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Abstract

Single-particle tracking (SPT) represents a powerful tool for revealing the single-molecule dynamics in a number of
biological processes in live cells and biological tissue. Single-walled carbon nanotubes (SWCNTSs) are promising
photoluminescence emitters for SPT applications in various biological environments due to their characteristic large-aspect-
ratio structures along with their bright and stable near-infrared (NIR) photoluminescence, which are invaluable for long-term
video-rate imaging and tracking applications at the single-molecule level with high signal-to-noise ratios (SNRs). Recent
advances in applying SWCNTs as NIR photoluminescence emitters have highlighted the understanding of brain tissue
organization at the nanometer scale. In the first section, this review article summarizes the latest advances in different surface
coatings commonly used for encapsulating SWCNT surfaces via molecular self-assembly in order to obtain surface-coated
nanotubes with low cytotoxicity and minimal nonspecific interactions with live cells while maintaining their emission of
bright photoluminescence to enable long-term photoluminescent imaging and tracking at the single-nanotube level in
biological environments. The second section offers a comparison of different excitation strategies of (6,5) SWCNTs to
determine the best excitation wavelength for efficient video-rate imaging and tracking of individual nanotubes in live brain
tissue for up to tens of minutes without inducing unacceptable phototoxicity or temperature increases. Finally, this review
showcases that, by utilizing the photoluminescence tracking of single nanotubes combined with super-resolution single-
molecule localization microscopy technologies, it is practical to elucidate the ultrafine nanometer-scale organization of the
brain extracellular space (ECS) and probe the local rheological properties of young rat brain with a subdiffraction optical
resolution down to 50 nm at a subwavelength accuracy of ~40 nm. The findings primarily indicate the great diversity of the
brain ECS and the inhomogeneous properties of the local viscosity in live brain tissue. Overall, because of their advantages
of low cytotoxicity, bright photoluminescence, high SNRs (~25), and deep tissue penetration (~100 um) for long-term video-
rate imaging and tracking at the single-nanotube level under 845 nm excitation (K-momentum exciton—phonon sideband,
KSB), phospholipid-polyethylene glycol-coated SWCNTs hold great potential as NIR photoluminescence emitters for
single-particle tracking in biological environments, as exemplified here in live brain tissue, and may find extended
applications in elucidating the fundamental roles of the brain ECS in various biological processes, such as sleep, memory,
aging, brain tumor progression, and neurodegenerative disease development.

Introduction and tissue organization at the nanometer scale in biology

[2]. Single-molecule tracking (SMT) via SPT in living
Fluorescence imaging and tracking of biomolecules at the  cellular environments is well established in cellular biology
single-molecule level with single-particle tracking (SPT)  [3, 4], whereas the realistic challenge lies in imaging and
techniques have yielded abundant knowledge that has  tracking single molecules or particles within their native
enriched the understanding of single-molecule dynamics [1] biological environments; an example is thick live brain
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tissue [5], which presents intense absorption and scattering
of light and exhibits strong autofluorescence emitted from
the natural fluorescent biomolecules inside the tissue under
light illumination, significantly suppressing the key imaging
parameter, the signal-to-noise ratio (SNR), and thus
restricting the long-term observation of single-molecule or
particle movement in the tissue. In this context, tracking
single molecules or particles in intact biological tissue
requires extraordinarily bright and stable fluorescence
emitters to achieve long-term video-rate observations with
continuously high SNRs at any given timescale. Addition-
ally, the potential cytotoxicity and tissue inflammation
induced by the fluorescence emitters must be minimized,
and the photothermal tissue damage created by the light
illumination delivered to the tissue to excite the fluores-
cence emitters (in many cases, high-energy power is nee-
ded) must be reduced.

Nanometer-sized emitters are attractive candidates for
SPT applications in both live cells and tissues due to their
excellent photostability during long-term observation com-
pared to organic dyes and fluorescent proteins, which often
suffer from a photobleached signal and allow only short-
term imaging at the video rate [6]. During the past several
years, investigations have focused on single-walled carbon
nanotubes (SWCNTs), which are promising bright photo-
luminescence emitters for single-molecule and particle
imaging and tracking because of their unique one-
dimensional crystalline structures, high length-to-diameter
ratios, characteristic diffusion behaviors, and near-infrared
(NIR) photoluminescence. NIR photoluminescence falls in
the optical window where biological tissues are most
transparent, which is invaluable for obtaining high SNRs in
deep tissue in many bioimaging applications.

