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Abstract: Carbon nanotubes have emerged as a versatile and ubiquitous nanomaterial, finding
applications in industry and biomedicine. As a result, biosafety concerns that stimulated the research
focused on evaluation of carbon nanotube toxicity. In addition, biomedical applications of carbon
nanotubes require their imaging and identification in biological specimens. Among other methods,
dark-field microscopy has become a potent tool to visualise and identify carbon nanotubes in
cells, tissues, and organisms. Based on the Tyndall effect, dark-field optical microscopy at higher
magnification is capable of imaging nanoscale particles in live objects. If reinforced with spectral
identification, this technology can be utilised for chemical identification and mapping of carbon
nanotubes. In this article we overview the recent advances in dark-field /hyperspectral microscopy
for the bioimaging of carbon nanotubes.

Keywords: optical dark-field microscopy; hyperspectral imaging; carbon nanotubes; biodistribu-
tion assessment

1. Introduction

Since their first discovery in 1991 [1], carbon nanotubes (CNTs) have gained much at-
tention from the various fields of science [2-7] and industry [8-10] as a material with promi-
nent physicochemical characteristics. Carbon nanotubes are the allotropic form of carbon,
having a cylindrical hollow structure up to several tens of micrometres in length and, gen-
erally, up to tens of nanometres in diameter [11]. CNTs are formed by rolling up a graphene
sheet, another allotropic form of carbon, consisting of hexagonally bonded atoms arranged
in a honeycomb pattern. Nanotubes could be rolled up from either a single graphene sheet
and thus named single-walled carbon nanotubes (SWCNTs) or multiple graphene sheets
and hence named multi-walled carbon nanotubes (MWCNTs) [12]. The unique morphol-
ogy and size of CNTs provide excellent mechanical properties, large specific surface area,
high electrical and thermal conductivity, flexible surface chemistry and valuable optical
properties [13]. These features have prompted CNTs to be applied as the key component in
various composites, sensors, coatings, and devices [11,14]. Moreover, hollow-tube-shaped
structures coupled with the possibility of functionalisation make them highly engaging in
biomedical applications [15]. For example, CNTs can be applied as radio-imaging probes in
positron emission tomography (PET) and single-photon emission computed tomography
(SPECT) [16-18], contrast agents in magnetic resonance imaging (MRI) [19] and Raman
spectroscopy [20]. Strong optical resonances in the near-infrared region also allow the use
CNTs in near-infrared and photoacoustic imaging techniques [21-24]. Carbon nanotubes
could also be adapted to modulate neuronal growth as biocompatible scaffolds controlling
cell adhesion, differentiation and migration [25-27]. The distinctive shape of the nanomate-
rial favours building the biocompatible drug-delivery system for cancer or gene therapy [9].
However, despite where CNTs could be effectively applied, their extensive toxicity and
biodistribution analyses are required [15]. It is undoubted that physicochemical properties
significantly determine the toxicity of nanomaterials. In terms of nanotubes, the important
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parameters, which form the fibre pathogenicity paradigm (FPP), are length, diameter,
rigidity, and biopersistence [28]. The long and thin CNTs fulfil all FPP attributes and hence
may possess highly inflammogenic and fibrogenic potential [29,30]. Among different tech-
niques, such as particle size analysis, X-ray diffraction analysis (XRD), mass spectrometry,
infrared spectroscopy, electrophoresis, cytotoxicity, and viability assays, primarily used
to define nanoparticles’ chemical structure, size distribution or toxicity, the microscopy
techniques stand out as the versatile tool relevant to morphology characterisation and
toxicity analysis [31-33].

Nowadays, three principal approaches to the microscopy of CNTs can be highlighted:
electron microscopy, scanning probe microscopy (SPM), and optical microscopy. Electron-
based imaging systems as well as SPM methods, such as transmission electron microscopy
(TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM) or scanning
tunnelling microscopy (STM), are primarily used to define the ultrastructure of fabricated
nanotubes and their mechanical properties, such as accurate dimensions, the number
of layers, interlayer spacing, surface functionalisation, Young’s modulus, adhesion, and
stiffness [34]. However, they are not suitable for dynamic bioimaging studies of nanotubes
since such visualisation is either labour- and time-consuming or requires special conditions,
invasive sampling, and expensive equipment. On the other hand, conventional optical
microscopy lacks these drawbacks. Nevertheless, optical imaging also could be challenging
for tubes with several nanometres in diameter due to the diffraction barrier caused by the
wave nature of light. Rayleigh’s criterion may describe this limitation in resolution (R):

122 x A

R = ,
N Aobjective + NAcondenser

)

where A is the wavelength of light illuminated from a specimen, NA is the numerical
aperture of the objective and the condenser. Thus, the theoretical limit for microscopy with
visible light illumination does not overcome 180-250 nm. Therefore, various strategies
and tools are utilised to directly detect nanomaterials in biological samples, including
photothermal microscopy [35], surface plasmon resonance microscopy, and other recently
developed super-resolution techniques [36]. However, established methods, such as fluo-
rescence or dark-field microscopy (DFM), remain applicable in nanotoxicological studies
due to simplicity, low cost, and the possibility of observing hundreds of samples [37-39]. At
the same time, there is no review of the published studies conducting dark-field bioimaging
of carbon nanotubes. Therefore, the scope of this mini-review is limited by the keywords:
optical dark-field microscopy, carbon nanotubes, and biological studies. In the first section,
we briefly introduce the background and fundamentals of dark-field microscopy. Then, we
overview in vitro and in vivo studies of CNTs where DFM had been applied. Finally, we
summarise our conclusions and provide an outlook on future prospects.

