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Impedance spectroscopy is a widely used technique for monitoring cell-surface interactions and
morphological changes, typically based on averaged signals from thousands of cells. However, acquiring
impedance data at the single cell level, can potentially reveal cell-to-cell heterogeneity for example in
response to chemotherapeutic agents such as doxorubicin. Here, we present a generic platform where
light is used to define and localize the electroactive area, thus enabling the impedance measurements
for selected single cells. We firstly tested the platform to assess phenotypic changes in breast cancer
cells, at the single cell level, using the change in the cell impedance. We next show that changes in
electrochemical noise reflects instantaneous responses of the cells to drugs, prior to any phenotypical
changes. We used doxorubicin and monensin as model drugs and found that both drug influx and efflux
events affect the impedance noise signals. Finally, we show how the electrochemical noise signal can be
combined with fluorescence microscopy, to show that the noise provides information on cell
susceptibility and
electrochemical impedance and electrochemical noise with fluorescence microscopy provides a unique
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Introduction

In cancer biology, understanding cellular heterogeneity is the
key to both understanding the mechanism of disease and the
response to treatment.”” The challenge is particularly acute
because disease is often caused by aberrant cells which may be
rare relative to the dominant healthy cells. Identifying, isolating
and preconcentrating rare cells typically focusses on differences
in cell phenotype or cell surface markers.** However, even
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within a population of isolated cells, there may still be func-
tional heterogeneity that is not revealed within the markers
used to isolate a population.® As such, functional assays on the
single cell level are required.”® The majority of such single cell
assays use fluorescence markers to provide functional and
structural information about cells, either as endpoint assays
such as flow cytometry to obtain high volumes of data,’ or live
cell fluorescence microscopy based functional assays that can
follow sub-cellular changes but require labelling and there are
challenges with continuous monitoring over long timescales.'®
The short timescale limitation with fluorescence is due to
concerns over phototoxicity with continued excitation of fluo-
rophores over time."* What would complement the fluorescent
approaches is a label free technique that can monitor live cells
over many hours but with high temporal resolution."” Electro-
chemical impedance spectroscopy is one such label free tech-
nique that can not only monitor cells over many hours but can
do this with high sensitivity and with millisecond temporal
resolution.*

Since its development by Giaever and Keese in 1991," elec-
trochemical impedance spectroscopy has been an ensemble
technique requiring ~2000 cells or more to enable the investi-
gation of cell-surface interactions or drug responses. The signal
from cells in electrochemical impedance comes from cells
adhering to the electrode and restricting the access of ions to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that electrode. Any changes in cell shape, how tightly the cells
adhere to the electrode surface and membrane integrity result
in a change of the dielectric properties of the cell layer, with the
relative contribution of each parameter able to be determined
using models." The result is a change in impedance. In the case
of drug treatments, this means the electrochemical impedance
monitors cell changes due to drug action that in most cases
require the activation of signalling cascades. Such changes
occur over several minutes to several hours, so this often means
a lag time before an impedance signal change is observed.*” The
twin challenges with impedance spectroscopy are to reduce the
method down to a single cell and to rapidly monitor process
that occur within a cell before any phenotype changes. The
challenges with single cell measurements are predominantly
electronic. In electrochemical impedance spectroscopy,
measurements are equated to a circuit of resistors and capaci-
tors. At the single cell level, the leads and circuitry of the
instrument can contribute significantly to the signal, particu-
larly at high frequencies. To address this issue, Laborde et al.**
have built all the electronics within a silicon chip to allow
a microelectrode array to operate at very high frequencies to
follow the migration of single cells. This approach is not
generally accessible to others, however, as integrating the
electronics into silicon is enormously expensive and very spe-
cialised. A second aspect of the electronic challenge is the need
to connect each individual electrode to the external electro-
chemical circuit which limits the number of detectable
recording sites.” There are some elegant strategies to fabricate
large arrays of independently addressable electrodes which
again require microfabrication’® and patterning of surface
chemistry to confine the cells to individual electrodes."”