This focused review aims to summarize the latest
achievements in applying surface-coated SWCNTSs as
individual nanometer-sized emitters for single-particle
imaging and tracking in thick live brain tissue and to
showcase the essential findings on brain extracellular space
(ECS) nanometer-scale organization unveiled by SPT
combined with super-resolution imaging techniques. In
brief, this review first focuses on comparing several
SWCNT surface coatings in order to obtain nanotubes
displaying low cytotoxicity while offering bright and stable
photoluminescence to ensure single-nanotube imaging and
tracking in biological environments. This review then pre-
sents an investigation of different excitation strategies at
several wavelengths aimed to identify the optimal light
wavelength for attaining high SNRs at the individual
nanotube level in deep brain tissue with minimum photo-
toxicity. This review highlights the exploration of the brain
ECS nanometer-scale organization via long-term video-rate
tracking of the movement of individual SWCNTs for up to
tens of minutes in live rat brain tissue. The findings suggest
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that phospholipid-polyethylene glycol (PLPEG)-coated
SWCNTs are unique single-molecule emitters offering
bright photoluminescence at the individual nanotube level
within deep brain tissue while displaying low cytotoxicity
and negligible inflammation in brain tissue upon adminis-
tration of the SWCNTs at the dose required for SPT
applications [7]. Laser beam excitation at 845nm (K-
momentum exciton—phonon sideband, KSB) results in
consistently high SNRs, low phototoxicity, and reasonable
temperature elevation compared to visible excitation at 568
nm resonance and upconversion excitation at 1064 nm; both
laser beam excitations at 568 nm and 845nm were pre-
viously proposed to be useful for bioimaging [8]. Excitation
at 568 nm is in the visible light region and is mainly limited
by high background fluorescence signals. Excitation at
1064 nm generates abundant thermal effects that dramati-
cally increase the temperature inside the brain tissue, which
induces phototoxicity and needs to be avoided [9]. Photo-
luminescence tracking of individual PLPEG-coated
SWCNTs in acute live brain tissue slices was performed
under continuous wave laser excitation at 845 nm. SWCNT
trajectories of up to tens of minutes were recorded at a video
rate of several tens of Hz. Quantitative analysis of the dif-
fusion trajectories by using super-resolution single-mole-
cule localization microscopy techniques revealed the
nanometer-scale organization of the brain ECS in the live
tissue with a resolution below 50 nm. These findings pro-
vide entirely new insights on the dynamic nanometer-scale
dimensions and heterogeneous local viscosity of the ECS
[10].

Superior over several widely used probes, such as
organic dyes [6], proteins [6], and spherical quantum dots
(QDs) [11], SWCNTs have two characteristic dimensions
that define their unique diffusion properties; their small
diameter (few nanometers) enables remarkable accessibility
in confined environments. The combination of their small
diameter, long length, length-dependent structural rigidity,
and stable NIR photoluminescence (Fig. la, b) makes
SWCNTs suitable for long-term video-rate imaging and
tracking at the single-molecule or particle level (Fig. 1a)
[12]. Tracking single SWCNTSs in live brain tissue allowed
accessing and quantitatively characterizing the nanometer-
scale organization of the brain ECS within its native
environment [10]. These findings have provided new
knowledge promoting our understanding of the biophysical
properties and functions of the ECS at the nanometer scale,
suggesting that surface-coated SWCNTs are indeed pro-
mising nanometer-sized NIR emitters suitable for long-term
photoluminescence tracking applications in complex bio-
logical environments. Surface-coated SWCNTs may be
applied for probing brain tissue properties in both healthy
and diseased, e.g., brain tumors and degenerative diseases,
brain models. Herein, the advances in surface coating
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Fig. 1 Photoluminescence
tracking of single SWCNTS in
live ECS brain tissue. a Color-
coded trajectory of a single
SWCNT diffusing in live brain
tissue. Scale bars, 1 um. b
Absorbance spectrum of a 1 mm
thick brain slice (black) and
photoluminescence spectrum of
a single (6,5) SWCNT in the
ECS (purple) under 845 nm laser
excitation (red). Inset,
photoluminescence image of a
(6,5) SWCNT recorded in the
ECS with an orientation 6.
Adopted from ref. [10],
Copyright© 2016, Springer
Nature

identification, excitation strategies, and single-nanotube
tracking inside the ECS in live brain tissue are described.

Identification of surface coatings for SWCNTs
suitable for single-particle tracking in biological
environments

SWCNTs are excellent photoluminescence emitters because
of their high brightness and the photostability of their NIR-
range photoluminescence [13, 14]. High-SNR microscopic
imaging of assembled SWCNTSs has been achieved in live
cells and animals [15, 16]; however, photoluminescence
detection at the single-nanotube level has been a great
challenge with respect to the complexity of biological
environments, for example, live brain tissue, and requires
that SWCNTs possess good biocompatibility, low toxicity,
and bright and stable photoluminescence to ensure long-
time course imaging and tracking while maintaining high
SNRs. Although several types of surface coating-
encapsulated SWCNTs have been imaged and tracked at
the single-nanotube level both at the cellular plasma
membrane and in the intracellular area of live cell cultures
[17, 18], as well as in the ECS of three-dimensional tumor
spheroids [19], the impact of surface coatings on the non-
specific interactions between SWCNTs and living cells is
not fully understood yet. For SPT applications in thick
tissue, the accessibility of SWCNTSs in confined biological
regions within the tissue is predominately affected by the
sticky interactions of the nanotubes with tissue, similar to
other nanomedicine systems [20]. This stickiness mainly
originates from the nonspecific interactions of SWCNTs
with biomolecules inside the tissue, e.g., electrostatic,
Coulomb, or van der Waals interactions, as opposed to
specific and controlled nanotube—biomolecule interactions
[21]. It is important to note that the nonspecific interactions
may partly be responsible for the cytotoxicity of
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nanoparticles [22, 23]. Therefore, minimized nonspecific
interactions largely reduce the sticking of SWCNTs to cells
within the tissue, thus allowing the nanotubes to diffuse and
explore the confined structural spaces/domains for a long
period of observation time. Additionally, SWCNT photo-
luminescence is ultrasensitive to attached surface coating
molecules [24], dependent on the length of such molecues
[25, 26], and related to the defective states in their back-
bones [27, 28] and the local chemical environments [29,
30]. In this context, it is critical to form biocompatible
SWCNTs with a surface coating that ensures minimum
nonspecific interactions with living cells and tissues while
maintaining the nanotubes’ photoluminescence brightness
during long-term video-rate observations.