2. Dark-Field Microscopy

Dark-field microscopy is a scattering-based imaging technique where elastically scat-
tered light from a specimen entering the objective forms the image, while incident light
is blocked (Figure 1A). The fact that the light scattered from particles passes the objective
leads to generating a clear and dark background with bright appearing objects, i.e., giving
a higher signal-to-noise ratio (SNR) than in a conventional optical system [40]. In the
case of nanosized objects, the scattering intensity may be approximated by the Rayleigh
scattering theory, where the ratio of the refractive index of particles to the media is crucial
to distinguish objects from the background [41]. Additionally, in noble metal nanoparticles,
the prominent influence on the intensity provides a localised surface plasmon resonance
(LSPR) effect, occurring when the electric field of incident light causes collective oscillations
of electron density on the surface of particles [42]. Notably, the larger particles also scatter
more intense light than the smaller ones [41,43]. Although carbon nanotubes could be
directly observed through dark-field microscopy due to high aspect ratio [44] and Rayleigh
scattering [45], deposition of nanoparticles with larger diameters or LSPR effect onto CNTs
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is applied to visualise individual nanotubes (Figure 2A) [46,47] and produce enhanced
scattering agents for cell imaging [48]. Besides endogenous factors of materials, the ex-
ogenous parameters, such as the medium of the sample, method of illumination, angle
of incidence, and numerical aperture of the objective, also influence the resulting image.
Thus, the CytoVivaTM enhanced dark-field illumination system (CytoViva, Auburn, Al,
USA), widely used in biology and medicine, increases the SNR up to ten times by effi-
ciently utilising these features [49,50]. In the enhanced dark-field microscopy (EDFM), the
fibre optic illumination source is directly connected to the cardioid annular oil immersion
dark-field condenser to reflect the aberration-free light at an oblique angle [51]. That type
of condenser, in combination with high numerical aperture (NA) oil objectives, makes
it possible to collect the scattered light of particles at wider angles, resolving nanoscale
particles in biological samples [52,53].
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Figure 1. (A) Representative optical diagram of dark-field microscopy and (B) a scheme of spectral
data cube acquisition on the example of 200 nm polystyrene nanoparticles.

Since the scattered spectrum of particles is highly affected by their physical, optical
and electrical properties, dark-field microscopes may be equipped with hyperspectral
sensors, thus obtaining spectral information with narrow bands at each pixel of an image
(Figure 1B) [54]. Typically, the hyperspectral sensors used in biological studies acquired
data of elastic scattering in the visible near-infrared range (VNIR; 400-1000 nm wavelength
range), although there are setups with sensing in the short-wave infrared range (SWIR;
900-1700) or Raman scattering [55]. The hypercubes are captured from samples as three-
dimensional data with two spatial dimensions (x, y) and one spectral (z). During the
scan, the light from the specimen is almost entirely blocked, except the part that enters
the narrow slit. Then, the collimated light is dispersed by a diffraction grating, and the
detector captures its constitutive wavelengths. In the general scanning technique, called
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“push broom”, one spatial and spectral dimension is captured at a time. Thus, the process
is performed line by line for the whole image. The resolving power (R;) of the sensor is
mainly determined by the diffraction grating and, similarly to the spatial resolution, could
be described by Rayleigh'’s criterion:

A

RS - M/ (2)
where AA is the wavelength interval between two spectral lines resolved by the grating. Al-
though in realistic conditions, the slit width and sensitivity of the camera also significantly
influence the resulting spectral resolution, which, however, can still reach up to several
nanometres [56]. EDFM coupled with hyperspectral imaging (HSI) allows for robust dis-
crimination of nanoparticles within samples with subsequent identification based on their
spectral characteristics (Figure 2C) [57]. For example, EDFM-HSI has been successfully
used to measure the absorption capacity of CNTs (Figure 2B,D) [58] and identify nanotubes
within living organisms [59].

S-MWCNT/AAP
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Figure 2. (A) Dark-field optical microscopy image of p-nitrobenzoic acid nanocrystals adsorb onto commercial dispersed
CNTs. (B) Enhanced dark-field hyperspectral image of MWCNTs—acetaminophen (AAP) suspension. (C) Hyperspectral
image of the Survanta®-dispersed SWCNTs suspension (0.1 mg/mL). (D) Hyperspectral imaging with spectrally identified
MWCNTs as red pixels and AAP as purple pixels. Figure 2A adapted from Ref. [46] under the terms of the Creative
Commons Attribution License (CC-BY 4.0). Figure 2C adapted from Ref. [57] under the terms of the Creative Commons
Attribution License (CC-BY 2.0). Figure 2B,D adapted from Ref. [58]. Copyright 2021 American Chemical Society.
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3. In Vitro Studies of CNTs