In recent years, the semiconductor devices and circuits
showed advantages like fast response, signal amplification,
multifunctionality and multiplexity, have been widely for
assessing complex dynamics in biological systems.*'*>* The
purpose of this paper is two-fold. The first is to demonstrate
a far simpler strategy to achieve single cell impedance
measurements of both cell phenotype changes and rapid cell
responses to drugs prior to any phenotype changes. The second
is introduce the concept of using electrochemical noise from
single cells, and the change in that noise, to monitor uptake and
efflux of drugs from single cells. Both draw on the advances in
semiconductor devices for cell biology. We overcome the
restriction of needing microfabrication and complicated elec-
tronics to confine and address individual cells by using unpat-
terned semi-conducting silicon electrodes that are in depletion.
Shining light on a given location transiently activates that
region of the electrode such that it becomes electrochemically
active whilst the rest of the surface remains electrochemically
inactive.”*** This means that any area can be electrochemically
addressed on a monolithic surface with only one connecting
lead.

This activation of specific areas of a surface by light is based
on light exciting photoelectrons from the valence band to the
conduction band of the semi-conducting silicon electrode that
is in depletion. This excitation of photoelectrons causes an
increase in minority charge carriers in the silicon and hence an
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increase in conductivity around the site of illumination.”® We
have explored fundamental aspects of this concept, referred to
as light activated electrochemistry,” including the impact of
light intensity,*® orientation of the light beam®” and the thick-
ness®® and crystallinity*® of the silicon on the spatial resolution
that can be achieved and show that spatial resolutions below
that needed to interrogate a single cell can be achieved.?”** We
have also shown that this technique can be used to release rare
single cells captured on an unpatterned surface,® and the
detection of ion release from single cells, combined with fluo-
rescence microscopy can be used to show how the cells respond
to drug treatment.*®

Herein we further show it is possible to perform conven-
tional impedance measurements on single cells that are located
anywhere on the silicon electrode surface. This is achieved by
illuminate the region of a single cell and monitoring changes in
electrochemical impedance as the cell phenotype changes.
Furthermore, for processes occurring prior to any change in cell
phenotype, or processes where there is no associated pheno-
typic change, we take a radical new approach of measuring the
electronic noise. Changes in this noise reveal information
about, for example, the uptake of drugs by a cell and the
resultant efflux of these drugs. We show that for adjacent MCF-7
breast cancer cells on the silicon electrode the amount of the
drug doxorubicin taken up by the cells varies and the change in
impedance of individual cells correlates with the amount of
drug within the cells. We demonstrate that changes in electro-
chemical noise occur the instance cells are exposed to drugs
that the noise relates to the amount of drug within the cells.
This allows us to not only differentiate drug resistant from drug
sensitive cells, but explore the heterogeneity in the response of
single cells from the same origin, in a label free manner, over
many hours. This is an important advance for understanding
single cell heterogeneity and potentially personalised medicine
as it provides a method for monitoring the heterogeneity in the
response of cells to drugs where the cell phenotype does not
change, without necessitating the need for any labels or fluo-
rescent species. This new capability allows the monitoring of
the uptake of species into cells where there is no change in
phenotype, at the single cell level, for many hours. No labels are
required and the method is complementary to fluorescence
microscopy. This exciting technological advance allows cell
heterogeneity to be monitored and understood without
concerns that the system is perturbed by any labels.

Results and discussion

Platform design and performance for light addressable single-
cell impedance

The working principle for performing single cell impedance
uses the concept of light activated electrochemistry and is
illustrated in Fig. 1a. To localise the cell impedance to a single
cell using light requires a semiconducting silicon electrode that
is in depletion at the potential used for the electrochemical
impedance measurement.> When the electrode is in depletion,
there is a deficiency of the minority carriers in the silicon that
can drive an electrochemical reaction. In such cases, optical
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Fig. 1 (a) Schematic representation of the single cell impedance sensing platform consisting of electrochemical measuring and imaging unit.
Also shown is the simplified electrical equivalent circuit for a living cell attached on modified silicon electrode. The sealing resistance (Rses) from
cell adhesion is connected with the membrane capacitance (C,,) and resistance of cytoplasm (R.) in parallel. The charge transfer resistance (R),
double layer capacitance (Cq) at the electrode/electrolyte interface, and resistance for cell culture medium (Rmeq) between counter electrode
(CE) and working electrode (WE) are also presented. (b) A customized silicon surface was designed to selectively attach the cells of interest onto
the surface and perform light activated electrochemistry at the illumination area, the chemical structure of the surface is shown. (c) As
a demonstration of the platform working principle, bright-field images of cells can be acquired using an optical microscope, subsequently, the
platform design that has an integrated laser beam that serves as a contactless wire for recording electrochemical impedance data on distinct
spots (red circles indicate the laser beam on cell or cell free region) on cells attached to the monolayer-modified silicon surface. The surface
placed in an electrochemical chamber is connecting with the electrochemical workstation, therefore, the impedance data for these illuminated
spots could be collected simultaneously. (d) The raw data shows the impedance change when moving laser beam at one single cell or adjacent
cell free region as indicated in panel (c) using the platform. E= 0.1V, f = 400 Hz. (e) Representative microscopy images of an MCF-7 cell attached
on silicon electrode showing the spreading area change during the impedance monitoring process, (f) shows the positive correlation between