A number of surfactants and polymers known to endow
surface-coated SWCNTs with good photoluminescence
have been widely used for coating and stabilizing nanotubes
in aqueous suspensions. Recently, several commonly used
polymer coatings were selected and evaluated for encap-
sulating SWCNTs via molecular self-assembly on nanotube
surfaces (Fig. 2); these coatings have the potential to
maintain the brightness of photoluminescence while dis-
playing low cytotoxicity and minimizing nonspecific inter-
actions with cells and tissues. These studies aimed to
determine the most suitable coating agent that displays low
nonspecific interactions and ensures bright SWCNT pho-
toluminescence for imaging with high SNRs at the single-
nanotube level in biological environments. Several small
molecular weight surfactants including sodium dode-
cylbenzene sulfonate or bile salts (NaDOC) are known to
yield SWCNTs with bright photoluminescence in aqueous
environments [31, 14, 30]; however, their uses in cellular
imaging are not likely favored because these surfactants
significantly interrupt the organization of cellular mem-
branes [32, 33]. It is also noted that small peptide [34]- and
nucleic acid [18]-coated carbon nanotubes are less stable
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Fig. 2 Biocompatibility of different surface-coated SWCNTs in live
cells. Comparisons of cellular a viability and b proliferation of COS7
cells incubated with PLPEG-, F108-, Tween20-, Brij35-, and ISPVP-
coated SWCNTs for 1 day and 4 days. Starting concentration of COS7
cells: 1x10% cells/mL; SWCNTs: 1pg/mL; cells cultured at 37 °C

than many polymers that possess larger molecular weights
and flexible conformations [35]. To identify the best poly-
mer coating for SWCNTs in SPT applications, a panel of
polymer coatings previously used for encapsulating
SWCNTs for applications in bioimaging and/or drug
delivery were selected and examined. These polymers
include PLPEG [15, 36], Pluronic (F108) [37], Tween20
[38], Brij35 [39], and in situ polymerized (poly)vinyl pyr-
rolidone (ISPVP) [24] and are potentially biocompatible
coating agents that have been used to stabilize SWCNTSs
(Fig. 2) for various biomedical applications. In experiments,
surface-coated SWCNTs were incubated with COS7 cells
for 1 day and 4 days at a dose of 1 pg/mL, equivalent to that
required for SPT applications, and cell viability and pro-
liferation were examined. After 1day of incubation,
PLPEG-, F108-, and Tween20-coated SWCNTSs showed no
apparent impact on cell proliferation and viability (Fig. 2a,
b), and these results were very similar to those of control
cells without SWCNT administration. Only a small number
of cells were found to be unhealthy or deceased after 4 days
of incubation; COS7 cells maintained their normal pro-
liferation rate, which was similar to that of the control cells
(Fig. 2b). These results suggest that PLPEG, F108, and
Tween20 might be promising candidates for coating
SWCNT surfaces for SPT applications because these
polymer-coated nanotubes may have low cellular toxicity
over the exposure time and at dose level suitable for SPT. In
contrast, Brij35- and ISPVP-coated SWCNTSs dramatically
reduced the cell proliferation rate, and a large portion of
cells was found to be unhealthy or deceased after only 1 day
of incubation (Fig. 2a); more dead cells were found after
4 days of incubation (Fig. 2b). Brij35- and ISPVP-coated
SWCNTs may have also impacted the attachment of cells
onto the culture dishes, which caused cell detachment from
the culture dish substrate during incubation or washing in
sample preparation. These results suggest that Brij35- and
ISPVP-coated SWCNTs may eventually cause cellular
toxicity even at very low doses within a short incubation

SPRINGER NATURE

Z. Gao
®) 1,
1day [
- 1.0 4day 3
208
s
S 06
°
& 04
0.2
0.0 |+| i

Control PLPEG F108 Tween20 Brii35 ISPVP
SWCNT encapsulated by surfactant

with 5% CO,. Three independent experiments were performed to
obtain standard variations. Cell viability was evaluated using trypan
blue dye staining. Adopted from ref. [7], distributed under the Creative
Commons Attribution License

time, and the utilization of these polymer-coated SWCNTs
for imaging and tracking in live cells and tissues may need
to be avoided. In this case, the potential cytotoxicity was
evaluated at a very low dose suitable only for SPT appli-
cations; high-dose exposure was clearly beyond the scope
of the applications. As a matter of fact, the toxicity of
SWCNTs is complicated and related to many aspects; a
more detailed review regarding this topic can be found in a
recent article by Gao et al. [40].

The nonspecific interactions of PLPEG-, F108-, and
Tween20-coated SWCNTSs with live cells were assessed by
using photoluminescence imaging (Fig. 3) to provide direct
images of SWCNTs attached to cells [7]. In the experi-
ments, SWCNTs were incubated with COS7 cells for 1 day,
and the cells were washed with culture media to remove free
nanotubes in the culture. The immobilized SWCNTs on live
cells that resulted from nonspecific interactions were
counted, which prevented diffusion of the nanotubes from
the cells to the culture medium after washing. A wide-field
fluorescence microscope capable of detecting single
SWCNTs in cell cultures and tissue was employed to image
the nanotubes. (6,5) SWCNTs were intentionally selected
for the study because their favored NIR emission falls
within the transparent range of tissue. Excitation was per-
formed at 845nm at the photon sideband of the (6,5)
nanotubes with a continuous wave laser, and photo-
luminescence at 968 nm was collected by a highly sensitive
camera equipped with a microscope setup. With this ima-
ging configuration, both excitation and emission were per-
fectly aligned within the window of biological tissue
transparency, which helps in detecting SWCNTs located
deep within tissue and reduces the tissue phototoxicity
potentially induced by the excitation and emission light.
The experimental results indicate that PLPEG- and F108-
coated SWCNTs have significantly fewer interactions with
cells, different from nanotubes coated with Tween20. Many
Tween20-coated nanotubes were found interacting with
cells, as indicated by the bright photoluminescent objects in
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Fig. 3 Photoluminescence imaging and tracking of individual
SWCNTs. a Cumulative distribution of the photoluminescence
intensities from 162 (resp. 256) individual PLPEG (resp. F108)-coated
SWCNTSs in biological media (DMEM). b-d Single PLPEG-coated
SWCNT tracking in 1.5% agarose gels: three frames, separated by 30
s, of an ~1 min movie acquired at 33 Hz is displayed, revealing the