Dark-field microscopy is a versatile and easy-to-use tool for label-free, non-invasive
observation of nanomaterials in vitro using model cell cultures. At the moment, DFM has
been actively applied to visualise organic, inorganic and composite nanomaterials [60,61].
Carbon nanotubes possess a high aspect ratio and strong Rayleigh scattering, allowing for
the detection of them in biological specimens. Table 1 summarises studies on mammalian
cells treated with CNTs with the application of optical dark-field microscopy. Most of them
involve the various CytoViva’s enhanced dark-field microscopy setups since the unique
illumination approach significantly increases signal-to-noise ratio resolving to observe
even single nanotubes. For example, the synergistic effect of SWCNTs and etoposide on
human pancreatic adenocarcinoma cells (PANC-1) viability were studied [62]. EDFM
imaging demonstrated a time-dependent accumulation/distribution of SWCNTs in living
cell samples, although it was hard to confirm CNT internalisation inside the cells. The
same cell model was used in another study, where MWCNTs and polyethene glycol (PEG)
composite was used for photothermal treatment of pancreatic cancer [63]. Using EDFM,
dose-dependent internalisation of MWCNTs-PEG into PANC-1 cells after 1 h exposure was
detected. An example of visualisation of single CNTs is reported in another toxicological
study (Figure 3A) [64]. The murine macrophage cells (RAW 264.7) exposed with MWCNTs
for different time points (2-48 h) were directly observed through EDFM, confirming the
time-dependent accumulation of nanotubes onto the surface as well as inside the cells.
While examining the influence of the biological environment on the dispersion of CNTs,
the EDFM technique was applied to confirm the bioavailability of nanotube dispersions to
immortalised bronchial epithelium cells (BEAS-2B cell line) [65].

The complications arising from identifying cellular compartments affected by CNTs
could be overcome using correlative dark-field imaging of nanoparticles and fluorescence
microscopy. Notably, this approach has been applied in a study focused on the repair
mechanism of lung epithelial tissue in the presence of pollutants [66]. The CNT-treated
human lung adenocarcinoma cells (A549 cell line) were used as the epithelial tissue model
with inhaled particles to observe their influence on recovery kinetics. CytoViva dual-mode
fluorescence-enhanced dark-field microscopy setup was used to obtain 3D-rendered im-
ages of cells stained with 4/,6-diamidino-2-phenylindole (DAPI) and rhodamine-phalloidin,
which revealed strong attachment of CNTs to the cellular membrane and partial internal-
isation. The same technique was used in the study of proinflammatory and profibrotic
activity of MWCNTs in A549 cells, macrophages (differentiated THP-1 cells) and fibrob-
lasts (MRC-5; Figure 3C), that demonstrated comparatively higher uptake of CNTs in
macrophages upon acute and prolonged exposure [67]. It is noted that increased uptake
of nanotubes by macrophages could be due to their phagocytic activity and may cause
fibrosis, which is also confirmed in the toxicogenomic analysis of macrophages treated with
similar CNTs concentrations and exposure time [68]. Besides, a 3D rendering approach
was applied to assess the internalisation of “long and thick” Mitsui-7 and “short and
thin” Nanocyl-7000 MWCNTs on various cell types (bronchial and alveolar epithelial cells,
mouse macrophages, and mesothelial cells) [69] as well as a complex organotypic model of
alveolar tissue [70]. Nanocyl-7000 nanotubes appeared as densely packed aggregates in
both cases, while Mitsui-7 were distinguishable as individual nanotubes. Nevertheless, the
internalisation of both types of MWCNTs was observed in all cell models. Additionally, the
cellular uptake of CNTs could be affected not only by dimensionality but also surface modi-
fication. Bai and colleagues investigated the influence of CNT functionalisation and protein
corona formation on their biocompatibility [71]. It was discovered that carboxylation and
base washing of MWCNTs increased cellular uptake. At the same time, coating nanotubes
with bovine serum albumin (BSA) impacted cell absorption of only pristine nanotubes,
which EDFM confirmed. Moreover, basic dye staining in a series of studies assessing the
carcinogenic potential of pristine and surface functionalised CNTs on human small airway
epithelial cells (SAECs) was applied to enhance cell contrast in EDFM [72-74]. Dark-field
microscopy confirmed that carbon nanotubes either co-localised in the cytoplasm of cells
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or punctured the cellular or nuclear membranes. Another study based on fluorescence
and dark-field imaging showed that ovalbumin (OVA) could be successfully delivered into
macrophages in the complex with CNTs [75]. Siegrist et al. investigated the genotoxicity
of raw, heat-treated (HT) and nitrogen-doped (ND) carbon nanotubes on BEAS-2B and
SAECs [76]. Utilising fluorescence-enhanced dark-field imaging, they were able to quanti-
tatively assess the nuclear uptake of the individual nanotubes, which revealed consistently
higher partitioning of raw MWCNTs in nuclei of BEAS-2B cells (Figure 3B). Additionally,
simultaneous incubation of cells with high doses of CNTs and gold nanoparticles (AuNP)
demonstrated aggregation of particles on cells which has not been observed in TEM images,
pointing to the complementary role of the methods in distribution studies [77].

Apart from direct observations, distinctive spectral features of carbon nanotubes allow
for mapping them in cell samples via hyperspectral imaging. One study showed that
pre-treatment of SAECs with CNTs significantly enhances viral infectivity [78]. HSI map-
ping successfully detected SWCNTs and pandemic influenza A HIN1 virus (IAV) in cell
samples as well as changes in their distribution patterns during co-exposure, suggesting
the presence of nanotubes may influence IAV behaviour (Figure 3D). In the comparative
cytotoxicity analysis of clay and graphene-based nanomaterials, the hyperspectral imaging
technique allowed the identification of nanoparticles in vital and paraformaldehyde (PFA)
fixed A549 cells correctly [79]. It was found that graphene oxide nanosheets and MWC-
NTs are penetrating cells less than nanoclays at the same concentration. HSI alongside
fluorescence microscopy was also used to visualise the uptake and fate of SWCNTs and
MWCNTs in a study of the fibrogenic effect of carbon nanotubes on human lung fibroblasts
(CRL-1490) [80].