the impedance change and cell spreading area (analysed cell-cross area in (e) using Imaged, with detailed tutorial in the ESI¥).

illumination excites electrons from the valence band of the
silicon to the conduction band. This excitation increases the
amount of minority carriers, and hence the conductivity. As
such, the illumination allows electrochemical measurements to
be performed at the site of illumination, with the rest of the
surface remaining electrochemically inactive. Note, silicon was
chosen as its energy band gap is sufficiently small, 1.1 eV, such
that visible light, that is benign to the cells, can be used.’* The
majority of other common semiconductors require ultraviolet
light excitation.* The challenge with silicon however is the easy
oxidation which prevents electrochemistry occurring. To over-
come this challenge the semiconducting silicon surface was
firstly passivated by an alkyne-terminated organic monolayer on
hydrogen terminated silicon via thermal hydrosilylation (see
Fig. 1b and S1a).1** Subsequently, anti-EpCAM IgM antibodies
were attached on silicon which are specific to epithelial cell
adhesion molecule (EpCAM) that is upregulated in MCF-7
breast cancer cells. The high-resolution XPS spectrums of Si
2p peaks for cell attached silicon electrodes after running a set
of impedance measurements in aqueous medium were shown
in Fig. S1b-d.T The incredibly minor increase in silicon oxide at
102-104 eV after incubation in cell culture medium and per-
forming electrochemistry indicates the high quality of mono-
layer and its ability to prevent appreciable oxidation, which also
supports the stability of the electrode during electrochem-
istry.>*** Note for other applications more broadly applicable
ligands such as cell adhesive ligands RGD peptides could be
employed.* The antibodies allow selective capture of a given
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cell type and tethers the cells to the surface for impedance
measurements.*® It has been previously shown that this surface
chemistry not only allows silicon electrodes to be used in bio-
logical buffers** but that the antibody modification provides
a surface where one cell type can be selectively captured despite
the presence of a mixture of cells in the media.’?

The modified silicon surface with captured MCF-7 cells was
inserted into a custom designed chamber that allowed simul-
taneous impedance and microscopy measurements to be per-
formed.** Whilst under the microscope, a laser beam was
moved over the surface. According to previous work, the photo-
generated charge carrier diffusing inside of the bulk silicon will
make the electrochemical active region larger than the beam
size.”®** Therefore, a laser beam with optimized full width at
half maximum (FWHM) of 5 pm, which makes the spatial
resolution of light activated electrochemistry around 18
um,*>**** was utilized to perform single cell impedance
measurement. The impedance of individual cells, and cell free
regions, were measured as the laser beam moved across the
surface (Fig. 1c). Using this setup, the impedance for each
individual cell can be addressed sequentially by moving the
light beam to each cell of interest. Optical microscopy was used
to observe the cell morphology, either under bright field or
fluorescent imaging. The increase in impedance as the light
source scanned past the cell is attributed to the cell limiting the
access of ions to the electrochemically active portion of the
silicon electrode. Fig. 1d shows an example of the change in
actual impedance data when the laser beam was illuminated on

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a single attached cell or at adjacent cell-free regions. The
impedance data without attached cells was used as the refer-
ence,”” and the normalized impedance in terms of
((Z'cetl = Z'celitree) /Z cellfree) X 100 was used to compare the
difference in impedance for cell and cell-free regions. In this
work, such difference is readily visible with the normalized
impedance typically lying in the range of 0.30-0.60%. This
result demonstrates that the system can determine the imped-
ance from attached cells. Importantly, over the time frames of
the experiments presented herein, there was no change in cell
viability (ESI Table 17). This was shown using a trypan blue
exclusion tests after impedance measurement.*® These results
demonstrate that the use of light to electrochemically activate
regions of the surface to perform measurements has no
significant effect on cell viability.

