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Carbon nanotube-based molecular probes, imaging agents, and biosensors in cells and in vivo continue
to garner interest as investigational tools and clinical devices due to their unique photophysical
properties. Surface chemistry modulation of nanotubes plays a critical role in determining stability and
interaction with biological systems both in vitro and in vivo. Among the many parameters that influence
the biological fate of nanomaterials, surface charge is particularly influential due to direct electrostatic
interactions with components of the cell membrane as well as proteins in the serum, which coat the
nanoparticle surface in a protein corona and alter nanoparticle—cell interactions. Here, we modulated
functional moieties on a helical polycarbodiimide polymer backbone that non-covalently suspended the
nanotubes in aqueous media. By derivatizing the polymer with either primary amine or carboxylic acid
side chains, we obtained nanotube complexes that present net surface charges of opposite polarity at
physiological pH. Using these materials, we found that the uptake of carbon nanotubes in these cells is
highly dependent on charge, with cationic nanotubes efficiently internalized into cells compared to the
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anionic nanotubes, while the effect was not prominent for the cationic nanotubes. Our findings have
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Introduction

Single-walled carbon nanotubes (SWCNTs) dispersed as colloidal
suspensions are photoluminescent nanomaterials® that have
generated interest for potential biomedical applications.? Their
large surface area available for functionalization,? stable photo-
luminescence in the tissue-penetrating near-infrared (NIR)
region, and environmental sensitivity make them promising
for use as tools for cellular/biomedical imaging,*® photothermal
therapy,” drug and gene delivery,'® and optical biosensors for
detection of biomolecules in vitro and in vivo.'"'> Many of their
surface properties can be modulated significantly, which is
necessary to counter nanotube hydrophobicity and a strong
tendency towards forming aggregates due to large van der Waals
interactions in pristine SWCNTs."> Both covalent and non-
covalent methods are used to render nanotubes soluble in
aqueous media.'*'> Because covalent modifications typically
limit their emission, with a few notable exceptions,'® non-covalent
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implications for improved engineering of drug delivery devices, molecular probes, and biosensors.

functionalization is often used for optical applications.* Non-
covalent functionalization of SWCNTs via the adsorption of a wide
range of molecules such as DNA," enzymes,'® carbohydrates,"
proteins and peptides,”® surfactants,®* and synthetic polymers®
on pristine nanotubes preserves the structural, optical, and
electrical properties of SWCNTs. These studies also showed that
functional coatings on nanotube supramolecular complexes
play a critical role in determining stability and biological fate,
including cellular uptake/localization** and in vivo biodistribution.**
With a growing body of work on nanotube-based molecular probes,
imaging agents, and biosensors in cells and i vivo, a more complete
understanding of the factors that control nanotube uptake into cells
is increasingly important.

Uptake of nanomaterials into cells depends on several key
factors, including but not limited to, hydrophobicity, surface
functional moieties, net charge, size, and shape of nanoparticles.>®
Among these, surface charge is particularly influential due to
direct electrostatic interaction with components on the cell
membrane®® as well as serum proteins which coat the nano-
particle surface and alter nanoparticle-cell interactions. Within
a class of materials of similar size and shape, a net positive
surface charge on nanoparticles correlates with higher cell
uptake as compared to respective negatively-charged molecules
due to favorable electrostatic interactions between the positive
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charge on the material and the negative charge on the cell
surface.”” SWCNTs are a unique class of nanomaterial with a
high aspect ratio whose cell internalization has been reported
to take place both by energy-dependent endocytosis*® or passive
direct membrane penetration.>® Most non-covalently modified
SWCNTs investigated in mammalian cells are negatively charged
(with a few exceptions) due to their surface coating with DNA,
protein, enzymes, phospholipids, and biocompatible surfactants.
This limits direct comparisons of cell internalization with an
oppositely-charged analogue without significant structural or
chemical changes. Charge-dependent uptake in specific cell lines
appears to occur with a wide range of nanomaterials, including
gold nanoparticles, polystyrene nanoparticles, and quantum
dots, among others.?”