these images. It is notable that certain small SWCNT bun-
dles may also be present in these images, and these
experiments were not designed to point out whether some
nanotubes may be released into the media or internalized
into cells after a certain time. These observations suggest
that PLPEG- and F108-coated SWCNTs have minor non-
specific interactions with live cells, which are in agreement
with previous discoveries in vivo [41, 42] in which PLPEG-
coated SWCNTs showed prolonged circulation in blood and
F108-coated nanotubes exhibited deceased lung fibrosis
potential. Taken together, these findings indicate that
SWCNTs have the potential to be applied in SPT applica-
tions because of their minimized nonspecific interactions,
which decrease the possibility of the nanotubes sticking to
live cells, enable great accessibility of the nanotubes inside
the tissue and consequently allow long-term nanotube dif-
fusion to fully explore confined environments.

The photoluminescence brightness was quantitatively
examined for PLPEG- and F108-coated SWCNTs at the
single-nanotube level in cell culture media in the presence
of serum required for cell growth (Fig. 3a). The results
suggested that PLPEG-coated SWCNTSs were significantly
brighter than nanotubes coated with F108 (Fig. 3a). The
median photoluminescence brightness of PLPEG-coated
SWCNTs was approximately twofold greater than that of
F108-coated nanotubes (Fig. 3a) in cell culture media. The
photoluminescence of SWCNTs is directly related to their
surface coating type, stability, density, and so on. The sta-
bility of surface-coated SWCNTs in biological

SWCNT trajectory within the gel. e Super-resolved map of the gel
structure reconstructed from the collection of 2096 super-localized
nanotube positions while the nanotube was diffusing. Scale bar: 5 pm.
Adopted from ref. [7], distributed under the Creative Commons
Attribution License

environments is an essential factor accounting for the
nonspecific interactions with cell membranes. It has been
reported previously that F108 molecules could detach from
the surface of SWCNTs in biological environments, parti-
cularly in the presence of serum [37, 40]. The interactions
between F108 and the nanotube surface are not sufficient to
compete with the interactions between the nanotube surface
and the proteins contained in serum, which can attach to
nanotube surface and replace F108; serum proteins are
known to reduce nanotube photoluminescence [43].
PLPEG-coated SWCNTs are relatively stable in the pre-
sence of serum [41] and offer bright photoluminescence due
to the robust interactions between PLPEG and SWCNTs.
No similar detachment and replacement for PLPEG-coated
SWCNTs was suggested by these observations. PLPEG
interacts with the SWCNT surface mainly via molecular
self-assembly through hydrophobic interactions [44]. The
PL lipid head is hydrophobic and attaches to the SWCNT
backbone via the self-assembly driven by the intramolecular
interactions that best preserve the integrity of the nanotube’s
ni-network, which is crucial for maintaining bright photo-
luminescence. The PEG tail as a long hydrophilic chain
with good structural flexibility; PEG expands in water and
functions to suspend and stabilize nanotubes in aqueous
environments. Coating PLPEG on carbon nanotubes via
molecular self-assembly may lead to unique structural pat-
terns on the nanotube surface that are dependent on the
nanotube chirality, and PEG length, density, and con-
formation. The formed complexes were remarkably stable
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Fig. 4 Three excitation strategies for (6,5) SWCNTs. a Diagram
showing the different excitation strategies for obtaining luminescent
(6,5) SWCNTs. b Luminescence images of micrometer-long (6,5)
nanotubes suspended in NaDOC using 568 nm photoexcitation (0.2

depending on the curvature of the nanotube surface [45]. A
high-density coating of high molecular weight PEG or
branched and star-shaped PEG on the SWCNT surface has
been suggested to improve the stability and performance
in vivo [46, 47]. In biological environments, PEG mole-
cules form a soft antifouling shell around nanotubes and
prevent nanotubes from directly interacting with biomole-
cules via nonspecific interactions [48]. Different types of
PEG and polymers were recently discovered to endow
carbon nanotubes with distinct molecular recognition
properties [49]. A similar PEG coating approach has been
applied for developing drug delivery systems with mini-
mized potential to form protein corona—nonspecific
absorption of serum proteins on the nanoparticle surface
[50, 51]. The PLPEG-coated SWCNTs showed bright
photoluminescence and are promising for SPT applications.

To test whether SWCNTSs are capable of moving/dif-
fusing in biological environments, PLPEG-coated SWCNTs
were embedded in 1.5% agarose gel, an artificial mimic of
the biological environment that was previously used to
investigate the Brownian diffusion of single nanotubes in
crowded environments [12]. Photoluminescence tracking of
diffusing individual nanotubes within the gel with high-
SNR imaging for a period of up to tens of minutes at a video
rate of 33 Hz was achieved (Fig. 3b); this tracking was a
direct result of the bright and stable NIR photoluminescence
emitted of the PLPEG-coated SWCNTs [7]. The position of
SWCNTs at each time point was localized with an accuracy
of ~50 nm by using super-resolution single-molecule loca-
lization microscopy techniques (Fig. 3b). The super-
resolved map of the porous gel structure was then rebuilt
by successively linking the super-localized nanotube posi-
tions (Fig. 3b). This gave a single-nanotube tracking
application with a 50 nm subdiffraction resolution for the
detection of nanometer-scale gel dimensions. In this way, it
is feasible to visualize the ultrafine structure and dynamic
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organization of a gel at the nanometer scale. These findings
indicate that PLPEG-coated SWCNTSs are nanometer-scale
emitters with bright and stable NIR photoluminescence and
negligible cytotoxicity and nonspecific interactions with
cells. They are suitable single-molecule labels/probes and
applicable as SPT probes to explore complex biological
environments, such as live brain tissue.

