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Introduction

Ultra-efficient highly-selective MFC-7 cancer cell
therapy enabled by combined electric-pulse
carbon 1D-nanomaterials platformsf

a

Sophia S. Y. Chan, @ Denise Lee,

Natasa Bajalovic

@ Shao Xiang Go,® Maria Prisca Meivita,
*3 and Desmond K. Loke () *3°

Advancements in technology are enabling early cancer treatments, improving patient survivability in
some types of cancers. Electrothermal cancer therapy offers numerous advantages such as high
efficiency and minimal invasiveness. However, traditional electrothermal nanoagents has been limited by
unresolved concerns including poor cell-selectivity and weak contrast in ablation efficiency between
healthy and cancer cells. Here, we control thermal distributions of cell systems using combined
electrical-pulse carbon one-dimensional (1D-) nanomaterial platforms via Joule heating effects. We then
proposed the electrothermal ablation of cancer cells using integrated alternating-current (AC-) pulse
carbon-nanotube (CNT) platforms. Electrothermal simulations reveal an increased peak temperature for
an extended stimulation time within the cell layers in the presence of CNT. Moreover, experiments show
a significant difference in CNT biocompatibility between healthy breast epithelial (MCF-10A) cells and
luminal breast cancer (MCF-7) cells. Additionally, electrothermal ablation was observed to be enhanced
in MCF-7 cells, while cell viability was maintained in MCF-10A cells under the same conditions.
Furthermore, a ~68% decrease in cell viability was achieved after applying AC pulses, above an average
of ~40% decrease in cell viability for existing carbon-based photothermal nanoagents without
additional chemotherapeutic drugs. This previously unreported combination of CNT nanomaterials and
electrical stimulation represents an approach to unlocking the ultra-efficient electrothermal ablation of
MCEF-7 cells and provides a promising avenue for cancer treatment.

with adverse side effects.”™® Recently, research efforts are
pursuing next-generation therapies such as thermal ablative

Advancements in technology are enabling earlier treatments for
achieving enhanced patient survivability in some types of
cancer. However, with more than 10 million cancer related
deaths worldwide in 2020 alone,' much work needs to be done
to improve survival rates. Moreover, the Covid-19 pandemic has
forced cancer units to modify their operations to mitigate the
risk of viral spread while continuing cancer therapy. As a result,
research has been focused on developing alternative and
adjunct therapies for early cancer treatments to reduce the
number of cancer-related deaths. Traditional cancer treatments
such as chemotherapy and radiotherapy can be limited by poor
selectivity, resulting in low dosages reaching the tumor site
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therapies, which can be used in combination with current
cancer treatments to reduce cancer recurrence and improve
patient outcome.>>® These methods typically rely on an energy
source to produce heat in excess of 42 °C (hyperthermia) to
ablate cancer cells,”® and are advantageous for being mini-
mally invasive. Traditional sources of applying heat to ablate
cells/tissues rely on radiofrequency (RF) current, ultrasound or
lasers.®'® For example, RF ablation is a promising alternative to
surgery due to advancements in medical technology.'’ The
energy dispersed by the electrodes is capable of heating the
cells locally, resulting in a controlled cell death;'* RF ablation
for thyroid tumors demonstrated good patient outcomes and
with little/no recurrence." In addition, photothermal therapies
(PTT) based on light are a promising therapeutic strategy for
ablating cancer cells without affecting neighbouring healthy
cells; they provide a localised and non-invasive approach, with
the capability of cell-specific targeting to minimise side-
effects.>*'*'* Nanomaterials harnessed in PTT are able to
convert optical light in the near infrared (NIR) range into heat
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to ablate cancer cells.>®*®

Moreover, their high surface-area-to-
volume ratio allow for easy functionalisation that can fine tune
their properties such as solubility and dispersion to improve
cytotoxicity, and provide cell-specific targeting, making them
clinically relevant.'*'®™'® Thus, nanomaterials with unique
characteristics have been of interest for developing new ther-
apeutic applications.

