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ABSTRACT: The ability to determine the precise structure of nano-objects is essential for a
multitude of applications. This is particularly true of single-walled carbon nanotubes
(SW CNTs), which are produced as heterogeneous samples. Current techniques used for
their characterization require sophisticated instrumentation, such as atomic force
microscopy (AFM), or compromise on accuracy. In this paper, we propose to use super-
resolution microscopy (SRM) to accurately determine the morphology (orientation, length,
and shape) of individual luminescent SW CNTs. W e generate super-resolved images using
three recently published SRM analytical software packages (DPR, eSRRF, and MSSR) and
metrologically compare their performances to determine the morphological properties of
SWCNTs. For this, ground-truth information on nanotube morphologies was obtained using
polarization measurements and AFM to directly correlate the results from SRM at the single
particle level. W e show a more than 4-fold improvement in resolution over standard
photoluminescence imaging, revealing hidden morphologies as efficiently as AFM. We finally
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demonstrate that DPR, and eventually eSRRF, can effectively assess SW CNT length distribution in a much faster and more
accessible way than AFM. We believe that this approach can be generalized to other types of luminescent nanostructures and

thus become a standard for rapid and accurate characterization of samples.
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INTRODUCTION

Single-walled carbon nanotubes (SWCNTs) are well-known
materials for applications ranging from energy and composite
additives to microelectronics and biosensing.'~* Yet accurate
characterization of their structure is fundamental for under-
standing and designing correctly SWCNT-based systems. This
is all the more important as SWCNTs generally come in a
mixture of different lengths and chiralities ( diameters). While
the chirality of nanotubes can reliably be determined by
photoluminescence (PL) spectroscopy in the near-infrared
(NIR),’ assessing their orientation, curvature, and length
requires more complex characterization techniques. The most
common methods used to characterize the morphological
attributes of SWCNTs are scanning electron microscopy,
transmission electron microscopy, and atomic force microscopy
(AFM), as they exhibit resolutions close to or less than the
nanotube diameter of around 1 nm.® However, these methods
have a low throughput (typically a whole day is needed to
analyze a few hundred nanotubes), and they require specific
instrumentation and tedious sample preparation with extensive
cleaning processes aimed at removing impurities (surfactants,
dust, and rough substrate) that would strongly affect the final

image quality. Moreover, AFM does not provide information
about the chirality of the observed nanotubes. Alternatively,
approaches based on the optical detection of SWCNT diffusion
in liquids have been proposed to determine the length of the
SWCNTs. They include depolarized dynamic light scattering
(DDLS),” multiangle light scattering (MALS)® and length by
analysis of nanotube diffusion (LAND).”"’ Light scattering-
based approaches, such as DDLS and MALS, have the
disadvantage of being poorly accurate for polydisperse samples
as they provide average lengths rather than length distributions
and are strongly affected by the presence of SWCNT aggregates
or impurities. LAND, on the other hand, is poorly affected by the
presence of impurities as it is based on the SWCNT PL in the
NIR, but it requires bright samples and a high-speed imaging
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system, as the accuracy of SWCNT length depends on the
framerate (up to ca. 125 fps) and can suffer errors due to spatial
drift. More importantly, all these approaches are blind
measurements and only give an estimate of the length of the
SWCNT population but do not inform on the actual length of
each individual SWCNT. This aspect can be particularly critical
in applications where individual nanotubes are investigated,
such as in field-effect transistors'"”'”> and fundamental
studies."”'* This is also the case for biological applications
where precise determination of SWCNT arrangements inside
cellular bodies could help understand better uptake mecha-
nisms.'>'® While AFM can be useful for this purpose, for
example, in fixed biological samples,'” fluorescence microscopy
has the advantage of being more versatile as it can provide
information on SWCNT structure (length and chirality)
including in live samples as well as on the chemical environment
at the SWCNT surface thanks, for example, to hyperspectral
imaging.'®"” The length of individual long SWCNTs was
previously assessed by fitting the intensity profiles with a formula
that includes the exciton diffusion length, thus accounting for
the fluorescence loss at the nanotube ends due to exciton
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quenching. However, fluorescence microscopy is intrinsi-

cally limited by the diffraction of light (% ~ %, where A is the

emitter’s wavelength and NA is the numerical aperture of the
objective), which prevents one from resolving structures smaller
than the diffraction limit, around S00 nm for (6,5) nanotubes
emitting at ca. 1000 nm. In this context, the NIR wavelength
stands here as a penalty as compared to nanostructures emitting
at shorter wavelengths.