In serum and blood, nanomaterials without protective
modifications are often opsonized, forming a dynamic corona,
which influences cellular uptake and in vivo studies.*®*" The
protein corona is formed as a result of electrostatic and hydro-
phobic interactions between nanomaterials and proteins. The
net surface charge on a nanomaterial influences protein corona
formation via conformational changes of the adsorbed serum
proteins that influences the nanomaterial-cell interaction, cell
internalization,** biological activity, and molecular targeting of
nanomaterials.*> Thus, a complete understanding of serum
adsorption and how it can be controlled is critical in evaluating
the biological fate of nanomaterials both in vitro and in vivo.
Serum conditions can be transiently modulated in vitro to study
internalization of nanomaterials, providing a model system in
which these interactions can be studied. DNA-functionalized
SWCNTs, which are intrinsically negatively-charged, exhibit non-
specific adsorption of serum proteins, predominantly albumin,
during such in vitro studies.*® Additionally, a bovine serum
albumin (BSA) coating on the surface of pristine SWCNTs results
in water soluble protein-SWCNT complexes.*> However, no informa-
tion is available on the effect of serum proteins on cellular uptake of
structurally comparable non-covalently functionalized SWCNTs that
differ in net surface charge.

Here, we investigated the role of surface functional moieties
with net opposite surface charges on nanotube internalization
into cells. We non-covalently functionalized SWCNTs by encap-
sulation in helical polycarbodiimide polymers functionalized
with either primary amine (amine-SWCNT) or carboxylic acid
(carboxy-SWCNT) side chains. These two side chains were
chosen not only for their intrinsic charge differences but also
for their biological relevance and amenability to further derivation
which could facilitate future probe or biosensor development.
These polymers have very similar physical properties, differing
only in one of the pendant functional groups and net surface
charge from the polymer side chains, providing a clean system in
which the effects of charge differences can be isolated from large
structural differences. The polymer—-nanotube assembly is driven
by n-m interactions between the graphitic carbon nanotube surface
and the phenyl side groups on the polymers. Aqueous solubility is
conferred from hydrophilic/ionizable moieties. Previously, we
reported that polycarbodiimide polymers can effectively solubilize
SWCNTs in aqueous media, resulting in photoluminescent
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complexes that are stable under ambient conditions for several
months.>” Here, we studied the cellular uptake of select poly-
mer-SWCNT complexes in vitro using the commonly studied
HelLa cell line as a representative model. This work also investi-
gates the effect of serum proteins on carbon nanotube uptake
into cells. Given the importance of epithelial cells in many types
of cancer,’® the knowledge gained from this study provides
insight into developing carbon nanotube-based molecular probes
and sensors to study many epithelial-derived cancers. We found
that the uptake of carbon nanotubes in these cells under identical
incubation conditions is highly-dependent on nanotube surface
chemistry. Furthermore, we also found that serum proteins mark-
edly influence cell uptake of anionic carboxy-SWCNTs and the
uptake can be modulated, while the effect was not prominent
for cationic amine-SWCNTSs. The findings from this work have
implications for improved engineering of targeted molecular
probes, nanosensors, and drug delivery devices.

Results and discussion
Synthesis and characterization of polymer-cloaked SWCNTs

We synthesized helical polycarbodiimide polymers as previously
described®” and incorporated a phenyl pendant group and
either amine or carboxylic acid functionalities (Fig. S1, ESIf).
Primary amine (-NH,) or carboxylic acid (-COOH) groups were
chosen to mimic the side chain functionalities of lysine and
glutamic acid, respectively. The functional groups are ionized
under physiological conditions (pH 7.4) and confer a net surface
charge of opposite polarity. We suspended SWCNTs with these
polycarbodiimides (Fig. 1a) via a previously described method.****
The nanotubes are encapsulated in the polymers via n-r interactions
between the aromatic groups on the polymer side chains and the
graphitic surface of carbon nanotubes. The functional side chains
were exposed on the polymer-SWCNTs supramolecular complexes
and facilitated aqueous solubility and colloidal stability of the
complexes.”” The charged functional groups were situated on
the same polymer backbone so that physicochemical para-
meters outside of charge remain the same. The absorption
and photoluminescence on the polymer-SWCNT complexes in
water showed distinct absorption bands of dispersed nanotubes
in the visible to near-infrared (Vis-NIR) spectral window
(Fig. 1b) and a bright NIR photoluminescence (Fig. 1c), char-
acteristic of SWCNTs produced by the HiPCO method and well-
dispersed in solution. The surface charges ({-potential measured
in water) on amine- and carboxy-SWCNT complexes were 52.8 +
1.6 mV and —66.8 = 1 mV, respectively (Fig. 1d), consistent with
ionized surface functional moieties. The nanotube morphology
was characterized by atomic force microscopy (AFM). The AFM
image analysis (Fig. S2, ESIT) showed singly-dispersed nanotubes
with comparable sizes (amine-SWCNTs, mean length 240 nm,
n = 715; and carboxy-SWCNTs, mean length 177 nm, n = 723).
However, the observed differences in length distribution may have
arisen via differential adherence of nanotubes on the mica surface,
due to their different net charges. The polymer-SWCNT suspensions
were stable at room temperature for several months (ca. 24 months)