We examined the spreading characteristics of one single
MCEF-7 cell after capturing cells on the silicon electrode (Fig. 1e)
and monitored its impedance at frequency of 400 Hz for 30 min
(Fig. 1f). Fig. 1f showed with the increase of attachment and
spreading of the MCF-7 cell, there is a concomitant increase in
the real part of the impedance signal. This is because the cell
membrane is insulating and the increased cell spreading on
surface will restrict the current flow underneath the cell so the
seal resistance (Rsea), Fig. 1a) is increased. The real part of the
impedance signal at a frequency of 400 Hz was sensitive to this
change, therefore, we see there is a positive correlation between
the real part impedance change and cell spreading area increase
over 30 min.

We next demonstrate that our platform has the capability to
monitor the response of the cells to drugs in real time. As an
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effective chemotherapy medication to treat breast cancer,
doxorubicin was chosen as the model drug.* Fig. 2 shows an
example of three MCF-7 cells monitored at the single cell level
before (Fig. 2a) and 30 minutes after exposure to 1.0 uM of
doxorubicin (Fig. 2b). It is apparent from the intensity of the
fluorescence from doxorubicin in fluorescent microscopy
images that the three cells accumulate different amounts of
doxorubicin (Fig. 2c). We also observe that the normalized
impedance change of these cells after exposure to doxorubicin
(Fig. 2d) varies, integrating the area covered by each single cell
in Fig. 2a and b during the measurement reveals that the
method provides information on the cell adhesion and changes
in cell spreading at a single cell level. The reduction in cell area
for the cells identified by the red and yellow circles correlated
well with the decreases in normalized impedance. By inter-
preting more cell area and normalized impedance data, Fig. 2e
shows a linear relationship between the decrease in impedance
and a reduction in the cell contact area determined from the
bright field images. Note however that the impedance change is
not only dependent on the cell contact area, but also on the cell-
surface adhesion.” A change in cell-surface adhesion could be
the explanation for why the cell (circled in blue colour) in Fig. 2a
and b has a reduced cell contact area of ~6% but the impedance
increased slightly. These results highlight the need for methods
that can explore the single cell heterogeneity, as in this case,
three immortal cells from a single population exhibit differ-
ences in how the impedance changes after exposure to doxo-
rubicin. Further highlighting the heterogeneity of the response
of cells to the drug is that although the change in impedance of
the nine cells shown in Fig. 2e was directly correlated with the
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Fig. 2 Single cellimpedance monitoring during doxorubicin treatment. The bright field images of MCF-7 cell captured on the silicon surface (a)
before and (b) 30 min after treatment with 1 M doxorubicin. (c) Shows fluorescent images of the cells where the intensity of the red fluorescence
from the doxorubicin informs about the doxorubicin accumulation levels 30 min after doxorubicin loading. Three circled cells show different
fluorescence intensities on the intensity line scan in part (c). (d) Single cell impedance was performed by moving the laser beam (FWHM of 5 um)
on individual cell sequentially, and the normalized impedance data for the three individual cells (yellow, red, and blue circled in a, b, and c) is
shown. Measuring single cell cross-sectional areas from the bright field images before and after doxorubicin treatment, and comparing them
with the corresponding impedance values changes, (e) the scatter plot shows cell cross-sectional area change versus the impedance variation
with corresponding linear regression statistics, F test was employed to confirm the slope was significantly non-zero, and Pearson correlation
coefficient is 0.93. (f) A typical single cell impedance trace shows the impedance change after loading the doxorubicin at 200 s.
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change in area of the cells, thus showing the single cell
impedance provides a means to monitor cellular morphology
and cell-substrate adhesion interactions change during drug
treatment, the change in area of the cells was not directly
correlated with the amount of drug uptake (Fig. S21). When
conducting this experiment, we observed that when the cell is
exposed to the drug the impedance measurement suddenly
shows much larger fluctuations, or noise, than prior to the
addition of the drug (Fig. 2f). Such impedance fluctuations are
clearly noted in Fig. 2d for the three cells listed in Fig. 2a-c.
Such as the red circled cell, which showed remarkable
morphological change, consistent change in normalized
impedance change, and the significant impedance noise
(Fig. 2a-d). Meanwhile, three cells not only showed various
normalized impedance change, but also showed different
impedance fluctuations. The impedance noise and how it can
be used for quantifying the heterogeneity in cell responses to
drugs will be discussed further in the next section.