Although unavoidable, diffraction is not a definite barrier and
can be circumvented using super-resolution microscopy (SRM)
approaches.”” Near-field microscopy was first proposed to
successfully resolve and study carbon nanotubes with nano-
metric precision,”” >* but it remains challenging, requires
sophisticated equipment, and has low throughputs. In the far
field, following pioneering super-resolution strategies,” super-
localization of individual excitons along a single SWCNT was
achieved by fitting the position of spectrally separated emitters at
cryogenic temperatures.27 At room temperature, the most
resolutive SRM methods rely on the intermittent activation and
deactivation of neighboring fluorescent emitters, either chemi-
cally or optically, allowing isolation of the contribution of each
emitter and defining their resulting position with localization
precision greater than the diffraction limit. The chemical route
was the first used to super-resolve the structure of NIR-emitting
carbon nanotubes by inducing a blinking of the excitons through
reversible adsorption of protons on the nanotube surface.”®
Blinking-based super-resolution imaging of carbon nanotubes
was also achieved on chemically modified carbon nanotubes
using photoswitchable molecules’ or surface charges,”
allowing to localize the position of individual chemical moieties
on the carbon nanotube surface at nanometer resolutions (down

to 25 nm N%). However, although effective, these strategies

require specific conditions (additives, surface charges, and
functionalization) to induce a blinking of the emission. They
also require lengthy measurements to obtain sufficiently high
blinking statistics, hence the need for massive data analysis and
control of nanometric drifts in optical instrumentation. Other
SRM approaches, which rely on nonlinear behaviors of the
fluorescence emitters, such as exciton—exciton annihilation®' or
stimulated-emission-depletion,g’2 could also be considered, but

they generally require intense illumination or specific and
expensive instrumentation.

On the other hand, several analytical approaches have been
developed for super-resolution imaging. Some approaches rely
on the analysis of the intensity fluctuations from a stack of
images acquired at the same location, such as for super-
resolution optical fluctuation imaging® and super-resolution
radial fluctuations (SRREF**°). Interestingly, the SRRF
algorithm primarily calculates the degree of convergence of
the local intensity gradient (i.e., radiality) at the subpixel level in
the initial image to find the position of individual emitting point
sources. Other approaches rely on image deconvolution to
recover the shape of the emitting nanostructures, as in the case of
mean-shift super-resolution (MSSR*). This method is based on
the local calculation of the mean shift vector throughout the
image, a vector that points in the direction of the intensity
gradient and whose length provides a local measure of the
fluorescence brightness and density. MSSR is an iterative
process, meaning that a super-resolved image resulting from the
analysis can be fed back into the algorithm # times to further
improve resolution. Alternatively, the deblurring by pixel
reassignment (DPR’’) involves reallocating pixel intensities to
neighboring locations according to the magnitude and direction
of the locally normalized image gradient. These algorithms have
all been demonstrated for the super-resolution of biological
structures and have shown a significant gain in resolution.
According to the standard Rayleigh criterion, which defines the

resolution based on the diffraction limit, resolutions as low as ca.
A A

= and % were reported for the eSRRF (the “enhanced”
version of the SRRF*®), DPR, and MSSR, respectively.’> >’
Other analytical techniques such as structured illumination
microscopy’® or random illumination microscopy’® require
specific i llumination s chemes a nd h avel imited resolution
enhancements. Interestingly, the SRRF approach was first
proposed for the super-resolution imaging of carbon nano-
tubes.” ® Additional work has also investigated the use of a
machine-learning algorithm based on SRRF images to
deconvolute diffraction-limited ¢ arbon n anotube images.*'
However, while providing clear improvements to the
fluorescence i mages, t he i mages o btainedi nb oth studies
exhibited some artifacts at the nanotube ends, as commonly
observed in SRRF, which might affect the accuracy of nanotube
orientation, shape, or length determination. Overall, direct
comparisons between analytical SRM approaches and with
ground truth information are crucially lacking for widespread
application of SWCNT super-resolution imaging.