Figure 3. (A) Dark-field image of RAW 264.7 macrophages exposed to MWCNTs (0.2 pg/ cm?) for 24 h. (B) Composite
image of enhanced dark-field showing the MWCNT fibres in the white and blue fluorescent DAPI stained nuclei of BEAS-2B
cells after 24 h of exposure. (C) Fluorescence-enhanced dark-field microscopy images of MRC-5 cells exposed to 10 pg/mL

of MWCNTs for 24 h. Magenta colour shows F-actin (cytoskeleton), blue colour represents DNA (cell nuclei), and green colour
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shows MWCNTs. (D) Hyperspectral mapping of SAECs co-treated with SWCNTs (blue pixels) and pandemic HIN1
influenza A virus (red pixels). Figure 3A adapted from Ref. [64] under the terms of the Creative Commons Attribution
License (CC-BY 3.0), scale not specified. Figure 3B adapted from Ref. [76] under the terms of the Creative Commons
Attribution License (CC-BY 4.0). Figure 3C adapted from Ref. [67] under the terms of the Creative Commons Attribution
License (CC-BY 4.0). Figure 3D adapted from Ref. [78] under the terms of the Creative Commons Attribution License
(CC-BY 4.0), scale not specified.

Table 1. Overview of in vitro studies of carbon nanotubes applied dark-field imaging technique. L—length; D—diameter;

W—width.
System Cell Culture Type of CNTs Size of Tested CNTs Er:r?gir;ie;: Prgla;;glieon Results Reference
Imaging showed
- time-dependent cellular
L:0.3-3.0 um, 10 ug/mL for 1, Living cell A
PANC-1 cell SWCNTs D: 0.7-1.6 nm_ uptake/accumulation [62]
line FP/mionm 4/8and24h samples of SWCNTs started at
4 h of exposure
- EDFM demonstrated
Hydrodynamic 5,10 and -
CytoViva MWCNTs- diameter is 50 ng/mL for Not specified dose de_pendent [63]
enhanced PEG 298-728 nm 1h accumulation of CNTs
dark-field in cells
micr(:scopy Imaging revealed
setup - time-dependent
RAW 264.7 cell X L 0.2 ug/ cm? for 2, Living cell P )
line MWCNTs L:>2 um, D: 8-15 nm 4654and 48 h samples accumulation of CNTs [64]
on the surface and
inside the cells
™ TUBALL™ (L: >5 . .
BEAS-2B cell TUBALL pum, D: 1.6 + 0.4 nm), 2.5 pg/mL for Living cell Microscopy Cpnﬁrmed _
line and HiPco HiPco (L: 0.1-1.0 um 48 h samples cell penetration of all [65]
SWCNTs D 0612 n‘m)” ’ P types CNTs
Fixed with PFA, Imaging confirmed both
stained with attachment to the cell
A549 cell line MWCNTs L: ~5.6 um, W: 60 nm 5 ancfl iOZZ%hnL rhodamine- membrane and partial [66]
o phalloidin and internalisation of
DAPI MWCNTs
Microscopy
Fixed with PFA demonstrated
Macrophages, - ieidad
L:5.66 & 4.7 D: 5and 10 L stained with dose-dependent
MRe ] MWCNTs o1+ 182 mm Tty iy thodamine- — interaction of MWCNTs (7]
lines phalloidin and in all cell lines with
DAPI increased association
noted in THP-1 cells
(@) typi ~0.9 and
:Egggl?fnc ~2 ng/cm? of Imaging confirmed the
human Mitsui-7 (long Mitsui-7 gr . . association of both
alveolar tissue  and thick) and Nzl Hgl/ ;I)%Ooff Fl:ti?n‘g’étz‘vﬁiAr t}{pe; ofA ({NTS,1 with cells
CytoViva dual MatTek Nanocyl-7000 L anocyl- or i in EpiAlveolar tissue.
y Oml(:]dae ua EpiAlveolar, (short and Not specified 3 weeks of }r\hﬁdiagilrini‘ d Nanocyl-7000 could [69]
fluorescence- cocultured thin) repeated pha ]g API a only be seen after the
enhanced with (+) or MWCNTs exposure in additional processing of
dark-field without (-) liquid aerosol samples
microscopy MDMs form
setup
itsui-7 (L: Both types of MWCNTs
A549, 51\21;5 141117753&1 Fixed with PFA, were ggtectable within
16HBE140-, Mitsui-7 and D: 60 + 19 nm) 1 Lf stained with 11 cell +
MeT-5A and Nanocyl-7000 Nggo c 1_786%)’ 0 H%fﬂ or rhodamine- N 2 Ci_m}(l)%es' " [70]
J774A.1 cell MWCNTs 4 phalloidin and anocy were
. (L: 0.8 £ 0.5 um, densely packed in
lines DAPI
D: 11 + 5nm) cellular vesicles
Uncoated and
BSA-coated . .
pristine MWCNTs (L: Microscopy confirmed
MWCNT: 1205 + 360 nm, the lack of the influence
Rat aortic ( NTs), D: 34 + 9 nm) i
endothelial carboxylated E-MWCNTs 50 pg/ mL for Fixed with PFA of the coating on uptake
cells and (F-MWCNTs), (L: 767 + 527 nm, 24hin and stained with of all types of MWCNTs [71]
RAW264.7 cell and D: 35 + 11 nm) serum-free DAPI by cells: EMWCNTs
line base-washed BW—F-MWCNTé medium and BW-E-MWCNTs are
carboxylated (L: 737 + 457 nm, greater internalised in
M(vf\i[\gl-\l;i ) D 35 =+ 7 nm) cells than pristine tubes
5

nanotubes
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Table 1. Cont.