Doxorubicin induced cellular response detection: cell
impedance noise levels indicate the drug uptake levels for
doxorubicin treated MCF-7 cell line

Cellular uptake is an important determinant of the pharmaco-
dynamic properties of drugs and drug candidates. The cytotoxic
effect of doxorubicin on human breast cancer cells (MCF-7) has
been reported to be positively correlated with the amount of
doxorubicin taken up by cells.*” As the rapid uptake of drugs
precedes any downstream signalling events, it is not detected
using conventional impedance measurements. Generally,
optical imaging is the main method to visualize the drug
accumulation levels in living cells. The question being asked
here is, can the sudden increase in noise observed in the single
cell impedance data for the MCF-7 cells after doxorubicin
loading be used to quantify the uptake of the drug by the cells?
This sudden increase in noise is evident in a single cell trace
shown in Fig. 2f upon the injection of the drug. As doxorubicin
is also fluorescent, the onset of noise can clearly be correlated
with fluorescence microscopy showing that the noise
commences as the drug enters the cell. Note in the cell free
regions there was no obvious increase in noise on addition of
doxorubicin (Fig. S3a and df).

To clarify whether the impedance fluctuations were specific
to doxorubicin or not, we next exposed the cells to the antibiotic
monensin, which is also an Na'/K" antiporter (Fig. S51). As with
doxorubicin, exposure of the cell to 10 uM monensin, a sudden
increase in the electrochemical noise is observed (Fig. S5af).
Note over the 30 minutes of this experiment, after the addition
of the drug, there is an increase in impedance which is asso-
ciated with the cells spreading. This can be seen in the bright
field images before and after monensin loading for 30 min
(Fig. S5b¥). What is evident in Fig. S5b¥ is after the drug treat-
ment, more filopodia spreading from the cell are observed. The
10 nM monensin did not lead to MCF-7 cell death*" although
a decrease in intracellular K" concentration was noted from
fluorescence images (Fig. S5c¢t). This decrease in K* concen-
tration is because monensin causes rapid transfer of ions across

2562 | Chem. Sci,, 2021, 12, 2558-2566
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the cell membrane.*” This gives a clue that the impedance
fluctuations were due to ion transport through the cell
membrane on exposure to the drugs used herein. Doxorubicin
(Adriamycin) and many other antibiotics are known to facilitate
the translocation of ions across biological membranes.* If one
considers a living cell in terms of electronic components, as is
typically done in impedance spectroscopy, electrical models of
a cell consists of both resistance and capacitance (a simplified
equivalent circuit is inserted in Fig. 1a). Ion flux across the cell
membrane will change both the resistance of cytoplasm and
membrane capacitance, and hence reflected as increased
impedance noise.

