, such that SWCNTs
detected in the brain slices at low density, are not affected by other chiralities. PL-PEG-NH;
preparation: SWCNT were also suspended by biocompatible phospholipid-polyethylene glycol-
amine (PL-PEG-NH,) molecules (#MPEG-DSPE-NH,-5000, Laysan Bio, Inc.): 1 mg of raw
SWCNTs and 15 mg PL-PEG-NH, were added in 1 mL Milli-Q water and 0.5 ml Deuterium
Oxide and dispersed by tip sonication (8 W output for 30 seconds). Nanotubes bundles and
impurities were precipitated by centrifuging the dispersion at 10,000 rpm for 45 min at 4 °C. The

supernatant was collected and stored at 4 °C for experiments (0.4 pg/mL).

Intraventricular injections. Sprague-Dawley rats (Janvier, France) were used for this work,
both male and female, treated according to the guidelines of the University of Bordeaux/CNRS
Animal Care and Use Committee. Injections of SWCNTs were performed in living Sprague-
Dawley rat pups (1-4 days old) anesthetized by hypothermia. Approximately 5 pl of SWCNTs
dispersion were injected in each lateral ventricle (12 rats). Under cold light illumination, the
injection place was found by firstly drawing a virtual line between the eye and lambda (easily

seen through the skin), secondly finding the midpoint of that line, and thirdly moving 2 mm
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caudal from that mid-point along the virtual line. The injection was performed in that point, at a
depth of 2.6 mm for P1 pups, 2.9 mm for P2 pups, 3.1 mm for P3 pups and 3.5 mm for P4 pups.
For hyaluronidase studies the intraventricular injection was performed in the same way (3 rats),
injecting hyaluronidase from bovine testes 20 mg/mL in PBS (Sigma Aldrich #H3506) the night
before injecting SWCNT.

Acute brain dlices preparation. Between 10 min and up to 3 h after SWCNT injection, pups
were decapitated and parasagittal brain slices (0.5 mm thick) were prepared in an ice-cold
artificial cerebrospinal fluid (ACSF) solution containing (in mM): 126 NaCl, 3.5 KCI, 2 CaCl,,
1.3 MgCl,, 1.2 NaH,POy4, 25 NaHCOs3, and 12.1 glucose (gassed with 95% O, / 5% CO,; pH
7.35). Slices were then imaged in oxygenated ACSF at 33°C perfused in the imaging chamber

with a peristaltic pump.

Immunostainings. Staining of Ibal, Aggrecan and HABP were performed in coronal brain
slices of 80 um thickness. Before antibody incubation, slices were incubated with PBS-Triton-
X100 1% and 4% BSA for 2h under agitation at room temperature. Slices were subsequently
washed three times with PBS for 5 min each time. Slices were incubated overnight at 4 °C with
primary antibodies in PBS-Triton-X100 0.2% and 2% BSA solution. Anti-Ibal rabbit antibody
(Wako Pure Chemical Industries #019-19741) was used at a 1:200 dilution. Anti-Aggrecan
rabbit antibody (Millipore #AB1031) was used at a 1:200 dilution. Biotinilated HABP (Amsbio
#AMS.HKD-BC41) was also used at a 1:200 dilution. Slices were subsequently washed three
times with PBS for 5 min each time, and incubated with secondary reagents. Anti-Ibal and anti-
Aggrecan antibodies were labelled with goat anti-rabbit Alexa568 (ThermoFisher Scientific #A-
11011) in PBS-Triton-X100 0.2% and 2% BSA solution for 2h at room temperature under
agitation, at a 1:1000 dilution. Biotinilated HABP was labelled with Alexa568 streptavidin
(ThermoFisher Scientific #S11226) in PBS-Triton-X100 0.2% and 2% BSA solution for 2h at
room temperature under agitation, at a 1:1000 dilution. Slices were finally washed three times

with PBS and mounted in glass slides with Vectashield+DAPI (Vector Labs).

