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ABSTRACT: Biosensors are of vital significance for healthcare by supporting the
management of infectious diseases for preventing pandemics and the diagnosis of
life-threatening conditions such as cancer. However, the advancement of the field
can be limited by low sensing accuracy. Here, we altered the bioelectrical signatures
of the cells using carbon nanotubes (CNTs) via structural loosening effects. Using
an alternating current (AC) pulse under light irradiation, we developed a photo-
assisted AC pulse sensor based on CNTs to differentiate between healthy breast
epithelial cells (MCF-10A) and luminal breast cancer cells (MCF-7) within a
heterogeneous cell population. We observed a previously undemonstrated increase
in current contrast for MCF-7 cells with CNTs compared to MCF-10A cells with
CNTs under light exposure. Moreover, we obtained a detection limit of ∼1.5 × 103

cells below a baseline of ∼1 × 104 cells for existing electrical-based sensors for an
adherent, heterogeneous cell population. All-atom molecular dynamics (MD)
simulations reveal that interactions between the embedded CNT and cancer cell membranes result in a less rigid lipid bilayer
structure, which can facilitate CNT translocation for enhancing current. This as-yet unconsidered cancer cell-specific method based
on the unique optoelectrical properties of CNTs represents a strategy for unlocking the detection of a small population of cancer
cells and provides a promising route for the early diagnosis, monitoring, and staging of cancer.

■ INTRODUCTION

Biosensors are capable of detecting chemical compounds and
biomolecules and have been harnessed in multiple fields such as
agriculture, food safety, medical testing, and nanobiotechnology.
The detection of certain biomarkers is critical in diagnosing and
monitoring diseases; for example, the recent Covid-19 pandemic
has created an increasing demand for new types of biosensors.1

New biosensor systems designed to detect appropriate
biomarkers are required for diagnosing diseases quickly and
easily, often in remote and inaccessible locations. Cancer-
relevant biosensors require a suitable biomarker to detect small
populations of cancer cells in a heterogeneous cell population for
early diagnosis. For example, cancer-based biosensors have been
designed to detect mucin-1 (MUC-1), a commonly overex-
pressed breast cancer biomarker.2−5 MUC-1 aptamers (short
oligonucleotide sequences) are utilized to functionalize probes
that can be detected using traditional methods such as
fluorescent imaging2,3 and quantitative real-time polymerase
chain reaction (PCR).4,5 However, thesemethods can be limited
for early diagnosis because they tend to be labor-intensive,
require additional preparation steps, and may have long waiting
times.6 New sensors are urgently needed to detect a small
population of cancer cells for clinical disease diagnosis.
Currently, breast cancer is diagnosed via biopsies of

suspicious breast abnormalities.7 These methods include fine-

needle aspiration (FNA), vacuum-assisted biopsy, core needle
biopsy, and surgical excision biopsies.7−9 Biopsies involve
removing concerned tissues and analyzing them under a
microscope.10 However, with recent advancements in technol-
ogy, it is of vital significance to identify highly accurate sensing
strategies that can differentiate between normal and malignant
cells. Bioelectrical signatures are ideal candidates for detecting
cancer cells as they are native to cells and could reduce
additional and complex preparation steps. During cancer
development, a healthy cell undergoes many structural and
physical changes (e.g., changes in lipid composition, membrane
stiffness, etc.),11,12 leading to observable changes in its
bioelectrical properties.13,14 Marino et al. observed depolariza-
tion (lower cell potential) of breast cancer cells in vitro
compared to healthy breast epithelial cells,15 while Qiao et al.
measured a lower cell conductivity in cancer cells compared to
healthy cells.16 Thus, the native bioelectrical signature of cells is
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a promising biomarker to detect and distinguish cancer cells
from healthy cells.
Electrical-based techniques have been investigated as a tool to

detect and distinguish cancer cells from their healthy counter-
parts based on cell impedance or electrical conductivity because
of their many advantages, such as real-time monitoring,
convenience to use, simple implementation, cost-effectiveness,
etc.14,17 As tumors comprise multiple cells with important cell−
cell interconnects,18,19 it is necessary to study and detect cancer
cells in an adherent population rather than in suspension.
Currently, there is limited literature on the utilization of
electrical-based methods to differentiate between an adherent
population of healthy and cancer cells; this could be due to the
large limit of detection (approximately ten thousand cells)
observed for traditional electrical-based approaches.20 Recently,
various nanomaterials have been used in biosensors to reduce
the limit of detection, such as nanosheets, nanowires, nanotubes,

etc.21,22 However, few have described nanomaterials that can
identify and differentiate cancer cells from their healthy
counterparts using their unique cell-specific interactions.
Identifying a nanomaterial with preferential interaction for one
cell type over another is critical.
Carbon nanotubes (CNTs) are sheets of graphene rolled into

tubes and have a hexagonal structure with free π-electrons,
making them unique one-dimensional (1D) materials with
excellent properties.23,24 Similar to graphene, CNTs have a
tunable band structure that contributes to their unique electrical
and optical properties.23,25 Furthermore, CNTs possess
excellent photoconductive properties.26 Due to their 1D size,
CNTs have the ability to produce and separate electron−hole
pairs when exposed to light, exhibiting enhanced photo-
conductivity with increasing light intensity.23,27 As a result,
CNTs are currently being used in optoelectronic devices, such as
photoresistors, photodetectors, phototransistors, and other