Carbon nanotubes (CNT) are one dimensional (1D) nano-
materials that have shown great promise for biological applica-
tions. The nanotubes are comprised of hexagonal, sp>
hybridised carbon (C) sheets rolled into nanotubes and possess
characteristics similar to graphene.?® In particular, CNTs have a
unique band gap structure that result in excellent mechanical,
thermal, electrical and optical properties, which can be tuned
by CNT structure (e.g. single or multi-walled CNT, chirality,
nanotube length and diameter, etc.)**>* Moreover, CNTs have
unique photocurrent properties that allow for enhanced current
flow when exposed to light; CNTs have a strong optical absorption
within the NIR range. They have been utilised in a wide range of
optoelectronic applications such as photoconductors, photoresis-
tors, photodetectors and other applications.”>**

Besides, CNTs have been harnessed for PTT in combination
with other cancer therapeutic approaches;**>® CNTs are
biologically compatible and are able to convert non-toxic NIR
wavelengths into heat for ablating cancer cells. In addition,
CNTs have demonstrated high thermal and electrical conduc-
tivities due to their unique 1D structure.””””® Altering the CNT
structure can influence both electrical and thermal conductiv-
ities; studies suggest that higher CNT aspect ratios result in
increased thermal conductivities.?*! Furthermore, scaffolds
comprised of CNT networks also demonstrate different
mechanical, electrical and thermal properties.*>** As a result,
CNT has been used for Joule heating applications.**** How-
ever, such applications of CNT for cancer cell-specific electro-
thermal ablation have yet to be explored. Thus, it is our interest
to control the thermal distributions of cells for the ablation of
cancer cell using a CNT AC-pulse platform.

Here, we alter the thermal distributions of cell systems using
combined electrical-pulse 1D-nanomaterial platforms via Joule
heating effects. We propose an electrothermal method to
thermally ablate breast cancer cells using an integrated
alternating-current (AC) pulse CNT platform. Electrothermal
simulations elucidate an increase in peak temperature for an
extended stimulation period within the cell layers in the
presence of CNT. Further experiments illustrate a difference
in CNT biocompatibility between healthy breast epithelial
(MCF-10A) cells and luminal breast cancer (MCF-7) cells. More-
over, electrothermal ablation was observed to be enhanced in
MCF-7 cells, while cell viability was maintained in MCF-10A
cells under the same conditions, potentially enhancing treat-
ment safety. Furthermore, a ~68% decrease in cell viability was
achieved upon AC pulse application in the presence of CNT,
which is above an average of ~40% decrease in cell viability for
current carbon-based photothermal nanoagents without addi-
tional chemotherapeutic drugs. This previously unreported
methodology based on CNT materials for electrothermal cancer
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cell ablation holds great potential for the development of
efficient therapeutic options, which can be further applied for
clinical purposes.

Experimental section
Electrothermal simulations

Electrothermal simulations were performed in ANSYS software
via finite element method (FEM). We constructed a model of
the electrothermal-therapy platforms with cells (Fig. S1a, ESIf).
The model comprised two 650 nm thick left and right indium
tin oxide (ITO) electrodes on a glass substrate. Different dis-
tances between the electrodes (50, 100, 150 and 200 um) were
investigated, and an active region was formed between the
electrodes. The active region consisted of either a pure cell
layer (control model) or a cell-CNT-cell layer (model with CNT)
(Fig. S1a, ESIt). The dimensions of the model and parameters
of the materials used are shown in Tables S1 and S2 (ESIY),
respectively. For the simulations, material parameters were
assumed to be independent of temperature, with the initial
temperature set at 310 K. Heat transfer was modelled using the
heat-conduction equation

oT
kVPT +q= pegs (1)

where k is thermal conductivity, ¢ is time, T is temperature, g is
the internal heat inside a volume, p is the density of the
material and c is the specific heat of the material. A single,
square bias-voltage pulse (pulse width = 1 ms) was applied with
different amplitudes (1, 5 and 10 V), and peak temperature
within the cell layers were computed.

CNT preparation and characterization

To prepare the nanomaterials for characterisation, CNT in
deionised (DI) water (1 wt%, US4120W, US Research Nanoma-
terials) was sonicated (Elmasonic, S130H) for ~20 min at room
temperature (RT). CNT was then drop casted onto silicon (Si)
substrate in preparation for material characterisation. Trans-
mission electron microscopy (TEM) was performed using a
transmission electron microscope (FEI Talos F200, Thermo
Scientific). The accelerating voltage was fixed at 200 kV. Raman
testing was performed using a Raman microscope (Renishaw
invia) with a 532 nm excitation laser. The measured wave
number range was 100-3000 cm ‘. The X-ray photoelectron
spectroscopy (XPS) data were collected using an XPS spectro-
meter (PHI-5400, Physical Electronics, US) with an Al Ka beam
source (250 W) and positron-sensitive detector (PSD). The
binding energy resolution is 0.8 €V, angle resolution is 45°
and detection limit is 80 K counts per second (CPS). The base
pressure of the measurement chamber was set to 3.0 x 10~ Pa,
and the Ar ion (voltage of 12 kV, current of 4.2 mA) sputtering
speed is 0.28 nm s~ " over an area of 400 x 400 um>. Prior to
incubation with cells, CNTs were sonicated as described above.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cell culture