Organotypic dlice preparation. Organotypic slice cultures were prepared as previously

described’. Briefly, 350 um thick hippocampal slices were obtained from postnatal day 5 to
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postnatal day 7 Sprague-Dawley rats using a Mcllwain tissue chopper, and were placed in a pre-
heated (37°C) dissection medium containing (in mM): 175 sucrose, 25 D-glucose, 50 NaCl, 0.5
CaClp, 2.5 KCI, 0.66 KH,PO4, 2 MgCl,, 0.28 MgS04-7H,0, 0.85 Na,HPOs-12H,0, 2.7
NaHCO;3, 0.4 HEPES, 2 x 10-5 % phenol red, pH 7.3 (all products from Sigma unless specified).
After 25 min of incubation, slices were transferred on white FHLC membranes (0.45 pm) set on
Millicell Cell Culture Inserts (Millipore, 0.4 mm; @ 30 mm), and cultured for up to 14 days on
multiwell-plates at 35°C / 5% CO; in a culture medium composed of 50 % Basal Medium Eagle,
25 % Hank's balanced salt solution 1X (with MgCl, / with CaCly), 25 % heat-inactivated horse
serum, 0.45 % D-glucose, 1 mM L-glutamine (all products from Gibco unless specified). The

medium was changed every 2-3 days.

Single cell electroporation. Electroporation of single pyramidal neurons was performed as
previously described®. Briefly, individual CAl pyramidal neurons from 4-6 days in vitro
hippocampal slices were electroporated to transfect cDNA encoding EGFP. Plasmids (5 pul at
1 ng/ul) were dissolved in a filtered cesium-based solution containing (in mM): 135 cesium-
methanesulfonate, 8 NaCl, 10 HEPES, 0.2 EGTA, 4 NaATP, 0.33 Na;GTP,
5 tetraethylammonium chloride, pH 7.3 (all products from Sigma unless specified). This solution
was supplemented with 10 pL of filtered endotoxin-free buffer TE (Qiagen), then centrifuged
twice to pull down potential debris (10000 rpm, 15 min, 4°C) and used to fill 5-6 MQ
borosilicate patch pipettes. Electroporation was performed in 2 mL of pre-warmed (37°C / 5%
CO;) HEPES-based artificial cerebrospinal fluid (ACSF) containing (in mM): 130 NaCl, 2.5
KCl, 2.2 CaCl,, 1.5 MgCl,, 10 HEPES, 10 D-glucose. Plasmid transfer was allowed by the
delivery of 50 us-width square-pulses at 100 Hz (1 s duration; -14 V current amplitude).

COS-7 cell culture. COS-7 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM)
without phenol-red (PAN Biotech, P04-01515) supplemented with 10% v/v foetal calf serum
(FCS-Dominique Dutscher, 500105), 1% v/v penicillin/streptomycin (Dominique Dutscher, PO6-
07100) in 25 mL flasks (Falcon, 353082) at 37 °C, 5% CO,. They were kept below 90%
confluence, at which cells were washed in sterile filtered PBS (PAN Biotech, P04-36500),
detached in a small volume of trypsin (PAN Biotech, P10-021100), washed in full warm medium

and split 1/10 in a new flask. For imaging, 90% confluent cells were similarly detached with
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trypsin and diluted 1/10 in full warm medium. COS7 cells were plated in uncoated petri dish. 24
hours after the plating, nanotubes were added (10 pl of the 3 mg/L PL-PEG nanotube solution
and 60 pl of the 0.4 mg/L PL-PEG-NH, nanotube solution) to 1 mL of medium for 1h. The
samples were rinsed 3 times for 5 minutes with medium and imaged under the fluorescent

microscope.