Comparison of SWCNT excitation strategies for an
optimized wavelength to attain a high SNR for long-
term video-rate imaging and tracking in biological
environments

SWCNTs with bright photoluminescence are novel
nanometer-sized emitters that owing to their unique optical
properties, enable single-molecule or particle-level detec-
tion in biological environments [52, 10]. Recent advances
have shown the successful tracking of single nanotubes with
negligible photobleaching in live cells [18] and tissue [10].
Several excitation strategies at distinct wavelengths can be
used to excite electrons in SWCNTs from the ground state
to the excited state. For video-rate imaging of individual
SWCNTs within biological tissue, it is necessary to use an
excitation strategy that is most suitable for detecting single
nanotubes while maintaining a high SNR and minimizing
potential photon-induced damage and thermal-induced
temperature increases in biological tissue. When detecting
SWCNTs at the single-molecule level in biological tissue,
the photoluminescence signal of a single nanotube is quite
low and can be easily masked by tissue autofluorescence
and scattering [53]. In this context, SWCNTSs need to be
wisely chosen by taking into account the nanotube chirality
[54], absorption, and emission to maximize the ability to
maintain a high SNR over a long observation timescale.
(6,5) SWCNTs were a focus of consideration because of
their bright and stable photoluminescence for long-term
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Fig. 5 Photoluminescence imaging and tracking of individual PLPEG-
coated (6,5 SWCNTs under different excitation wavelengths. a
Luminescence images of a single (6,5) excited SWCNT exciting using
a 568, 845, or 1064 nm cw laser in a wide-field configuration (from left
to right, respectively). Laser intensity: 0.4 kW/cm? (568 nm), 1.6 KW/
cm? (845 nm), and 6.4 kW/cm? (1064 nm). Integration time: 100 ms.
Scale bar =500 nm. b UCL signal of a single (6,5) PLPEG-SWCNT

single-nanotube tracking without photobleaching [10],
along with their favorable NIR absorption [55] and emis-
sion [56] for deep tissue penetration in live cells and brain
tissue. The aim was to determine an optimized excitation
strategy by comparing the available excitation options to
facilitate long-term video-rate imaging/tracking of photo-
luminescent (6,5) SWCNTs at the single-nanotube level in
biological tissues with a high SNR. To this aim, SWCNT
absorption and photoluminescence properties were taken
into account together with some critical tissue features
including light absorption and scattering at different
wavelengths, where excitation can be performed. The
impacts of light scattering and absorption were considered
in this study [9] because these factors are the initial causes
of tissue autofluorescence and temperature increases and
may eventually affect the SNR and induce tissue
phototoxicity.

The photoluminescence efficiencies of single (6,5)
SWCNTs were compared under excitation at three different
wavelengths, corresponding to the second-order excitonic
transition [55], K-momentum exciton—phonon sideband [57],
and upconversion (Fig. 4a, b) [8, 9]. The second-order
excitonic transition S22 is frequently used to excite SWCNTs
because of the broad resonance absorption cross-section at
568 nm of (6,5) nanotubes [55]. The K-momentum
exciton—phonon sideband, denoted KSB, has been sug-
gested to offer better photoluminescence stability and deep
tissue penetration; the wavelength is at 845nm for (6,5)
nanotubes [10]. The upconversion photoluminescence (UCL)
of (6,5) SWCNTSs was recently discovered, and the excitation
energy is usually provided by a pulsed NIR laser at 1064 nm

1 um
|

recorded over 400s. Laser intensity: 6.4 kW/cm?; 100 ms integration
time per point. ¢ Single-nanotube tracking showing the 2D trajectory
of a single (6,5) SWCNT diffusing in cell culture medium (DMEM)
imaged by UCL using a 1064 nm cw laser (30 ms per frame). Laser
intensity: 3.2kW/cm®. Adopted from ref. [9], Copyright© 2018,
American Chemical Society

at an energy value smaller than the first-order excitonic
transition S11 [8]. The upconversion photoluminescence
holds great promise for in vivo bioimaging due to its
potential for deep tissue imaging. These three choices were
compared for the excitation of photoluminescent (6,5)
SWCNTs at the single-nanotube level to determine the best
excitation wavelength for achieving high SNRs.

Individual (6,5) PLPEG-coated SWCNTs immobilized in
a polymer layer coated on a thin glass substrate were
imaged by using a homemade wide-field fluorescence
microscope equipped with circularly polarized laser beams
capable of exciting carbon nanotubes at 568 nm for resonant
S22 excitation, 845 nm for resonant KSB excitation, or
1064 nm for UCL (Fig. 5a). Photoluminescent (6,5)
SWCNTs were successfully imaged at a video rate (30 ms
per frame) at all three excitation wavelengths in cell culture
media, and the trajectory (Fig. 5c) was recorded and rebuilt
for up to several minutes due to the excellent stability of the
photoluminescence (Fig. 5b).