Figure 1. System configuration and characterization of CNTmaterials. (a) Schematic illustration of the testing setup. Cells were plated in the cell well:
ITO electrodes on a glass substrate with a cloning cylinder secured with silicone adhesive. Cells were electrically stimulated with an AC square wave
pulse (amplitude = 10 V, pulse width = 20 μs). (b) X-ray photoelectron spectroscopy (XPS) spectra of CNTs. Characteristic 1s orbital peaks for carbon
(C) and oxygen (O) were observed at∼285 and∼532 eV, respectively. (c) Transmission electronmicroscopy (TEM) image of CNTs displaying well-
aligned carbon atoms (left panel) and a close-up image of a CNT (right panel). (d) Raman spectra of CNTs showing peaks at ∼1344.3 and ∼1588.1
cm−1 for the D and G bands, respectively. (e, f) Cytotoxic responses of MCF-10A (orange) and MCF-7 (blue) to different concentrations of CNTs,
with incubation time of (e) 24 h and (f) 48 h. Cell viability was estimated using a WST-1 assay. Data represent the mean± standard error of the mean
(SEM), (n = 6 from 3 independent experiments). The statistical significance can be found in Supporting Information Table S4.
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devices.23,25,28 Although the optical properties of CNTs have
been studied, their application in optoelectronic sensing for
cancer cells remains elusive.
Here, we altered the bioelectrical signatures of cells using

CNTs with alternating current (AC) pulse under light
irradiation and developed a photo-assisted AC pulse sensor
based on CNTs to differentiate between MCF-10A cells and
MCF-7 cells in a heterogeneous cell population. MCF-7 is a
breast cancer cell line that has been intensively utilized as a
model in breast cancer studies.29,30 This method achieved a
previously unobserved increased current contrast between
MCF-7 cells and MCF-10A cells under light excitation
compared to dark conditions. Additionally, this method
detected a small population of MCF-7 cells within a
heterogeneous population, with a detection limit of ∼1.5 ×
103 cells. This detection limit, below a baseline of ∼1 × 104

cells17 for existing electrical-based sensors, allows for sensitive
detection of a small population of cancer cells for early cancer
detection. All-atom molecular dynamics (MD) simulations
reveal structural loosening effects in the cancer lipid bilayer
system with embedded CNTs, facilitating CNT translocation
through the lipid bilayer for enhancing current. Moreover,
traditional fluorescent-based systems can be costly and require
complex equipment for cell detection.31,32 In this work, the
system is compact, low in cost, and has easy-to-use, reusable
components, which can be adopted by users with a wide range of
expertise and improve user convenience and accessibility.
Additionally, it is extremely challenging to create systems that
can differentiate between healthy and cancer cells with an
increased contrast in current, which simultaneously demon-
strates low cytotoxicity of the components for reliable cancer
diagnosis. The described CNT photo-assisted AC pulse system
can differentiate between healthy and cancer cells with a marked
contrast in current and maintain excellent biocompatibility of
the cells. This proposed methodology based on the unique
optoelectrical properties of CNT nanomaterials holds excellent
potential for developing lab-on-chip platforms, which can be
further harnessed for clinical purposes.

■ EXPERIMENTAL AND SIMULATION SECTION
CNT Preparation. CNT (1 wt %) in water (US Research

Nanomaterials, US4120W) was sonicated (Elmasonic, S 130H)
for ∼20 min at room temperature (RT) before material
characterization and incubation with cells. CNT was drop-
casted on a silicon (Si) substrate prior to transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and Raman spectroscopy. The chemical composition of CNT
was analyzed using electron-dispersive X-ray spectroscopy
(EDS) point analysis: C, ∼95 atom %; O, ∼5 atom %.
Cell Culture. Breast cancer cell line MCF-7 was cultured in

Dulbecco’s modified Eagle media (DMEM) (08458-45, Nacalai
Tesque) containing 7% fetal bovine serum (FBS, 26140079,
Gibco) and 5 mM L-glutamine (25030149, Gibco). Healthy
breast epithelial cell line MCF-10A were cultured in DMEM
supplemented with Ham’s F12 (DMEM/F12, 11320033,
Gibco) containing 10% FBS, 20 ng/mL epidermal growth
factor (EGF, PHG0311L, Gibco), 0.5 μg/mL hydrocortisone
(H0888-1G, Sigma), and 10 μg/mL insulin (12585014, Sigma-
Aldrich). Cells were maintained in a 5% CO2 environment at 37
°C and observed using an inverted light microscope with a 10×
objective lens (Olympus DP22).
To test the heterogeneous cell population, a mixture of MCF-

10A cells and MCF-7 cells were plated in the CNT

optoelectronic system in various populations with a total cell
population of 3 × 103 cells. The population of MCF-7 cells
within the heterogeneous cell mixture was plated from 0 to 100%
at 25% increments. Details of the cell population are presented
in Supporting Information Table S1. The heterogeneous cell
population was plated in MCF-10A cell media; MCF-7 cells in
MCF-10A cell media grew and proliferated well after 24 and 48 h
(Supporting Information Figure S1).