Fast Fourier Transform (FFT) is a widely used mathematical
tool to convert a signal from its time domain to frequency
domain,**** hence FFT is applied here to analyze the impedance
noise data by varying the impedance fluctuations with different
frequencies and amplitudes. Fig. 3a shows three cells where the
uptake of drug increases with time but where the fluorescence
intensity for the three cells, from the fluorescent doxorubicin
(red colour in the images), is quite different among the cells.
Note from Fig. 3b it can be observed that the median impedance
of the cell covered region does not change significantly on
exposure to the drug, while the interquartile range, reflective of
the amplitude of the impedance fluctuations, increases
dramatically. The impedance curves and box plots in Fig. S3a-
dt summarized the impedance differences for cell free region,
a dead cell (where there is membrane lysis), and a living cell,
before and after exposure to doxorubicin. The absence of the
significant increased noise in these cases further confirms the
impedance noise is the main response of a living cell to the
drug. To analyze the raw impedance data in Fig. 3c, the
impedance signal was converted from its original time domain
to a single side amplitude spectrum in the frequency domain. In
the obtained Fourier amplitude spectrum, the frequency with
the maximum amplitude in the FFT spectrum was identified as
the dominant frequency which typically occurred at ~0.1 Hz.
Note in FFT spectrum for cell free region or a dead cell after
treating with doxorubicin or a living cell prior to addition of
doxorubicin (see Fig. S3e-gt), there was no dominant
frequency. By comparing the amplitude spectra in Fig. 3¢ for
three cells, it shows the amplitude of the dominant frequency
tends to change with the amount of drug that enters the cell.
This is especially the case at the dominant frequency at 0.11 Hz
where the more drug that enters the cell, the higher is the
amplitudes at the fundamental frequencies (Fig. 3d). To further
verify this observation, single cell impedance data from 36 cells
from 6 different silicon electrodes were collected and processed
using FFT analysis, and the relationship between fluorescence
intensity of doxorubicin in MCF-7 cells and amplitudes is given
in Fig. 3d. It can be seen the doxorubicin uptake level correlates
well with the amplitude from FFT spectrum. The results indi-
cate the electrochemical noise could provide quantitative
information for drug uptake at the single cell level at early time
points, which does not require any pre-labelling. This capability
is particularly meaningful to quantify the uptake and effect on
cells of drugs that are not fluorescent as we showed with
monensin above.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The fluorescent images for doxorubicin treated MCF-7 cells with time (blue for Hoechst 33342, red colour reveals the accumulation of

doxorubicin), white squares indicate the illumination region during impedance measurement. (b) Box plots represent the real part of the
impedance for a cell free region after loading 1.0 uM doxorubicin (black box), and for a single MCF-7 cell before (red box) and after loading 1.0 uM
doxorubicin (blue box). (c) The real part impedance curves and the corresponding Fourier amplitude spectrum for the three different cells
(number 1-3 as indicated in panel a, ¢, and d). (d) The relationship between the fluorescence intensity of doxorubicin in MCF-7 cells and the
maximum amplitude at the dominant frequency obtained from the real part impedance signal of MCF-7 cells.

Influence of the cell type and doxorubicin exclusion level on
the impedance noise

We next sought to show that the FFT amplitude signal from
single cells could be used as a measure of the tolerance of
different cells to the drug. Although doxorubicin has been
a valuable clinical antineoplastic agent in recent years, cell
resistance to the drug can limit its efficacy. Thus, we compared
the response of normal drug sensitive MCF-7 cells to doxoru-
bicin over time versus that from multidrug-resistant MCF-7 cell
line (MCF-7-VP).*® The MCF-7-VP cells were developed by
stepwise selection of MCF-7 cells to etoposide (VP) and are
cross-resistant to doxorubicin. The MCF-7-VP cells were ana-
lysed using the single cell impedance sensing system before and
after loading with doxorubicin. Fig. S61 summarizes a set of
comparisons between the two cell lines that include the fluo-
rescence images, the fluorescence intensities from doxorubicin
on these cells, the amplitudes at the dominant frequencies from
the FFT spectrum of impedance signals, and the relationships
between fluorescence intensity and amplitude. We can see the
accumulation levels for the two MCF-7 cell lines are quite
similar immediately for the two cell types after a 30 minute
exposure to doxorubicin (Fig. S6at). There was a similar linear
dependence trend between the fluorescence intensity and
amplitude observed for the two cell lines (Fig. S5bt). The box
plots for the fluorescence intensity and amplitudes (Fig. S5c¥)
clearly represent these similarities, which suggests the magni-
tude of the impedance or the noise cannot identify a doxoru-
bicin resistant MCF-7 cell from drug sensitive cells over the
short time scales of this measurement. Note, in the case of both
cell types, the cells are exposed to the concentration of doxo-
rubicin, and as the uptake of doxorubicin is known to be similar

© 2021 The Author(s). Published by the Royal Society of Chemistry

in resistant and sensitive cells, the noise is expected to be
similar.