Healthy breast epithelial (MCF-10A) cells were cultured in
Dulbecco’s Modified Eagle Media supplemented with Ham’s
F12 (DMEM/F12, 11320033), fetal bovine serum (FBS, 10%,
26140079), epidermal growth factor (EGF, 20 ng mL ',
PHGO0311L, Gibco), hydrocortisone (0.5 pg mL ™', H0888-1G)
and insulin (10 pg mL™", 12585014, Sigma). Luminal breast
cancer (MCF-7) cells were cultured in DMEM (08458-45, Nacalai
Tesque) enriched with FBS (7%, Gibco). Both cell lines were
maintained at 37 °C in a 5% CO, atmosphere.

System setup

Two indium tin oxide (ITO) left and right electrodes were
deposited on a glass substrate (Latech). The cloning cylinder
(C3983-50EA, Sigma) was then adhered to the ITO substrate
with a silicone adhesive (Fig. 1a). The system was sterilised
under ultraviolet (UV) light for 5 min before the wells were
filled with pure ethanol (EtOH, E7023-1L, Sigma) for 20 min.
After removing EtOH, the wells were rinsed with Dulbecco’s
phosphate buffer solution (DPBS, 14190235, Gibco) prior to cell
seeding. The proposed system can be reused. After electrother-
mal ablation, the ITO substrate and cloning cylinder were
soaked in bleach for more than 24 h. The components were
then rinsed with water, and the residual silicone adhesive was
removed mechanically. They were then sonicated in a mixture
of soap and water before rinsing them with EtOH, and left to
dry in an oven (60 °C) before use.

Electrical ablation

MCF-10A cells and MCF-7 cells (~3 x 10> cells) were seeded in
the set up for at least ~ 24 h before material addition to achieve
~70% confluency. After incubating with CNT for ~ 24 h, cells
were electrically stimulated using the semiconductor character-
isation system (Keithly 4200-SCS). Square alternating current
(AC) pulses were applied to electrothermally ablate the cells
(amplitude = 10 V, pulse width = 1 ms, number of pulses = 10).
A figure of the electrical wave profile is provided in Fig. S2
(ESIT). Cells were exposed to a microscope light during elec-
trical stimulation (~500 nm, ~ 640 lm, eVue III 10x).

Cell viability testing

For detection of CNT cytotoxicity, MCF-10A cells and MCF-7
cells (~3 x 10 cells) were seeded in 96 well plates. After ~24 h
of incubation, different concentrations of CNT (0, 5, 10, 20 and
30 pg mL ") were added to the wells. Cell viability was deter-
mined for ¢ = 24 h and 48 h using a WST-1 assay (10%,
11644807001, Sigma). Absorbance was read at 4 = 450 nm
(Multiskan GO, 1510-03742C) after ~4 h of cell incubation.
The WST-1 assay was also utilised to determine cell viability
after applying the electrical pulse. Propidium iodide
(PI, P1304MP, Gibco) was used to confirm the extent of cell
death after material addition and electrical pulse. After
electrical stimulation (~24 h), cells were incubated with PI
(1 pM) for ~1 h and fixed with 3.7% of paraformaldehyde