System Setup. The system comprised two left and right
indium tin oxide (ITO) electrodes on a glass substrate (LaTech)
with a cloning cylinder (C3983-50EA, Sigma-Aldrich) secured
using a silicone adhesive (Figure 1a). The size of the gap
between the electrodes was chosen to be∼0.1 mm. Prior to cell-
plating, the system was sterilized with UV light (5 min) and pure
ethanol (E7023-1L, Sigma-Aldrich) (20 min) in the biosafety
cabinet. The system is reusable; after detaching the cloning
cylinder from the ITO substrate, both components were soaked
in bleach overnight. They were then rinsed with DI water and
dried in the oven before removing the silicone adhesive. After
sonicating in a mixture of soap and water for ∼10 min, the
cloning cylinder and substrate were rinsed in DI water and
ethanol and dried in the oven before further use.

Electrical Characterization. MCF-10A cells and MCF-7
cells (3 × 103 cells) were grown in the system ∼24 h prior to
material addition. MCF-10A cells demonstrated comparable
growth and proliferation after incubation without CNT
(control) and with CNT within the ITO systems (Supporting
Information Figure S2). After incubating the material with the
cells for an additional ∼24 h, current measurements were
performed using the semiconductor characterization system
(Keithly 4200-SCS). A bias voltage, square wave AC pulse was
applied to detect cell current (amplitude = 10 V, pulse width =
20 μs) under dark conditions. For experiments with light
exposure, conditions were kept the same, and cells were pulsed
under light exposure from a light-emitting diode (LED)
illuminator within a microscope (eVueIII) for the duration of
the measurement (∼40 μs). The LED illuminator has the
specifications of LED power of ∼90 W (we define the light
intensity of 100% to be 90 W). Cells were exposed to different
light intensities (0, 50, and 100%) during current measurements
to demonstrate light-assisted current flow (Supporting
Information Figure S3). For cells in a heterogeneous cell
population, cells were subjected to material addition and
electrical pulses under light exposure, as mentioned above.

Cell Viability Testing. MCF-10A cells and MCF-7 cells (3
× 103 cells) were seeded in our system and grown for 24 and 48 h
prior to cell viability testing (Supporting Information Figure
S1). To test for CNT cytotoxicity, MCF-10A cells and MCF-7
cells were plated in 96-well plates and cultured for∼24 and 48 h
prior to treatment. The CNT was added at a concentration
ranging from 0−50 μg/mL at 10 μg/mL increments for 24 and
48 h. To demonstrate that cell viability can be maintained in
different cell media for heterogeneous cell population, MCF-7
cells were plated in 96-well plates and incubated with MCF-7
and MCF-10A cell media for 24 and 48 h. Cell viability and
cytotoxic effects of CNTs were determined using aWST-1 assay.
After adding 10% WST-1 (Sigma-Aldrich) in media, the cells
were incubated for ∼4 h. Absorbance was read at λ = 450 nm.
For WST-1 assays performed in the ITO system, cells were
incubated for ∼4 h and the resultant media was transferred to a
96-well plate before reading.

Simulation Parameterization. An (8, 8) armchair CNT
with a diameter of 1.1 nm and a length (l) of 4.5 nm was built
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using the Nanotube Builder module in VMD.33 Hydrogen
atoms (H) were manually added to the open ends of the CNTs
using PyMOL. Atomic charges were derived based on a short (8,
8) armchair CNT (l = 0.75 nm) using the R.E.D. Server,34 by
fitting electrostatic potential (RESP) charges35 to a molecular
electrostatic potential (MEP) computed by the Gaussian 16
program36 at the HF/6-31G* level of theory (Supporting
Information Table S2).
The compositions of the healthy and cancer lipid bilayer

systems were based on those used by Klaḧn and Zacharias,37 and
the lipid bilayers were generated using CHARMM-GUI.38 Each
lipid bilayer system was composed only of neutral dipalmitoyl-
phosphatidylcholine (DOPC) and negatively charged dipalmi-
toylphosphatidylserine (DOPS) lipids, comprising a total of 242
lipids, 121 in each leaflet (composition found in Supporting
Information Table S3). The simulation box contained 40 TIP3P
water molecules per lipid and 0.15 M NaCl.39 After the lipid
bilayer was equilibrated for 50 ns, the CNT was added and the
simulation was performed for 500 ns.
For the experiments, fabrication methods can be sufficient to

achieve multi-walled CNTs. For the simulations, molecular
dynamics simulations of the equilibrium structure and dynamics
behavior of CNTs have been conducted using state-of-the-art
computational techniques. However, it is possible that the
computational resource is not large enough, resulting in the use
of single-walled CNT.
Simulation Details. MD simulations were performed with

GROMACS 5.0.4 using the Slipids force field for the lipids39−42

and GAFF for the CNT.43 The CNT was positioned
perpendicular to and ∼2 nm above the lipid bilayer in a
simulation box (z = 12 nm), which was then filled with TIP3P
water molecules44 and 0.15 M NaCl. An additional 27 sodium
ions were added to the healthy lipid bilayer system, and 52
sodium ions were added to the cancer lipid bilayer to neutralize
the negatively charged DOPS lipids. Each system was energy-
minimized using the steepest descent algorithm (up to 2000
steps) and equilibrated using an isochoric−isothermal (NVT)
ensemble for t = 100 ps. The temperature of the system was
maintained at T = 300 K using the velocity-rescaling
thermostat45 with a 0.5 ps coupling constant. Another
equilibration step was performed in the isothermal−isobaric
(NPT) ensemble for t = 100 ps, followed by the production run
for 500 ns. The pressure was kept constant at P = 1 bar by the
Parrinello−Rahman barostat,46 with a semi-isotropic pressure
coupling scheme, while the temperature was kept constant using
the Nose−́Hoover thermostat.47,48 For each lipid bilayer system,
two independent MD simulations were performed. Long-range
electrostatic interactions were accounted for by treating the
systemwith the particle−mesh Ewald scheme,49,50 while a cutoff
distance of 1 nm was applied to the calculation of van der Waals
interactions. The LINCS algorithm was utilized to constrain all
lipid and CNT bonds.51 A time step of 2 fs was used with a Leap-
Frog integrator, and coordinates of all atomswere saved every 20
ps.
Simulation Analysis. The average adhesion energy for the