SWCNTs (L: 1.08 um,

Fixed with NBF

Imaging showed that
both types of CNTs

SWCNTs and W: 270 nm) 0.1 ng/mL for 24 A - were co-localized in the
4 d stained with 72
MWCNTs 5 1MWCN.Ts (L: and 48 h artloliiglligz bi/flle cytopla.sm of cells or [72]
.1 pm, W: 78 nm) puncturing the cellular
and nuclear membranes
) ) PMWCNT
) As-prepared (L: 1.51 + 0.001 pm, .
CytoViva (PMWCNT), W: 26.0 + 5.4 nm), Imaging showed that all
enhanced carboxylated- MW-COOH 0.288 pg/mL for the MWCNT particles
dark-field SAECs (MW-COOH), (L:1.86 + 0.16 um, ’ Zi h Not specified co-localized with either [73]
microscopy and aminated- W:26.5 + 1.0 nm), the cytoplasm or
setup (MW-NHXx) 1 51\(/)“/:::]_(1)\]()%;8 nucleus of the cells
CNTs - 1. . um,
W:21.6 £+ 0.6 nm)
Microscofpy ar(lialysis
Fixed with NBF conirme
L:81+5um, 0.06 pg/cm? for A - co-localization of CNTs ’
AENTS Di52mm aho et tmepasma Co
membrane, cytoplasm,
and nucleus
Uncoated and MWCNT-2 : ) firmed
Bone-marrow- O\{)A-cola tec‘li ]SLZZ”ZO% nm, 25 ug/mL for Fixed with PFA dnll'agmg iOSGrAme
derived carboxylate ¥ nm) 6 h in serum-free and stained with elavery o into [75]
MWCNT-2 MWCNT-30 . 1ls by both types of
macrophages and (L: ~500 nm medium DAPIL O weNTe
MWCNT-30 D: 18 + 3nm)
i MWCNT:
Cytorxg;edual (L:5 =+ 4 }jn, Imaging showed a
- D: 49 £ 13 nm), Fixed with 100% dose-dependent
ﬂlelgf;srfé‘ge MI\\//[VVXCNNF:FI%T MWCNT-HT 0.024,0.24,2.4, ice cold increase in all types of
dark-field BEAS-2B and (L:5 44 um, and 24 pg/mL methanol and MWCNTs within the [76]
micr 3 D: 57 + 24 nm in), for24 h stained with cell nucleus with higher
croscopy MWCNT-ND &
setup I(\ngCiNg _LIL\THI? DAPI partitioning of raw
: , MWCNT:
D: 30 £ 23 nm) CNTs
SWCNTs were seen as
A549 cell line . .
and human SWCNT: Hydrodynamic size is 0%/ 025, 0L5,f and Flged \{mtl‘;1 PFAh larg;:l aggg}g;t?s on the -
kin 5 7214 nm mg/mL for and stained wit cells in images [77]
. 24 h with AuNP DAPI which was not observed
fibroblasts : :
in TEM analysis
Mapping showed that
SWCNTs in isolated
d
Hydrodynamic | SOmg/mLfor  Foeduithcold gl Siracellular
SAECs SWCNTs radivs is 106-243 nm 24 h fo_llowe_d by methanol aggregates on cells; the [78]
viral infection solution distribution pattern of
both virus and CNTs
CytoViva dual have changed during
mode co-exposure
fluorescence- Livi M
Ceirlhlilr}celcé ;Z;;lﬁl: Microscopy coupled
ark-fie . ; B
: ) 100 L f . with spectral matching
Cgﬁ;ﬁzzcs\g%’h A549 cell line MWCNTs L:414.3 £ 79.3 nm H284/ }I? or g\iﬁplﬁlﬁgsg revealed co-localisation [79]
hyperspectral stained with of Crﬁzfn%r;;rl:s cell
imaging DAPI
Fixed with ) Fluoresceﬂce 4
SWCNTs (L: 1 um, formaldehyde microscopy showe
CRL-1490 cell SWCNTs and W:0.27 pm, 0.02 pg/cm? for . yae uptake of all types of
line MWCNTs ~ MWCNTS (L: 5.1 um 2h stained with CNTs, which was then (801
. in § phalloidin and s
W:0.078 pum) DAPI confirmed by
hyperspectral imaging
LW-MWCNTs Imaging showed the
; (L: 10-30 pm, ; E78
CytoViva D 2050 nm): interaction of a}l types
enhanped BEAS-2B and LW-MWCNTs, LN-MWCNTs o of MWCNTS with both
dark-field HepG2 cell LN-MWCNTs (L: 10-30 pum, 1 pug/mL for Living cell cell lines. Subsequent [55]
microscopy If and D: 8-15 nPr;) ! 24h samples SERS analysis >
combined with mnes SN-MWCNTs SN-MWCNTs confirmed
SERS (L: 0.5-2 um, internalisation only of
D: 8-15 nm) SN-MWCNTs
Flow cytometry
imaging with dark-field,
0,10, 20, and bright-field and
50 pg/mL for fluorescent channels
ImageStreamX Adherent 20 h at 327 °Cor = confirmed the
multispectral macrophages FITC- L: 340 nm, 2hat4°C. The TrYl?smlse'd and dose-dependent )
. ino fl d HUVEC MWCNTs D: 20-30 nm conditioned fixed with increase in [81]
Imaging flow an I conjugates : medium was formaldehyde CNTs-labelled cells. The
cytometer ne then incubated method also confirmed