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A combined electrothermal therapy platform based on AC pulses
and CNT materials and electrothermal simulations. (a) A step-by-step
illustration of the proposed method. I. After adhering the cloning cylinder
to the ITO glass substrate with a silicone adhesive, MCF-10A cells or MCF-
7 cells (~ 3 x 10° cells) were seeded within the set up. Il. CNT was added to
the cells ~24 h after seeding. lll. AC pulses (amplitude = 10 V, pulse
width = 1 ms, number of pulses = 10) were applied to the cells. IV. Cell
death was observed. (b) Variations of simulated peak temperatures for the
cell layer without CNT (control model, green) and with CNT (model with
CNT, purple) for different distances between the electrodes (50, 100, 150
and 200 um) at an applied voltage of 10 V. (c) Simulated peak temperature
of the control model and model with CNT (green and purple, respectively)
for different bias voltages. The distance between the electrodes was set at
100 pm. The temperature profiles of the model with CNT is dependent on
the shape of electrical pulses; (d) Schematic illustration of bias waveforms
of the square bias-voltage pulse (pulse width = 1 ms, yellow) and trapezoid
bias-voltage pulse (pulse width = 0.6 ms, pink) with an amplitude of 10 V.
(e) The results show temperature profiles for the model with CNT under
applied square pulse (yellow) and trapezoid pulse (pink), with the electrode
distance chosen to be 100 um.

(PFA, F8775-15ML, Sigma) before imaging (10x, Olympus
DP22). Images were processed using Fiji software.*®
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Results
Methodology of a combined AC pulse CNT platform

We adopted a strategy to efficiently electrothermally ablate
luminal breast cancer (MCF-7) cells using an alternating cur-
rent (AC) pulse CNT platform shown in Fig. la. A glass
substrate was used as the starting material, on which two
650 nm thick indium tin oxide (ITO) left and right electrodes
were deposited for external circuitry connections. The distance
between the electrodes was chosen to be ~100 pm. A cloning
cylinder was then secured with a silicone adhesive on the
substrate, and the circuit was closed by seeding MCF-10A cells
or MCF-7 cells (~3 x 10’ cells) within the system. Finally, CNTs
were added to the system to enhance thermal distribution. AC
pulses were applied to electrothermally ablate the cancer cells.
The efficiency of electrothermal ablation was then determined
by investigating cell viability.

Due to their unique one dimensional (1D) structure, CNTs
have demonstrated a high thermal conductivity.””*® Thermal
conductivity can be governed by electronic carriers (electrons
and holes), (phonons)
excitations.’®*” Depending on their chirality (n, m), CNTs can
exhibit metallic or semiconducting behaviours; CNT with arm-
chair chirality (n = m) tend to be metallic, while zig-zag (n = 0, or
m = 0) and chiral CNTs are semiconducting.>>*%*% While
phonon transport is the primary contributor of thermal con-
ductivity in non-metallic materials, the small band gap (zero to
~1.5 eV) suggests that electronic carriers can also contribute to
the thermal conductivity of the metallike CNTs.*”*” We
hypothesise that applying an appropriate electrical pulse can
cause Joule heating of the CNT, resulting in heating of the
cancer cells and causing cell death.

We investigated the thermal distribution of the AC pulse
CNT system using electrothermal simulations; we examined the
effects of distance between electrodes and pulse amplitude on
peak cell-layer temperature within the model. The initial tem-
perature of the simulations were set at 310 K (~37 °C). When
an electrical pulse was applied to the system (pulse length,
1 ms; different bias-voltages, 1, 5 and 10 V), temperature
changes started within the CNT layer and propagated toward
the surrounding cell layers (Fig. Sib, ESIt). No change in
temperature was observed for the control model (Fig. 1b).
Additionally, the peak temperature of the cell layer within the
model with CNT was dependent on the distance between the
electrodes and pulse amplitude (Fig. 1b and c¢). Upon
the application of a 10 V pulse, while no significant changes
were observed for the control model with different distances
between the electrodes, a maximum peak temperature of
~352 K was observed for the model with CNT when the
distance between electrodes was set at 50 um (Fig. 1b). For an
electrode width of 100 pm, we observed a maximum peak
temperature of ~322 K for the model with CNT at 10 V
(Fig. 1c), corresponding to a temperature change of ~12 K.
Moreover, we observed that the shape of the electrical pulse can
affect the rate of temperature change over time within the cell
layers (Fig. 1d). The maximum temperature for the cell layers

lattice vibrations and other
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was plotted as a function of time (Fig. 1e); a sharp increase/
decrease in temperature was observed under an applied square
bias-voltage pulse with a peak of ~322 K (the stimulation time
at peak temperature is long). On the other hand, the tempera-
ture rise/fall was less steep under an applied trapezoid bias-
voltage pulse (short stimulation time at peak temperature).
Thus, a square-based stimulation and temperature increase of
~12 K could lead to peak temperatures of ~49 °C for an
extended stimulation time within the cells. Since proteins and
other cellular components start to denature at temperatures
above 40 °C and exposure of cells to temperatures above 42 °C is
sufficient for cell death,””® we speculate that the maintaining a
high temperature for a prolonged stimulation time using the
AC pulse CNT system can result in a stronger cell ablation and
lead to more cell death.