system was calculated for t = 0−500 ns, using

Δ = − +E E E E( )rtotal CNT lipid bilaye (1)

where Etotal is the average potential energy of the entire system
(CNT and lipid bilayer), ECNT is the average potential energy of
the CNT, and Elipid bilayer is the average potential energy of the
lipid bilayer.52

The number of DOPC lipids within 6 Å of the CNT at t = 500
ns was calculated using gmx mindist tool in Gromacs, and the
percentage of DOPC molecules around the CNT within each
lipid bilayer system was calculated via

= ×
n
n

%DOPC lipids 100%CNT

total (2)

where nCNT is the number of DOPC molecules that are within 6
Å of the CNT, and ntotal is the total number of DOPCmolecules
within the lipid bilayer system.
The Gromacs tool gmx msd was utilized to determine the

mean squared displacement (MSD) for the system before (0−
40 ns) and after CNT interaction (last 100 ns of the simulation).
The self-diffusion coefficient for each systemwas estimated from
the MSD plots.

■ RESULTS
We adopted a strategy to investigate the bioelectrical signals of
healthy and cancer cells with CNTs based on the CNT photo-
assisted AC pulse system. The system setup, depicted in Figure
1a, comprises two 650 nm thick indium tin oxide (ITO) left and
right electrodes deposited onto a glass substrate to connect the
cell culture to the external circuitry. The size of the gap between
the electrodes was kept constant at ∼0.1 mm. The cloning
cylinders were then secured with a silicone adhesive for cell
storage. To differentiate between the healthy breast epithelial
(MCF-10A) cells and luminal breast cancer (MCF-7) cells, the
CNT was then added to the cells ∼24 h before applying an
electrical square wave pulse (amplitude = 10 V, pulse width = 20
μs). CNT is a unique nanomaterial with excellent photocurrent
properties (it demonstrates enhanced current flow with light
exposure). Because of their unique band gap structure and high
carrier mobility, CNTs can harness the light energy and convert
it into current by separating the electron−hole pairs (photo-
current).23,27 This exceptional property of CNTs, in combina-
tion with the unique bioelectrical signals of MCF-7 cells and
their interaction with CNTs, can enhance cell-specific current
signals and identify MCF-7 cells within a heterogeneous
population.
Before investigating the interaction between the CNT and the

cells, the chemical composition and morphology of the CNT
were systematically examined. CNTs were sonicated for ∼20
min prior to characterization and incubation with cells. To
characterize the material, sonicated CNTs were drop-casted
onto a silicon substrate. From the X-ray photoelectron
spectroscopy (XPS), we observe typical peaks for CNTs. Figure
1b shows a large peak at ∼285 eV corresponding to the C1s
binding energy and a smaller peak at ∼532 eV representing the
O 1s binding energy. This suggests that the CNT might be
slightly oxidized. Figure 1c shows a transmission electron
microscope (TEM) image of the CNTs, in which long,
entangled tube-like structures were observed. Moreover, the
close-up of TEM images showed that the walls of these
structures were formed by defined carbon atoms. To investigate
the crystal structure and quality of the CNTs, the Raman spectra
of the CNTwere investigated. The Raman spectra for the CNTs
showed two distinct peaks (Figure 1d). The G band (∼1588.1
cm−1) is associated with the in-plane E2g stretching vibration
along the nanotube axis, while the defects in the CNT are
represented in the D band at∼1344.3 cm−1, which could be due
to the oxidation of the CNT.
The cytotoxicity profile of the CNTs was also investigated for

the MCF-10A cells and MCF-7 cells. We investigated the
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cytotoxicity of the material at a range of concentrations and
incubation times. Cells were plated in a 96-well plate for ∼24 h
prior to material treatment. Subsequently, cell viability was
tested with a WST-1 assay and plates were measured at λ = 450
nm. Cytotoxicity was observed to be time- and concentration-
dependent: increasing CNT concentration and the time of
incubation from 24 to 48 h resulted in a decrease in cell viability,
as seen in the literature.2 This effect was more prominent in
MCF-7 cells compared to MCF-10A cells (Figure 1e,f). The
onset of the decrease in cell viability forMCF-10A cells occurs at
the CNT concentration of ∼30 μg/mL. Based on the onset of
the decrease in cell viability for MCF-10A cells and to achieve
excellent electrical conduction, we chose to investigate the
cytotoxicity of the MCF-10A cells and MCF-7 cells with ∼30
μg/mL CNT for ITO systems (Supporting Information Figure
S2). The findings are similar to those in 96-well plates. Excellent
cell viability was observed in the MCF-10A cells with ∼30 μg/
mL CNT. The cell viability decreases with a change in cell type