The mechanism for the drug resistance by MCF-7 cells is
complex. It is accepted that the mechanism of doxorubicin
resistance involves ABCB1 (MDR1, Pgp),*” ABCC1 (MRP1), and
other transporters (ABCC2, ABCC3, ABCG2, and RALBP1).%%°
These identified transmembrane pumps are responsible for
doxorubicin efflux from cells. Thus, it is in the efflux of doxo-
rubicin that differentiates the drug resistant from the non-
resistant cells. Consequently, we designed the experiments to
see whether the impedance can reflect the effects of these
transporters. The doxorubicin sensitive MCF-7 and resistant
MCEF-7-VP cells were treated with doxorubicin and left in
doxorubicin free cell media for 1 h,2 h,3 h,6 h, 12 hand 24 h
after exposure to the doxorubicin followed by plating both cell
lines onto the same modified silicon electrode surface. Subse-
quently single cell impedance was performed on these cells. To
differentiate the two cell lines on the same surface, we labelled
MCF-7-VP using a green-fluorescent calcein that causes no
change in the impedance or noise. From the fluorescence
images in Fig. 4a, one obvious observation is that the doxoru-
bicin accumulation levels for MCF-7-VP cells are lower than for
the MCF-7 cells, and this difference becomes more pronounced
with the time after exposure to doxorubicin from 1 h to 24 h.
The results show that the MCF-7-VP cell line has the ability to
transport doxorubicin out of the cell more effectively than the
MCF-7 cells, as expected, such that there are lower amounts of
the drug in the MCF-7-VP cells.”® The FFT amplitude spectrum
from the impedance signal correlates with these fluorescence
microscopy results (Fig. 4b and c). For the MCF-7-VP cells, the
amplitude at the dominant frequency decreased with increased
doxorubicin exposure time, reflecting the doxorubicin effluxing
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Fig. 4

(a) Fluorescence microscopy images for doxorubicin treated MCF-7 and MCF-7-VP after as indicated duration, the MCF-7-VP cells were

stained with calcein AM ethidium homodimer-1 (green color), the red color reveals the accumulation of doxorubicin. (b) Set of raw impedance
data and its FFT spectrum for doxorubicin treated MCF-7 after as indicated duration. (c) Set of raw impedance data and its FFT spectrum for
doxorubicin treated MCF-7-VP cells after as indicated duration. Note after doxorubicin loading for over 1 h, the cell-substrate adhesion levels
are not as sensitive as when the cells were treated with the drugs in the first hour, and hence the averaged impedance values show no clear
changes during the 300 s impedance measurements. (d) The real time changes of cell viability use trypan blue exclusion method, doxorubicin
fluorescent intensity, and FFT amplitude from the impedance signal for MCF-7 and MCF-7-VP cell after doxorubicin treatment are plotted for

comparison, n = 5 independent samples, data are shown as means =+ s.d.

ability of MCF-7-VP cells and the lower amounts of doxorubicin
being retained in the cell (Fig. 4c). This decrease in amplitude
was particularly evident between hours 2 to 5, but as with the
fluorescence from the doxorubicin, it continued to decline over
the next 20 h. Note, neither the fluorescence intensity, nor the
amplitude changed significantly over the same time period for
the MCF-7 cells. The magnitude of the amplitude from MCF-7-
VP cells was lower than that from MCF-7 cells 2 h after drug
loading (Fig. 4d). These results suggested the electrochemical
noise signal as a measure of the transport of doxorubicin across
the plasma membrane of cells and hence quantify the exclusion
ability for single MCF-7-VP cells. Thus, the noise measurements
can distinguish the drug susceptibility from cells at the single
cell levels after only short duration of drug exposure.