Characterisation and effects of CNT materials with cells

CNTs were synthesised via chemical vapour deposition (CVD).
Before characterisation, CNT in DI water was sonicated
(~20 min) and drop casted on silicon. The chemical composi-
tion of CNTs were investigated by X-ray photoelectron spectro-
scopy (XPS). The XPS spectra for the carbon (C) 1s orbital and
the oxygen (O) 1s orbital are presented in Fig. 2a and b,
respectively. For the C 1s orbital, a peak was observed at
~285 €V, typical for CNT. Another peak was observed at
~531 eV, characteristic for the O 1s orbital, which indicates
that the CNT could have undergone oxidation in DI water. To
investigate the crystal structure and quality of the CNT, Raman
spectroscopy was performed (Fig. 2c). The Raman spectra
reveals two distinct peaks at ~1588 cm™* and ~1344 cm
corresponding to the G and D bands, respectively. The G band
is associated with the stretching vibrations along the nanotube
axis (E,g stretching), while the D band represents the oxygen
defects in the CNT, which could be due to oxidation. Moreover,
transmission electron microscopy (TEM) was carried out to
investigate the morphology and dispersion of the CNTs
(Fig. 2d). Tube-like features were observed, with defined carbon
atoms forming the walls of individual tubes. Furthermore, the
CNTs were disclosed to be hollow, coaxial, entangled, multi-
walled and were observed to have an outer diameter of ~10 nm
and inner diameter of ~5 nm (Fig. S3, ESIt), which is similar to
that demonstrated in other studies.”**'

We investigated the cytotoxicity of CNT for both cell lines.
After seeding MCF-10A cells and MCF-7 cells for ~24 h,
different concentrations of CNT were added (0, 5, 10, 20 and
30 pg mL™") and cell viability was analysed at 24 and 48 h
(Fig. 2e and f, respectively). For both cell lines, cell viability
decreased with increasing CNT concentration and time. More-
over, CNT was observed to be more toxic for MCF-7 cells
compared to MCF-10A cells; this was most evident after 48 h.
To study the extent of cell viability as a result of concentration
dependant electrothermal ablation, we selected CNT concen-
trations of 10 and 30 pg mL ™. The selectivity of electrothermal
ablation for MCF-7 cells over MCF-10A cells were also investi-
gated at the selected CNT concentrations. CNT cytotoxicity is
dependent on nanotube structure, length, diameter, surface

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterisation of CNT materials and cell interaction. XPS spectra of (a) the C 1s orbital and (b) O 1s orbital in CNT. An atomic structure of CNT
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7 cells (pink) at (e) 24 h and (f) 48 h. Significance is presented in Table S3 (ESIt). Data is representative of mean + SEM (n = 6 for 3 independent

experiments).

chemistry and cell type.**** While some of the previous works

describe CNT to be cytotoxic, the results here show that cell
viability is maintained at CNT concentrations within a range of
0 to 30 ug mL ™', Other works show that low concentrations of
CNT do not severely affect cell viability; Vittorio et al. show
negligible toxic effects of human neuroblastoma cells (SH-
SY5Y) at low CNT concentrations (<50 pg mL™"),** while
Shvedova et al. show similar cell viability results for human
epidermal keratinocytes (HaCaT) at CNT concentrations of
~120 pg mL™.* Similar to this work, time-dependant CNT
cytotoxicity has also been observed; stem cell viability
decreased with CNT concentration and time.*®

Combined effects of AC pulses and CNT materials on ablating
cancer cells

The combination of CNT and AC pulses to ablate cancer cells
was investigated. Both MCF-10A cells and MCF-7 cells
(~3 x 10° cells per well) were seeded ~24 h before changing
media or adding CNT (10 and 30 pg mL™ ") (MCF-10A/CNT and
MCF-7/CNT, respectively). The electrical characterisation sys-
tem has an upper bound of pulse amplitude of 10 V. From the
simulation studies, a square electrical pulse with an amplitude
of 10 V and pulse width of 1 ms was able to generate tempera-
ture changes of ~12 K within the cell layer for an extended
stimulation time (Fig. 1b and c), corresponding to temperatures
in excess of 42 °C. Thus, based on the testing upper bounds and
simulation results, we chose to apply 10 square AC pulses of

© 2022 The Author(s). Published by the Royal Society of Chemistry

10 V with a pulse width of 1 ms under light conditions. After
~24 h of material incubation, the cells were then electrically
stimulated with AC pulses (10 pulses of 10 V with 1 ms pulse
width, Fig. S2, ESI{).