from MCF-10A cells to MCF-7 cells. For subsequent electrical
characterization, we chose to examine the MCF-10A/MCF-7
cells with∼30 μg/mLCNTbased on the cell viability conditions
of MCF-10A cells in 96-well plates/ITO systems and electrical
conduction considerations.
To understand the bioelectrical effects of the interaction

between CNTs and the cells, we investigated the current
obtained for the MCF-10A cells and MCF-7 cells with CNT
(MCF-10A/CNT and MCF-7/CNT, respectively) after inject-
ing bias voltage pulses in dark conditions. The current output for
MCF-10A/CNT and MCF-7/CNT was normalized with
control (cells with pulse, without CNT incubation). In Figure
2a, the normalized current obtained for MCF-7/CNT was ∼8%
larger than the control. On the other hand, there was no
significant difference observed for normalized current between
control and MCF-10A/CNT.
The unique optical properties of CNTs can improve the

current output: CNTs can be excited by light to enhance current

Figure 2. Sensing MCF-10A cells and MCF-7 cells using the CNT photo-assisted AC pulse sensor. (a, b) Normalized current varied for the different
cell lines in (a) dark and (b) light conditions. Values were normalized with the respective controls (cells only), and the values for control were obtained
experimentally. The raw data and normalized values can be found in Supporting Information Table S5. (c) Percentage difference in average normalized
current betweenMCF-10A/CNT andMCF-7/CNT (ΔI%) varies in dark and light conditions. The difference was calculated using eq 3, and values for
average normalized currents were obtained from (a) and (b). (d) Normalized current was plotted for the percentage of MCF-7 cells within the
heterogeneous population. Current output was normalized to MCF-10A cells alone (n = 3 × 103 cells). The values for MCF-10A cells were obtained
experimentally. Different percentages of MCF-7 cells (0, 25, 50, 75, 100%) were plated within total cell population (n = 3× 103 cells) inMCF-10A cell
media. TThe black dotted line represents the reference normalized current (current output forMCF-10A cells only). (e, f) Plots of normalized current
output with increasing (e) MCF-7 and (f) MCF-10A cell population. Values were normalized with the respective controls (cells only), and the values
for controls were obtained experimentally. 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) and *** (p < 0.001).
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and have been used as photodetectors. By exposing the system
to light during electrical testing, we observed an increase of
∼13% in the normalized current for MCF-7/CNT (Figure 2b).
The difference in normalized current between the control and
MCF-10A/CNT with light exposure was indistinguishable.
Moreover, we plotted the difference between the average
normalized currents for MCF-7/CNT to MCF-10A/CNT
(ΔI%) as a percentage using eq 3.

Δ =
−

×− −

−
I

I I

I
100%%

avg,MCF 7/CNT avg,MCF10 A/CNT

avg,MCF 10A/CNT (3)

where Iavg,MCF‑7/CNT is the average normalized current for MCF-
7/CNT and Iavg,MCF‑10A/CNT is the average normalized current
for MCF-10A/CNT. We demonstrate that light exposure
produces a higher current contrast between MCF-7/CNT and
MCF-10A/CNT (∼13%) than dark conditions (∼10%) (Figure
2c). Moreover, we observed a light intensity-dependant output.
Current signals were normalized with MCF-7/CNT in dark

conditions, and they increased with increasing light intensity
(Supporting Information Figure S3).
Furthermore, we propose that the CNT optoelectronic-pulse

system is able to detect a small population of MCF-7 cells within
a heterogeneous cell population. In a total population of 3 × 103

cells, different percentages of MCF-7 cells were plated with
MCF-10A cells in MCF-10A cell media (see Experimental and
Simulation Section and Supporting Information Table S1) and
incubated with CNT for ∼24 h. The current output was then
measured and normalized to MCF-10A cells (0% of MCF-7,
Figure 2d). As the percentage of MCF-7 cells increases within
the heterogeneous cell population, we observed a corresponding
increase in normalized current starting at 50% of MCF-7 (8, 14,
and 17% for 50% of MCF-7, 75% of MCF-7, and 100% of MCF-
7, respectively). The reference normalised current for the system
was the current output for MCF-10A cells only. The detection
limit for the system is ∼1.5 × 103 cells (50% of 3 × 103 cells),
estimated by the smallest cell population with a normalized

Figure 3.MD simulations of the healthy and cancer lipid bilayer systems with CNT. (a, b) Snapshots of the CNT spontaneously inserting into the (a)
healthy and (b) cancer lipid bilayer over time. The headgroup of a DOPC lipid from the outer leaflet is shielded by the CNT during the insertion
process. Both the CNT and the DOPC lipid molecule move into the hydrophobic core of the lipid bilayer. The DOPC lipid is represented as spheres,
CNT is represented as sticks, and the other lipids are represented as lines for clarity. Color coding of atoms is as follows: O, red; N, navy blue; C, aqua;
P, gold. Hydrogens and waters are omitted for clarity. (c) Average adhesion energy between the CNT and the healthy and cancer lipid bilayer systems.
(d) Percentage of DOPC lipids interacting with CNTs within the two different systems. The cutoff distance was kept constant at 6 Å. The inset shows a
snapshot of the CNT (black) interacting with DOPC lipids (orange) within the cancer lipid bilayer. Lipids positioned more than 6 Å away from the
CNT were excluded for clarity. Hydrogens were omitted for clarity. (e) Self-diffusion coefficient for both lipid bilayer systems with CNTs (orange)
normalized to control (blue). Simulation data are representative of two independent runs (n = 2).
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current higher than the reference. Moreover, changes in
normalized current were observed after increasing populations
of MCF-7 cells from 2 × 103 to 3 × 103 cells but not for MCF-
10A cells (Figure 2e,f). Thus, we demonstrate that the increase
in current within the heterogeneous population is specific to the
population of MCF-7 cells.
To estimate the selectivity for MCF-7 cells within the

heterogeneous cell population, the current signals of potential
interfering components (media and MCF-10A cells) were
investigated. (Supporting Information Figure S4) The percent-
age change of current output after CNT addition (ΔxCNT,%) was
calculated using eq 4.

