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Abstract

Nanoparticles, with dimensions comparable to those of cell organelles, have emerged as
a promising technology for biomedical applications on the cellular level. Amongst them,
are biosensing, imaging, and drug-delivery vehicles. Therefore, the cellular uptake of the
nanoparticles, which involves overcoming the cell plasma membrane barrier, is of great
importance. The predominant route for nanoparticles to traverse the plasma membrane is
through various endocytosis pathways. Nevertheless, nanotechnology has provided new
strategies to enhance penetration through the plasma membrane. One type of
nanoparticle, namely, single-walled carbon nanotubes (SWCNTs), holds immense
potential for diverse biomedical applications due to their biocompatibility upon
functionalization, and optical properties, including near-infrared fluorescence within the
near-infrared biological transparency window. Specifically, SWCNTs have been utilized
to target cells as a vehicle for drug delivery, gene therapy, and as sensors for various
intracellular biomarkers. Like other nanoparticles, the main internalization route of
SWCNTs into cells is endocytosis, therefore, methods for enhancing the cellular uptake
of SWCNTs are of great importance. In this research, we demonstrate a novel approach,
repurposing a transfecting reagent, for promoting cell internalization of functionalized
SWCNTs. We explore different types of SWCNTs functionalization, namely single-
stranded DNA (ssDNA) or polyethylene glycol (PEG)-lipids, and two different cell types,
embryonic kidney cells and adenocarcinoma lung tissue cells. We show that internalizing
PEGylated functionalized SWCNTs is enhanced in the presence of the transfecting
reagent, where the effect is more pronounced for negatively charged lipid-PEG. However,
ssDNA-SWCNTs tend to form aggregates in the presence of the transfecting reagent,
rendering it unsuitable for promoting internalization. For all cases, cellular uptake is

visualized by near-infrared fluorescence microscopy, showing that the SWCNTs are



typically localized within the lysosome. Generally, cellular internalization was higher in
the adenocarcinoma cells, thereby paving new avenues for drug delivery and sensing in

malignant cells.
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Enhanced cellular
internalization

Functionalized nanotubes
+ transfection reagent

Levin et.al. provide a method for enhancing internalization of PEGylated functionalized
single-walled carbon nanotubes (SWCNTs) by different types of cells by utilizing the
transfection reagent Lipofectamine Crisprmax. The enhancement was demonstrated with
NIR fluorescent imaging of the SWCNTs within the cells, and the SWCNTs were found
to be localized primarily in the lysosomes of the cells. It was evident from the research
that the enhancement was greater for the malignant adenocarcinoma cells. The findings
of the research can promote further research of enhanced bio-sensing bio-imaging and

drug delivery systems for cells.
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1. Introduction

1.1 Cellular internalization of nanoparticles

The development of various nanoparticles, with dimensions in the same order of
magnitude as cell organelles, has fueled the growing interest in cellular biomedical
applications, including nano-sensing, imaging, and drug delivery transporters'~. Cellular
uptake of nanoparticles involves traversing the cell plasma membrane barrier, which

serves as a protective layer from the external environment*>

. The membrane consists of
an overall negatively charged phospholipid bilayer with selective permeability to
different molecules and nanoparticles. There are several routes for nanoparticles to enter
cells through the membrane, mainly via different endocytosis pathways® (Figure 1).
Nanotechnology has provided numerous tools to tailor nanoparticles with structures and
functionalizations that can enhance penetration through the plasma membrane and

promote cellular internalization’.
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Figure 1. Different endocytosis mechanisms of nanoparticle cellular internalization: clathrin-mediated; caveolin-

mediated; clathrin- and caveolin-independent; phagocytosis and macropinocytosis pathways, Adapted from*°.



1.2 Single-Walled Carbon Nanotubes (SWCNTS)

1.2.1 Structure and properties

One promising class of nanoparticles for various biomedical applications on the cellular
level, is single-walled carbon nanotubes (SWCNTSs). The SWCNTSs are comprised of sp2-
hybadized carbon atoms, and can be described as rolled-up monolayer sheets of
graphene' 12, The SWCNTSs’ diameter is in the order of 0.4-2 nm, while their length can

extend from ~100 nm to several microns, providing a quasi-one-dimensional structure'>.

The sheet of graphene can roll-up along different vectors as described in Figure 2a. The
a, and a, represent different basis vectors in the hexagonal graphene lattice. The chirality
of the SWCNT is defined as the linear combination of these two vectors, determining the
roll-up direction of the sheet of graphene which is described as:
Ch=n*a +mx*a, (1)
where n,m are positive integers.
The various chiralities are categorized into three different groups referred to as: "Zigzag"
(Figure 2b), "Chiral" (Figure 2¢) and "Armchair" (Figure 2d), for m = 0, n # m and
n = m respectively.
The length of |C_h)| is the circumference of the cylinder therefore the diameter of the

SWCNT can be derived from:

D =% ==VnZ +m? + nm 2)
where a is the length of the vectors a; and a;.
The angle of the roll-up vector 6 is the angle between C_,: and a; and is described as:
_ -1 2n+m
0 = cos™ Grmmmrnn) )
The roll-up vector of the SWCNT, defined by the chiral index (n, m), affects the density

and energy of the electronic state!®, which determines the band gap between the



conduction and valence band, dictating the electrical, and optical properties. The n = m,
"armchair" structure is metallic, (n — m) = 3x, x € N is semi-metallic with a small band
gap of roughly 1-100 meV whereas any other n, m combinations are semi-conductors!!>

with a band gap that varies between 0.5-1 eV, which is negatively correlated with the

diameter of the SWCNT.

C.=na,;+ma,

Figure 2. (a) Roll-up vector Cj, of a graphene sheet determining the chirality of the SWCNTSs, comprised of the linear
combination of basis vectors al and a2 along with the chiral angle 0. Different SWCNT structures (b—d) dictated by
the roll-up direction and the length of the vector. (b) "Zigzag" (c) "Chiral" and (d) "Armchair". Adapted with permission
from Acc. Mater. Res. 2021, 2, 9, 828-841%, Copyright 2021 American Chemical Society.

The fluorescence of the SWCNT is determined by the electronic band structure. An
example of a typical band structure of a semiconducting SWCNT is described in Figure
3a. Light with energy E,, is absorbed by the SWCNT, exciting an electron from the
valence band V, to the conduction band C,, thus creating an electron-hole exciton with
electrostatic Coulomb force. During relaxation, the electron decays to C; due to lattice

vibrations, and light with a lower energy E;, is emitted, typically in the NIR range.

The bandgap is dictated by the SWCNTSs’ chirality index (n, m), consequently different
indices correspond to different excitation and emission wavelengths'>!” (Figure 3b). The
fluorescence of the semiconducting SWCNTs is typically between 900 nm — 1400 nm,
coinciding with the transparency window of biological samples (Figure 3c), where

autofluorescence, absorption, and scattering are suppressed'® 22, Furthermore, SWCNTs



do not photo blink or photo-bleach?®, therefore have a stable fluorescence over a long

period of time.
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Figure 3. (a) Density of electronic states (DOS) of a semiconducting single-walled carbon nanotube structure. Solid
arrows represent the excitation E22 (V2—C2) and emission Ei1 (Ci—V)) transitions; dashed arrows indicate the non-
radiative relaxation of electron (in the conduction band) and hole (in the valence band) prior to emission. Adapted
from'#. (b) Excitation—emission map of a PEGylated-functionalized SWCNT suspension with the different chiralities
marked in white. Adapted from?* (c) Biological Transparency window. SWCNTs fluoresce (blue) primarily in the near-
infrared range (820—1600 nm). Blood (red) and water (black) absorbance spectra primarily in the visible regime and
second infrared window, respectively. The range of minimal absorbance in biological samples in the near-infrared

regime, has minimal interference with SWCNT fluorescence. Adapted from?.

SWCNTs are hydrophobic in nature, therefore they tend to aggregate in solvents like
water'* due to strong van der Waals forces, which consequently hinders the fluorescence
ability of the SWCNTs. The relatively high surface area of the SWCNT can be
functionalized® by suspension with various molecules which provide colloidal stability
to the SWCNTs in aqueous environment. Furthermore, SWCNTs were shown to be
biocompatible given proper surface functionalization’?*%, Along with the previously

mentioned attributes, SWCNTs became favorable candidates for biomedical imaging?®2°-

33 24,25,34-50

sensing , and attractive nano-carriers for drug delivery and gene therapy

applications®! ™3,

1.2.2 Functionalization of SWCNTSs

Functionalization of SWCNTs can be achieved with covalent and non-covalent binding™*.
For example, using ssDNA heteropolymers>, which organize around the SWCNT in a
compact fashion by adsorbing to the SWCNT surface via n-n stacking interactions with

the oligonucleotides>®>8, or using polyethylene glycol (PEG) adsorbed onto the SWCNT



surface via hydrophobic interactions with the lipid chains?**°. Other functionalizations of

60,61 25,62 63-67
3

SWCNTs include non-covalent adsorption of surfactants®™*", proteins™-°, peptides

7071 "and more. The heteropolymer that adsorbs onto the

peptoids®®, dendrons®, polymers
SWCNT surface forms a corona phase around the nanotube, mediating the interaction
with an analyte'*?%2, The carbon atoms are all located on the external surface of the
SWCNT, therefore, an exciton that diffuses along the SWCNT axis is influenced by
chemical processes on the external surface!* . Subsequently, upon analyte interaction, the

fluorescence emission of the SWCNT can be modified, manifesting a modulation of the

intensity or the peak emission wavelength?>7374,

1.3 Transfection reagent induces endocytosis

Many studies focused on cellular internalization of SWCNTs’>’¢ for bio-sensing®®’"78,

79-85

bioimaging and drug delivery®>>*86, featuring the impact of SWCNT purity®’ and

aggregations® on the SWCNT fluorescence intensity within the cells. Endocytosis
predominantly governs cellular internalization of SWCNTs** ™, where ssDNA
functionalized SWCNTs were shown to enter endothelial cells via micropinocytosis®’.
Although covalently-functionalized SWCNTSs were shown to have high capacity to be
internalized by cells??, it has been demonstrated that the nanostructure, length, and other
types of covalent and noncovalent functionalization of the SWCNT determines the rate

of the cellular uptake”®**.