Cell viability was measured ~24 h after electrical applica-
tion using a WST-1 assay; cells were incubated with 10% of
WST-1 in media for 4 h prior to plate reading at A = 450 nm. The
measured intensity was normalised to control (no CNT incuba-
tion), and presented in Fig. 3a and b for MCF-10A cells and
MCF-7 cells, respectively. Cell viability was maintained for
MCF-10A/CNT with or without AC pulse stimulation compared
with control (Fig. 3a); no significant changes were observed in
cell viability regardless of CNT concentration. We observed that
cell viability for MCF-7/CNT with AC pulses decreased substan-
tially with increasing CNT concentration when normalised to
control, observing maximum MCF-7 cell ablation when AC
pulses were applied in the presence of 30 pg mL~' CNT
(10 pg mL™", ~74%; 30 pg mL™', ~32%; Fig. 3b). Cell
viabilities were not affected by AC pulse exposure without
CNT incubation (Fig. S4, ESIT). The percentage decrease in cell
viability (AXcen viability,) Was calculated using the following
equation

Neells — Meells/CNT

AXeell viability, % = —————————— x 100% (2)
Neells

where 7.5 is the normalised cell viability for control with AC
pulse, and 7nceng/ont is the normalised cell viability for cells

Mater. Adv,, 2022, 3, 3915-3924 | 3919
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Fig. 3 Ablating cancer cells through combined AC pulse and CNT materials effects. Normalised cell viability after AC pulse for (a) MCF-10A cells and
(b) MCF-7 cells at different CNT concentrations (0, 10 and 30 ug mL™Y). Cell viability was determined using WST-1 assay and were normalised to control
(no CNT incubation) with no pulse and with AC pulse. (c) Percentage decrease in cell viability for MCF-10A/CNT and MCF-7/CNT (30 pg mL™Y) after
applying AC pulses. Percentage decrease was calculated using Eqn 2. Data represent mean + SEM, (n = 6 from 3 independent experiments). Significance
was calculated using a Student’s t-test and is presented as: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.0001 (****). Unmarked significance
denotes non-significance. (d) Comparison of the percentage decrease in cell viability of the AC pulse CNT system with that of state-of-the-art, carbon-
based photothermal nanoagents without additional chemotherapeutic drugs. The references are presented in Table S4 (ESIT). (e) Propidium iodide (PI)
staining for MCF-7 cells ~24 h after AC pulse application. Cells were incubated with different CNT concentrations (0, 10 and 30 pg mL™). Scale bar,
200 pm. (f) Schematic illustration of the proposed electrothermal ablation process. I. CNT is introduced to the MCF-7 cells and incubated for ~24 h, Il.
AC pulses are applied to the set up, resulting in Joule heating of the CNT and a rise in temperature within the MCF-7 cells, and Ill. MCF-7 cells are ablated
as a result of Joule heating.
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incubated with CNT with AC pulse for a specified concentration
of CNT. We observed a percentage decrease in cell viability of
~68% for MCF-7 cells incubated with 30 pg mL ™" of CNT and
exposed to AC pulse, higher than that for MCF-10A cells under
the same conditions (~20%, Fig. 3c).