Δ = − ×x
I

1
I

100%CNT,%
sample/CNT

sample (4)

where Isample is the current output for samples (media only,
control; MCF-10A cells; MCF-7 cells) and Isample/CNT is the
current output for samples incubated with CNT. Both Isample and
Isample/CNT were measured under light exposure. A substantial
change in current signals upon CNT incubation was observed
for MCF-7 cells (∼9%). We observed negligible interference
when control (∼0.3%) or MCF-10A cells (∼0.2%) were
incubated with CNT, indicating that the CNT optoelectronic
system is capable of selectively sensing changes in MCF-7 cells
within a heterogeneous cell population (has an excellent anti-
interference ability).
The MCF-7-specific change observed could be due to

favorable interactions between the CNT and MCF-7 cell
membrane. We propose that the system is able to detect MCF-7
cells with a limit of detection of ∼1.5 × 103 cells within a
heterogeneous cell population, lower than a baseline of∼1× 104

cells17 for existing electrical-based detection systems for a
medium population of adhered cells (see Supporting Informa-
tion Table S6). These findings show the potential of the CNT-
based photo-assisted AC pulse system as a sensitive sensor for a
small population of cancer cells within a heterogeneous cell
population.
To investigate the basis of how CNTs can enhance system

performance, all-atomMD simulations were performed to study
the interaction between the healthy and cancer lipid bilayer
systems with CNTs. As healthy cells transform into cancer cells,
the asymmetry of the cell membrane is lost.37,53 In healthy cells,
a higher percentage of charged lipids reside in the inner leaflet,
while the outer leaflet typically comprises neutral lipids. When
asymmetry is lost, there is an even distribution of charged lipids
between the inner and outer leaflet of a cancer cell membrane.
Based on lipid compositions proposed by Klaḧn and Zacharias,
we constructed a simple lipid bilayer comprising two lipid types:
neutral dipalmitoylphosphatidylcholine (DOPC) and negatively
charged dipalmitoylphosphatidylserine (DOPS) (Supporting
Information Table S3).37

Trajectory snapshots of the (8,8) CNT (l = 4.5 nm)
interacting spontaneously with the healthy and cancer lipid
membrane systems over time are shown in Supporting
Information Figures S5a and S6a. The following observations
are representative of both the two simulation runs, which are
comparable. The CNT was initially positioned perpendicular to
the lipid bilayer, about∼2 nm away from the outer leaflet, before
it spontaneously inserted itself into both the healthy and cancer
lipid bilayers. Prior to membrane insertion, the CNT rested
parallel to the top of the outer leaflet of the lipid bilayer.
Additionally, before the insertion process, the headgroup of an

outer leaflet DOPC lipid molecule inserted itself into one end of
the CNT, thus shielding the charges (Figure 3a,b). The CNT
and its associated DOPC lipid molecule then collectively moved
into the hydrophobic core of the lipid bilayer. After the CNT
was fully embedded within the hydrophobic tails of the lipid
bilayer, the DOPC lipid head moved away from the CNT to face
the solvent at the inner leaflet; as a result, the DOPC lipid
molecule was inverted after CNT insertion. The CNT remained
embedded within the hydrophobic core of the lipid bilayer due
to favorable hydrophobic interactions.
The interaction between the CNT and the lipid bilayer

systems was analyzed. Atom count, van der Waals (vdW)
energy, and center of mass (CoM) distance were calculated over
time and presented in Supporting Information Figures S5 and S6
for the healthy and cancer lipid bilayer systems, respectively. The
average adhesion energy (ΔE) between the CNT and the
healthy and cancer lipid bilayer systems was calculated using eq
1 (see Experimental and Simulation Section). The average
adhesion energy between the CNT and the healthy lipid bilayer
was higher than that between the CNT and the cancer lipid
bilayer, suggesting stronger interactions and an increased
adhesion between the CNT and the healthy lipid bilayer (Figure
3c). The number of DOPC atoms interacting directly with the
CNT (<6 Å) was calculated as a percentage using eq 2 (see
Experimental and Simulation Section). Interestingly, a higher
percentage of DOPC lipids within the cancer lipid bilayer
(∼5.17%) interacted with the embedded CNT compared to the
healthy lipid bilayer (∼3.91%) (Figure 3d). Interactions
between CNT and DOPC lipids have been shown to disrupt
the lipid bilayer by altering the orientation and mechanical
properties of the lipids.54,55 To further understand how the
presence of the embedded CNT can affect the mechanical
properties of the lipid, we calculated the mobility of the lipids,
which can be estimated from the self-diffusion coefficient. Mean
squared displacement was plotted as a function of time
(Supporting Information Figure S7), and the self-diffusion
coefficient was estimated from the slope of the curve. The self-
diffusion coefficient for the healthy lipid bilayer with the
embedded CNT decreased by approximately 40% compared to
control, while a smaller decrease (∼25%) was observed for the
cancer lipid bilayer system (Figure 3e). While a decrease in
mobility is expected due to the embedded CNT, the larger
decrease for the lipids within the healthy lipid bilayer system
could be associated with the higher adhesion energy between the
CNT and the lipid bilayer system.
The substantially lower mobility of the lipids in combination

