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Abstract
Tumour-derived extracellular vesicles (TEVs) induce the epithelial-to-mesenchymal (EMT) in non-
malignant cells to promote invasion and cancer metastasis. As such, TEVs represent a novel therapeutic
target in a field severely lacking in efficacious anti-metastasis treatments. However, scalable technologies
that allow continuous, multiparametric monitoring of therapeutic response for identifying metastasis
inhibitors are missing. Here, we report the development of a platform based on organic electrochemical
transistors (OECTs) for the real-time monitoring of TEV-induced EMT and screening of anti-metastatic
drugs. We used TEVs derived from the triple-negative breast cancer (TNBC) cell line MDA-MB-231, to
induce EMT in non-malignant breast epithelial cells (MCF10A) over a 9-day period, recapitulating a model
of invasive ductal carcinoma metastasis. We performed extensive biological validation using
immunofluorescence (IF) imaging and protein expression analysis, providing mechanistic insight using
an epigenetics approach, and demonstrate our ability to obtain multiparametric functional readouts of
cells using OECTs. Further, by employing OECT-based phenotypic drug screening, we identify heparin as
an effective blocker of TEV-induced EMT in vitro, showcasing a promising anti-metastatic drug.

Full Text
According to the WHO, cancer is a leading cause of death worldwide, accounting for nearly 10 million
deaths, or one in six deaths in 2020 (https://gco.iarc.fr/today). The primary cause of cancer-related
mortalities is widespread metastases, which are difficult to treat with therapeutic intervention12,13.
Meanwhile, drug development is a slow and costly process14, with a failure rate of 96.6% for FDA
approvals in clinical trials for oncology15, primarily due to insufficient efficacy (48%/55%) or safety
(25%/14%; phase II/III)16. Therefore, the development of better pre-clinical drug screening technologies
and disease models is a healthcare imperative. Although metastasis is a hallmark of cancer, it remains
poorly understood12,17, in part due to challenges in characterising the spatial and temporal progression of
this malignancy17. Recently, nano-sized particles secreted by tumour cells implicated in intercellular
communication, called extracellular vesicles (EVs), have been found to play a pivotal role in
metastasis18,19. Tumour-derived (T)EVs carry functional oncogenic biomolecules that confer oncogenic
potential20 and induce malignant transformation21 in recipient cells to drive a process called the
epithelial-to-mesenchymal transition (EMT)19; a central component of metastasis. EMT is a reversible
process by which epithelial cells at the invasive front of carcinoma acquire a mesenchymal phenotype22

and develop the ability to migrate, invade23, and disseminate via circulation to form metastases in distal
organs1. Targeting TEVs with therapeutic intervention could represent a novel avenue for preventing EMT,
and thereby metastasis occurrence19. However, current sensing technologies and phenotypic screening
assays suffer from inherent trade-offs between the density of information gained and the ability to study
a complex biological/cellular system in its native state, which is particularly detrimental to the study of
transient biological processes, such as EMT. This hampers the discovery of new pharmacological
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strategies targeting TEV dysregulation pathways that could aid the development of antimetastatic
drugs24.

Phenotypic drug discovery approaches incorporating cell-based disease models have the potential to
address the incompletely understood complexity of diseases, compared to target-based drug discovery.
Although phenotypic screening can be an attractive proposition for efficiently identifying functionally
active hits that lead to first-in-class drugs25, current readouts rely on sensing technologies that are
invasive; perturbing the system of study (e.g. omics), produce discrete data, and/or scale poorly (e.g.
microscopy imaging)26,27. This makes it difficult to investigate the temporal relationship between
measured pharmacodynamic response and pharmacokinetics for quantitative translation to in vivo
outcomes28. Moreover, utilising low-throughput technologies to screen thousands of potential hits during
the early stages of drug discovery is cost- and time-prohibitive29. Thus, there is a pressing need to
integrate disease-relevant cell-based models with novel, scalable sensing technologies that produce
unbiased high-content and multiparametric readouts, ideally in a continuous manner, without disrupting
the native state of the system of study25. Here, we present a platform based on organic bioelectronic
technology that fulfils these requirements.