Wide-field Fluorescence Microscopy Setup. Single SWCNT photoluminescence imaging was
performed with an inverted microscope equipped with an electron-multiplying CCD camera
(Princeton Instruments ProEm) and a 1.45 NA 60x objective in a wide-field geometry. The
excitation source consisted of a tunable Ti:Sa laser emitting at a wavelength of 845 nm to
preferentially excite (6,5) SWCNTs at the resonance of the dark K-momentum exciton’. The
excitation intensity was kept at 10 kW/cm® with circularly polarized light. A dichroic mirror
(FF875-Di01, Semrock) and a long-pass emission filter (ET900LP, Chroma) were used in order
to illuminate and detect the SWCNT emitted fluorescence. Images of SWCNTSs were recorded at
40 or 50 frames per second (typically 20,000 frames). GFP/Alexa488 (Excitation : FF02-
472/30, Dichroic : FF495-Di03 and emission : FF01-520/35) and DAPI (Excitation : FFO1-
387/11, Dichroic : FF409-Di03 and emission : FF02-447/60) were imaged using epifluorescence

white light excitation with appropriate filter sets.

Spinning disk microscope. Alexa568 imaging in acute slices was performed in a Leica
DMI6000 inverted microscope (Leica Microsystems) with a Yokogawa spinning disk unit CSU-
X1. The setup was equipped with live cell chamber and temperature was constantly kept at 37
°C. Tissue scans were obtained with either 10x air, 63x oil and 100x oil objectives, with
exposure times of 50-100ms per frame. DAPI staining in fixed tissue was excited with a 405nm
laser line, and detected through a standard DAPI emission filter. Images were acquired using an

Evolve EM-CCD camera (Photometrics), setting the EM gain at 600.

NIR Spectrometer Setup. Emission spectra of single SWCNTs were collected using a
cryogenically cooled 1D InGaAs detector (OMA V, Roper Scientific) placed at the output of a
150 mm spectrometer. A Chameleon (Coherent) pumped with a Ti:Sapphire laser (spectral range

of 530-700 nm) and a Ti:Sa laser (spectral range of 700 to 850 nm) were used to generate a two-
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dimensional photoluminescence excitation/emission map of the PL-PEG SWCNT solution.
Individual spectra of the nanotube solution, in a 1 cm long quartz cuvette, were normalized by
the incident power. The spectrum of a solution containing only surfactant, acquired under the
same experimental condition, was subtracted for each laser wavelength. The proportion of
nanotubes (6,5) in the solution was estimated by comparing the peak value for detected semi-

conducting chiralities and assuming ~30% of metallic chiralities in HiPco samples.

Single cell loading. Single CA1 pyramidal neurons from 4-8 days in vitro (div) hippocampal
organotypic slices were loaded with dilutions of carbon nanotubes to allow monitoring of their
intracellular motion patterns. Briefly, nanotubes were dissolved (1/100 dilution) in a filtered
cesium-based solution containing (in mM): 135 cesium-methanesulfonate, 8 NaCl, 10 HEPES,
0.2 EGTA, 4 Na,ATP, 0.33 Na3GTP, 5 tetracthylammonium chloride, pH 7.3 (all products from
Sigma unless specified). This solution was supplemented with Alexa-488 (20 pg/mL) to allow
further visual detection of the neurons of interest and used to fill 5-6 MQ borosilicate patch
pipettes. Single-cell loading was performed in 2 mL of pre-warmed (37°C / 5% CO,) HEPES-
based artificial cerebrospinal fluid (ACSF) containing (in mM): 130 NaCl, 2.5 KCl, 2.2 CaCl,,
1.5 MgCl,, 10 HEPES, 10 D-glucose. Nanotube transfer from the cesium-based solution to the

cytoplasm was allowed by patching pyramidal neurons in whole-cell configuration.