2564 | Chem. Sci, 2021, 12, 2558-2566

Conclusions

We introduced a photo-electrochemical technology for directly
assessing single cancer cell activity in real time based on
impedance measurement. The system is based on functional-
ized silicon, on which light can localise electrochemistry to
a single cell without any need for electrode patterning or pre-
determined surface architecture. The light addressable resolu-
tion for single-cell level impedance offers important capability
that is not readily achieved with current cell-substrate imped-
ance techniques unless using microfabrication. We firstly vali-
dated its fundamental capability to follow the attachment and
spreading of individual cells. We show the ability to explore
variations in the uptake of doxorubicin by single MCF-7 cells, as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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determined by simultaneous fluorescence microscopy, and how
the doxorubicin influenced the spreading and adhesion
changes of the cells using single cell impedance spectroscopy.
The variation in individual drug uptake and response to this
drug, when there is no phenotypic change in the cell is a new
capability that could not be resolved by using traditional cell
impedance assay that is performed on an ensemble cells level.**
These initial results demonstrate the potential of light
addressable single cell impedance to explore cell heterogeneity.

As powerful as the single cell impedance measurement that
we have developed is, with this method, in common with all
impedance methods, the response of the cell to the drug
doxorubicin is a downstream response from the drug uptake.
That is, there is a lag time between the drug uptake and the
impedance change which is frequently 30 minutes or more."*
We noticed however in this measurement that the drug uptake
was associated with a sudden increase in noise in the imped-
ance signal. This noise was attributed to the flux of ions through
the cell membrane as the drug passed into the cell with similar
increases in noise when the cells were exposed to the ion anti-
porter, monensin. Further support for the suggestion that the
noise is related to ion-transfer come from the similarity between
the noise we observe and that from electrophysiology experi-
ments where ion-channels are voltage stimulated.**** In bio-
sensing, electrochemical noise has hardly been explored
although it has gained some interest in looking at organic films
on electrodes as anti-corrosion coatings where the noise arises
from naturally occurring fluctuations in potential and current
around a mean value in electrochemical cell.>*

By converting this noise from the time domain to the
frequency domain, using a fast Fourier transform, the ampli-
tude at the dominant frequency was shown to correlate with the
amount of doxorubicin that was taken up by the cell. That is, the
FFT signal from the noise in the impedance served as a new type
of cell electrochemical impedance measurement that did not
rely on changes in cell phenotype but rather was an instanta-
neous measure of the amount of drug being transported into
the cell. Furthermore, the noise signals provide additional
information to conventional impedance measurements as we
show that the signals are obtained regardless of whether the
impedance changes. We compared the noise profiles for MCF-7
cells versus doxorubicin resistant MCF-7-VP cells when there
was no change in the real impedance at the single cell level.
Initially we observed very similar noise profiles for both cell
types. However, within 3 h the amplitude at dominant
frequency in the FFT spectrum for the MCF-7-VP cells began to
decrease as the doxorubicin was effluxed from the drug resis-
tant MCF-7-VP cells. As expected for the resistant cells, where
the transporters to efflux the drug from the cells are upregu-
lated,*®*° the amplitude at the dominant frequency continued to
decline as more doxorubicin was effluxed from the cells as
determined using fluorescence microscopy. The FFT spectra
thus provide complementary and supporting evidence to other
experimental studies like imaging results.

The key advance of the experimental design is that many
single cells can be interrogated by simply moving the light
source from one cell to the next. Hence the heterogeneity of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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single cell responses to external stimuli can be investigated. In
addition, there is no need to label the cells with a biomarker,
which means the approach is not specified to a specific target or
cellular pathway, and maximal information including cell
spreading and attachment, drug uptake and exclusion behav-
iors could be gathered to evaluate the effects of drugs. In
addition, the changes in the cell recorded by impedance can
also be correlated with light microscopy, and even fluorescence
microscopy if the drug is fluorescent like doxorubicin. A further
advantage is that the cells remain viable throughout the non-
destructive measurement, and thus it allows the cells to be
studied using other single cell assays, such as single cell
genomic analysis. This ability allows for a correlation between
single-cell impedance changes and genomic profile, and hence
it will be possible to derive a deep understanding of the rela-
tionships between cellular responses and genotypes.

Hence the single cell impedance measurement provides
a means to monitor differences in changes of cell phenotype as
a result of drug exposure of single cells whilst the associated
noise in the impedance responses can be used to correlate this
change in phenotype with drug uptake. Shown here for a fluo-
rescent drug that can also be visualized via light microscopy,
this approach has the potential to be used with non-fluorescent
drugs, and hence applied for cell screening prior to the down-
stream molecular analysis.
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