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Characterization of polycarbodiimide polymer—SWCNT complexes. (a) Assembly of amine- and carboxy-SWCNTSs, (b) Vis—NIR absorption spectra
of polymer—SWCNT complexes in water, (c) photoluminescence excitation/emission map of polymer—SWCNT complexes in water, (d) surface charge
({-potential) measurements on polymer—SWCNT complexes in water and upon treatment with cell culture media supplemented with 10% serum.

and remained individualized, as determined from UV-Vis-NIR
absorbance and photoluminescence measurements.

The polymer-SWCNTs were also labeled with fluorescein or
Alexa 488 to provide a visible fluorophore on the polymer-
SWCNT complex (Fig. S3, ESIT). HeLa cells were incubated in
the presence of fluorophore-labeled polymer-SWCNTs, washed,
and imaged using a single microscope equipped with two
different cameras (details in experimental section) to visualize
both the NIR photoluminescence of SWCNTs and visible fluoro-
phores of the same view area. The intrinsic NIR photoluminescence
from the SWCNTs co-localized with the visible fluorophore on the
encapsulating polymers (Fig S4, ESIt), suggesting that these
polymer-SWCNT supramolecular complexes maintained their
stability in cells.

Differential uptake of SWCNTs in cells

We incubated HeLa cells in the presence of polymer-SWCNT
complexes under standard cell culture conditions (DMEM
supplemented with fetal bovine serum (10%)). The amine-
SWCNTs were found to associate with the cell surface within
minutes and internalize over the course of a few hours at a
substantially higher rate than carboxy-SWCNTs (Fig. 2a). This
charge-dependent behavior of nanotubes in cells is consistent
with other nanomaterials.*® The apparent charge-dependent uptake
of nanotubes cannot be fully explained by electrostatic interactions
directly with cells due to the presence of serum proteins in the cell
culture media and possible effects of the protein corona. In serum-
containing media, we found that polymer-nanotube complexes lost
their initial charge identities and displayed nearly identical surface

This journal is © The Royal Society of Chemistry 2017

potentials (~ —30 mV, Fig. 1d), suggesting protein corona formation
on both types of nanotube complexes regardless of their initial
charge identities. Such surface charge modulation in a complex
protein environment has been observed in other classes of nano-
materials.*® However, the cell uptake behavior of these two types
of polymer-nanotube complexes was drastically different under
identical incubation conditions. The differences are likely due to
differing protein adsorption/desorption rates*® due to the different
electrostatic natures of amine- and carboxy-SWCNTs.

We performed cell viability studies to investigate the toxicity
of these materials in cells. Cytotoxicity of these polymer-SWCNTs
complexes were assessed as a function of the polymer dispersant,
concentration, and exposure time using a propidium iodide assay
(Tali Viability Kit - Dead cell Red). These assays showed virtually
no changes in viability upon incubation of the cells up to 48 h in
the presence of 0.2-1.0 mg L' polymer-nanotubes (Fig. 2b).
Despite substantially higher cell uptake of amine-SWCNTs com-
pared to carboxy-SWCNTs, cell viability appears to be similar. Since
surface functionalization can modulate the toxicity of nanotubes,*!
the attenuated cytotoxicity of polycarbodiimide-SWCNTs may
be attributed to the cloaking of the nanotubes in polymers
functionalized with moieties that confer aqueous solubility and
biocompatibility. These results suggest that polymer-SWCNTs
were non-toxic to cells under the experimental conditions,
irrespective of their surface chemistry and net charge.