The field of organic electronics has progressed enormously since the initial discovery of conducting
polymers30 and has recently gained widespread applications in biomedical research. The physiochemical
properties of organic electronic materials, often establishing a direct conduit between biological and
electrical signals, have enabled the development of novel (bioelectronic) tools/devices to transduce
biological signals with the outmost sensitivity. One example is the organic electrochemical transistor
(OECT), a device that has been integrated with in vitro models of varying complexity spanning from
plasma membranes to 3D complex cell cultures31–37. OECTs are ideally suited for biological interfacing
on the one hand due to their inherent at-source signal amplification properties38 and on the other hand
due to their biocompatibility, comprising of polymer-based materials38,39. OECTs adopt a transistor three-
terminal configuration consisting of source and drain, on either side of a conducting polymer channel,
and one gate electrode that controls the channel conductivity. Belonging to the broader class of
“electrolyte gated transistors”, OECTs operate in direct contact with an electrolyte40 and their operation
relies on ions being “pushed” into the conducting polymer channel upon application of a gate bias,
changing its doping state, hence its conductivity41. The coupling between ionic (from the gate electrode)
and electronic (from the drain electrode) charges within the entire volume of the conducting polymer
channel is a particularly interesting feature of this device configuration with record high signal
amplification values that scale with the volume of the channel42. Hence, OECTs, have been widely
considered as especially promising biological signal amplifiers43,44 without necessitating the
incorporation of external circuits. The conducting polymer poly(3,4-ethylenedioxythiophene) doped with
poly(styrene sulfonate) (PEDOT:PSS) has been by and large the material of choice in OECTs due to its
excellent stability and easy processability45. When in contact with aqueous biological environments,
PEDOT:PSS swells, providing a biocompatible hydrogel-like interface for cells46, and exhibiting a large
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volumetric capacitance47. Another key feature of PEDOT:PSS is its optical transparency (when deposited
as a thin film), making it compatible with microscopy, thereby enabling simultaneous optical and
electrical readouts31,34,35, pivotal in biological assays. PEDOT:PSS -based OECTs have been used to
monitor cell coverage and differentiation, as well as epithelial barrier integrity both in Transwell format
and with cells adhered directly on the device surface31,33,48,49. The latter involves the growth of a
monolayer of cells on the channel and the gate, which introduces a barrier for ion motion in the electrolyte
(cell culture media), directly affecting the transistor output and in effect using the OECT as an impedance
biosensor33,50. Monitoring tight junction modulation, nephrotoxicity, cancer invasion, wound-healing, and
toxicology32,33,51−53 are only some of the various application areas where impedance-based OECTs
interfaced with cell cultures have been successfully used, although biological validation of the electrical
readouts has been limited in scope to date.

Capitalising on its key attributes, interfacing OECTs with a cell-based EMT-disease model could address
current issues facing sensing technologies and unlock higher throughput phenotypic screening for drug
discovery. We propose utilising OECTs and electrical measurements to continuously monitor EMT in vitro
and to produce high-content, quantitative, time-series data that can be correlated with cell phenotype. We
integrated OECTs with MCF10A cells; a normal, non-tumuorigenic, pre-neoplastic mammary cell line54,55,
and exposed these to TEVs derived from MDA-MB-231 cells; a highly aggressive and invasive triple-
negative breast cancer (TNBC) cell line56, to recapitulate a model of invasive ductal carcinoma (Fig. 1,
Supplementary Discussion 1). Key features of this work are: (1) isolating and characterising EVs; (2)
investigating the ability of TEVs to induce EMT in MCF10A cells using combined electrical and biological
readouts, providing mechanistic insight using an epigenetics approach; and (3) developing a robust and
scalable platform for the functional screening of anti-cancer/antimetastatic drugs, e.g. heparin.