Transfection reagents were designed with the aim of facilitating the translocation of
biomolecules, specifically DNA and siRNA/miRNA, into cells by penetrating through
the cells’ membrane via endocytosis®*®. Amongst the various transfection reagents
available, Lipofectamine stands out as the most widely used due to its high transfection

efficiency, earning its status as the “gold standard” in the field”’”®. Specifically,



Lipofectamine Crisprmax has been identified as the most effective for transporting CAS9
and gRNA, with low cytotoxicity”®. The transfection mechanism of Lipofection relies on
a cationic lipid bilayer that self-assembles with an anionic biomolecule, generating a
complex that presents a positive charge, which then binds to the negatively charged cell
membrane and releases the payload!?*'%? (Figure 4). While the original application of
Lipofectamine is transporting CAS9 protein, DNA and siRNA/miRNA into cells, it has
been used for facilitating cellular internalization of other nanoparticles without presenting
cytotoxic effects!®1%°, Despite these accomplishments, the potential of Lipofectamine to

enhance the internalization of SWCNTs into cells remains unexplored.
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Figure 4. Lipoplex-mediated transfection and endocytosis. A cationic liposome complexed with DNA to create a
lipoplex presenting a positive charge to the negatively charged plasma membrane. The complex is then internalized
via endocytosis. The DNA can be released from the endosome into the cytoplasm, or alternatively the endosome can

maturate into a lysosome, where the DNA is degraded. Adapted from'%



Research goal
Our study sets out to explore the potential enhancement of internalization of various
functionalized SWCNTSs by different types of cells by utilizing the transfection reagent
Lipofectamine Crisprmax®’, which was originally designed to enhance the
internalization of other biomolecules by cells via endocytosis. The enhancement of the
cellular internalization of the functionalized SWCNTSs is assessed by evaluating the
intensity and location of the internalized SWCNTSs recorded by NIR fluorescence imaging
(Figure 5). The basis of the research relies on the binding of the positively charged

Lipofectamine Crisprmax to the functionalized SWCNT, enabling its penetration through

the negatively charged membrane of the cell.

In order to achieve this, we selected three different types of functionalized SWCNTs.
Two of them were PEGylated functionalized SWCNTs (PEG-SWCNTs) with different
electrical charges, namely DPPE-PEG-SWCNT without a charge and DSPE-PEG-
SWCNT with a negative charge, while the third one was functionalized with a ssDNA,
namely (GT)1s-SWCNT. We chose two different types of cells to investigate the
enhancement of the cellular internalization of the functionalized SWCNTs with
Lipofectamine Crisprmax, HEK293T human embryonic kidney epithelial cells and A549
adenocarcinoma alveolar epithelial human cells, providing diverse representation of

cellular internalization of the different functionalized SWCNTs.

The main motivation for this research is to enable the use of functionalized SWCNTs for
various biomedical applications on the cellular level, such as SWCNT-based carriers for
drug delivery and bio-sensing, which otherwise would be inadequate due to the low

cellular uptake.



We set out to investigate the destination of the various internalized SWCNTs for the
different cells by using fluorescent dyes for the cellular organelles in the visible range,
which do not overlap with the NIR SWCNT fluorescence, to further learn of the nature
of internalization of the SWCNTs. Lastly, we wanted to ensure that for low concentrations
of the various functionalized SWCNTs with and without Lipofectamine Crisprmax there

were no adverse cytotoxic effects.

w5t 4""]
=Y
Functionalized SWCNTs
+Transfection Reagent

Figure 5: Schematic illustration of SWCNTSs internalization into cells with or without the transfection reagent,
Lipofectamine Crisprmax. A SWCNTs suspension with or without the transfection reagent is added to the media of
cultured cells, incubated overnight, and imaged in visible and NIR fluorescence microscopy. The membrane, nucleus,
and lysosome are labeled with standard fluorescent dyes in the visible range (green, blue, and yellow, respectively),
whereas the red indicates the SWCNT fluorescence in the NIR. The transfection reagent enhances SWCNT

internalization by the cells. Created with BioRender.com.



2 Methods

2.1 Single-walled carbon nanotubes (SWCNTS) suspension
2.1.1 SWCNTs with ssDNA suspension:

1 mg of HIPCO SWCNTs (Nanolntegris, carbon purity >80 wt% (95 atom%)) was
suspended with 2 mg of single-stranded DNA (ssDNA) with the sequence (GT)is
(Integrated DNA Technologies) in 0.1 M NaCl using an ultrasonic bath sonicator (Elma
P-30H, 80 Hz for 10 min), followed by two rounds of direct tip sonication (QSonica
Q125, 3 mm tip, 4 W for 20 min) while in an ice bath. The suspension was then
centrifuged twice for 90 min at 16,100 rcf in order to separate the individually suspended
SWCNTs from aggregates and impurities. After each centrifugation, 80% of the
supernatant was collected, and the residue was discarded. The absorption spectrum of the
SWCNT suspension was acquired by a UV—vis—NIR spectrophotometer (Shimadzu UV-
3600 PLUS), where distinguishable peaks indicated a successful suspension. The
concentration of suspended SWCNT was determined according to the extinction

17

coefficient of €63onm = 0.036 L mg™! em 7, indicating that approximately 23% of the

SWCNTs remained in the colloidal suspension.

2.1.2 SWCNTs with PEGylated lipids suspension:

We functionalized the SWCNTs with PEGylated lipids: 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (DPPE-PEG) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-
2000] (DSPE-PEG) (Avanti Polar Lipids) in the following method: 20 mg of HiPCO
SWCNTs (Nanolntegris, carbon purity >80 wt% (95 atom%)) was initially suspended
with 2 wt % sodium cholate (SC) (Sigma Aldrich), using an ultrasonic bath sonicator (80
Hz for 10 min, Elma P-30H), followed by two rounds of direct tip sonication (QSonica
QI125, 6 mm tip, 12 W for 30 min) while in an ice bath. The suspension was then
ultracentrifuged (41300 rpm for 4 h, OPTIMA XPN-80) to separate the individually

9



suspended nanotubes from aggregates and other impurities. 80% of the supernatant was
collected, and the residue was discarded. According to the suspension concentration
determined by the UV—-vis—NIR spectrophotometer, as described earlier, approximately
8% of the SWCNTs remained in the colloidal suspension. Subsequently, a solution of 40
mg L SC-SWCNTs with 2 mg mL™! PEGylated lipids was dialyzed against water for 7
days with multiple water exchanges, to replace the small surfactant molecules with the

PEG-lipid derivatives on the nanotube surface.

2.2 TEM imaging

Samples of 50 pL of the different functionalized SWCNT suspension solutions were
prepared by dilution in deionized (DI) water. Some of the samples were incubated for 2
h with 0.75 pl Lipofectamine Crisprmax solution (Thermo Fisher) diluted in either 50%
OptiMEM medium (Gibco) or deionized (DI) water to the same volume of 50 pL, such
that the final SWCNT concentration of all samples was 2 mg L', 30 pL of each type of
functionalized SWCNT suspension without and with Lipofectamine Crisprmax were
applied to a carbon-coated grid. The grid was blotted with filter paper to remove excess
solution and subsequently stained with 30 pL of 2% (w/v) uranyl acetate solution. After
the removal of excess stain solution, the grid was left to air-dry. The stained samples were
imaged with a JEM-1400plus TEM (JEOL, Japan) operating at 80 kV. Images were

recorded by a camera (SIS Megaview III) and TEM imaging platform (iTEM, Olympus).

2.3 Zeta potential

The Zeta potential was acquired for the functionalized SWCNT suspensions after dilution
in DI water to 10 mg L', 20 mg L, and 20 mg L' for DPPE-PEG-SWCNTs, DSPE-
PEG-SWCNTs, and (GT)15-SWCNTs, respectively. For Zeta potential measurements of

the functionalized SWCNTs pretreated with Lipofectamine Crisprmax, 1 mL vials of the

10



different functionalized SWCNT suspensions diluted to 5 mg L' in DI water were
prepared. Subsequently, 37.5 Ul of Lipofectamine Crisprmax was added to the vials, and
incubated for at least 30 min prior to measuring the surface charge. The Zeta potential
measurements were performed by the Malvern Zetasizer Nano ZS device (Malvern
Instruments, UK) with 3 measurements of 15-30 runs each and evaluated with Zetasizer

software.

2.4 Cell culture

HEK293T cells were kindly received from Dr. Ines Zucker (Tel Aviv University, Israel).
A549 cells, at an early passage, were kindly received from Prof. David Gurwitz (Tel Aviv
University, Israel). The cells were cultured under standard incubation conditions (at 37°C,
5% COy) with Dulbecco's modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1% L-glutamine (complete
DMEM). For live cell fluorescence imaging, the cells were seeded in 8 well p-Slide, 300
ul per well, treated with Poly-L-Lysine (Ibidi). The seeded cells reached roughly 80%
confluency on the day of the experiment (3 to 4 days after plating). For SWCNTs
internalization experiments, up to 24 h prior to imaging, different quantities of suspended
SWCNTs were diluted in 25 pl OptiMEM medium (Gibco) and added to the wells, such
that the final concentration of the SWCNTSs was 0.3 mg L' or 0.15 mg L"!, depending on
the experiment. In some experiments, as detailed in the text, in accordance with the
recommendation in the protocol of the manufacturer, 0.75 pl (unless stated otherwise) of
Lipofectamine Crisprmax solution (Thermo Fisher), was added to the OptiMEM with the
SWCNTs. The SWCNTs with the Lipofectamine Crisprmax were incubated at room
temperature for 10 min prior to adding the SWCNTs to the wells without removal of
excess Lipofectamine Crisprmax. The cells were incubated with the SWCNTs for up to

24 hr in standard incubation conditions. Before imaging, the cells were washed 2X, and

11



fresh clear media with fluorescent dyes (Hoechst 1 pg mL™!, LysoTracker 60 nM, and
CellMask 1x, all purchased from Thermos Fisher) were added and incubated for at least

15 min.

2.5 Fluorescence spectroscopy

Fluorescence emission spectra of the SWCNTSs were acquired in triplicates in a 96-well-
plate mounted on an inverted microscope (Olympus 1X73), which was coupled to a
spectrograph (Spectra Pro HRS-300, Teledyne Princeton Instruments) with a slit-width
of 500 um and a grating (150 g mm™ "), and recorded by a liquid-nitrogen cooled InGaAs-
detector (PylonIR, Teledyne Princeton Instruments), with 3 s exposure time. The samples
were excited with a super-continuum white-light laser (NKT-photonics, Super-K
Extreme) with a bandwidth filter (NKT-photonics, Super-K varia, AA=20 nm). The
excitation wavelength was Ae= 730 nm with an intensity of 20 mW at the sample plane.
Excitation-emission maps were acquired with an excitation wavelength range of 420 nm

— 840 nm, in steps of 2 nm.