Determination of SWCNT localization and orientation. Two-dimensional Gaussian functions
with an arbitrary orientation were used to fit SWCNT images using homemade MatLab routines
and determine SWCNT localizations (x;, y;), orientation 8;, as well as large and small radii of
the SWCNT image. Four consecutive images were averaged for each fit to improve localization
precision (40 nm). SWCNT coordinates are then interconnected to reconstruct nanotube
trajectories. When available, the positions of an immobile SWCNT was used to correct eventual
small stage drifts over the 10 min recordings. Orientations (6 € [0, ]) obtained from the
Gaussian fits are by construction doubly degenerate. The SWCNT orientation on the first image
of the movie is assumed to be between [0, ]. This choice sets which end of the SWCNT is
considered as the front of the tube. For all other orientations, continuity arguments are used to
remove this degeneracy and to allow the orientation to be a real unbounded physical quantity

(8 € [~o0, o0]).



447
448
449
450
451
452
453
454
455
456
457
458

459

460
461
462
463
464

465

466

467

468

469

470

471

472

473

474

475

Super -resolved images of the ECS from SWCNT localizations. For each trajectory, a super-
resolved image of the ECS was computed by cumulating all SWCNT localizations (typically
20,000 points). In super-resolved images, each localization is displayed a two-dimensional

Gaussian of 50 nm width and unit amplitude as commonly used in localization microscopy®.

Estimation of SWCNT lengths. For each SWCNT trajectory imaged in live brain ECS, the
distribution of eccentricity, obtained from the 2D asymmetric Gaussian fits of the nanotube
images, was calculated when nanotube movements were undetectable (displacements between
images < 40 nm). For each trajectory, the mean of the distribution was then used to determine the
nanotube length (Figure S10) by comparison to the following model: the photoluminescence
profile of a rigid nanotube of varying length L emitting at 986 nm was modelled as previously’

using exciton diffusion length of =100 nm to provide a look-up table.

Atomic force microscopy (Figure S10b&c). PL-PEG SWCNTSs were spin-coated on plasma-
cleaned glass coverslips using a G3P-8 Spin coater (Specialty Coating Systems) at 930 rpm for 3
min. To remove excess PL-PEG, samples were rinsed using Milli-Q water. Atomic forced
microscopy (AFM) images were recorded using an 8 nm diameter Si3N4 tip. For each well

isolated SWCNT, the length was quantified using the NeuronJ plugin in Imagel®.

Mean squared displacements (MSD) analysis (Figure 2a). For each trajectory, three Mean
Squared Displacement (MSD) curves were calculated as exemplified in Figure 2a: (i) MSD,y, in
the laboratory frame corresponding to 2D movements in the imaging plane, and (i1) MSD; and
MSD, by decoupling 1D movements along (|l) and perpendicular (L) to the nanotube axis.

In order to decouple the diffusion of SWCNTSs along and perpendicular to their principal
axis, the displacement vector (Xi;; — Xi,Viq1 — Vi) was determined at time t;;; from the
projection on the nanotube orientation vector obtained at time t; (see inset of Figure 2a). This
procedure to decouple the movements along and perpendicular to anisotropic object axis was
presented previously’'’. One dimensional MSD;and MSD, could then be calculated from

decoupled displacements (Figure 2a).
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For one dimensional free diffusion, MSD curves are linear with time, with a slope equal to
2D. More precisely, MSD(7) = (r?)(t) = fj;o x?c(x,7)dx = 2Dt, where D is the diffusion
coefficient and c(x,t) represents the probability of finding nanotubes at position x at time t if all

nanotubes would be initially placed at x=0. c(x,t) is the solution to the one dimensional

. . . ac(x, 9%c(x, N .
diffusion equation Cgt(t) =D ;)(;t) and equals c(x,t) = e x*/4Dt  where N is the

number of particles in the system.

Similarly, for two dimensional free diffusion, the MSD slope is equal to 4D since the MSD

equals MSD(1) = (r?)(r) = f+°° p?c(p,t)dp = 4Dt where c(p,t) is the solution of the two

0
dimensional diffusion equation.
When the MSDs are not linear with time, a diffusion coefficient can be defined from the

initial slopes of (r?)(7) determined on short times.

Distribution of squared displacements (DSD) and calculation of (§) (Figures 2b-c, 4i
and S11). Considering a diffusing particle, the cumulative distribution of squared displacements
(DSD*(r?)) represents the probability of finding the particle at a distance less than r from its
initial position after a time lag 7.