with recipient
cells for 48 h

the possibility of
CNT-labelling of
recipient cells from
conditioned medium
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In addition to Rayleigh scattering, CNTs also exhibit Raman spectra that can be used
to detect cellular uptake behaviour in combination with dark-field microscopy. The surface-
enhanced Raman scattering (SERS) coupled with EDFM was used when investigating the
effect of size and aspect ratio parameters of hydroxylated nanotubes on biocompatibility,
which attested the intracellular uptake only of “short and narrow” (SN) rather than “long
and narrow” (LN) or “long and wide” (LW) CNTs [55]. Besides dark-field microscopy,
intercellular carbon nanotube translocations could also be assessed using flow cytometry
imaging of single cells on bright-field, dark-field, and fluorescent channels simultane-
ously [81]. Interestingly, the fluorescence signal of CNTs-loaded cells was less reliable than
light absorbance and scattering data obtained from bright-field and dark-field images.

4. In Vivo Studies of CNTs

Dark-field microscopy is widely used to observe the distribution of CNTs in tissues
and cells following in vivo exposure on animals. Table 2 summarises applications of DFM
on animal tissue and cell extracts. Generally, for the microscopic examination of tissue
samples, the examined organs are fixed with neutral buffered formalin (NBF), paraffin-
embedded, sectioned, stained with histological dyes after sacrification at specified post-
exposure time points. The staining of sections enhances the contrast between CNTs and
the tissue, which is hard to distinguish due to low brightness. Notably, each study under
investigation has applied CytoViva’s enhanced dark-field imaging technique, increasing
resolution compared to traditional DFM. For instance, Sager et al. studied double-walled
carbon nanotubes (DWCNTSs) pulmonary bioactivity in the C57BL/6 mouse model [82].
The particles appeared as bright tubular inclusions on the tissue processed from mice
dosed with CNTs via pharyngeal aspiration 56 days post-exposure. The same features were
also noted in tissue and cell samples of the other in vivo studies [83-86]. Another study
investigating the effect of surface carboxylation on CNT bioactivity showed that clearance
of functionalised nanotubes from lungs occurred better than that of unmodified [87].

Similarly, the influence of carboxylation degree on CNT deposition in lungs of albino
BALB/c mice was assessed by EDFM supplemented with hyperspectral imaging [88,89].
However, the often-used Spectral Angle Mapper algorithm, detecting particles within
biological specimens by comparing their spectra with the endmember spectrum, could
not recognise CNTs in the samples due to the similarity of their spectrum to that of the
background of stained tissue. Therefore, the Spectral Feature Fitting was applied, which
compares sample spectra with the brightest spectrum of CNTs in tissues. The method
showed that highly functionalised MWCNTs had a higher lung burden and were more
dispersed (Figure 4A). They also appeared to associate more with epithelial cells rather
than alveolar macrophages, as occurs with pristine and less functionalised nanotubes. In
order to avoid potential artefacts caused by instillation/agglomeration of CNTs because
of a high single dose of particles, inhalation studies that closely mimic environmental
conditions are performed. For example, Kim with colleagues have observed the toxicity of
MWCNTs on Sprague Dawley (SD) rats after 5-day inhalation [90]. EDFM-HSI showed
that nanotubes deposited in alveolar epithelium and macrophages persisted after 30 days
post-exposure. The research group have pursued a study with extended exposure and
postexposure times, finding that CNTs persist in the lungs after 90 days of the post-exposure
period [91]. Another example of successful hyperspectral analysis is represented by the
study of Smith et al., where it was applied to detect SWCNT uptake into circulating cells
of severe combined immunodeficient (SCID) mice [92]. EDFM-HSI provided a map of
the subcellular spatial distribution of nanomaterial, suggesting internalisation rather than
binding to the membrane.



Appl. Sci. 2021, 11, 12132

10 of 17

Table 2. Overview of in vivo studies of carbon nanotubes applied dark-field imaging technique. L—length; D—diameter; W—width.

Type of CNTs

Size of Tested CNTs

Treatment Condition

Sample Preparation

Results

Reference

DWCNTs

L: <5 um, D: 1-2 nm

0,1, 10, and 40 pg/mouse
by pharyngeal aspiration
1-, 7- and 56-days
post-exposure

Lungs were fixed with NBE,
embedded, sectioned, and
stained with Sirius Red

Microscopy revealed that CNTs generally
observed within the interstitial tissue but also in
condensed areas of alveolar macrophages

(82]

NM-401 and
NRCWE-006
MWCNTs

NM-401 (L: 4.0 + 0.37 um,
D: 67 £ 24 nm),
NRCWE-006
(L:5.7 £ 0.49 pm, D:
29-173 nm)

54 pug/mouse by
intratracheal instillation
1-year post-exposure

Lung and liver were fixed with

formalin, embedded, sectioned,

stained with haematoxylin and
eosin

Imaging demonstrated the presence of single
fibres both in lung and liver

(83]

System Animal Model
C57BL/6] male mouse
C57BL/6N female
mouse
B6C3F1 male mi
CytoViva enhanced e mice

dark-field microscopy

MWCNTs

L:4.46 pm, W: 58.5 nm

40 ng/mouse by
pharyngeal aspiration 1-,
7-, and 28-days
post-exposure

Lungs were fixed, embedded,
sectioned, and stained with
Picrosirius red and
haematoxylin