In this article, we compare the performance of three recent
super-resolution analytical approaches, eSRRF, DPR, and
MSSR, for determining carbon nanotube morphologies. We
confront the results obtained with each approach with the
ground truth information delivered by polarization measure-
ment for the nanotube orientation and AFM for nanotube
orientation and length. We demonstrate here that the DPR
approach gives the best results, followed by eSRRF, whereas
MSSR images display noticeable artifacts that can affect
orientation, shape, and length determination.

RESULTS AND DISCUSSION

In this work, (6,5)-purified SWCNTs were used to enable direct
comparison between fluorescence microscopy and AFM images
since nonpurified s amples ¢ ontain s ubstantial a mounts of

nonemissive nanotubes, including metallic species, which



Figure 1. Comparison of the different analytical SRM methods for the super-resolution of (a) optically long SWCNT (scale bar: 1 gm) and (b)
diffraction-limited SWCNT (scale bar: 600 nm). (i) raw image. (ii) DPR. (iii) eSRRF. (iv) MSSR.
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Figure 2. Determination of SWCNT orientations. (a) Analysis of a SWCNT polarized emission allows to determine the SWCNT orientation by
fitting the intensities to a Malus law. Examples of (i) lowest and (ii) highest SWCNT intensity images. Scale bars: 500 nm. (b) Determination of
the SWCNT orientation from 2D Gaussian fitting on (i) raw, (ii) DPR, (iii) eSRRF, and (iv) MSSR images recorded in the absence of the
polarizer. The angles are determined from O to 180° in a counterclockwise direction (shown in red). The center and axis of the tubes are
indicated by a red point and dotted line. Scale bars: 500 nm. (c) Comparison of the angle obtained from the 2D Gaussian fit 8, as a function of

the angle determined from the polarization analysis 0,

for the raw (blue circles), DPR (red squares), eSRRF (yellow diamonds), and MSSR

(purple triangles) images. The Pearson correlation coefficient is given in each case (p < 0.05 for all, n = 247 nanotubes). A gray dotted line

represents the y = x perfect case.

would bias the comparison of nanotube length distributions
analyzed by the two approaches. For fluorescence imaging,
sodium deoxycholate (DOC)-suspended SWCNTs were first
deposited on a glass slide by spin-coating on a thick layer of
polyvinylpyrrolidone (PVP, see Methods) to avoid the
interaction between SWCNTSs and the surface charges of the
glass coverslip, which could lead to blinking."*** SWCNT PL
was monitored on an inverted fluorescence microscope with an
845 nm excitation, enabling efficient excitation of the (6,5)
SWCNTs on their K-phonon sideband, as previously reported.**
Videos of 1000 frames (100 ms per frame) were recorded over
four different fields of view and subsequently analyzed by the
MSSR, eSRRF, and DPR routines. Indeed, although these
approaches can be applied to single images, analyzing a set of

images of the same object (through temporal averaging, for
example) allows one to improve drastically the quality of the
final super-resolved image. It is important to mention that each
of the analytical SRM algorithms has its own specific parameters
that needed to be optimized for proper analysis and fair
comparison (see Methods). We screened all the parameters of
the three algorithms by comparing the resulting images first
visually (presence of artifacts), then by comparing the resolution
in each condition, and finally by using the super-resolution
quantitative image rating and reporting of error locations
(SQUIRREL) routine, which gives an estimate of the accuracy
of super-resolved images.”” The SQUIRREL routine calculates
the convolution of the super-resolved image with the micro-
scope’s point spread function (PSF) and compares the
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convoluted image with the initial diffraction-limited image.
Noteworthy, all three algorithms perform initial image upscaling
prior to the super-resolution analysis. For eSRRF and MSSR,
images are magnified through a user-defined Fourier inter-
polation (4X or 10X) prior to analysis, while DPR performs
magnification by spline interpolation to a fixed ratio of 8.33
divided by the full-width at half-maximum (fwhm) of the optical
setup PSF (2.07 pixels here, so 4.02X magnification). We
investigated 4X and 10X magnifications for the eSRRF and
MSSR but show only in the article the results obtained with 4X
magnification as this magnification yields the best overall
performances (Figures S1 and S2).