Here, we demonstrate the ability of the OECT to monitor TEV-induced EMT in real-time, without
compromising compatibility with conventional end-point assays. We leverage the capabilities of OECT
devices to provide a continuous, label-free, non-disruptive, and quantitative measure of EMT in vitro,
using electrical measurements as a novel functional readout of a metastatic process, as well as of TEV
function. We validate the electrical readouts with molecular biology and optical microscopy techniques to
validate the OECT-based measurements. Finally, we demonstrate that we can dynamically monitor
therapeutic response and find that heparin, a competitive inhibitor of cell surface receptors, effectively
abrogates TEV-induced EMT in MCF10A cells, showcasing the drug screening capabilities of the
platform.

Results And Discussion
Characterisation of extracellular vesicles. In the present study, MCF10A cells were exposed to either MDA-
TEVs or EVs derived from non-tumuorigenic human embryonic kidney (HEK)293 cells (HEK-EVs), to
demonstrate that the associated EMT-inducing effect was caused by TEVs specifically, rather than EVs in
general – a so-called specificity check. EVs were isolated by ultracentrifugation, but without further



Page 6/36

purification to avoid compromising particle yield and may therefore be described as crude EVs. EVs were
characterised following the guidelines of The International Society for Extracellular Vesicle (ISEV) for EV
research57, which include EV quantification by particle number and total protein content, protein markers
expected and not expected to be present in enriched EV samples, and single vesicle analysis. Samples
were enriched in the classic EV protein biomarkers CD9 and CD63. Samples did not contain calreticulin; a
protein located in the endoplasmic reticulum, nor annexin A1; a microvesicle (150-1,000 nm sized EVs)
biomarker58 (Fig. 2a), as expected. Nanoparticle tracking analysis (NTA) revealed heterogenous EV
populations, with peak particle sizes of 153 ± 5.1 nm and 112 ± 12.7 nm for MDA-TEVs and HEK-EVs,
respectively (Fig. 2b). Although such EVs may qualify as exosomes, without confirmation of their
endosomal origin, they should be characterised as CD63-positive EVs57. Interestingly, EV particle
concentration varied by a factor of >6 between the cell types, with 145 x 109 ± 2.3 x 109 MDA-TEVs and
22.7 x 109± 0.8 x 109 HEK-EVs derived from the same number of cells. This is consistent with reports that
cancer cells produce an overabundance of EVs compared to healthy cells59,60, with their biogenesis
possibly enhanced by hypoxic conditions prevalent in the tumour microenvironment (TME)61. This
difference was equally reflected in the total protein amount, (Table 1). EVs had particle zeta potentials of
-12.6 ± 0.62 mV for MDA-TEVs and -6.2 ± 0.25 mV for HEK-EVs, as expected62. EVs displayed
characteristic spherical and cup-shaped morphologies on TEM micrographs, and size heterogeneity is
apparent with vesicles ranging from 50-200 nm in diameter (Fig. 2c). Immunogold labelling of MDA-TEVs
was performed to confirm the presence of CD63 on the EV’s surface (Fig. 2cii). 

EV Size
(nm)

ζ-potential
s(mV)

Concentration (billion
particles/ml)

Protein content
(μg/ml)

Ratio of 

μg protein
to 

billion
particles 

MDA-
TEV

153 ±
5.1

-12.6 ± 0.62 145 ± 2.3  2411 ± 23.2 16.6

HEK-
EV

112 ±
12.7

-6.2 ± 0.25 22.7 ± 0.8 350 ± 3.5 15.4

Table 1: EV characterisation data. Mean ± s.e.m.; values calculated from measurements of EVs collected
from n=2 and 3 different cell passages for each cell line for NTA/zeta potential and protein concentration,
measured using a Qubit 4 fluorometer, respectively. 