Energy dependence of cell uptake

To study the cellular uptake mechanism of these polymer-
SWCNTs, we incubated cells in serum-supplemented media in
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Fig. 2 Polymer—-SWCNT interactions with Hela cells. (a) Near-infrared emission of polymer-SWCNTSs in/on Hela cells. (b) Cell viability assay as a
function of incubation time (24-48 h) and concentration of polymer—SWCNTs at 0.2 mg L™* (low) and 1.0 mg L~ (high).

the presence of nanotubes at 4 °C to inhibit energy-dependent
uptake. A substantial reduction in cell-associated nanotubes
with virtually no internalization was observed at 4 °C compared
to 37 °C (Fig. S5, ESIt). The energy-dependent endocytosis of
these nanotubes was independent of surface functionalization,
consistent with other non-covalent complexes of SWCNTs,*?
and they did not appear to undergo a membrane penetration
process via the “nanoneedle” mechanism observed in covalently-
modified cationic nanotubes.*

Effect of serum proteins on cell uptake

In order to discern whether differential uptake of polymer—
SWCNTs is intrinsic or due to the characteristics of protein
corona formation, we incubated HeLa cells with polymer-SWCNTSs
in serum-free cell culture media (SFM, DMEM supplemented with
antibiotics, HEPES buffer and glutamine) to avoid potential
protein corona formation. The cells were washed thoroughly
to remove free nanotubes, and emission from visible fluorophores
conjugated to the polymer in the complexes was measured with a
fluorescence plate reader. No significant difference in total
emission intensity from cells incubated with amine-SWCNTs
in complete media versus SFM was observed (Fig. 3a). However,
a marked serum-dependence was observed for carboxy-SWCNTs,
with a substantial increase in cell-associated polymer-nanotubes
fluorescence under serum-free incubation conditions (Fig. 3b).
The visible fluorescence emission measured in a plate reader
includes light from both internalized and surface-adsorbed
nanotubes. Cell imaging is often necessary to confirm the inter-
nalization. To distinguish internalized nanotubes from cell
surface-adsorbed nanotubes, cells were trypsinized, rinsed of free

6640 | J Mater. Chem. B, 2017, 5, 6637-6644

nanotubes, re-plated, and incubated for an additional 24 hours
to allow complete internalization of nanotubes. The live-cell
imaging in the NIR spectral window confirmed that the nano-
tubes were completely internalized into cells. The relative
amounts of nanotubes taken up by cells under serum vs. serum
free conditions were consistent with data obtained by fluorescence
plate reader measurements of the fluorophores bound to the
nanotube complexes (Fig. 3c), suggesting that the cell uptake of
the nanotubes was directly proportional to the amount associated
with the cells. We verified that cell culture media supplemented
with serum (10%) did not quench the intrinsic NIR fluorescence
on carboxy-SWCNTs and the visible fluorescence on the complexes
(Fig. S6, ESIY).

We performed experiments to evaluate the effect of albumin
proteins, using bovine serum albumin (BSA), on cell internalization
of carboxy-SWCNTs. Although serum is a complex mixture of
biomolecules, we used albumin as it is the most abundant protein
in the serum of all vertebrates.** Cells were cultured under standard
conditions and placed in serum-free media (SFM) supplemented
with varying concentrations of BSA and a constant concentration of
carboxy-SWCNTs for one hour. The presence of BSA in the cell
culture media inhibited uptake of nanotubes in a concentration-
dependent manner (Fig. 4a and b), consistent with other anionic
nanoparticles.*’

To understand whether the supramolecular complexes of
polymer-nanotubes with BSA were stable during uptake into
cells, we incubated HeLa cells in the presence of carboxy-SWCNTs
and a low concentration (0.1 mg mL™") of fluorophore-labeled
(Texas Red) BSA to visualize the simultaneous uptake of carboxy-
SWCNTs and BSA. Fig. 5 shows confocal microscope images of

This journal is © The Royal Society of Chemistry 2017
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nanotubes partially co-localized with BSA. Analysis of total near-
infrared punctae (~13384) showed that ~22% of punctae colo-
calized with BSA in cells.