We first compared the computer analysis time required by the
different SRM algorithms to provide super-resolved images from
the raw data. Using the same computer (32 GB RAM, 8-core
3.59 GHz CPU, 6 GB GPU) and a video of 1000 frames with
256 X 256 pixels as a testing data set, the analysis took 78 s for
DPR, 327 s for eSRRF, and over 24 h for MSSR processing. DPR
and eSRRF analyses therefore display equivalent processing
times, while MSSR processing is much slower (or can be
accelerated by using a more powerful computer) to achieve the
same task.

For analysis, regions of interest (ROIs) were automatically
created around each SWCNT found in the initial raw
(diffraction-limited recorded) image, and the corresponding
ROIs were used in the super-resolved images. We observed
mostly unresolved diffraction-limited SWCNTs (i.e., shorter
than ~500 nm), but also a few “optically long” SWCNTs were
found. For these long nanotubes, their shapes and orientations
could thus be visually determined. By displaying the images
obtained with the different SRM approaches for optically long
SWCNTs (Figure 1a), a clear improvement of resolution can be
visually observed in accordance with previous reports based on
the SRRF method.*® Careful examination of the images,
however, reveals the presence of artifacts at the nanotube ends
for eSRRF and MSSR images, in contrast to DPR, in which the
nanotube ends are better defined. This observation was even
more striking when analyzing diffraction-limited SWCNTs
(Figure 1b), where it is not possible to distinguish the presence
of a clear tubular structure in the eSRRF and MSSR images (due
to the appearance of structural noise), whereas the DPR image
more clearly reveals an elongated shape. The better performance
of DPR is probably due to the fact that eSRRF and MSSR are
nonlinear algorithms which are therefore likely to generate
artifacts in the final image, such as holes in elongated
structures.””***® In contrast, DPR operates linearly in the real
space and thus preserves the intensities of the initial image and
prevents the generation of intensity artifacts.”’

Although the DPR approach provides qualitatively better
images, a quantitative comparison with the actual SWCNT
morphologies is needed to determine whether the obtained
structures are valid. For that, we first relied on an orientation
analysis that we applied to 247 individual SWCNTs. The strong
polarizability of the SWCNT's along their axis'* indeed allows to
evaluate the orientation of the tubes by analyzing the
polarization orientation of their PL emission. A polarized
excitation was not considered because of the presence of
birefringence in some optics inside the microscope, making the
generation of linear polarization tedious in any direction. All
excitations performed in this work were thus set to circular
polarization to generate equivalent excitation efficiency
regardless of nanotube orientations. To efficiently examine the
linear polarization emission of each SWCNT, we used a rotating

Glan-Thompson polarizer placed in the detection path of the
microscope (Figure 2a).

By analyzing the sum of the intensities in the ROI for each
angle 0 of the polarizer (from 0 to 360°), it is possible to
determine the angle 6, of the SWCNT by fitting the obtained
values to a Malus law

a X cos* (0 — O) + b (1)

where a and b are adjusting constants. Note that for this analysis,
only straight nanotubes were analyzed to provide unambiguous
angle orientations.

Images of SWCNTs in raw and super-resolved images were fit
to a 2D asymmetric Gaussian function to retrieve the apparent
nanotube orientation 6,, in each image (Figure 2b). The
retrieved orientations 6, were then plotted against the (true)
orientations 6, determined from polarization analysis, and the
similarity of the two angles was evaluated by Pearson’s
correlation analysis (Figure 2c). We found good correlation (p
> 0.9) for all cases, including the diffraction limited images,
which indicates that a 2D Gaussian fit is already adequate to
evaluate nanotube orientation without requiring the super-
resolution of the SWCNTs. This statement cannot be universal,
e.g., for nanotubes significantly shorter than the diffraction limit,
and should thus depend on the length distribution of the
nanotubes. We observed a slightly larger spread of the
orientation values for the MSSR analysis, indicating that the
artifacts generated by this approach, as mentioned above (Figure
2b), bias the orientation determination.