Microscopy confirmed the appearance of CNTs in
sections of mouse lung at 28 days post-exposure

[84]

C57BL/6] male mouse

MWCNTs

L:2-15 pm, D: 8-15 nm

20, 40 and 80 ng/mouse by
pharyngeal aspiration 1-,
7-, 28-, and 56-days
post-exposure

Precipitated cells from
bronchoalveolar lavage fluid
were stained with
Romanovsky-Giemsa

Microscopy confirmed inclusions of CNTs in the
cells after 56 days of exposure

MWCNTs

The aerodynamic diameter
is 1.3 pm

10 mg/m? for 2, 4, 8, and
12 days (5 h/day) by
inhalation 1-day
post-exposure

Lungs were fixed in 10% NBF,
sectioned and stained with
haematoxylin and eosin. The
cells were isolated from whole
lung lavage fluid

Imaging showed cell nucleus and pleural
penetration by CNTs

[86]

Bare (B) and
carboxylated (F)
MWCNTs

BMWCNTs (D: 42 nm),
FMWCNTs (D: 44 nm). The
length was not measured

40 ug/mouse by
pharyngeal aspiration
56 days post-exposure

Lungs were fixed with NBF,
embedded, sectioned, and
stained with Sirius Red

Imaging demonstrated a greater amount of
BMWCNTs within lungs in comparison with
FMWCNTs

[87]

BALB/c male mouse

Raw, minimally, and
maximally
carboxylated (f-)
MWCNTs

MWCNTs (L: 10-30 pm),
f-MWCNTs
(L:2.2 or 3.4 pm)

50 ug/25 g mouse by
pharyngeal aspiration 7-
and 28-days post-exposure

Lungs were fixed with PFA,
embedded, sectioned, and
stained with haematoxylin and
eosin

Microscopy coupled with hyperspectral imaging
analysis confirmed that the degree of
carboxylation affected the lung burden

[88]

Raw and carboxylated
(f-) MWCNTs with
different microwave
radiation times
(5-120 min)

MWCNTs (L: 10-30 um,
D: 20-30 nm).
The hydrodynamic size of
all MWCNT variants was
in the range of 42-396 nm

1 mg/mL by intratracheal
instillation 3 days
post-exposure

Not specified

Microscopy coupled with hyperspectral image
showed that degree of functionalisation is critical
to the distribution and the number of deposited
CNTs on the epithelial cells

[89]

CytoViva enhanced
dark-field microscopy
coupled with
hyperspectral imaging

SD male rat

MWCNTs

L: 0.5-20 um, D: 10-15 nm

0.16 £ 0.01, 0.34 & 0.02 and
0.94 + 0.02 mg/m? for
5 days by inhalation
(6 h/day) 0- and 30-days
post-exposure

Lungs fixed with NBEF,
embedded, sectioned, and
stained with haematoxylin and
eosin

EDFM-HSI showed that CNTs were deposited in
the alveolar epithelium and the alveolar
macrophages and persisted after 30 days of
post-exposure

[90]

Fischer 344 rat, male
and female

MWCNTs

L:0.5-20 pm, D: 10-15 nm

0.2,0.5 and 1.0 mg/m? for
28 days by inhalation
(6 h/day) 0-, 28- and
90-days post-exposure

Lungs fixed with NBE,
embedded, sectioned, and
stained with haematoxylin and
eosin

Imaging coupled with spectral matching revealed
persistence of CNTs even at 90 days of
post-exposure; aggregated CNTs were observed at
28 days of post-exposure but resolved at 90 days

[91]

SCID male mouse
with tumour
inoculation

Peptide- and
dye-conjugated
SWCNTs

L: 100-300, D: 0.8-1.2 nm

0.068 mg/mL (180 uL)
by intravenous injection 2-
and 6-h post-exposure

CNTs-laden living cells were
isolated from blood using FACS

Microscopy with hyperspectral image analysis
showed uptake of CNTs by circulating cells and
subcellular distribution of nanotubes

[92]
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Table 2. Cont.