2.6 Fluorescence imaging

Images were captured with an inverted fluorescence microscope (Olympus 1X83) with
different magnifications: 20X, 0.7 NA (Plan FL), and 100x, 1.3 NA (Plan FL).
Fluorescence in the visible range was excited with an LED illumination system
(CoolLED, pE4000) by selecting the channel corresponding to the desired fluorescent
dye (365 nm; 460 nm; or 635 nm). The fluorescence image was obtained using three
different filter cubes: DAPI (Chroma, 49000-ET-DAPI), GFP (Chroma, 49002-ET-EGFP
(FITC/Cy2)) and Cy5 (Chroma, 49009-ET-Cy5), recorded by an EMCCD camera
(Andor, iXon Ultra 888) using VisiView software (Visitron Systems GMBH). The

SWCNTs were excited by a 730 nm CW laser (MDL-MD-730-1.5 W, Changchun New
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Industries). The laser excitation light was directed to the sample by a dichroic mirror (900
nm long-pass, Chroma), and the NIR emission of the SWCNTs was detected with an
InGaAs camera (Raptor, Ninox 640 VIS-NIR) after a 900 nm long-pass emission filter
(Chroma, ET900lp) using Micro-Manger  software (see  https://micro-

manager.org/Citing Micro-Manager).

2.7 Image analysis

All images were processed with ImageJ, and MATLAB. The EMCCD camera and the
InGaAs camera have different pixel sizes, different chip dimensions, and slight rotational
and axial misalignment. The overlay of the images captured from the two cameras was
done by adjusting the number of pixels, pixel sizes, and orientation. The overlay
parameters of the images were determined by maximization of the 2D autocorrelation of
identical images captured by both cameras. The images were then rotated and cropped to
the desired size and position.

For determining the fluorescence intensity of the SWCNTs internalized by cells, the
perimeters of the cell were manually selected in ImageJ, according to the perimeters of
the stained membranes of the cells captured by the visible camera. The selections marked
the region of interest (ROI), which was then overlayed with the NIR image captured by
the InGaAs camera after it was fitted to the proper dimensions and orientation. The
intensity within the ROI was calculated in ImagelJ, and the data was then processed in
MATLAB.

Only cells for which over 80% of the image of the cell was captured, were selected for
the analysis.

For the colocalization analysis of the internalized SWCNTSs with the lysosomes of the

cells, we manually marked the perimeter of the cells which internalized SWCNTs as the
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ROIs. The colocalization coefficients were analyzed with the BIOP JACoP plugin in

Imagel for the different ROIs using the Otsu threshold.

2.8 Cell viability

In order to determine the cell viability, the cells were stained with 1 pg mL!' Hoechst,
which permeates the nuclease and binds to adenine-thymine (A-T), and 500 nM
Propidium iodide (PI) stain, which detects dead cells by binding to the nuclease with
ruptured membrane. The cells were imaged with the inverted fluorescence
microscope (Olympus [X83) with a magnification of 20X driven by VisiView software.
The cells were excited with a LED illumination system (CoolLED, pE4000) by selecting
the channel corresponding to the desired fluorescent dye (365 nm or 525 nm). The
fluorescence was acquired with an EMCCD camera (Andor, iXon Ultra 888) by using
different filter cubes DAPI (Chroma, 49000-ET-DAPI) or mCherry (Chroma, 49008-ET-
mCherry, Texas Red) for imaging the live and dead cells respectively.

To assess the toxicity of the SWCNTs, the relative number of dead cells with SWCNTs

was compared to the relative number of dead cells without SWCNTs.
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3 Results and Discussions
3.1 Characteristics of functionalized SWCNTSs pretreated

with Lipofectamine Crisprmax

We explored three different types of functionalizations of SWCNTs for internalization
into cells (Appendix, Table Al). Two out of the three were derivatives of PEGylated
lipids, namely, DPPE-PEG (5 kDa), which has no charge, and DSPE-PEG (2 kDa)
Carboxylic Acid with an overall negative charge, and the third type was single-stranded
DNA, (GT)15. The hydrophobic end of the PEGylated lipid adheres to the exterior surface
of the SWCNT, while the hydrophilic end extends in the solution, forming a somewhat
bulky corona®®, whereas the ssDNA helically wraps around the SWCNT in a compact
fashion®®1%%1% The functionalization of the SWCNTs with the PEGylated lipids was
performed by surfactant exchange of SWCNT suspended in sodium cholate (SC), via
dialysis in the presence of DPPE-PEG or DSPE-PEG, to remove the SC and to allow for
the PEGylated-lipids to bind to the SWCNT surface instead. The suspension was then
centrifuged, and the supernatant was collected for the experiments. The DPPE-PEG-
SWCNT and the DSPE-PEG-SWCNT suspensions both demonstrated redshifts in their
absorption spectra recorded in the UV—vis—nIR spectrophotometer (Figure 6a and 6b,
respectively), and bright fluorescent emission peaks, corresponding to the different

chiralities of the SWCNTs in the suspension (Figure 6¢ and 6d, respectively).
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Figure 6. Optical properties of PEG-SWCNTs. (a) and (b) Normalized absorption spectra of the parent SC-SWCNT
suspension (red) and (a) DPPE-PEG-SWCNT suspension (blue), and (b) DSPE-PEG-SWCNT suspension (blue),
following dialysis. The red shift in the PEG-SWCNT suspension spectra indicates the successful exchange of the SC
by the PEGylated lipid on the SWCNT exterior surface. (¢) Excitation-emission maps with bright fluorescence peaks
of the various SWCNT chiralities of DPPE-PEG-SWCNT and (d) DSPE-PEG-SWCNT.

The functionalization with (GT)s ssDNA was performed by direct sonication of the
SWCNT with (GT);s, which then underwent centrifugation twice, where 80% of the
supernatant was collected each time to discard aggregates and impurities. The successful
suspension was similarly characterized by the absorption peaks (Figure 7a) and the bright

fluorescent peaks (Figure 7b).
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Figure 7. Optical properties of (GT)1s-SWCNTs. (a) Normalized absorption spectra of (GT)1s-SWCNT suspension
presenting absorption peaks indicative of a successful (GT)1s-SWCNTs suspension. (b) (GT)15-SWCNTs excitation-

emission map presenting bright fluorescence peaks of the various chiralities.

We set out to investigate the cellular uptake of the different types of functionalized
SWCNTs, and a possible enhancement of the uptake using Lipofectamine Crisprmax.
Lipofectamine is composed of a cationic lipid bilayer designed to encapsulate negatively
charged nanoparticles efficiently, to be attracted to the negatively charged cell membrane

100,101,110

and promote endocytosis , where Lipofectamine Crisprmax specifically

demonstrated low cell toxicity”. While Lipofectamine Crisprmax is widely used for
delivering exogenous strands of DNA or RNA into cells for gene editing purposes'!! 113,

we decided to explore this technology for promoting endocytosis for functionalized

SWCNTs.

For cellular internalization experiments, the SWCNTs (1 mg L) were pretreated with
7.5 ul Lipofectamine Crisprmax, and incubated with the cells overnight before imaging.
We, therefore, tested the effects of Lipofectamine Crisprmax on the optical properties of
the different functionalized SWCNTSs, by acquiring the absorption and fluorescence
spectra of the SWCNTs with and without Lipofectamine Crisprmax at the time points t =
0 h and t = 24 h. The fluorescence spectra of DPPE-PEG-SWCNT and DSPE-PEG-
SWCNTs (Figures 8a and 8b) were not affected by Lipofectamine Crisprmax, showing

similar emission spectra for both time points. In contrast, the intensity of the fluorescence
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of (GT)15-SWCNTs (Figure 8c) was lower with Lipofectamine Crisprmax for both time
points compared to the (GT)15-SWCNTs without Lipofectamine Crisprmax.

While the absorption spectra of DPPE-PEG-SWCNT and DSPE-PEG-SWCNT (Figures
8d and 8e) were similar with and without Lipofectamine Crisprmax over the course of 24
hours, the absorption of (GT)15-SWCNTs (Figure 8f) was higher mainly in the UV and
visible range, when pretreated with Lipofectamine Crisprmax at both time points.
Moreover, at t = 24 h, the (GT)15-SWCNTs pretreated with Lipofectamine Crisprmax

presented a slight broadening of the absorbance peaks.
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Figure 8. Fluorescence spectra acquired under 730 nm excitation and absorption spectra of different functionalized
SWCNTs (1 mg L") without Lipofectamine Crisprmax at times t = 0 h (red line), and t = 24 h (dashed magenta line),
and with Lipofectamine Crisprmax at times t = 0 h (solid blue line), and t = 24 h (dashed cyan line). Fluorescence of
(A) DPPE-PEG-SWCNTs in water, (B) DSPE-PEG-SWCNTs in water, and (C) (GT)15-SWCNTs in 0.1 M NaCl.
Absorption spectra of (D) DPPE-PEG-SWCNTs in water, (E) DSPE-PEG-SWCNTs in water, and (F) (GT)15-SWCNTs
in 0.1 M NaCl.

Furthermore, after 24 h, clusters of (GT)15-SWCNTs was observed in the solution (Figure
9). The decrease in the fluorescence intensity, along with the increase and broadening of
the absorption, can therefore be attributed to partial (GT)15-SWCNTs aggregation and to

83,84,114,115

a reduced colloidal stability resulting from the interaction with Lipofectamine
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Crisprmax, whereas the PEGylated lipid functionalized SWCNT suspensions were not

affected in that manner by the Lipofectamine Crisprmax.

Figure 9. Samples of 1 mg L' (GT)15-SWCNTs were incubated overnight in 0.1 M NaCl solution without (left) and
with (right) 7.5 pl Lipofectamine Crisprmax. In the latter case, visible SWCNT aggregates were observed in the

solution.