with the higher adhesion energy with the CNT indicates that the
healthy lipid bilayer becomes more rigid than the cancer lipid
bilayer after CNT interaction. We suggest that cancer lipid
bilayers undergo structural loosening as a result of CNT
insertion. Hence, more CNTs are likely to be inserted into the
cancer cell membrane than into the healthy cell membrane,
enabling a larger current flow in cancer cells than in healthy cells
when activated by an electrical-bias pulse (Figure 2a,b,e).
The proposed AC pulse light-assisted CNT system could be

used to distinguish cancer cell lines from their healthy
counterparts due to their differences in cell membrane
compositions. Most cancer cells share similar mechanical
characteristics; previous studies have shown that cancerous
cells are less stiff compared to healthy cells. For example, Lekka
et al. demonstrate that human bladder cancer cells were
substantially less stiff compared to their healthy epithelial
counterparts.56 Similar results were reported for human ovarian
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cancer cells and human breast cancer cells.57,58 Thus, due to the
differences in cell membrane compositions, we propose that the
light-assisted CNTACpulse system could be used to distinguish
cancer cell lines from their healthy counterparts, as demon-
strated in this work using MCF-7 cells and MCF-10A cells.

■ DISCUSSION
Previously, cancer cells have been detected within heteroge-
neous cell populations using alternative methods such as
traditional fluorescence imaging. Traditional probes based on
CNTs typically require additional functionalization by fluo-
rescent molecules (e.g., quantum dots or ligands) before
material addition, as CNT is considered a substrate rather
than an active constituent.59 In addition, CNTs are generally
suspended in surfactants during the functionalization process,
such as sodium dodecylbenzene sulfate (SDS), which can be
cytotoxic.60 Recently, Raman imaging has been of interest to
detect and monitor cancer cells. This method is unique, as
Raman emissions have narrow spectra, allowing for the imaging
of multiple Raman-active dyes with a low background noise.61

Low dimensional nanomaterials such as CNTs are Raman
active: they can be detected by traditional Raman spectroscopy
methods via their unique vibrational frequencies.62 While
probes for this purpose can be designed with cancer cell
specificity, these methods typically require additional time-
consuming preparation steps and specialized equipment. CNTs
can also exhibit photoluminescence under near-infrared (NIR)
exposure due to their unique band gap structure, and have been
used as optical probes.63 However, to observe their photo-
luminescence, specialized laser setups may be required.64,65 On
the other hand, the CNT optoelectronic-pulse system does not
require additional preparation methods or specialized equip-
ment for detection. The method and setup are compact, low in
cost, and easy to use, allowing the system to be connected to
external circuitries and generate results quickly.
Another advantage of the proposed method is the detection

performance; for instance, the time utilized for detecting the
difference between healthy and cancer cells in the light-assisted
CNT AC pulse system based on electrical conductance (∼20
μs) can be shorter compared to traditional methods using pH
andmetabolic behavior. Conventional methods with fluorescent
pH probes may require more than 24 h of incubation before cells
can be visualized and the data can be collected.66,67 Moreover,
several limitations such as complex synthesis steps, low
sensitivity, and poor reproducibility may also be faced by
prototypical methods via fluorescent pH probes.68 In addition,
traditional methods based on hydrogen peroxide levels have
been harnessed to detect cancer cells;69−71 unlike healthy cells,
cancer cells lack catalase and are unable to break down hydrogen
peroxide. Experiments have demonstrated that the level of
hydrogen peroxide released by cells increases when the cell types
are changed from healthy cells to cancer cells.69−71 However, the
increased hydrogen peroxide level can be an indirect indicator
for cancer cells. The level of hydrogen peroxide generated may
also be influenced by the enzymes utilized and changes in pH,72

Moreover, the proposed method is capable of distinguishing
between healthy and cancer cells in real time without destroying
the cells. Archetypal mass spectrometry methods can be utilized
to differentiate between healthy and cancer cells based on their
cell membrane lipid compositions, but these methods can be
destructive and may require specific expertise.73,74

Electrical-based methods employing low dimensional materi-
als have also been utilized to detect cancer cells. For example,

Abdolahad et al. demonstrated cell-selective impedance outputs
for a single cell with frequencies ranging from 0 to 120 kHz using
a CNT-based device.14 While cells or biomolecules can be
detected with high specificity, traditional electrical-based
devices tend to detect single cells and appear to be single-use
devices.6 In this work, we were able to detect a heterogeneous
population of adhered cells using the CNT optoelectronic-pulse
system. Within a cell monolayer, cells are able to mimic the
native tumor environment better than cells in suspension. In
addition, cell−cell interconnects have proven to be important
for electrical current studies.18,19 The described system also has
reusable components: the ITO electrodes on the glass substrate
and cloning cylinders can be sterilized for future use,75 reducing
the cost of the system significantly.
CNT has demonstrated excellent biocompatibility and