Continuous OECT-based monitoring of TEV-induced EMT. Current cell-based approaches and
accompanying sensing technologies suffer from limitations that result in the loss of useful information
and hamper the development of therapeutic interventions against EMT. End-point assays that yield
discrete data require multiple time-points to be incorporated into the experimental design to track the
dynamic changes that occur during EMT. While functional assays, such as migration or invasion
assays, allow functional changes to be assessed, these are often limited to optical techniques, which are
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inherently low-throughout and semi-quantitative at best. To address this, we developed a novel functional
readout of EMT using dynamic impedance-based monitoring on OECTs to probe changes in epithelial cell
barrier integrity resulting from malignant transformation. The electrical “tightness” of a cellular
monolayer is reflects the ionic conductance of the paracellular and transcellular pathways in an epithelial
monolayer64. Although strictly speaking this should be a measured on a Transwell format, the resistance
of cells adhered on substrates has previously been measured and correlates with barrier cell
differentiation to epithelial phenotypes48. Resistance of the cell layer is a quantitative measure of barrier
integrity and permeability, and, as such, can be correlated to the EMT status of cells (Fig. 1). We
postulated that the ability to continuously and non-invasively monitor cell phenotype during EMT could
help shed light on the incidence and implication of EMT hybrid states in metastasis and elucidate the
timescales of TEV function; a crucial insight for developing potent therapeutic interventions
(see Supplementary Discussion 2).  

To achieve this, we had to adapt our OECT platform to ensure that it was compatible with long-term
monitoring studies and could be integrated seamlessly with the EMT-model. Previous studies had
functionalised the OECT surface with collagen type I to promote cell adhesion32,52. However, collagen
type I promotes EMT and tumour invasion in cancer cells65,66. Therefore, to avoid any confounding
variables, we forewent any surface functionalisation and instead incubated the OECTs with normal
MCF10A culture media overnight prior to cell seeding to promote adherence of cells. Moreover, the
commonly used external Ag/AgCl electrodes52,53 are cytotoxic67–69 and thus inappropriate for long-term
studies. Instead, we opted to use a planar Au gate electrode to ensure that the devices produced stable
outputs over extended periods of time. The absence of any external electrode also reduced the risk of
contamination considerably and improved data acquisition times. 

The addition of an insulating cell layer between the channel (Fig. 3a) and the gate affects the OECT
gating efficiency, rendering the device slower to respond to a given applied gate bias35. The modulation
of the device response time serves as a measure of the epithelial barrier integrity and is defined as
the cut-off frequency, which corresponds to the frequency at 70.7% of the maximum transconductance48.
The cut-off frequency is a figure of merit that define the regimes of high and low ionic transport43.
Another important readout relevant to cells undergoing EMT can be derived from impedance
measurements of the OECT channel as a function of frequency.  As shown in the inset of Figure 3b, the
impedance of the channels increases for frequencies over ~2KHz. At this frequency range, the impedance
of our system is dominated by the resistance of the cell layer with the effect of capacitance being
negligible70. Therefore, we can directly correlate this increase of impedance with the cell layer resistance. 

To assess the ability of MDA-TEVs to promote EMT in MCF10A cells, four experimental conditions were
tested: (1) non-treated cells cultured with normal medium; (2) cells treated with MDA-TEVs representing
the treatment condition; (3) cells treated with transforming growth factor beta 1 (TGF-β1) representing a
positive control, as TGF-β1 is commonly used to induce EMT in epithelial cells71–73; and (4) cells treated
with HEK-EVs representing a negative control and a specificity check. The culture medium (normal or
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supplemented with MDA-TEVs, HEK-EVs, or TGF-β1) was refreshed every 48 hours, thereby exposing the
cells to fresh EVs or TGF-β1 every two days (see Schematic S1). Throughout the experimental period, the
activity of cells growing on the devices was monitored via daily OECT measurements. Figure 3a (see also
Fig. S2) illustrates highly viable cells on the devices at the end of the experimental period, assessed by
cytotoxicity/viability assays (LIVE/DEAD), assay) revealing an exceedingly high ratio of live-to-dead cells.
This also highlights the added benefit of using the OECT which has a transparent channel that can be
used to image the cells.