We further explored the different functionalized SWCNTs and the effects of
Lipofectamine Crisprmax on their structure using transmission electron microscopy
(TEM), where we could visualize the individual functionalized SWCNTs and better
understand the mechanism of the interaction between the SWCNT and the Lipofectamine
Crisprmax. In representative TEM images (Figure 10), DPPE-PEG-SWCNTs and DSPE-
PEG-SWCNTs presented similar structures and dimensions of approximately 3 nm — 6
nm in diameter and several hundreds of nanometers in length. Following the incubation
of the two different PEG-SWCNTs with Lipofectamine Crisprmax for several hours prior
to imaging, the DPPE-PEG-SWCNTs and DSPE-PEG-SWCNTs maintained the same
structure, yet round clusters of approximately 50 nm in diameter were visible along the
length of the SWCNTs. We hypothesize that these clusters are molecules of
Lipofectamine Crisprmax since they show similar morphology to previous TEM

findings'!'S. Furthermore, we note that PEG-SWCNTs, following incubation with
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Lipofectamine Crisprmax, do not fold to a compact structure completely encapsulated

within the Lipofectamine Crisprmax.

Without Crisprmax With Crisprmax

DPPE-PEG-SWCNT

DSPE-PEG-SWCNT

Figure 10. TEM images of PEG-SWCNTs (2 mg L) without and with Lipofectamine Crisprmax in water. Scale bars
for all images are 100 nm. Top row: DPPE-PEG-SWCNTSs, and bottom row: DSPE-PEG-SWCNTS. Left column: PEG-
SWCNTs without Lipofectamine Crisprmax, and right column: PEG-SWCNTs following 2 h incubation with
Lipofectamine Crisprmax. The structure of both types of PEG-SWCNT appears to be slightly flexible, with a diameter
in the range of 3 nm - 6 nm and a length of several hundreds of nanometers. Following incubation with Lipofectamine
Crisprmax, the PEG-SWCNTSs retain similar dimensions and form, with the addition of spherical structures along the
length of the SWCNT with a diameter of approximately 50 nm, attributed to molecules of Lipofectamine Crisprmax.

We additionally imaged (GT)15-SWCNTs without and with Lipofectamine Crisprmax. In
representative TEM images (Figure 11), (GT)15-SWCNTs presented similar dimensions
to those of the PEG-SWCNTs, approximately 2 nm — 6 nm in diameter and several
hundreds of nanometers in length. However, after the incubation with Lipofectamine
Crisprmax, large clusters with some aggregated SWCNTs were visible as an entangled
network of nanotubes, which could explain the decrease of fluorescence intensity (Figure

8c) and the broadening of the absorbance peaks (Figure 8f).
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Without Crisprmax

With Crisprmax

—
500nm

Figure 11. TEM images of (GT)1s-SWCNTs (2 mg L') without and with Lipofectamine Crisprmax. Top image:
(GT)15-SWCNTs without Lipofectamine Crisprmax. Bottom row: (GT)1s-SWCNTs following 2 h incubation with
Lipofectamine Crisprmax in 50% OptiMEM in two different magnifications. The dimensions of the (GT)15-SWCNTs
is in the range of 2 nm - 6 nm in diameter, and several hundreds of nanometers in length. Following the incubation with
Lipofectamine Crisprmax, large clusters and an entangled network of SWCNTSs are visible, with some aggregation

within the cluster.

To further characterize the functionalized SWCNTs without and with Lipofectamine
Crisprmax, we took Zeta potential measurements in order to determine their surface
charge. The Zeta potential of DPPE-PEG-SWCNTs, DSPE-PEG-SWCNTs, and (GT);s-
SWCNTs was -5.2 + 6 mV, -43 £ 6 mV, and -35 + 13 mV, respectively, as expected for
the neutral DPPE-PEG-SWCNTs, and the negatively charged DSPE-PEG-SWCNTs and
(GT)15-SWCNTs. Following the incubation of the different functionalized SWCNTSs with
Lipofectamine Crisprmax, their Zeta potential values were 1.8 + 3.6 mV, -22 + 7 mV,
and -37 + 5.5 mV for the DPPE-PEG-SWCNTs, DSPE-PEG-SWCNTs, and (GT):s-
SWCNTs, respectively. It is apparent that the Lipofectamine Crisprmax treatment
resulted in the addition of positive charges to the surface of the PEGylated functionalized
SWCNTs, not necessarily resulting in an overall positive charge. These findings further
support our conclusion based on the TEM images (Figure 10) that Lipofectamine
Crisprmax binds to the PEGylated functionalized SWCNTs without fully encapsulating
them, such that part of the SWCNT surface, either neutral or negatively charged, is still
exposed to the surrounding solution. For the case of (GT)15-SWCNTs with Lipofectamine

Crisprmax, the mean Zeta-potential value showed a slight decrease, still within the
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standard deviation range; however, the entangled cluster structures of the (GT)s-
SWCNTs with the Lipofectamine Crisprmax (Figure 11) might have influenced the

measurement results.

3.2 Cellular internalization of functionalized SWCNTSs

Two different cell lines were selected, namely A549 human adenocarcinoma epithelial
cells originating from cancerous lung tissue, and HEK293T human embryonic kidney
cells. The A549 cells have been the focus of numerous studies on anti-malignancy drug

117-119

delivery using nanoparticle carriers , including nanoparticle-mediated delivery of

121,122’ and

doxorubicin '71?° dual drug delivery nanoparticles to improve chemotherapy
studies of the endocytosis mechanism for nanoparticles uptake to enhance drug
delivery'?. The HEK293T cells are an excellent model for transfection'?*, and therefore,

125-127

have been extensively used for the production of recombinant proteins and viral

vectors!?®12?. Owing to their high transfection efficiency, the HEK293T cells are widely
researched with transfection reagents, specifically with Lipofectamine Crisprmax®®-130-131,
The two different cell types were incubated overnight with 0.3 mg L™ of each of the three
types of functionalized SWCNTs under standard incubation conditions. In addition,
similar cultures of each cell type were incubated overnight in the presence of SWCNTs
that were pretreated with Lipofectamine Crisprmax. The following day, the cells were
stained with different fluorescent dyes for the nuclei, lysosome, and cell membrane, to
better visualize the destination of the SWCNTSs within the cells. Subsequently, the live
cells were imaged in a visible and NIR dual channel fluorescence microscope, where the
images taken by the NIR camera were overlaid on top of the brightfield and visible
fluorescence images taken by an EMCCD.

The internalization of the different functionalized SWCNTSs by the A549 cells can be seen

in the representative images presented in Figure 12. Comparing the uptake of DPPE-PEG-
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SWCNT by the A549 cells (Figure 12a) with the uptake of DPPE-PEG-SWCNT in the
presence of Lipofectamine Crisprmax (Figure 12b), it is evident that internalization with
Lipofectamine Crisprmax is more efficient. The cells that internalized the DPPE-PEG-
SWCNT without Lipofectamine Crisprmax were very scarce and mostly had only a single
NIR fluorescence spot within them. In contrast, when the DPPE-PEG-SWCNTs were
pretreated with Lipofectamine Crisprmax and then incubated with the cells, the vast
majority of the cells internalized the DPPE-PEG-SWCNTs, and furthermore, each cell
had several fluorescence spots of internalized SWCNT particles. It is evident from the
overlay of the images that most of the SWCNTSs were located in the lysosomes (Figure
12b).

Similar to DPPE-PEG-SWCNTs, the DSPE-PEG-SWCNTs uptaken by the A549 cells
were mostly located within the lysosomes as well, where the uptake was more efficient
for SWCNTs pretreated with Lipofectamine Crisprmax, presenting multiple NIR
fluorescence spots in each cell (Figure 12c and 12d).

For the PEGylated functionalized SWCNTs without the Lipofectamine Crisprmax, we
observed minimal uptake by the cells of both the DPPE-PEG-SWCNTs and the DSPE-
PEG-SWCNTs, suggesting that the difference in molecular weight of the PEG chains did
not have a significant influence on the internalization efficiency. On the other hand, for
the PEGylated functionalized SWCNTs pretreated with Lipofectamine Crisprmax, the
DSPE-PEG-SWCNTs exhibited higher fluorescence compared to DPPE-PEG-SWCNTs,
which can be partially attributed to the brighter fluorescence of the DSPE-PEG-SWCNT
compared to the fluorescence of DPPE-PEG-SWCNT (Appendix, Figure Al).

The internalization of (GT)15-SWCNTs in A549 cells (Figure 12¢) was very effective,
and more efficient compared to both cases of the PEGylated functionalized SWCNTs, as
apparent from the larger number of NIR fluorescence spots in the cells and the lower

exposure time required for the NIR images, despite the much brighter fluorescence of the
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PEGylated functionalized SWCNTs compared to the (GT)15-SWCNTs (Appendix, Figure
A1l). In light of a recent study that demonstrated the contribution of the compactness of
DNA nanostructures to their uptake by cells®, the efficient internalization of (GT)is-
SWCNTs could be attributed to the compact corona phase of the ssDNA around the
SWCNT resulting from n-m interaction between the nucleobases and the nanotube
surface®®!*. In contrast, PEGylated functionalized SWCNTs have a more cumbersome
structure due to the large hydrophilic PEG corona around the SWCNTSs, as only the
hydrophobic lipid chains are bound to the SWCNT surface®. The (GT)15-SWCNTs were
generally located in the lysosome area of the cells, similar to the PEGylated
functionalized SWCNTs. These findings coincide with previous studies showing that
ssDNA-SWCNTs enter the cell via endocytosis®**1133 since the lysosome is part of the
endocytosis pathway. Furthermore, it has been reported that nanoparticles were delivered
to the lysosome in A549 cells via macropinocytosis!**, which could also explain the
SWCNT location within the lysosome of the cells.