Conclusions

We developed modular water-soluble carbon nanotube complexes
using helical polycarbodiimides, a polymer system that allowed
the tuning of surface functional moieties without large structural
changes. Using amine and carboxylic acid functionalized poly-
carbodiimides that conferred net opposite charges at physiological
PH, we investigated how the changes in polymer charge mediated
the efficiency of uptake of nanotubes into cervical cancer cells. We
found that cellular uptake of these polymer-nanotubes is highly
dependent on their surface functional moieties, resulting in a
higher uptake of amine-nanotubes as compared to carboxy-
nanotubes. Given the fact that nanotubes encountered serum
proteins in cell culture media, we also studied the effect of
serum protein opsonization in nanotube delivery into these
cells. We found that serum proteins have a profound impact
on nanotube delivery into cells and their effects can be tuned
based on nanomaterial surface chemistry. Our studies showed
that efficient delivery of carbon nanotubes into epithelial cancer
cells (e.g:; HeLa) can be achieved via surface chemistry modulation.
Also, the functional groups are biocompatible conjugation sites
that can be exploited to develop specific molecular probes and
biosensors. These findings have implications for designing drug

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of serum on uptake of polymer-SWCNTs. (a) Fluorescence emission from Hela cell-associated (a) amine-SWCNTs, (b) carboxy-SWCNTSs.
Fluorescence from visible fluorophore-labeled nanotubes was measured in a plate reader. (c) Representative NIR images of internalized SWCNTs in HelLa
cells. Experiments were performed in triplicate. The significance was calculated using a two-tailed, unpaired t test. p < 0.05 is significant.

delivery strategies, optical probes, and biosensors for cell-based
assays.

Experimental
Preparation of polymer-nanotube complexes

Aqueous suspension of polymer-suspended single-walled carbon
nanotubes were prepared as reported previously.>” In brief,
as-produced HiPco SWCNTs (Unidym, Lot # R1901, 2 mg) were
added to an aqueous suspension (1 mL) of polycarbodiimide
polymer functionalized with either primary amine side chains
(amine-polymer, 5 mg mL™', pH ~ 3) or functionalized
with carboxylic acid side chains (carboxy-polymer, 5 mg mL ™",
pH ~ 9). The mixtures were sonicated by probe-tip for 20 minutes
(750 W, 20 kHz, 40% Amplitude, SONICS VibraCell) at low
temperature using a CoolRack M30 PF (BioCision), precooled at
—20 °C. The mixtures were centrifuged twice for 1 h at 30 000 rcf at
20 °C (centrifuge 5430 R, Eppendorf), and pellets were discarded to
remove unsuspended material. The supernatants were filtered
through centrifugal filter units (100 kDa MWCO, Amicon Ultracel,
Merck Millipore Ltd) four times to remove small molecules and
excess polymer. Removal of acid/base from the suspension was
confirmed with litmus paper. Ultrapure water (18.2 m€Q) was used
for all aqueous solutions. The suspensions were characterized
by ultraviolet-visible-near-infrared (UV-VIS-NIR) absorbance
(Jasco V-670, Tokyo, Japan), NIR fluorescence spectroscopies
(Isoplane spectrograph (Princeton Instruments)), zeta potential
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Fig. 4 Competitive inhibition by bovine serum albumin protein on the cellular uptake of carboxy-SWCNTs. (a) NIR emission of SWCNTSs incubated with
Hela cells in the absence of BSA, under low concentration of BSA (BSA_low, 0.2 mg mL™Y), and high concentration of BSA (BSA_High, 10 mg mL™).
(b) Normalized Alexa 488 emission of fluorophore-bound Carboxy-SWCNTs incubated at various concentration of BSA, measured with a fluorescence