In the case of a freely diffusing particle along one coordinate, it is given by:
f:—r c(x,1)dx
T (12 — r — 2 — \/ﬁ
DSD*(r#) [ erf (\/r /4Dr) erf( r2/2(r )(T)).
In the case of a mixture of particles following two distinct 1D diffusion behaviours (e.g.

free diffusion with D; and D;), the DSD is characterized summing two independent diffusive

Processes:

DSD*(r?) =Y%, 05" erf(,/rZ/Z(rZ)i(T)), (EQ1)

where a; are the fraction of particles in the different diffusive states (in the case of free
diffusion : (r?);(t) = 2D;7).

A similar analysis was previously used to retrieve different molecular populations bearing
distinct 2D diffusion behaviours from the observation of many short trajectories'' %

Here a single and long trajectory of diffusing SWCNT displaying different temporal

diffusive behaviours along its course is analysed. In order to retrieve the different diffusive
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behaviours, the DSD analysis was performed on the displacements along and perpendicular to
SWCNT axes.

From single trajectories, the cumulative distribution of squared displacement along each
direction (parallel and perpendicular to the nanotube axis) was computed for every time lag (see
examples in Figure S11 for the trajectory analysed in Figures 2 and 3). Each line corresponds to
the experimental DSDs at a given time lag t. Values of a; and (r?) j were estimated by fitting
Equation EQI in each line. Two different diffusing processes were systematically retrieved from
the global fitting procedure along each direction ({(r,;?);;). The evolutions (r, ,2),, are
presented in Figure S11C&D as a function of the time lag .

The evolution of (r;2), is the slowest and displays a saturation revealing a confinement of

the transverse movements of SWCNTs in the ECS. The typical ECS dimension responsible for

this confinement can be estimated from the saturation value of {r; 2); : (§) = /6(r lz)fam .

Two-dimensional spatial maps of instantaneous diffusion coefficients and ECS local
viscosity (Figures 3c, 49& h and Extended Data movies 1 and 2). In order to create diffusion
coefficient spatial maps, MSDs were calculated in the laboratory frame using a sliding window
of 300 ms along each trajectory instead of the full trajectory as above. Linear fits of the initial
slopes of the sliding MSDs were performed on the first 100 ms to obtain the instantaneous

diffusion coefficients Dy, as a function of time. Values of instantaneous diffusion coefficients

were obtained for each subset of detections (t; — 150 ms <t <t, + 150 ms) and associated to
the centroid position (Figure 3c, 4e,g&h). Maps were created using pixels of 25 nm.
Instantaneous diffusion coefficients falling within the same pixel were averaged. For
visualization purposes, convolution with a two dimensional Gaussian of 50 nm FWHM was
applied to smooth the data.

In order to link instantaneous diffusion coefficient values of the SWCNTs to local
viscosities of the ECS, we used the relationship between the diffusion coefficient of highly

anisotropic rods diffusing in a 2D plane and the Viscosi‘[y14 :n = 3kgTIn(d) / (81TDXyL). The

nanotube length was estimated for each trajectory using the eccentricity of the imaged nanotube

(see above).
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Estimation of the ECS dimensions from the analysis of super-resolved images (Figure 3b
and Figure S12). Super-resolved images revealed the diversity and complexity of the ECS
morphology. In order to measure the typical dimensions of the ECS, we applied a global analysis
by using a set of 2D Gaussian functions to directly fit the SWCNT localizations used to create
the super-resolved images (Figure S12b). Initial guesses for applying Gaussian fitting was based
on local density maxima of nanotube localizations (Figure S12a, inset & c¢). Two maxima that
were closer than 75 nm could not induce two different Gaussian functions. The transverse
dimensions of the set of 2D Gaussian functions used to fit the nanotube localizations provides
the dimensions ¢ of the ECS displayed in Figures 3b and S12a.
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