In contrast to the PEGylated-lipid functionalized SWCNT, (GT)15-SWCNTs
internalization was not enhanced by Lipofectamine Crisprmax (Figure 12f). Furthermore,
it was evident that the interaction of the (GT)15-SWCNTs with Lipofectamine Crisprmax
induced clustering of the SWCNTs, resulting in large NIR fluorescence spots which were
captured within focal planes near the top surface of the cell, manifested in the smaller
cells circumference appearing in focus in the membrane channel (Figure 12f), compared
to the larger membranes circumference for the (GT)15-SWCNTs without Lipofectamine
Crisprmax (Figure 12e) or the PEGylated SWCNTs (Figures 12a-d). The (GT)is-
SWCNTs pretreated with Lipofectamine Crisprmax were imaged in a relatively low
exposure time due to the large emitting clusters which were found in random locations

with respect to the cell’s organelles.
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Figure 12. Fluorescence microscopy images of SWCNTs (0.3 mg L) with different types of functionalization
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internalized in A549 cells without or with Lipofectamine Crisprmax. The cells were stained with fluorescent dyes:
CellMask (green) for the membrane, Hoechst 33258 (blue) for the nuclei, and LysoTracker (yellow) for the lysosome.
The red indicates the NIR fluorescence of the internalized SWCNTs within the cells. The columns from left to right:
bright field images, the visible fluorescence channels of the membrane, nucleus, lysosomes, the NIR fluorescence
channel of the SWCNTSs, and the overlay of all the different fluorescence images, in the visible and NIR. The images
were obtained using a 100X objective. The scale bars for all the images are 10 um. (A) Internalization of DPPE-PEG-
SWCNTs (800 ms exposure time in the NIR) without Lipofectamine Crisprmax and (B) with Lipofectamine Crisprmax
(800 ms exposure time in NIR). (C) Internalization of DSPE-PEG-SWCNTs (800 ms exposure time in NIR) without
Lipofectamine Crisprmax and (D) with Lipofectamine Crisprmax (400 ms exposure time in NIR). (E) Internalization
of (GT)15-SWCNTs (300 ms exposure time in NIR) without Lipofectamine Crisprmax and (F) with Lipofectamine

Crisprmax (100 ms exposure time in NIR).

Nevertheless, internalized (GT)1s-SWCNTs with and without Lipofectamine Crisprmax
which were imaged with the same exposure time (Figure 13), where the (GT)15-SWCNTs
were visible in the inner surface of the cell, Z = 4 um. There was no evident enhancement
of cellular internalization of (GT)15-SWCNTs that were pretreated with Lipofectamine

Crisprmax (Figure 13a) (magenta dashed circle) compared to cellular internalization of
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(GT)15-SWCNTs that were not pretreated (Figure 13b). Furthermore, since some of the
clusters were relatively large and were found in focus on the top surface of the cells’
membrane, Z = 12 um (Figure 13a), and blurry in the inner surface of the cell, Z = 4 um
(cyan dashed circles), it could be presumed that a substantial number of clusters adhered
to the outer surface of the cell and were not internalized. These clusters, external to the
cell, potentially masked internalized SWCNTs in lower Z-planes, hindering direct
quantification of SWCNT uptake. These results are in accordance with previous studies,
which demonstrated that (GT)i1s-SWCNTs could form aggregates by different methods
of suspension®*, and that aggregates and accumulation of (GT)15-SWCNTs may occur
within the cell®**. Given the tendency of the (GT)is-SWCNTs to aggregate, we
hypothesize that the cationic lipid bilayer of the Lipofectamine Crisprmax further
enhances the clustering of the (GT)15-SWCNTs, possibly due to their negative charge.

A (GT)15-SWCNT+Crisprmax B (GT)15-SWCNT

SWCNTs SWCNTs Overlay

Overlay

=4 ym
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Figure 13. Images of A549 cells following overnight incubation with 0.3 mg L' (GT)15-SWCNTs (A) pretreated with
Lipofectamine Crisprmax and (B) without Lipofectamine Crisprmax, for different Z positions. The images were
obtained using a 100X objective. Scale bars for all images are 10 pm. Top row: Z = 4 pum, an inner surface of the cell.
Bottomrow: Z = 12 pm, the top surface of the cell. Left column: the SWCNTSs imaged in the NIR fluorescence channel
(300 ms exposure time for (A) and (B)). Right column: the overlay of the NIR fluorescence channel of the SWCNTs
with the visible fluorescence channel of the cell organelles, which were fluorescently stained with CellMask (green)
for the membrane, Hoechst 33258 (blue) for the nuclei, and LysoTracker (yellow) for the lysosome. In (A), the cyan
dashed circles mark clusters of (GT)15-SWCNTs that are adhered to the outer top surface of the cell, which appears in
focus in the Z = 12 um surface, where the cell organelles appear blurry. The magenta dashed circle marks single

SWCNTs that were internalized in a cell and located in the lysosome area.
To ascertain our working concentration of Lipofectamine Crisprmax, we investigated its

impact on cell viability for several concentrations. We started with 0.75 pl of
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Lipofectamine Crisprmax for a well containing 300 ul samples, in accordance with the
manufacturer protocol, and tested the effect of 0.5X, 1X, 2X, and 4X, corresponding to
0.375 pl, 0.75 pl, 1.5 pl, and 3 pl Lipofectamine Crisprmax, respectively. A549 cells
were incubated overnight with the different quantities of Lipofectamine Crisprmax in an
8 well p-Slide, and their viability was quantified on the following day by Hoechst and
Propidium lodide (PI) fluorescent dyes staining, which distinguished between the live
and dead cells, respectively (Figure 14).

The cell viability was found to be 99%, 96%, 96%, 90%, and 45% for 0 ul, 0.375 pl, 0.75
pl, 1.5 pl, and 3 pl of Lipofectamine Crisprmax, respectively. Furthermore, the number
of live cells compared to the control, indicating the proliferation of the cells, was found
to be 100%, 93%, 63%, and 21% for 0.375 pl, 0.75 pl, 1.5 pl, and 3 pl of Lipofectamine
Crisprmax, respectively.

While 0.375 pl and 0.75 pl of Lipofectamine Crisprmax resulted in similar cell viability,
higher quantities decreased the viability.

No Crisprmax 0.5 x Crisprmax 1 x Crisprmax 2 x Crisprmax 4 x Crisprmax

Figure 14. Cell viability of A549 cells following overnight incubation with different quantities of Lipofectamine

Live + Dead Cells

Dead Cells

Crisprmax. The blue indicates the nucleus of live cells, stained with Hoechst, yellow indicates the nucleus of dead cells
and fragments of the nucleus as a result of necrosis, stained with Propidium iodide (PI), and light purple is an overlap
of both fluorescent dyes indicating cells which underwent apoptosis. The images in the top row are of the live and dead
cells, and the images in the bottom row are only dead cells. The columns are the different quantities of Lipofectamine
Crisprmax per well from left to right: 0 pl, 0.375 pl, 0.75 pl, 1.5 pl, and 3 pl. The images were obtained using a 20X

objective. The scale bar for all images is 100 pm.
We further investigated the efficiency of the cellular internalization of the different PEG-

SWCNTs for different quantities of Lipofectamine Crisprmax (Figure 15). We pretreated
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0.3 mg L' PEG-SWCNTs with different quantities of Lipofectamine Crisprmax, 0.375
ML, 0.75 pl, 1.5 pl, and 3 pl, and incubated them overnight with A549 cells in an 8 well
u-Slide. The representative fluorescent images in the NIR indicate that for higher
quantities of Lipofectamine Crisprmax, the cellular uptake was more efficient. Yet, due
to the balance between the impact of Lipofectamine Crisprmax on the cell viability and
the internalization enhancement of PEG-SWCNTs, we chose to use the quantity of
Lipofectamine Crisprmax recommended in the manufacturer protocol.

A

No Crisprmax 0.5 x Crisprmax 1 x Crisprmax 2 x Crisprmax 4 x Crisprmax
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Figure 15. Internalization efficiency of PEG-SWCNTs (0.3 mg L") when pretreated with different quantities of
Lipofectamine Crisprmax in A549 cells. For (A) DPPE-PEG-SWCNTs and (B) DSPE-PEG-SWCNTs. The images
were obtained using a 100X objective. Scale bars for all images are 10 pm. The top row in each panel are the
internalized SWCNTs by the cells imaged in the NIR channel (800 ms and 400 ms exposure time for (A) DPPE-PEG-
SWCNTs and (B) DSPE-PEG-SWCNTs, respectively), and the bottom row is the overlay of the internalized SWCNTs
with the bright field image of the cells. The columns are the different quantities of Lipofectamine Crisprmax per well

that were mixed with 0.3 mg L' PEG-SWCNTs from left to right: 0 pl, 0.375 pl, 0.75 pl, 1.5 pl, and 3 pl.

We then wanted to examine if different quantities of Lipofectamine Crisprmax affected
the clustering of (GT)15-SWCNTs, in an attempt to enhance their cellular internalization.
We therefore pretreated (GT)15-SWCNTs with three different quantities of Lipofectamine

Crisprmax, 0.375 pl, 0.75 pl, and 1.5 pl, and incubated them overnight with A549 cells
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in an 8 well p-Slide (Figure 16). The representative NIR fluorescence images taken the
following day showed that (GT)is-SWCNTs formed clusters for all quantities of
Lipofectamine Crisprmax, implying the ineffectiveness of using Lipofectamine

Crisprmax for enhancing the internalization of (GT)15-SWCNTs.

No Crisprmax 0.5 x Crisprmax 1 x Crisprmax 2 x Crisprmax

Figure 16. Cluster formation of (GT)15-SWCNTs (0.3 mg L") when pretreated with different quantities of

Lipofectamine Crisprmax imaged in the NIR fluorescence channel (300 ms exposure time) following overnight
incubation with A549 cells. The images were obtained using a 100X objective. Scale bars for all images are 10 pm.
The columns are the different quantities of Lipofectamine Crisprmax that were mixed with 0.3 mg L' (GT)15-SWCNTs
from left to right: 0 pl, 0.375 ul, 0.75 pl, and 1.5 pl.

The internalization of the different functionalized SWCNTs by HEK293T cells can be
observed in the representative images presented in Figure 17. For HEK293T cells, the
uptake of DPPE-PEG-SWCNT (Figure 17a) was very scarce and was not enhanced by
Lipofectamine Crisprmax (Figure 17b). However, the internalization of DSPE-PEG-
SWCNT by HEK293T cells (Figure 17c) was more efficient than the internalization of
DPPE-PEG-SWCNT and was further enhanced with Lipofectamine Crisprmax (Figure
17d). Yet, the location of the nanoparticles relative to the organelles of the HEK293T
cells was more difficult to determine, due to the more scattered locations of the
lysosomes. Similar to the A549 cells, the uptake of the (GT)15-SWCNTs in HEK293T
cells was higher than the uptake of the PEGylated functionalized SWCNTSs even when
pretreated with Lipofectamine Crisprmax (Figure 17¢). Moreover, the (GT)15-SWCNTs
pretreated with Lipofectamine Crisprmax presented clusters (Figure 17f), which is
consistent with our results for the A549 cells (Figure 12f) and the TEM images (Figure
11), showing the formation of (GT)15-SWCNT clusters in the presence of Lipofectamine

Crisprmax. These results further support our conclusion that the usage of Lipofectamine
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Crisprmax is not advised for cellular internalization of (GT)15-SWCNTs. Moreover, the
advantage of SWCNTs pretreated with Lipofectamine Crisprmax for increasing uptake
in HEK293T cells was only noticeable for DSPE-PEG-SWCNTs.