plate reader.
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Fig. 5 Confocal microscopy images of Hela cells showing internalized nanotube complexes in green (a) and bovine serum albumin in red (b). Cells were
treated simultaneously with carboxy-SWCNTs and fluorophore (Texas-red)-labeled bovine serum albumin. Panel c is the overlay image from panel a and
b, showing co-localization in yellow. Panel d shows a 3D projection of the boxed area on image ¢ with x—z projections in the bottom margin and y—z in
the right margin.
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(surface charge) measurements (Zetasizer nano zs, Malvern),
and atomic force microscopy (Asylum Research MFP-3D-Bio
instrument was used with an Olympus AC240TS AFM probe in
AC mode). The resulting dark suspensions of polymer-nanotube
complexes were stored at room temperature.

Cell culture and nanotube uptake

HeLa cells were purchased from American Type Culture Collection
(ATCC) and cultured in media (Dulbecco’s Modified Eagle
Medium, DMEM) supplemented with heat inactivated Fetal
Bovine Serum (FBS), penicillin-streptomycin (10000 U mL™ "),
glutamine, and (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, 1 M) HEPES buffer at 10%, 1%, 1%, and 2.5% (v/v)
respectively at 37 °C in humidified air containing 5% CO,. All
reagents were purchased from Life Technologies. Cells were
washed, trypsinized, and plated onto a 24 well clear bottom
dishes or a 35 mm glass bottom dish (MatTek, Ashland, MA) to
obtain 70-80% confluence. After 24 h, conditioned media from
cell culture was removed and replaced with fresh media.
Aqueous suspension of polymer-nanotubes (~4 mg L' nano-
tubes stock sample) were initially diluted in cell culture media
(100 pL) and then added to cells to a final concentration of
0.1-1 mg L' of nanotubes in media. Cells were incubated with
this solution for the time period specified in the text, washed
with PBS (w/o Ca""/Mg™) three times, incubated in fresh cell
culture media, and imaged. The following conditions (nano-
tube concentration and incubation time period) were employed
in specified experiments: (1) Fig. 2a, cells were incubated for
30 minutes in the presence of polymer-nanotubes (amine-
SWCNTs, 0.1 mg L™ and carboxy-SWCNTs 0.5 mg L™ '). (2)
Fig. 3a, cells were incubated for 60 minutes in the presence of
polymer-nanotubes (amine-SWCNTs, 0.2 mg L ™" and carboxy-
SWCNTs 0.8 mg L™ "). After fluorescence measurements in a
plate reader (Tecan, Switzerland), cells were washed, trypsinized,
and plated into a 35 mm glass bottom dish (MatTek) and imaged
after 24 h incubation (Fig. 3b). (3) Fig. 4, cells were incubated
for 60 minutes in the presence of polymer-nanotubes (carboxy-
SWCNTs 0.8 mg L™ Y). (4) Fig. 5, cells were incubated for 60 minutes
in the presence of polymer-nanotubes (carboxy-SWCNTs
0.25 mg L"), washed with PBS and fixed (4% paraformaldehyde,
30 minutes at room temperature) prior to imaging.

Live cell NIR imaging

The near-infrared photoluminescence imaging of the cells was
performed using a fluorescence microscope equipped with 2D
InGaAs array camera (Photon etc.) under 730 nm excitation and
0.2 s exposure, as described.*®*” A 100X (1.40 NA) oil objective
was used to collect broadband NIR images (900-1600 nm) of
nanotubes in cells using the same microscope without the hyper-
spectral functionalities. Images were processed using Image]
software (NIH).

Confocal imaging of fluorophore-labeled nanotubes

HeLa cells were incubated in the serum-free cell culture media
containing carboxy-SWCNTs (0.25 mg L™ " nanotubes) and BSA
(Texas red-labeled BSA, 0.1 mg mL ') for 60 min. The cells were

This journal is © The Royal Society of Chemistry 2017
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washed with PBS three times and incubated under standard
conditions in fresh media (with 10% FBS) overnight. Cells were
washed with PBS and fixed in 4% paraformaldehyde for
30 minutes at room temperature, and imaged with a confocal
laser scanning microscope (Leica SP8) with a 63X glycerol
immersion objective. Images were processed using Bitplane
Imaris 8.0.2 software.
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