The photoluminescence efficiency of the individual (6,5)
PLPEG-coated SWCNTSs at three excitation wavelengths
was first quantified by analyzing the mean photo-
luminescence count rate per pixel. S22 excitation gave the
highest count rate among the three excitations strategies,
and the mean value was up to four times more efficient than
that of KSB excitation and more than ten times more effi-
cient than that of upconversion excitation at 1064 nm. The
relative efficiencies normalized by the value obtained at
1064 nm were 17.5+1.2, 4.6+0.3, and 1.0+0.2 for 568,
845, and 1064 nm, respectively [9].

SPRINGER NATURE
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Table 1 Light absorption and scattering in the rat brain cortex

A ,ua,uxy ,ua,deoxy Ma,water Ma fat MHa Ms total
(nm) (cm’l) (cm™) (cm™) (cm’l) (cm’l) (cm’l)
568 300 300 65%x107* 65%x1072 9 21.5
845 5 3 51072 6.5%x1072 0.17 11.7
1064 3 0.5 0.8x107" 4x107" 0.7 8.7

Note: The terms u; oxy and i, geoxy represent absorption by oxygenated
and deoxygenated HGb, respectively. i4,,yq- absorption by water, p,, s
absorption by lipids. Adopted from ref. [9], Copyright© 2018,
American Chemical Society

To perform single-nanotube detection in live tissue, it is
important to include the impacts of tissue scattering and
absorption that eventually result in tissue autofluorescence
and temperature elevation. The amounts of light absorption
(ua) and scattering (us) per unit length at these three exci-
tation wavelengths were calculated using theoretical models
(Table 1) [9, 58]. The simulated results are shown in
Table 1. The results showed that the tissue scattering dra-
matically decreased with the increase in the light wave-
length, while absorption was lowest at 845 nm. Excitation at
1064 nm ensures minimum tissue scattering and absorption
by blood but is not as efficient as excitation at the other two
wavelengths because water absorbs 1064 nm light more
efficiently than 568 nm and 845 nm light in this range [9].
Tissue autofluorescence is another important factor that
needs to be included because of its large impact on the
SNR. In general, the level of autofluorescence decreases as
the wavelength increases [27]. In this sense, 1064 nm
excitation generates less autofluorescence than 568 nm and
845 nm excitation.

Next, the SNRs of single PLPEG-coated SWCNTs in
brain tissue were compared (Fig. 6a—f). SWCNTs were
injected into the lateral cerebroventricle of rat brain. This
injection method was used for directly delivering SWCNTs
into the brain and avoiding blood exposure; with this
method, tissue inflammation was minimized, and the native
tissue architecture was mostly well preserved [2]. Acute
brain tissue slices with a thickness of ~100 um were pre-
pared after killing animals and fixed for imaging on our NIR
single-nanotube microscope. In the fixed brain tissue, most
SWCNTs were found to be located in the brain ECS
(Fig. 6b). The signal-to-background ratios were then
obtained at three excitation wavelengths (Fig. 6¢c—e); the
mean values were 2.5, 0.3, and 0.1 for 1064 nm, 845 nm,
and 568 nm, respectively (Fig. 6f). The excitation at 1064
nm offered SNRs of ~25, nearly identical to that at 845 nm
and significantly better than the SNRs of ~5 at 568 nm
excitation [9]. It is clear that excitation at 1064 nm and 845
nm yields a good SNR, which is the key parameter for
efficient  single-nanotube  detection in  biological
environments.

SPRINGER NATURE

[luminating biological tissue with light generates a
photothermal effect and increases the temperature inside the
tissue, which may cause photon-induced damage to cells
within the tissue. With a simple simulation mimicking the
imaging setup and experimental conditions and at the laser
energies needed for collecting the same level of photo-
luminescence at 568, 845, and 1064 nm excitation, it was
found that 1064 nm light caused a temperature increase of
up to 15K, which was much higher than the 8 and 0.8 K
increases at 568 nm and 845 nm excitation, respectively
(Fig. 7) [9]. These results suggest that 1064 nm excitation
may not be suitable for individual nanotube imaging and
tracking in biological tissue due to the strong absorption of
water at this wavelength, which efficiently induces a strong
photothermal effect and heats up the biological tissue.
Excitation at 845 nm induced a lower temperature increase
in brain tissue than excitation at 1064 nm, indicating that
845nm is more suitable for exciting individual (6,5)
PLPEG-coated SWCNTSs in brain tissue.

After systematically evaluating the photoluminescence
efficiencies of individual (6,5) PLPEG-coated SWCNTs in
aqueous media at three different excitation wavelengths and
considering the impact of light absorption, scattering,
autofluorescence, and temperature elevation inside brain
tissue, it was found that excitation at the K-momentum
exciton—phonon sideband at 845 nm is the preferred wave-
length for video-rate imaging of single (6,5) PLPEG-coated
SWCNTs in biological tissue because 845 nm excitation
offered good SNRs and minimum phototoxicity to tissue.