electrical properties and has been used to identify cancer cells
from healthy cells using electrochemical methods. Traditional
CNT-based sensing systems have demonstrated that MCF-7
cells are more sensitive to electrical stimulation than MCF-10A
cells.14 Moreover, similar CNT-based electrodes have been
harnessed to determine the degree of metastasis for biopsied
breast tissue samples.32 However, CNTs used in these electrical
detection methods are not in suspension but are fixed on the
electrodes. It has been proposed that CNTs in solution can pass
through the cell membrane via endocytosis or passive
diffusion.24 Furthermore, experimental studies demonstrate
that CNTs aggregate within or close to the plasma
membrane;76,77 this could be due to the hydrophobic
interactions observed between the CNT and the lipid tails
(where the CNT embeds itself within the lipid bilayer).78 We
posit that MCF-7 cells have favorable CNT interactions that
result in an MCF-7 cell-selective detection. Further research to
investigate the mechanism of CNT uptake, such as functionaliz-
ing CNT with fluorescent probes, could provide a deeper
understanding of the MCF-7 cell-CNT interaction.
Furthermore, we suggest that the proposed system could be

utilized to detect early signs of tumorigenesis. In previous
studies, combined nanomaterial electrical-based/nanomaterial-
based systems have been harnessed to identify biomarkers or
circulating tumor cells (CTCs) that can indicate early signs of
cancer development.79−82 For example, Yang et al. were able to
electrochemically detect prostate-specific antigen (PSA) with a
low detection limit using graphene sheets functionalized with
quantum dots; PSA plays a crucial role in the early stages of
prostate cancer development.83 Using functionalized CNTs,
Nima et al. were able to distinguish between healthy and cancer
cells in suspension from Raman signals.62 Thus, the proposed
combination of CNT and AC-pulses can be similarly utilized to
detect early signs of cancer development.
To further develop the CNT optoelectronic-pulse method for

clinical relevance, it is important to detect cancer cells within a
heterogeneous three-dimensional (3D) cell culture that can
mimic tumor tissues found within the body. Designing detection
systems for 3D cell cultures have been investigated.84 For
example, excised tissue samples can be placed into a measuring
chamber with electrodes to connect the circuit.85 Alternatively,
tumor tissues extracted from patients can be cultured prior to
detection.86 Excised samples could be digested and cultured via
traditional culture methods. Using an extracellular matrix
(ECM) such as Matrigel, 3D cell cultures can be prepared to
mimic native biological cues that are present in the body.13,19

The subpopulation of cancer cells within the prepared 3D cell
cultures can then be detected using the CNT optoelectronic-
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pulse sensor (Supporting Information Figure S8). With the
advancement of tissue engineering, 3D cell cultures can also be
grown or bioprinted to integrate the cell culture with the
system.19,84

One of the concerns of detecting cancer cells within a 3D cell
culture is the electrical contribution of biological components
found within the ECM; the ECM is present in tissues and organs
and provides physical and biochemical cues for the cells.19,84

Previous literature showed minimal effects on electrical output
when cells were seeded on electrodes coated with ECM proteins
(e.g., laminin, adhesion peptides, and other proteins).87

Furthermore, real-time impedance responses were detected for
lung cancer cells seeded on collagen-coated electrodes at
different cell populations;84 changes in impedance were
recorded as cells proliferated over time. The study also showed
that additional biological components found in complex ECM
have little/no effect on current signals.84 Further investigation
and research on the CNT-based framework can develop a
system to support ECM-based cell scaffolds with minimal effects
on electrical output.

■ CONCLUSIONS
In summary, we have demonstrated the efficiency and sensitivity
of the CNT-based photo-assisted AC pulse sensor for the
detection of MCF-7 cells. This method was able to enhance the
bioelectrical signatures ofMCF-7 cells by harnessing CNTs with
AC pulse under light irradiation. Specifically, the sensor can
detect ∼1.5 × 103 MCF-7 cells within an adherent
heterogeneous population, an essential feature for identifying a
small population of cancer cells. Additionally, all-atom MD
simulations elucidate a structural loosening-facilitated increase
in current. This system is compact, low in cost, and it has easy-
to-use, reusable components that allow for easy implementation,
improved user convenience, and high accessibility. Thus, the
proposed sensor represents the first methodology reported using
CNT-based photo-assisted AC pulse method for clinically
relevant cancer cell detection and is an excellent building block
for the development of lab-on-chip platforms.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Experimental details describing the composition of
heterogeneous cell populations (Table S1); parameters
for modeling CNT (Table S2) and lipid bilayer
composition (Table S3); tables provided also show
significance for CNT cytotoxicity over time (Table S4);
raw and normalized values for current output for MCF-
10A cells and MCF-7 cells with and without CNT (Table
S5) and limit of detection for other state-of-the-art
electrical-based systems compared to this work (Table
S6); additional figures provided show cell viability in
heterogeneous cell media (Figure S1); cell growth and
proliferation within the CNT-based optoelectronic-pulse
setup (Figure S2); normalized current output as a
function of light intensity (Figure S3) and percentage
change of current output after CNT addition for MCF-
10A cells and MCF-7 cells (Figure S4); further details of
the MD simulations for both the healthy and cancer lipid
bilayer model are also provided (Figures S5−S7); and
schematic illustrations are provided to describe the

preparation of 3D cell cultures for detection with the
CNT-based optoelectronic-pulse setup (Figure S8)
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