Additionally, fluorescent staining of dead cells was per-
formed with propidium iodide (PI); PI chelates to nucleic acids
and is not permeable to living cells. As cells undergo cell death,
the cell membrane becomes permeable and PI can enter the
cell and fluoresce red. As a result, PI is utilized to quantitatively
discriminate dead cells from live cells.*”*® For a high popula-
tion of dead cells, the region of fluorescence is large, while a
small fluorescence region is observed for a low dead-cell
population. Cells were incubated with PI ~24 h after electrical
application and fixed with paraformaldehyde (PFA). Fig. 3e
shows MCF-7 cells after PI incubation and fixation for different
CNT concentrations and applied AC pulse. We observed an
increasing fluorescence region with increasing CNT concen-
tration and the application of AC pulses, and is highest when
cells were incubated with 30 ug mL~' CNT and exposed to AC
pulses. For normalised cell viability of MCF-7 cells at different
CNT concentrations (Fig. 3b), experiments have demonstrated
that increasing CNT concentrations result in a decreasing cell
viability. When an AC pulse is injected, the cell viability of MCF-
7 cells with high CNT concentrations further decreases. This
trend is also observed for the PI staining of MCF-7 cells
(Fig. 3e); when low CNT concentrations are utilised, a weak
fluorescence signal is observed indicating high cell viability. As
CNT concentration increases, MCF-7 cells showed a stronger
fluorescence signal. The fluorescence signal intensity of MCF-7
cells with high CNT concentrations further increased when an
AC pulse is administered. These findings agree well with the
results in Fig. 3b. For MCF-10A cells (Fig. 3a), the normalised
cell viability does not significantly change for different concen-
trations of CNT/pulsing conditions. After PI staining MCF-10A
cells under different CNT concentrations/pulsing conditions
(Fig. S5, ESIt), the fluorescence signal continues to be weak/
negligible, in agreement with the findings in Fig. 3a.

Using the proposed system, we demonstrate a ~68%
decrease in cell viability, above an average of ~40% decrease
in cell viability for state-of-the-art, carbon-based photothermal
(PT) nanoagents without additional chemotherapeutic drugs
(Fig. 3d).**' We propose a three-step electrothermal ablation
process using the CNT AC pulse platform: I. CNT is introduced
to the MCF-7 cells and incubated for ~24 h, allowing for CNT-
cell interaction, II. AC pulses are applied to the set up, resulting
in Joule heating of the CNT and a rise in temperature within the
MCEF-7 cells, and III. MCF-7 cells are ablated as a result of CNT
Joule heating (Fig. 1a and 3f).

Joule heating describes the effect whereby an input of
electrical energy is transformed into heat. This effect in CNTs
occur when electrical energy from the charge carriers in the
nanotube transfer to the vibrational modes (phonons) of the
substrate, resulting in heat generation.®>®® Thus, CNTs are
promising materials for Joule heating applications such as
thermal management® > and additives in fabrics for sensors

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and heating devices.***®> However, electrothermal ablation via
Joule heating using CNT-based systems have yet to be investi-
gated. CNTs have excellent electrical and thermal conductivity
compared to other carbon-based nanomaterials.>” Moreover,
CNT can align themselves along the direction of an AC electric
field.>®>” While CNT alignment can improve the electrothermal
conductivity,”® the movement of CNT could also contribute to
cell death via shear force to improve therapeutic efficiency
substantially. We propose this system as a highly-efficient,
high-specificity method of electrothermal ablation for clinically
relevant applications.

MCF-7 cells were observed to be more sensitive to the as-
prepared CNT compared to the MCF-10A cells; increased CNT
cytotoxicity and electrothermal ablation. This could be due to
the different cell membrane compositions between healthy and
cancer cells that leads to differences in structural and mechan-
ical properties. During cancer cell development, the cell divi-
sion process is accelerated, resulting in shorter and less
ordered actin fibres and a sparse cell membrane in cancer
cells.’* % Actin fibres are an important component of the cell
membrane, and accounts for cell membrane behaviour and
mechanical integrity. Cancerous cells have been observed to be
more easily deformed/less stiff than their healthy counter parts;
measurements performed on MCF-10A cells demonstrate a
significantly higher Young’s modulus than MCF-7 cells.>***%
This change in mechanical properties could result in the MCF-7
cell-specific CNT interaction. Because the MCF-7 cell
membrane is softer and more fluid than the MCF-10A cell
membrane, and hydrophobic CNTs can bury themselves within
the hydrophobic tails of the cell membrane,***° CNTs could be
more easily embedded within the MCF-7 cell membrane com-
pared to MCF-10A cell membranes. Since CNT is key to con-
verting the applied AC pulse into heat, stronger CNT-cell
interactions will enhance the heating effects in MCF-7 cells
compared to that in MCF-10A cells, resulting in a larger MCF-7
cell ablation.