Comparing the internalization of the different functionalized SWCNT in A549 cells with
HEK?293T cells, it is evident that the uptake of SWCNTs by the A549 cancerous cell line
was higher than the uptake of SWCNTSs by the HEK293T cells. This could be explained
by previous findings, which demonstrated an increase of endocytosis pathways in
epithelial cancerous cells, leading to a higher uptake of nanoparticles compared to non-
cancerous epithelial cells'*>!%6, These findings can encourage future studies on drug

delivery systems for cancerous cells utilizing different functionalized SWCNTs.
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Figure 17. Fluorescence microscopy images of SWCNTs (0.3 mg L) with different types of functionalization
internalized in HEK293T cells without or with Lipofectamine Crisprmax. The cells were stained with fluorescent dyes:
CellMask (green) for the membrane, Hoechst 33258 (blue) for the nuclei, and LysoTracker (yellow) for the lysosome.
The red indicates the NIR fluorescence of the internalized SWCNTs within the cells. The columns from left to right:
bright field images, the visible fluorescence channels of the membrane, nucleus, lysosomes, the NIR fluorescence
channel of the SWCNTSs, and the overlay of all the different fluorescence images, in the visible and NIR. The images
were obtained using a 100X objective. The scale bars for all the images are 10 um. (A) Internalization of DPPE-PEG-
SWCNTs (800 ms exposure time in NIR) without Lipofectamine Crisprmax and (B) with Lipofectamine Crisprmax
(800 ms exposure time in NIR). (C) Internalization of DSPE-PEG-SWCNTs (800 ms exposure time in NIR) without
Lipofectamine Crisprmax and (D) with Lipofectamine Crisprmax (400 ms exposure time in NIR). (E) Internalization
of (GT)15-SWCNTs (200 ms exposure time in NIR) without Lipofectamine Crisprmax and (F) with Lipofectamine

Crisprmax (50 ms exposure time in NIR).

Z-stack images were taken to better localize the SWCNTSs with respect to the cell, and to
differentiate between internalized SWCNTs and SWCNTs that adhered to the external
surface of the cells. Figure 18 presents representative Z-stack images of the
internalization of DSPE-PEG-SWCNTs, which were pretreated with Lipofectamine

Crisprmax in A549 cells (Figure 18a) and HEK293T cells (Figure 18b), taken at 2 pm
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spacing in the Z-position, where the bottom surface z = 0 um corresponds to the glass
bottom of the well plate, and the top surface was above the focus plane of the upper
membrane of the cells. The NIR fluorescence spots that appear in focus in the bottom z =
0 um for both types of cells, could originate from SWCNTSs bound to the outer surface of
the cells, whereas the internalized SWCNTs appear in focus in Z-positions of the middle
planes, in which other cellular organelles are also in focus. The SWCNTSs were found to
be mostly localized in the lower planes of the cells, in similar locations as that of the
lysosomes, further confirming cellular uptake. In the images of the top two Z-slices, on
the other hand, there were no SWCNTs that appeared in focus. We, therefore, conclude

that DSPE-PEG-SWCNTs did not adhere to the top outer surface of the cell.
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Figure 18. Z-stacks images of the cells following the internalization of 0.3 mg L' DSPE-PEG-SWCNTs pretreated
with Lipofectamine Crisprmax in (A) A549 cells and (B) HEK293T cells. Each image has a field of view (FOV) of

96.6 um X 77.2 um. The cells were stained with fluorescent dyes: CellMask (green), Hoechst 33258 (blue), and
LysoTracker (yellow) for the membrane, nuclei, and lysosome, respectively. The column with the red color (hot color-
plate) indicates the NIR fluorescence (400 ms exposure time for (A) and (B)) relative intensity (higher intensity appears
yellow) of the internalized SWCNTs within the cells in the different Z heights. The rightmost column is a Z-stack
overlay of all the different visible and NIR fluorescence images. In the overlay image, the NIR SWCNT fluorescence
appears only in red, to prevent confusion with the yellow label of the lysosomes. The Z-stacks were acquired with a
100X objective and a step size of 2 um between each Z position. The number of steps for each Z-stack was determined
by the dimensions of the corresponding cells. The bottom slice, z = 0 pm, corresponds to the bottom of the adherent
cell on the glass surface. Both the bottom and top slices were captured for heights in which the membranes of the cells

were not in focus.

Z-stack images of cells incubated with DPPE-PEG-SWCNTs, which were pretreated with
Lipofectamine Crisprmax (Figure 19), presented similar trends of SWCNTSs appearing in
focus in the Z-positions of the middle planes, mostly in the lower surfaces. In A549 cells,
the SWCNTs were mostly colocalized with the lysosomes (Figure 19a), whereas in
HEK293T cells, the internalization of the SWCNTSs was scarce throughout the different

planes (Figure 19b).
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Figure 19. Z-stacks images of the cells following the internalization of 0.3 mg L' DPPE-PEG-SWCNTs pretreated

with Lipofectamine Crisprmax in (A) A549 cells and (B) HEK293T cells. Each image has a field of view (FOV) of
96.6 um X 77.2 um. The cells were stained with fluorescent dyes: CellMask (green), Hoechst 33258 (blue), and
LysoTracker (yellow) for the membrane, nuclei, and lysosome, respectively. The column with the red color (hot color-
plate) indicates the NIR fluorescence (800 ms exposure time for (A) and (B)) relative intensity (higher intensity appears
yellow) of the internalized SWCNTs within the cells in the different Z heights. The rightmost column is a Z-stack
overlay of all the different visible and NIR fluorescence images. In the overlay image, the NIR SWCNT fluorescence
appears only in red, to prevent confusion with the yellow label of the lysosomes. The Z-stacks were acquired with a
100X objective and a step size of 2 um between each Z position. The number of steps for each Z-stack was determined
by the dimensions of the corresponding cells. The bottom slice, z = 0 pm, corresponds to the bottom of the adherent
cell on the glass surface. Both the bottom and top slices were captured for heights in which the membranes of the cells

were not in focus.

Figure 20 presents representative images of the internalization of (GT)1s-SWCNTs in
A549 cells (Figure 20a), and HEK293T cells (Figure 20b), taken at 2 pm spacing in the
Z-position, where the bottom surface z = 0 um corresponds to the glass bottom of the

well plate, and the top surface was just above the focus plane of the upper membrane of
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the cells. The NIR fluorescence spots that appear in focus in the bottom slice z = 0 um,
for both types of cells, correspond to SWCNTSs bound to the outer surface of the cells. In
contrast, the internalized SWCNTs appear in focus in the Z-positions of the middle
planes, in which other cellular organelles are also in focus , whereas SWCNTSs bound to
the outer surface of the membrane appear blurry in Z planes within the cell (Appendix,
Figure A2). The internalized (GT)15-SWCNTs were found to be more distributed across
the different planes of the cell, compared to the internalized DSPE-PEG-SWCNTs
(Figure 18) and DPPE-PEG-SWCNTs (Figure 19). Yet here too, according to the
intensity gradient in the NIR fluorescence channel, most of the SWCNTSs were localized
in the lower planes of the cells, for both types of cells, colocalized with the lysosomes

according to the orange areas in the overlay images.
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Figure 20. Z-stacks images of the cells following the internalization of 0.3 mg L' (GT)15-SWCNTs in (A) A549 cells

and (B) HEK293T cells. Each image has a field of view (FOV) of 96.6 pm X 77.2 um. The cells were stained with
fluorescent dyes: CellMask (green), Hoechst 33258 (blue), and LysoTracker (yellow) for the membrane, nuclei, and
lysosome, respectively. The column with the red color (hot color-plate) indicates the NIR fluorescence (300 ms and
200 ms exposure time for (A) and (B) respectively) relative intensity (higher intensity appears yellow) of the
internalized SWCNTs within the cells in the different Z heights. The rightmost column is a Z-stack overlay of all the
different visible and NIR fluorescence images. In the overlay image, the NIR SWCNT fluorescence appears only in
red, to prevent confusion with the yellow label of the lysosomes. The Z-stacks were acquired with a 100X objective
and a step size of 2 um between each Z position. The number of steps for each Z-stack was determined by the
dimensions of the corresponding cells. The bottom slice, z = 0 um, corresponds to the bottom of the adherent cell on
the glass surface. Both the bottom and top slices were captured for heights in which the membranes of the cells were

not in focus.
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3.3 Intracellular fluorescence imaging of internalized
functionalized SWCNTs

The efficiency of cellular internalization of the different functionalized SWCNTSs was
quantified by the NIR fluorescence intensity within each cell, normalized by the cell area,
to minimize variance originating from different cell dimensions. To define the perimeters
of the cell, we manually segmented the cells into individual regions of interest (ROI)
according to the cells’ membranes, which were stained with CellMask and captured in

the GFP channel of the fluorescence microscope (Figure 21).

Membrane SWCNT

Fluorescent image

X

Figure 21. Marked ROI for the analysis of A549 cells following incubation overnight with 0.3 mg L-! DSPE-PEG-

Image with ROI outline

SWCNTs pretreated with Lipofectamine Crisprmax. The images were obtained using a 100X objective. Scale bars for
all images are 10 um Top row: fluorescence images of the membrane in the visible fluorescence channel (left) and the
SWCNTs in the NIR fluorescence channel (right). The bottom row is the overlay of the marked ROI, manually

determined by the cell membrane perimeter, with the fluorescence image.