This analysis confirmed that nanotube orientations retrieved
from SRM images accurately describe the organization of the
SWCNTSs on the sample. Encouraged by these results, a more in-
depth analysis was carried out by performing correlative imaging
between fluorescence microscopy and AFM to give access to the
ground truth length, orientation, and bends of the nanotubes.
For this, SWCNTs were immobilized on a gridded cover glass
using poly-L-lysine (PLL, see Methods) and thoroughly washed
to avoid the presence of impurities on the surface. In order to
register the PL images on the AFM images, we recorded bright-
field images at the same location as the PL images (with the same
camera) and compared the position of the grid between the
bright-field and AFM images (Figure S4).

Visually, a better correspondence with AFM images was again
found for the DPR images, whether two closely located or a
diffraction-limited SWCNT are imaged (Figure 3ab). DPR
images indeed resulted in more defined nanotube ends and
shapes. To quantify this observation, manual skeletonization of
the SWCNT shapes found in AFM was performed (Figure S6),
followed by registration with the PL super-resolved image and
the calculation of the 2D correlation coeflicient between the two
images (Figures 3c,d and S7). Interestingly, SRM images
showed sometimes deviations from the AFM structures,
particularly at the ends of the nanotubes, which we attribute
mainly to exciton quenching at the nanotube ends or possibly to
the presence of quenching species on the nanotube surface. DPR
unambiguously provides an excellent correspondence with the
AFM measurement, exhibiting a significantly higher (p < 0.0S,
two sample t-test) correlation coefficient of 0.73 + 0.09, as
compared to MSSR (0.57 + 0.22) and eSRRF (0.47 + 0.26)
which are equally less efficient for this objective (p = 0.38, two
sample t-test). We also noticed that, for some short nanotubes,
eSRREF analysis resulted in a blank image, while DPR and MSSR
were able to generate super-resolved images of the nanotube
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Figure 3. Correlative measurement of SWCNT morphologies
between AFM and fluorescence microscopy for (a) two closely
located SWCNTs (scale bars: 1 gm) and (b) diffraction-limited
SWCNT (scale bars: 500 nm). Panels in (a,b) correspond to (i)
amplitude AFM image, (ii) height AFM image, (iii) raw PL image,
(iv) DPR image, (v) eSRRF image, and (vi) MSSR image. (c)
Registered combined image of the AFM-based skeletonized
SWCNT shape (pink) and the DPR PL image (green). Scale bar:
1 pm. (d) 2D correlation coefficient between the AFM-based
skeletonized SWCNT shape and the SRM images for MSSR, SRRF,
and DPR (mean + standard deviation on 10 images). Two sample ¢
tests were calculated between the MSSR and eSRRF (n.s., p = 0.38),
DPR and MSSR (¥, p < 0.05), and DPR and eSRRF (**, p < 0.01)
categories.

(Figure S7). These results also confirm that analytical SRM
approaches, in particular DPR, can be used effectively to analyze
both straight and curved SWCNTs.

Finally, we investigated whether the super-resolved images
can be used to accurately determine the length distribution of an
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SWCNT preparation. To this aim, we plotted the signal
intensities along the nanotube axis of 247 nanotubes (Figure
4a), defined by the orientation of the nanotube measured above.
Crochet et al.”’ showed that the length of a SWCNT could be
retrieved from its luminescence image by fitting the PL
intensities along its axis using the following equation

sinh(li) + sinh[Ll_x]

sinh(i) 2)

where I is the exciton diffusion length, typically between 100
and 300 nm depending on the surfactant,””*® and L is the length
of the nanotube.

In practice, this analysis requires micrometer-long nanotubes,
as this fitting function fails to converge when nanotube images
only display a few data points in their central part. Short
SWCNT PL intensity profiles are indeed closer to a Gaussian
profile (Figures 4, and S8). To overcome this difficulty, we
introduced the use of a phenomenological fitting function in the
form of a super-Gaussian

c(x) =1 -

b
c(x) = a X exp —In(Z)*[4M]