Discussion

The proposed system is advantageous over traditional thermal
ablation methods as it requires a low nanomaterial concen-
tration, less preparation time and a shorter ablation exposure
time, reducing negative side effects and minimising therapy
time. Cell-specific targeting is fundamental to increase effi-
ciency and safety in cancer therapeutics; research in this field
has been devoted to discovering facile methods for site-specific
delivery. Traditional methods of cell-specific targeting include
functionalising delivery agents with cell-specific antibodies
such as mucin-1 (Muc-1) for breast cancer cells or epithelial
adhesion molecule (EpCAM), which are overexpressed for most
epithelial cancer cells.'”””®”* However, these methods can be
time consuming, requires multi-step preparations and a certain
level of expertise. In this work, the system employs as-prepared,
sonicated CNTs that demonstrates MCF-7 cancer cell-specific
targeting. Moreover, traditional thermal ablation methods
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requires high nanoagent concentrations (>50 pg mL™") and
light exposure within minutes (<5 min) to achieve efficient
thermal ablation.”>”® On the other hand, this method requires
exposing cells to low CNT concentrations within a second
timescale. We demonstrate MCF-7 cell-specific electrothermal
ablation, enhanced by a low concentration of CNT materials,
while maintaining the cell viability for MCF-10A cells. Besides,
a 68% decrease in cell viability was achieved upon the applica-
tion of AC pulses, which is above the average of ~40% decrease
in cell viability for current carbon-based photothermal nanoa-
gents without additional chemotherapeutic drugs (Fig. 3d).
This enables a larger population of cells to be ablated for
substantially enhancing treatment efficacy. Thus, we propose
the CNT AC pulse system as an alternative, highly-efficient, fast
and simple-to-implement method that can specifically target
and ablate MCF-7 cancer cells.

Due to the complexity of the CNT-cell interaction, the
mechanisms by which CNT is internalised, distributed and
cleared within various cell types are still not well understood.
While some studies show that CNT spontaneously diffuses
across the cell membrane,”*”® other researchers demonstrate
an energy-dependant mechanism for CNT internalisation
(endocytosis).*»”®”” Moreover, these mechanisms appear to
be influenced by the structural properties of CNT (nanotube
length and diameter, chirality), CNT functionalisation and cell
type.”®®! These factors can also affect CNT degradation, bio-
distribution and clearance;****8% the time it takes for CNT to
clear the body can depend on the nanotube size, functionalisa-
tion group and degree of functionalisation.**> Experimental
in vitro and in vivo studies show that CNTs can be degraded by
peroxidase enzymes, such as myeloperoxidase, eosinophil per-
oxidase and lactoperoxidase.®®#%®” Further research in this
area can provide a clearer picture of CNT internalisation and
clearance mechanisms to ensure a balance between CNT reten-
tion in cancer cells and clearance in their healthy counterparts
to reduce undesirable side effects.

Further studies could demonstrate the different CNT-cell
interactions between CNT and cancerous and healthy cells. To
determine the CNT internalisation pathway for MCF-7 cells and
MCF-10A cells, cells could be incubated with CNT at different
temperatures. This can be achieved by reducing incubating
temperatures from 37 °C to 4 °C and determining the location
of CNT; e.g., CNTs found within the cells at low incubation
temperatures suggest internalisation via energy-independent
pathways.”*”®’” Bioimaging could provide more information
on how the combination of CNT and AC pulse affect the MCF-
10A cells and MCF-7 cells. CNTs could be functionalised with
fluorescent probes and imaged after incubation;”””’® this could
elucidate the location and distribution of CNTs within the
different cell types. Alternative imaging methods, such as
transmission electron microscopy (TEM), have also been used
to determine CNT location in vitro.®®%® Besides, further work
could be performed on heterogenous 3D cell scaffolds to mimic
tumors found within tissues. This could demonstrate the
therapeutic efficiency of thermal ablation using the proposed
AC pulse CNT platform in vivo.
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Conclusion

Cancer cell-specific and effective electrothermal ablation was
achieved with a combined AC pulse CNT platform through
enhanced Joule heating effects that altered the thermal dis-
tribution of cell systems. We observed an MCF-7 cell-specific
CNT cytotoxicity, which produced highly efficient electrother-
mal ablation, while maintaining the viability of MCF-10A
cells. Furthermore, a ~68% decrease in cell viability was
observed, above an average of ~40% decrease in cell viability
for state-of-the-art photothermal nanoagents without addi-
tional chemotherapeutic drugs. The proposed system, which
is highly-efficient, fast and simple to implement, presents the
first application of CNT for clinically relevant electrothermal
cancer cell ablation.
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