The NIR fluorescence intensity per cell was quantified for two different concentrations
of PEG-SWCNTs, 0.15 mg L' and 0.3 mg L"'. For PEG-SWCNTs, internalization was
quantified without or with Lipofectamine Crisprmax, whereas (GT)is-SWCNTs,
however, internalization was quantified only without Lipofectamine Crisprmax, since
when pretreated with Lipofectamine Crisprmax, they formed large clusters that adhered
to the exterior surface of the cell in its presence such that high fluorescence intensity from

the external aggregates were observed over several inner Z planes of the cells (Figure 22).
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Figure 22. Images of external aggregates observed over several internal surfaces of the cell. HEK293T cells following

Bright Field ROI x4 Bright Field Membrane SWCNT

Overlay ROI x4

overnight incubation with 0.3 mg L' (GT)1s-SWCNTs pretreated with Lipofectamine Crisprmax for different Z
positions. The images were obtained using a 100X objective. Scale bars for all images are 10 pm. The columns represent
6 different Z positions with increments of 2 um between adjacent columns, from left to right. The left column is at
Z = 4 um, which is a surface within the cell, and the rightmost column is at z = 14 pm is the top exterior surface of
the cells where the membrane appears out of focus. The rows from top to bottom: SWCNTs acquired in the NIR
SWCNT fluorescence channel (50 ms exposure time), visible fluorescence images of membranes of cells stained with
Cell Mask, bright-field images of the cells, marked ROI in the bright-field imaged enlarged by X4 and marked ROI of
the overlay of the bright-field and the NIR SWCNT fluorescence. The red square (ROI) marks a cluster of SWCNTSs
which appear in focus in the external surface Z = 14 um, and is imaged along several internal surfaces of the cell,
where the membrane appears in focus. For surface Z = 14 pum in the enlarged ROI in the bright-field image, the cell
appears out of focus, whereas the cluster appears in focus in the NIR channel image. When descending in the Z

positions, the cell gets in focus, while the cluster loses focus.

Internalizing DPPE-PEG-SWCNTs into A549 cells (Figure 23a), the mean intensity per
cell area was roughly 1.5 times higher in the case of SWCNTs pretreated with
Lipofectamine Crisprmax compared to SWOCNTs alone, for both SWCNTs
concentrations. Without Lipofectamine Crisprmax, the intensity of the DPPE-PEG-
SWCNTs within the A549 cells was similar for the low and high DPPE-PEG-SWCNTs
concentrations, and it also reached a similar value for the Lipofectamine Crisprmax

treated samples. However, comparing the mean intensity per cell area for internalized
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DSPE-PEG-SWCNTs in the A549 cells, the enhancement is significantly higher in the
presence of Lipofectamine Crisprmax. While the DSPE-PEG-SWCNTs intensity is
similar without Lipofectamine Crisprmax for both SWCNTSs concentrations, it is 5 or 8
times higher for the low and high SWCNT concentrations, respectively, when pretreated
with Lipofectamine Crisprmax. These findings suggest that pretreatment of PEG-
SWCNTs with Lipofectamine Crisprmax increases the internalization of the SWCNTs
into A549 cells, and more so for the negatively charged DSPE-PEG-SWCNTs,
manifested by the larger internalization enhancement factor for DSPE-PEG-SWCNTs
when pretreated with Lipofectamine Crisprmax compared to DPPE-PEG-SWCNTs
pretreated with Lipofectamine Crisprmax. The higher uptake of DSPE-PEG-SWCNTs
pretreated with Lipofectamine Crisprmax, could potentially be attributed to more efficient
interaction with the cationic lipid bilayer of Lipofectamine Crisprmax, possibly owing to
the negative charge of the carboxyl on the DSPE-PEG, in contrast to the neutral DPPE-
PEG. The internalization of (GT)15-SWCNTs by A549 cells, on the other hand, is more
efficient than the internalization of PEG-SWCNTs, even in the presence of Lipofectamine
Crisprmax, and it increases with higher SWCNTSs concentration.

Internalizing SWCNTs into HEK293T cells (Figure 23b) shows similar trends as the
AS549, with different enhancement factors. Here, the mean intensity per cell area was
roughly 1.2 times higher in the case of DPPE-PEG-SWCNTs pretreated with
Lipofectamine Crisprmax compared to DPPE-PEG-SWCNTs alone, for both SWCNTs
concentrations. For the negatively charged DSPE-PEG-SWCNT, the enhancement with
Lipofectamine Crisprmax was by a factor of 2 for both SWCNT concentrations, which is
an overall higher enhancement compared to the internalization of DPPE-PEG-SWCNTs
into HEK293T cells, but lower compared to the enhancement of internalization of DSPE-
PEG-SWCNTs into A549 cells, with Lipofectamine Crisprmax. The internalization of

(GT)15-SWCNTs into HEK293T cells is also the most efficient compared to the PEG-
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SWCNT, even with Lipofectamine Crisprmax, and it significantly increases for the higher
(GT)15-SWCNTs concentration, similar to the A549 cells. Although Lipofectamine
Crisprmax cannot be used with (GT)15-SWCNTs due to the aggregation effect, increasing

the concentration of the (GT)15-SWCNTs, for both cell types, can result in higher uptake.
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Figure 23. Intracellular NIR fluorescence intensity of DPPE-PEG-SWCNTs, DSPE-PEG-SWCNTSs, and (GT):s-
SWCNTs (400 ms exposure time) per cell area for two different SWCNTs concentrations within (A) A549 cells (n >
11 cells per condition) and (B) HEK293T cells (n > 26 cells per condition). The hatched lines indicate the SWCNTs
pretreated with Lipofectamine Crisprmax. The bars represent the average, and the error bars represent the mean +

standard deviation for each condition. The p values were calculated by a two-sample t-test (¥** p <0.01 and * p <0.05).

3.4 Colocalization analysis of internalized SWCNTSs with the

Lysosomes of the cell

To better determine the location of the SWCNTs within the cells, we analyzed the
colocalization between the internalized SWCNTs (0.3 mg L) and the lysosomes of the
cells (Figure 24). We performed the analysis for A549 cells with the PEG-SWCNTs,
which were pretreated with Lipofectamine Crisprmax, and with (GT)15-SWCNTs, since
the SWCNT fluorescence and the cells’ lysosomes appeared to be overlapping (Figure
12b, 12d, and 12¢). Figure 24a presents an image of an A549 cell that internalized DSPE-
PEG-SWCNTs that were pretreated with Lipofectamine Crisprmax, showing
fluorescence channels of the SWCNTs and the lysosomes, and their overlay. The NIR
fluorescence of the SWCNTSs appears in red, and the fluorescently stained lysosomes
appear in yellow. The cell’s perimeter was manually marked by a white line to determine
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the ROI for analysis. In the overlay of both channels, it is apparent that most internalized
SWCNTs overlap with the lysosomes. Figure 24b is the colocalization fluorogram of the
cell in Figure 24a, which is essentially a scatterplot of the intensities of both fluorescence
channels. The x-axis represents the intensities captured in the NIR SWCNT fluorescence
channel, while the y-axis represents the intensities captured in the lysosomes’
fluorescence channel. Noticeably, higher intensities of the SWCNTs correlate with the
higher intensities from the lysosomes, indicating that the SWCNTs are indeed colocalized
with the lysosomes.

The colocalization between the SWCNTs and lysosomes was further quantified by
finding the Pearson correlation coefficient and Manders coefficient'?’. Pearson’s
correlation coefficient (PCC), which is the normalized covariance of two variables, is
defined as:

Yi(Ri—R)*(Y;-Y)

PCC = = =
VEi(R=R)2+3(Y;—Y)?

“4)

where R; and Y; are the intensities of pixel i for the red and yellow channels respectively,
and R and Y are the mean intensities from the red and yellow channels respectively, where
the two channels can represent any dual-channel image. While Pearson’s coefficient
accounts for correlations and similarity in the positions of the pixels in the two channels,
Mander’s coefficients are sensitive to the channel’s intensity as well, and are defined

8,5138’1391

_ ZiRi, coloc
M, = YiRi )

for R; cotoc = Ri1fY; > 0and R; o0 = 01f ¥; = 0, and

Ziyi, coloc
M, = —ziyil (0)

forY; coioc=Yi if R; > 0and Y; ;o0 = 0 if R; = 0.
In other words, M, is the average intensity of the red (SWCNTSs) channel calculated over

pixels having non-zero intensity in the yellow (lysosome) channel, and vice versa for M,.
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Essentially, M; is the fraction of SWCNTSs encapsulated in the lysosomes, and M, is the
fraction of lysosomes overlapping with the SWCNTs. In order to eliminate noise from
the calculations of Manders coefficients, a threshold is determined, such that only pixels
with intensities higher than the threshold are calculated in equations (5) and (6). We used
the Otsu auto-threshold to prevent bias in the results.

The colocalization coefficients of the SWCNTs with the lysosomes for PEG-SWCNTs
pretreated with Lipofectamine Crisprmax and (GT)15-SWCNTs alone are described in
Figure 24c. The Pearson correlation coefficients for the DPPE-PEG-SWCNT, DSPE-
PEG-SWCNT, and the (GT)15-SWCNTs were 0.59, 0.76, and 0.85, respectively,
indicating the positive correlation resulting from the colocalization between the SWCNT
and the lysosomes. The M; Manders overlap coefficients for the DPPE-PEG-SWCNT,
DSPE-PEG-SWCNT, and the (GT)i15-SWCNTs were 0.85, 0.94 and 0.94, respectively,
indicating that most of the SWCNTs were colocalized with the lysosomes, where the
fraction of colocalized SWCNTs was higher for the DSPE-PEG-SWCNT and (GT):s-
SWCNT. The M, Manders overlap coefficients for the DPPE-PEG-SWCNT, DSPE-
PEG-SWCNT, and the (GT)is-SWCNTs, which indicate the area fraction of the
lysosomes that overlap with SWCNTs, were 0.43, 0.58, and 0.74, respectively. The
internalization quantification analysis showed that the cellular uptake of DSPE-PEG-
SWCNTs pretreated with Lipofectamine Crisprmax was higher than the uptake of DPPE-
PEG-SWCNTs pretreated with Lipofectamine Crisprmax, and the cellular uptake of
(GT)15-SWCNT was higher than both PEG-SWCNTs pretreated with Lipofectamine
Crisprmax. Given that the majority of internalized SWCNTs is indeed localized within
the lysosomes, manifested in the high values of M;, we expect that increased uptake

would correlate with higher values of M, owing to a larger area of the lysosomes that

overlap with the SWCNTSs, supported by the different % ratios for the different types of
1