3)

where a and b are adjustment constants and y¢ and w are the
center and fwhm of the super-Gaussian, respectively. This
function is highly versatile as it enables fitting both Gaussian-like
(ie., short SWCNTs) and flat top-like curves (ie., long
SWCNTs), as can be shown in Figures S8 and S9. To obtain
the true SWCNT length from the fwhm given by the super-
Gaussian fit, we created a reference curve from intensity profiles
generated from eq 2 with defined lengths L, fitting these profiles
by the super-Gaussian function. The intensity profiles were
created for an exciton diffusion length of 200 nm (the value
found for (6,5) nanotubes coated with 1% DOC?’), nanotube
lengths ranging from 300 to 2000 nm, and were convoluted with
the PSF of the imaging modality at each nanotube end (x = 0 and
L). The PSFs to consider for each case (raw data, DPR, eSRRF,
and MSSR) were measured on experimental images of the 247
nanotubes studied by fitting the transverse cross-section of each
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Figure 4. Determination of SWCNT lengths. (a) Methodology used for the determination of the SWCNT length from SRM images. Fitting of (i)
SWCNT intensity profiles along the tube axis (scale bar: 1 ym) by (ii) super-Gaussian function (blue points: data, red line: fit). (iii) Example of
simulated intensity profile curves (points) for three different nanotube lengths (blue: 300 nm, red: 1000 nm, yellow: 2000 nm) and fitted with
super-Gaussian curves (solid lines). (iv) Calibration curve of the fitted fwhm as a function of nanotube length (points: simulated data, dotted
line: linear fit). (b) Cumulative distributions of SWCNT lengths measured by AFM (black dotted) or extracted from the raw (blue), DPR (red),
eSRRF (yellow), and MSSR (purple) images (n = 247 nanotubes).
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nanotube image with a Gaussian curve. Reference curves were
then used to extract experimental SWCNT lengths from the
fitted fwhm values. The resulting SWCNT length distributions
are plotted in Figure 4b. A very close agreement is found
between the lengths measured by AFM (median: 284 nm) and
the length determined by both DPR (median: 264 nm) and
eSRRF (median: 246 nm) images. Interestingly, DPR tends to
better reveal the presence of the longer tubes of the distribution
(>420 nm) than eSRRF, probably due to the nonlinear
treatment of eSRRF, which does not preserve the fidelity of
image intensity (Figure 1). On the other hand, MSSR resulted in
an overestimation of SWCNT lengths (median: 460 nm) that
we attribute to the lower resolution achieved with this
technique, resulting in a larger PSF (up to twice greater as
compared to DPR in the most extreme cases, see Figure S12).
Finally, as expected, the raw images greatly overestimated the
SWCNT lengths (median: 872 nm), demonstrating here the
power of super-resolution in the determination of SWCNT
lengths.

Opverall, thanks to the versatility of fluorescence microscopy as
well as the ease and speed of sample preparation and analysis, we
are confident that analytical SRM strategies, in particular, DPR,
will become a serious alternative to the state-of-the-art
approaches used today for characterizing carbon nanotube
samples. Nonetheless, one should stress that analytical SRM
approaches still exhibit limited resolutions that cannot yet
compete with the resolutions attained by some other SRM
approaches, such as single-molecule localization microscopy
methods.” “We believe that the situation may evolve rapidly
through, for instance, the use of machine learning tools. Other
future improvements could also be oriented toward the
development and use of analytical SRM solutions working in a
single frame®® to allow, for example, to super-resolve
nanostructures in motion.

CONCLUSIONS

In this paper, we metrologically compared three super-
resolution analytical approaches for their ability to provide
accurate estimates of luminescent carbon nanotube morpholo-
gies. The DPR, eSRRF, and MSSR methods were investigated
and benchmarked on identical data sets. We propose a rigorous
analysis to automatically and efficiently pr ocess th e images

created by each of these SRM approaches over hundreds of
tubes with varying orientations, shapes, and lengths. Impor-
tantly, the results obtained by SRM were critically compared to
the ground truth morphologies of the nanotubes in the sample
by performing polarization and AFM measurements. While all
three SRM approaches improved qualitatively the appearance of
SWCNT structures, with resolution of ~100 nm to be compared
to the theoretical diffraction limit of 4 14 nm (for a nanotube
emission at 985 nm, Figure S12), DPR exhibited the best results
by a significant margin due to the absence of noticeable artifacts
induced by image processing. Strikingly, SWCNT structures
revealed by DPR images were very close to the structures
measured by AFM at the single nanotube level, in terms of both
nanotube shape and length. We therefore propose DPR,
combined with our analysis routine based on a simple fitting
procedure, as a fast, easy, and eflicient alternative to AFM for the
measurement of the length distributions as well as morphologies
of SWCNT samples at the single particle level. More generally,
analytical SRM approaches, such as DPR (or eSRRF), should
find n umerous a pplications f or t he ¢ haracterization of
luminescent nanostructures at the single particle level.