Photoluminescence tracking of individual SWCNTs
in live brain tissue to reveal the brain ECS
nanometer-scale organization

The brain ECS is the fundamental biological structure
essential for maintaining normal brain functions and activ-
ities. The ECS provides a dynamic biological space for the
transition of neurotransmitters, nutrients, and other signal-
ing molecules inside the brain [59-61]. The ECS exists in
the brain as the microenvironment for cellular commu-
nication [62] and brain waste clearance [63]. The ECS
organization undergoes dynamic changes during many
biological processes, including sleep [63], memory, and
aging [64], and probably plays key roles in neurodegen-
erative disease development [65] and tumor progression
[66]. However, its ultrafine structure and low-dimensional
organization, particularly in live brain tissue, are very
poorly understood mainly due to the lack of a powerful
approach for imaging them in their native environment.
Many previous studies have used electron microscopy to
study the brain tissue ultrafine structure and high-resolution
orgnization [67]. In such methods, brain tissue needs to be
treated with harsh chemicals in order to fix it and imaged at
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0 1

A\ (6,5) emitting nanotubes

Fig. 6 Comparison of the photoluminescence signals of PLPEG-
coated (6,5) SWCNTSs under laser excitation at 568, 845, and 1064 nm.
a Schematics of the experimental setup used to image single (6,5)
SWCNTs in a brain slice. b DAPI staining of the brain slice was used
to identify cell nuclei. The highlighted square depicts the region shown
in c—e, where single SWCNTs are imaged. Scale bar =20 pm. c—e
Single (6,5) SWCNTs imaged 50 uym inside a brain slice (arrows)
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Fig. 7 Simulation of the temperature elevation of brain tissue. Laser
excitation was set at 568, 845, or 1064 nm, and excitation intensities
were set to excite an individual (6,5) SWCNT situated 50 um inside
the tissue and displaying identical luminescence. The laser intensities
were 0.23 kW/cm? for 568 nm excitation, 0.80 kW/cm? for 845 nm
excitation, and 3.64 kW/cm? for 1064 nm excitation, which correspond
0 0.20, 0.75, and 3.47 kW/cm?, respectively, at the nanotube to correct
for tissue absorbance. The dotted line indicates the interface between
the coverslip and the tissue. Excitation beams were incident from the
bottom, as indicated by the arrows. Vertical and horizontal scale bars:
500 um. Adopted from ref. [9], Copyright© 2018, American Chemical
Society

ultra-low temperatures with cryotechnology [67], which is
known to cause tissue damage, distortion, and deformation.
These are obviously irreversible alterations to the native
tissue architecture and organization [68]. To study the
ultrafine structure and low-dimensional organization of the
brain at high resolution requires the use of live brain tissue
with its native architecture as well as other important phy-
siological features perfectly preserved. For this purpose,
acute brain tissue slices were prepared and provided with
the necessary materials during imaging to maintain the
living tissue ex vivo for ~1h. Video-rate fluorescence
tracking of single particles in live brain tissue can be useful
for analyzing the successive positions of single emitters

~
N/
)
5]
=
@

|

__J\

.

0 4 8 12 16
Lateral position in tissue (um)

PL Intensity (a.u)

using laser excitation at 568 nm (c), 845 nm (d), or 1064 nm (e) in a
wide-field configuration. Scale bar =5 um. The laser intensities were
adjusted to obtain comparable SWCNT luminescence signals. f Signal
obtained from the profiles indicated in c—e (green for 568 nm, red for
845 nm, and black for 1064 nm excitation). Adopted from ref. [9],
Copyright© 2018, American Chemical Society

diffusing inside the tissue with super-resolution techniques
with an imaging resolution below the diffraction limit [6,
52]. Long-term tracking in deep tissue helps record the full
dynamic history of single emitters’ diffusion in their native
environment. Moreover, a slow diffusion rate modulated by
the intrinsic structure of the nanoparticles is favored for
efficient video-rate recording of the movement trajectory
[12]. SWCNTs meet all these requirements because of their
characteristic structures, high length-to-diameter ratios, and
length-dependent rigidity, as well as their bright and stable
NIR photoluminescence [13].

PLPEG-coated SWCNTs were injected into the lateral
cerebroventricles of live rats. As suggested by the above-
mentioned investigations, these nanotubes have low toxicity
and bright luminescence compared to other nanotubes with
different coatings [7, 15]. The delivery approach resulted in
minimal inflammation in tissue after nanotube injection.
Young rats with injected SWCNTs were killed approxi-
mately half an hour post injection. Acute brain tissue slices
were prepared and imaged on an NIR single-nanotube
microscope at 845 nm excitation with a peak emission at
986 nm of the (6,5) nanotubes (Fig. 8a). In this configura-
tion, both excitation and emission are perfectly aligned in
the optical region, where tissue is most transparent and are
optimal for attaining a high SNR, an excellent penetration
depth, and minimized phototoxicity.

Photoluminescent (6,5) SWCNTs were found within a
thick tissue layer down to 100 um from the tissue surface,
and time-lapse images of single-nanotube diffusion were
recorded for a time period of up to tens of minutes due to the
good photoluminescence stability under 845 nm excitation
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Fig. 8 Individual PLPEG-coated (6,5) SWCNT diffusion properties in
the ECS. a Luminescent SWCNTSs were imaged in brain slices in the
NIR range. b Schematic representation of an SWCNT of length L
diffusing in the ECS. ¢ Super-resolved image of the live brain ECS
morphology obtained from 20,000 localizations of a diffusing
SWCNT. Scale bar, 500 nm. d Histogram of & (N=419) from 14

(Fig. 1a). It was feasible to record more than 20,000 images
for a single diffusing nanotube in the ECS (Fig. 8b, c).
SWCNTs were discovered to be able to travel to many
different brain areas, including the neocortex and hippo-
campus, after only ~30min of diffusion post injection,
indicating that the nanotubes had diffused a relatively long
distance from the initial injection sites. Within such a short
time, it was possible to travel in only through the ECS [10].
A large population of SWCNTs was found to be trapped by
the dead space domains in the brain tissue, suggesting that
PLPEG-coated SWCNTs were potentially still sticking to
some molecules in the ECS. The typical length of SWCNTs
ranged from 490 to 780 nm, and the diameter was ~2-4 nm
for PLPEG-coated nanotubes. It is more suitable to consider
these SWCNTs as long-aspect-ratio rigid nanometer-scale
objects, and their diffusion is mostly unrelated to their
flexibility. The distinct diffusion models along two