SWCNTs. The results of the colocalization analysis further confirm that the SWCNTSs
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entered the cells via endocytosis, as the vast majority of the SWCNTSs were located in the
lysosomes.
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Figure 24. Colocalization analysis of the SWCNTs with lysosomes in A549 cells for PEG-SWCNTs pretreated with
Lipofectamine Crisprmax and (GT)15-SWCNTs. (A) An A549 cell which internalized DSPE-PEG-SWCNTs that were

pretreated with Lipofectamine Crisprmax.. From left to right: NIR fluorescence channel of the internalized SWCNTs,

lysosomes stained with LysoTracker channel, and the overlay of the NIR SWCNT fluorescence and the lysosomes
channels. The white line indicates the perimeter of the cell. (B) A scatter plot of the intensities from the NIR SWCNT
fluorescence channel against the intensities from the lysosome channel of the cell in (A). (C) Colocalization coefficients
for DPPE-PEG-SWCNTs and DSPE-PEG-SWCNTs pretreated with Lipofectamine Crisprmax and (GT)15-SWCNTs
alone (n>15 cells per type of SWCNT): Pearson’s correlation coefficient (full bar), Manders coefficients M, (star

pattern), and M, (hatched pattern). The bars represent the average, and the error bars represent the standard deviation.
The colocalization analysis of the different internalized SWCNTs (0.3 mg L) with the
lysosomes of HEK293T cell showed that over 50% of the SWCNTSs overlapped with the
lysosome (Figure 25). The Pearson correlation coefficients for the DPPE-PEG-SWCNT,
DSPE-PEG-SWCNT, and the (GT)1i5-SWCNTs were 0.1, 0.24, and 0.21, respectively.
The relatively low Pearson coefficients can be attributed to the more scattered locations
of the lysosomes, and the relatively low uptake of the SWCNTs by the HEK293T cells
(Figure 17) compared to the uptake of the SWCNTs by the A549 cells (Figure 12). The
M, Manders overlap coefficients for the DPPE-PEG-SWCNT, DSPE-PEG-SWCNT, and
the (GT)15-SWCNTSs were 0.78, 0.65 and 0.53, respectively, indicating that most of the

SWCNTs were colocalized with the lysosomes, indicating that the main pathway of
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internalization was via endocytosis. The M, Manders overlap coefficients for the DPPE-
PEG-SWCNT, DSPE-PEG-SWCNT, and the (GT)15-SWCNTSs, which indicate the area
fraction of the lysosomes that overlap with SWCNTs, were 0.02, 0.13, and 0.11,
respectively. The internalization of DPPE-PEG-SWCNTSs pretreated with Lipofectamine
Crisprmax by the HEK293T cells was relatively low (Figure 17), such for a single Z
position, only 1 or 2 fluorescent spots were observed. This could explain the relatively
high M; coefficient and the low M, coefficient, since most of the SWCNTSs were observed
in the lysosomes of the cells, but not many were indeed internalized. Consequently, most
of the lysosome area did not overlap with SWCNTs. Compared to the internalization of
the different SWCNTSs by the A549 cells, the colocalization of the SWCNTSs with the
lysosomes was lower for the HEK293T cells. Still, the analysis suggests that most of the

SWCNTs entered the HEK293T cells via endocytosis.

Colocalization coefficients
T

T
[ Pearson
v

- Eme

coefficient values
o (=] (=]
n o oo —

o
[~

i 0 O

0 L L )
DPPE-SWCNT+Crisprmax DSPE-SWCNT+Crisprmax (GT)15-SWCNT

Figure 25. Colocalization analysis of the internalized functionalized SWCNTSs with the lysosomes of HEK293T cells.
The graph presents Pearson’s correlation coefficient (full bar), Manders coefficients M, (star pattern), and M, (hatched
pattern), for DPPE-PEG-SWCNTs and DSPE-PEG-SWCNTs pretreated with Lipofectamine Crisprmax, and (GT)s-
SWCNTs without Lipofectamine Crisprmax (n >17 cells per type of SWCNT). The bars represent the average, and the

error bars represent the standard deviation.

3.5 Cell viability

The cells continued to proliferate following incubation with the different functionalized
SWCNTs overnight, with and without Lipofectamine Crisprmax, and appeared viable the
following day. To further assess the cell viability, we stained the cells with Hoechst and

Propidium Iodide (PI) fluorescent dyes to distinguish between the live and dead cells,
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respectively (Figure 26). Hoechst is a cell membrane permeable DNA dye which, upon
binding to the adenine-thymine (A-T) in the minor groove, emits bright blue fluorescence
in live cells. This occurs when the DNA is in a condensed state, therefore, Hoechst can
stain apoptotic cells where the chromatin is in a highly condensed form'*’, leading to a
higher dye uptake and brighter fluorescence from apoptotic cells compared to live cells'*.
PI stain, on the other hand, binds to the nucleus of cells with ruptured membranes,
associated with late-stage apoptosis and necrosis. Importantly, PI cannot stain viable cells
owing to their intact membrane'*!. In the cell viability analysis image, the live cells appear
blue, the necrotic cells yellow, and the apoptotic cells exhibit bright fluorescence from

both channels, resulting in a purple color!'#?

. Our analysis indicated that the cell viability
was high without adverse cytotoxicity. These findings align with prior work that
demonstrated minimal cytotoxic effects when using low concentrations of functionalized

SWCNTs!#*+144, Furthermore, in previous research, Lipofectamine Crisprmax presented

high cell viability for various cell types, including A549 cells and HEK293 cells™.
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Figure 26. Images demonstrating cell viability following overnight incubation with different types of functionalized
SWCNTs (0.3 mg L) for cell types (a) A549 and (b) HEK293T. The blue indicates the nucleus of lives cells, stained
with Hoechst, yellow indicates the nucleus of dead cells and fragments of the nucleus as a result of necrosis, stained
with Propidium iodide (PI), and light purple, marked with a circle, is an overlap of both fluorescent dyes indicating
cells which underwent apoptosis. The column from left to right: control, DPPE-PEG-SWCNT, DSPE-PEG-SWCNT,
and (GT)15-SWCNT, where for the bottom row, the SWCNTs were pretreated with Lipofectamine Crisprmax. The

images were obtained using a 20X objective. The scale bar for all images is 50 pm.



4 Conclusions

We have demonstrated a novel approach for enhancing cellular internalization of
PEGylated functionalized SWCNTSs using Lipofectamine Crisprmax. Notably, the
internalization of the negatively charged DSPE-PEG-SWCNT with Lipofectamine
Crisprmax was more efficient compared to the internalization of the neutral DPPE-PEG-
SWCNT with Lipofectamine Crisprmax. Furthermore, we showed that utilizing
Lipofectamine Crisprmax to enhance cellular internalization of PEGylated functionalized
SWCNTs was more efficient compared to the strategy of increasing the SWCNTs
concentration alone. Comparing the internalization of the different PEGylated
functionalized SWCNTs, pretreated with Lipofectamine Crisprmax, in A549 cells versus
HEK293T cells, the SWCNTSs uptake by the A549 cancerous cell line was higher than
the SWCNTs uptake by the HEK293T cells. These findings could be explained by
previous research that showed an increased endocytosis uptake of nanoparticles in
epithelial cancerous cells, whereas in non-cancerous epithelial cells, endocytosis was
limited!3%136,

In the attempt to enhance cellular internalization of ssDNA functionalized SWCNTs,
namely (GT)15-SWCNTs, with Lipofectamine Crisprmax, the SWCNTs formed large
clusters of various sizes, resulting in poorer optical performances. Some of the clusters
that were too large to enter the cell adhered to its external surface. The fluorescence
emission of such large clusters, although situated outside the cell, was also detectable in
focal planes within the cell, impairing our ability to identify unambiguously fluorescence
spots that truly originated from internalized SWCNTs. We, therefore, concluded that
utilizing Lipofectamine Crisprmax is not a preferred method for enhancing cellular
internalization of ssDNA functionalized SWCNT, (GT)is-SWCNT. Nevertheless,
increasing the concentration of (GT)1s-SWCNTs increased the SWCNT uptake by the

cells.
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Our colocalization analysis showed that the vast majority of the internalized SWCNTSs
were localized within the lysosomes, and even more so for A549 cells, which further
confirmed that the SWCNTs predominantly entered the cells via endocytosis.
Furthermore, we confirmed high cell viability for the SWCNT concentrations used in our
study.

These findings serve as a potential catalyst for future studies focusing on bio-sensing and
bio-imaging utilizing functionalized SWCNTs that would otherwise exhibit limited
cellular internalization in the absence of Lipofectamine Crisprmax. Additionally, owing
to the biocompatibility and the ability to overcome the cellular membrane barrier, the
utilization of different functionalized SWCNTSs pretreated with Lipofectamine Crisprmax
could be explored in vivo to elucidate their potential as a versatile nanoparticle-based drug
delivery carrier'® targeting the lysosome in malignant cells. Further investigations will
delve into the effects of Lipofectamine Crisprmax or other transfection reagents on
diverse types of functionalized SWCNTs or other nanoparticles and their internalization
across various cell types, as well as the optimization of the internalization strategy for

specific applications.
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Table Al. PEGylated lipids and ssDNA used in this research for suspending SWCNTs. The number adjacent to PEG
is its molecular weight in Daltons. The chemical structure of (GT)1s was reproduced with permission from Springer

Nature™ .

* The name of the molecule used throughout the manuscript.
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Figure Al. Fluorescence spectra of 1 mg L' of the various SWCNTs samples, excited by a 730 nm laser. The
fluorescence intensity of both the PEG-SWCNT suspensions is noticeably higher than the (GT)15-SWCNT
fluorescence, while for most chiralities, the fluorescence of DSPE-PEG-SWCNTs is higher than the fluorescence of

DPPE-PEG-SWCNTs.
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Figure A2. Images of HEK293T cells following overnight incubation with 0.3 mg L' (GT)15-SWCNTs for different
Z positions. The images were obtained using a 100X objective Scale bars for all images are 10 pm. Top row: Z = 0
um, the bottom surface of the cell, and bottom row: Z = 4 um inner surface of the cell. Left column: the cell
membranes, stained with Cell Mask, imaged in the visible fluorescence channel, and right column: the SWCNTs
imaged in the NIR fluorescence channel. The yellow dashed ellipses mark SWCNTs that are in focus in the Z = 0 um
surface, where the membrane appears out of focus, and are out of focus in Z = 4 pm surface, indicating that these
SWCNTs adhered to the exterior surface of the cells. The white dashed ellipses mark SWCNTs that appear in focus in
the Z = 4 pum surface, where the membrane appears in focus as well, and are out of focus in the Z = 0 um surface,

indicating that these SWCNTSs were internalized by the cells.
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