METHODS/EXPERIMENTAL

Sample Preparation. Unless otherwise specified, t he chemicals
used were purchased from Sigma-Aldrich.

Carbon nanotubes used in this study are (6,5) nanotubes in 1% (w/
w) DOC sorted by aqueous two-phase extraction from SG65i
CoMoCAT SWCNTs following a previously published approach.®!

For the fluorescence microscopy experiments, the glass slides were
cleaned by subsequent bath sonication steps in acetone, isopropanol,
and water for 10 min each, followed by plasma cleaning for 2 min at 180
W (Atto, Diener), spin coated with 3 layers of 3% (w/w) PVP (100 uL,
4000 rpm 30 s), followed by a spin coating (Spin150i, Polos) of the
carbon nanotube solution (50 xL, 4000 rpm 30, C=6.5X 10> mg L™’
using €g;; = 0.2 L mg_1 cm_l).52

For the AFM-microscopy correlative experiments, gridded glass
slides (grid-50, Ibidi) were first c leaned w ith a n a Ikaline solution
(Helmanex I1I) at 60 °C for 1 h to passivate the surface and remove
glass debris from the surface for the AFM measurements and
subsequently plasma cleaned for 2 min at 180 W. The cleaned
coverslips were then coated with poly-L-lysine [PLL, 100 L, 0.01% (w/
w)] for 1 h, washed 2 times with deionized (DI) water, then incubated
with carbon nanotubes (50 L drop deposited on the surface, C=6.5 X
1073 mg L") for 1 h and followed by 2 washes with DI water and dried
over 48 h at 50 °C.

For the AFM measurement of nanotube lengths, mica (muscovite
mica, Sigma-Aldrich) was freshly exfoliated with tape, followed by a
spin coating of the carbon nanotubes (50 L, 4000 rpm 30's, C = 6.5 X
1072 mg L™!) and air-dried overnight at room temperature.

Fluorescence Microscopy Measurements. The measurements
were performed on an inverted microscope (Nikon Ti2) equipped with
an EMCCD camera (ProEM HS 512 X 512, Princeton Instruments),
an 845 nm laser excitation (LaserBoxx LBX-850, Oxxius), and a 60X
objective (Plan Apo TIRF, NA = 1.45, oil immersion, Nikon). A 900
nm long-pass dichroic mirror (DMLP90OR, Thorlabs) was used in
combination with a 950 nm long-pass filter (FELH0950, Thorlabs) in
order to select the emission of the (6,5) nanotubes around 984 nm. A
256 X 256 ROI centered on the center of the sensor was selected for the
measurements with an exposure time of 100 ms and an electron-
multiplying gain of 100.

For the polarization experiments, a Glan-Thompson polarizer
(GTH10M, Thorlabs) was positioned in the detection path of the
fluorescence microscope in front of the camera on a rotating mount in
order to visualize the polarized emission of individual carbon
nanotubes.

For the AFM-microscopy correlative experiments, the grid pattern
was imaged in brightfield a nd t he S WCNT P L w as r ecorded, as
described above, but using the full sensor area of the camera (512 X 512
pixels).

AFM Measurements. The measurements were performed with an
ACI160TS tip (Olympus, N = 11.16-31.72 N/m, f = 221.1-322.0
kHz). For the length measurements, images were recorded at a scan rate
of 0.7 Hz and a pixel size of 29.3 nm (15 X 15 um area). For the
correlative imaging measurements, on each field of view a large area (40
X 40 pm, pixel size: 78.1 nm, scan rate: 0.2 Hz) was first recorded to
locate the position of the nanotubes with respect to the grid, and smaller
areas (20 X 20 um, pixel size: 39 nm, scan rate: 0.4 Hz) were recorded
within the previous image to have a more resolved image of the
individual nanotubes.