SPRINGER NATURE
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super-resolved ECS images as in c—e. Spatial map of the instantaneous
diffusion coefficients of the SWCNTSs calculated along the same tra-
jectory using a sliding window of 300 ms. This representation also
constitutes a high-resolution spatial map of ECS viscosities (see scale
bar). Adopted from ref. [10], Copyright© 2016, Springer Nature

characteristic orientations (along and perpendicular to the
nanotubes axis) within a representative timescale of ~200 ms
suggest that the nanotubes were confined by their sur-
rounding environment; thus, their movements can be used to
study the dynamic structural organization of the ECS. The
ECS dimensions were quantitatively calculated, and the
width (Fig. 8d) ranged from 80 to 270 nm (150 +40 nm,
mean + SD) [10]. These findings indicated that the aniso-
tropic diffusion behavior of single SWCNTs is invaluable
for probing the nanometer-scale dimensions of the brain
ECS. By fitting the photoluminescence profile of a single
nanotube in each image correlated to a time point with a
two-dimensional asymmetric Gaussian function, the locali-
zation of the nanotube center of mass was extracted at each
time point in the imaging plane with a subwavelength
accuracy of ~40 nm, and the orientation of the nanotube axis
0 relative to the lateral axis in the laboratory frame was
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determined (Fig. 1b, inset). SWCNT displacements could
then be calculated as the distance traveled by the nanotubes
during an observational period. By using a method adopted
from single-molecule localization microscopy, a super-
resolved image of the ECS was obtained by successively
connecting the SWCNT localization positions. This ECS
image directly provides information on the spatial,
nanometer-scale organization of the live brain ECS. This
information suggested that the ECS is a heterogeneous
network and contains a number of connected submicrometer
domains. These ECS domains were found with typical
dimensions ranging from 50 to 700 nm. A super-resolution
map of the local ECS viscosity was built based on the
lengths of the SWCNTSs, and the viscosity ranged from 1 to
50 mPa/s (Fig. 8e), which was approximately two orders of
magnitude greater than that of healthy cerebrospinal fluid
[10]. These findings indicate that the local viscosity of the
ECS is spatially inhomogeneous and that the viscosity
values are not directly correlated with the ECS dimensions.

Single-nanotube tracking in live brain tissue was further
performed with an animal model created by chemically
altering the ECS structure by injecting hyaluronidase into
the lateral brain ventricles of young rats. Hyaluronidase
dissolved the hyaluronic acids in the ECS and increased the
ECS dimensions [10]. As a result, the mean ECS dimen-
sions were 280+60nm for altered tissue, significantly
wider than that of 150 + 40 nm for native tissue, suggesting
that the dissolution of the ECS with hyaluronidase in an
inhomogeneous approach to altering local ECS properties.
In this study, the ECS dimensions, morphologies, and
viscosity revealed by single-nanotube tracking in live brain
tissue have provided new insight into the ECS organization
down to the nanometer scale.

Conclusion

In summary, reviewed here were some representative
achievements in the development of surface-coated
SWCNT-based NIR photoluminescence emitters for SPT
applications in neuroscience in order to probe complex
biological environments, such as the ECS in the live brain.
PLPEG-coated SWCNTs have low cytotoxicity compared
to nanotubes coated with other surface coating agents based
on investigations of cell proliferation, viability, and mor-
phology. PLPEG-coated SWCNTSs can be imaged at the
single-nanotube level in cell culture, and their nonspecific
interactions with live cells were minimal compared to other
nanotubes with different coatings. The photoluminescence
of single PLPEG-coated SWCNTs is significantly brighter
than that of F108-coated nanotubes in cell culture media,
allowing video-rate tracking of single nanotubes in biolo-
gical environments for over several minutes. Three known

excitation strategies were carefully compared by consider-
ing the impacts of tissue absorption, scattering, and auto-
fluorescence and temperature increases upon excitation at
568 nm for S22, 845 nm for KSB, and 1064 nm for UCL. It
is suggested that the 845 nm excitation at the KSB, K-
momentum exciton—phonon sideband, is the most suitable
for exciting (6,5) PLPEG-coated SWCNTs in order to
achieve long-term tracking at a video rate of approximately
several tens of Hz in live brain tissue with great imaging
depth (=100 um) and a high SNR (=25) without photo-
toxicity. Finally, it was illustrated that single-nanotube
tracking provides a novel approach for revealing the
dimensions and viscosity of the ECS at the nanometer scale
in the live brain tissue of rats. The ECS was indicated to be
a spatial dynamic network of connected polymorphic
compartments with nanometer-scale dimensions and spe-
cific rheological properties. This information may provide a
new understanding of ECS-related cellular communication
in brain physiology and pathology.

In the future, three-dimensional tracking of single
SWCNTs may be needed to comprehensively understand
their diffusion dynamics in natural space and real time in
live biological tissue. Biological functionalization of
surface-coated SWCNTSs with affinity-binding ligands
(antibodies, aptamers, and so on) will be useful for utilizing
specific targeting biomolecules in vivo and enabling the
study of the dynamics of molecules of interest for long-term
observation. It is worth noting that PLPEG-coated
SWCNTs are capable of efficiently penetrating brain tis-
sue. These nanotubes may be used to establish a novel
category of nanometer-sized scaffolds for drug delivery in
the brain to treat brain tumors and degenerative diseases.
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