System Animal Model Type of CNTs Size of Tested CNTs Treatment Condition Sample Preparation Results Reference
10,20, 40 and Imaging demonstrated that CNTs readily
80 Lig /;nouasr; by Lungs were fixed with NBE, penetrate all cell membranes /boundaries of the
L:3.86 pm, ation 1- embedded, sectioned, and lungs; the majority of the MWCNTs were found
MWCNTs D:49 + 134 nm phé;y;ésfziladsggadtalorsl 1o stained with Sirius.Red and within or penetrating alveolar macrophages but 931
,post-exposurey haematoxylin rarely observed in the airways by the 7th day after
C57BL/6] male mouse postexposure
Microscopy analysis confirmed a decrease in
5 mg/m? for 12 days Tissue blocks (lung) were fixed, MWCNTs lung burden from 28 to 18 pg during
. (5h/day) by inhalation 1, embedded, sectioned, and 336 days of post-exposure; the presence of singular ,
MWCNTs L:43 um 14, 28-, 84-, 168- and stained with Sirius Red and nanotubes was unchanged over 168 days (941
336-days post-exposure Mayer’s haematoxylin post-exposure, while the concentration of
aggregated particles decreased
5 mg/m? for 1,3 and Tissue blocks (lung, heart,
4 kidney, and liver) were fixed . ; .
. . 4 days (5 h/day) by ’ . ’ Imaging confirmed small translocation of CNTs
CytoViva enhanced SD male rat MWCENTs L:39 um, W: 49 nm inhalation 24 h S‘i:;r?ggc\}\?gﬁsseii‘tif?ﬁgaa;}?d from the lung to the extrapulmonary organs 9]
dark-field microscopy post-exposure Mayer’s haematoxylin
Tissue blocks (lung,
3 tracheobronchial lymph nodes,
5mg/m fqr 12 da'ys diaphragm, heart,)llddrr)ley, liver, Microscopy confirmed that inhaled MWCNTs are
C57BL/6] male mouse MWCNTs L:4.3 pm Gh/ daygiby mckl'talatlon 1- and brain) were fixed, translocated from the lung to the extrapulmonary [96]
agst—?éiG_o sagrse embedded, sectioned, and organs and accumulated with time
p p stained with Sirius Red and
Mayer’s haematoxylin
WT and Chemically cut 80 pg/mouse by Microscopy revealed a higher concentration of
Scgblal-hSPLUNC1 emlcaN Scu L: /200 nm pharyngeal aspiration Not specified CNTs in WT mice with the predominance in the [97]
TG mice 7 days post-exposure alveolar tissue region
Microscopy confirmed the significant decrease in
NADPH-oxidase- 40 pg/mouse by Lungs were fixed, embedded, CNTs-laden macrophages by 28 -day
deficient and Oxidised SWCNTs L:04-2.4 pm pharyngeal aspiration 7- sectioned, stained with post-exposure; the clearance of CNTs in [98]

C57BL/6 mice

and 28-days post-exposure

haematoxylin and eosin.

NADPH-oxidase-deficient mouse was less
effective compared to the control group




Appl. Sci. 2021, 11, 12132

12 of 17

Despite some difficulties raised in recognising the particles using HSI in histologically
processed samples, enhanced dark-field microscopy itself provides the possibility to quan-
titively assess the distribution of CNTs in tissues by standard morphometric grid point
counting methods. Mercer et al. have implemented this technique to measure the lung
burden distribution of CNTs, determining that the majority of nanotubes (68%) are within
or penetrating alveolar macrophages [93]. In a later study, the research group managed to
analyse changes in the distribution of MWCNTs in the lungs over 336 days post-exposure
and the clearance rate of aggregated and singular particles (Figure 4B) [94]. The same
approach with murine histology samples from extrapulmonary organs confirmed transloca-
tion and accumulation of CNTs in other tissues with time (Figure 4C) [95,96]. In addition, it
was found that total CNT content in the lungs of transgenic mice overexpressing SPLUNC1
(Scgb1al-hSPLUNC1 TG), a protein involved in the innate immune system response in the
respiratory tract region, was lower than in their wild-type (WT) littermates [97]. Moreover,
the clearance rate of oxidised CNTs by macrophages in NADPH-oxidase-deficient mice
measured using the point-counting technique was also decreased compared to the control
group [98].

Terminal
Bronchiole

Figure 4. (A) Dark-field image (400 x ) using Particle Fitting Function to locate maximally carboxylated MWCNT in lung
tissue of a BALB/c mouse following three-day particle exposure. Bright grey areas designate regions with nanotubes.

(B) Enhanced dark-field image of the transition region between a terminal bronchiole and first alveolar duct bifurcation of
C57BL/6] mouse at 168 days after exposure to MWCNT. The large arrow indicates a cluster of MWCNTs (white fibres) in
the ridge of the first alveolar duct bifurcation. Smaller arrows indicate some of the numerous singlets and small MWCNT
structures distributed throughout the alveolar septa of this critical transition region between conducting airways and gas
exchange regions of the lungs. (C) Enhanced dark-field image of MWCNT fibres in the brain of C57BL /6] mouse at 336 days
after inhalation exposure. MWCNT fibre is bright white, cell nuclei are brownish red, and other tissue elements are green.
Figure 4A adapted from Ref. [89] under the terms of the Creative Commons Attribution License (CC-BY 4.0), scale not
specified. Figure 4B adapted from Ref. [94] under the terms of the Creative Commons Attribution License (CC-BY 2.0).
Figure 4C adapted from Ref. [96] under the terms of the Creative Commons Attribution License (CC-BY 2.0).

5. Conclusions and Future Prospects

Although dark-field imaging, as presented in the literature, allows direct observations
of carbon nanotubes, the technique per se is insulfficient for cell-nanoparticle identification.
Modifications of DFM, such as enhanced dark-field optics coupled with fluorescence mod-
ules and hyperspectral sensors, have significantly increased the applicability of the method
for cell biology, permitting spectral identification of particles, quantitative and qualita-
tive analysis of cellular and nuclear uptake, and assessment of drug delivery efficiency.
Comprehensive in vivo distribution studies of carbon nanotubes have demonstrated ben-
efits from the EDFM-his technique over conventional methods due to fast sampling and
robust detection in tissue sections. However, the method is not without the limitations
arising when accurate subcellular imaging is needed. The hyperspectral analysis is also
complicated in the case of histological staining, leading to the possibility of a false-positive
outcome. At the same time, the increase in the amount of heterogenous spatio-spectral
information obtained using correlation microscopy, as well as its still-developing stage,
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leads to another challenge of efficient data processing. Recent studies have shown the
power of machine learning algorithms, including neural networks in environmental studies
and bacterial identification. This approach automates spectral feature selection, excluding
the necessity for data pre-processing, and may help improve the performance of EDFM-HSI
for nanomaterial systematic investigation in the future.
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