Optimization of Analytical SRM Parameters. The eSRRF and
MSSR routines were run on FIJI 1.54 f. The DPR routine was run on
Matlab R2022a. The 3 SRM approaches require specific input
parameters: amplification (final ma gnification), number of images to
take into account for the analysis, temporal analysis approach (average
and variance mostly for MSSR and eSRRF), mesh grid analysis (bicubic
or Fourier for MSSR), estimated size of the PSF (for DPR and MSSR),
radius of the local-minimum filter ( for D PR), gain ( for D PR), and
sensitivity (for eSRRF). In this work, we fixed the following parameters
based on SQUIRREL analysis combined with visual analysis (artifact
minimization) and minimization of the final r esolution ( fwhm ofa
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Gaussian fit applied to the transverse cross section of an optically long
nanotube):

eSRRF: 10X or 4X amplification, radius: 0.5, sensitivity: 2, 1000
frames average projection

MSSR: 10X or 4X magnification, 2.07 pixels wide PSF, Fourier
mesh grid, order 1, 1000 frames average projection

DPR: high resolution magnification (gain 2), 2.07 pixels wide
PSF, 35.19 used for the radius of the local-minimum filter, 1000
frames average projection

Orientation Determination Analysis. The diffraction-limited
and SRM images were analyzed on a Matlab R2022a. The positions of
each carbon nanotube were determined by a custom 2D Gaussian
fitting a Igorithm ( Levenberg—Marquardt “ levmar” n onlinear least-
squares optimization™). ROIs of 10 X 10 pixels (for the diffraction-
limited images), 4 0 X 4 O pixels (for the SRM images with 4x
amplification), and 100 X 100 pixels (for the SRM images with 10X
amplification) were created around each detected nanotube. For each
ROYJ, the center and orientation of the 2D Gaussian fit were determined
and plotted.

The images obtained after the polarizer exhibited a circular drift as a
function of polarizer angle and were thus registered so that the
nanotube would exhibit the same position as in the diffraction-limited
image without the polarizer by using the imregister function in Matlab.
The polarized images were then analyzed by using the same ROIs
created in the previous step. The sum of the ROI was calculated for each
angle of the polarizer, from 0 to 360° every 10° and plotted as a
function of the polarizer angle. The resulting curves were fitted with a
Malus law (eq 1). In order to calibrate the nanotube orientation with
respect to the polarizer angles, we selected an optically long carbon
nanotube whose orientation could be determined accurately from the
diffraction-limited i mage u singt he 2 D G aussian fi tting algorithm
(Figure S3), associated this angle value with the value determined with
the fit of the polarizer angles, and then propagated this calibration to all
the other carbon nanotubes. Because the orientation was determined
using a 2D Gaussian fit, w e o nly i ncluded s traight n anotubes and
excluded those having curved shapes.

Shape Determination Analysis. The AFM images were analyzed
using Gwyddion software and were exported to 16 bit images. The
selected nanotubes all exhibited a height around 1-2 nm consistent
with the expected diameter of a surfactant-coated nanotube®* (Figure
SS). The shape of each selected nanotube was then analyzed in FiJi by
manually drawing the nanotube structure and exporting the resulting
skeletonized selection as a binary image for further analysis.

In order to find the same nanotubes in both AFM and fluorescence
microscopy, we used reference points in the images using both the
reference grid of the coverglass (letters, numbers, and lines) and
impurities on the substrate (dust particles, aggregates), as shown in
Figure S4.

To overlap the fluorescence SRM images and the AFM skeletonized
structures, we resized the AFM images to match the pixel size of the
SRM images and registered both images using the imregister function in
Matlab. We then ran a calculation of the 2D correlation coeflicient
(corr2 function in Matlab) for the registered fluorescence-AFM image
couples.

Length Determination Analysis. The physical length of the
nanotubes was determined using AFM. The AFM images were
converted to 16 bits images and analyzed in FIJI using a pixel size of
39 nm. The lengths of the nanotubes were measured by hand drawing
straight or segmented lines (depending on the nanotube shape).
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