Cells present on the transistor channel and the gate electrode induce a shift in the cut-off frequency (Fig.
3c), which decreases as the cells continue to grow and differentiate, creating a barrier to the ion flux and
slowing the response of the device. This is equally reflected in the extracted cell layer resistance () data,
which increases over time (Fig. 3c, Fig. S3). The cut-off frequency was normalised to treatment day 0 for
each condition (Fig. 3d), as the treatments were started at this time and to account for device-to-device
performance variation. 

A two-way ANOVA was performed to analyse the effect of treatment condition and treatment time on cut-
off frequency. Within conditions, a two-way ANOVA showed that there was not a statistically significant
difference in mean normalised cut-off frequency between day 0 and day 9 for non-treated cells
(F(1,45)=54.88, p=.92) with Mdiff=0.17 (-17%) and cells treated with HEK-EVs (F(1,45)=54.88, p=.86) with
Mdiff=0.20 (-20%). A small decrease in normalised cut-off frequency is observed in both conditions, which
may be caused by the tightening of the lateral cell-cell junctions, as cells continue to differentiate and
form an insulating barrier on the device. An asymptotic regression analysis revealed that the normalised
cut-off frequency of non-treated MCF10A cells tends towards 0.88  0.034 (Fig. S4a). There was, however,
a statistically significant difference in mean normalised cut-off frequency between day 0 and day 9 for
cells treated with MDA-TEVs (F(1,45)=54.88, p<.000) with Mdiff=1.24 (+124%) and cells treated with TGF-
β1 (F(1,45)=54.88, p<,000) with Mdiff=1.09 (+109%). This increase in cut-off frequency indicates an
increase in the “leakiness” of the cell monolayer. This is in line with the degradation of cell-cell
junctions74, characteristic of cells undergoing EMT, leading to an increase in paracellular ion flux into the
PEDOT:PSS channel75. Optical imaging illustrates that cells are present and alive on the channel (Fig. 3a,
4b), , although the changes in paracellular ion flux are not visible, in contrast to the   highly sensitive
OECT-based measurements of changes in paracellular flux caused by EMT, enabling real-time monitoring
of cell phenotype transition. Interestingly, it appears that MDA-TEVs initially promote degradation of
epithelial barrier integrity faster than TGF-β1, during treatment day 0 to 4, after which point the effect of
both treatments are comparable. This is in line with previously reported timescales of TEV and TGF-β1-
indued EMT72,76,77.

Additionally, mean normalised cut-off frequency was compared between treatment conditions on day 9
(Fig. 3e). A two-way ANOVA showed that there was a statistically significant difference in mean
normalised cut-off frequency on day 9 between non-treated cells and cells treated with either MDA-TEVs
(F(3,45)=35.20, p<.000) with Mdiff=1.41 (171%) or TGF-β1 (F(3,45)=35.20, p<.000) with Mdiff=1.27 (153%).
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Whereas there was not a statistically significant difference in mean normalised cut-off frequency on day
9 between non-treated cells and cells treated with HEK-EVs (F(3,45)=35.20, p=1.) with Mdiff=0.021 (-3%).
This demonstrates our ability to compare different treatment conditions conducted on different OECT
devices to one another, which holds promise for scaled-up operation and confirms that the observed
effect is caused by the intervention (MDA-TEV or TGF-β1). Lastly, a simple linear regression was used to
test if MDA-TEV treatment time significantly predicted the mean normalised cut-off frequency (Fig. S5).
The fitted regression model was:

Normalised cut-off frequency = 1 + 0.134 (±0.008) x MDA-TEV treatment time (1)

The overall regression was statistically significant (R2=.978, F(1,69)=1527.60, p< .000) and it was found
that MDA-TEV treatment time significantly predicted mean normalised cut-off frequency (β=0.134,
p<.000). This indicates that the kinetics of the degradation of epithelial barrier integrity in this regime (0-9
days of MDA-TEV treatment) can be represented by a linear approximation. We would assume that the
linear regime only represents a slice of the epithelial barrier degradation process, as the cells progress
through EMT. The overall kinetics could potentially be represented by a logistic regression model (with its
characteristic S-shape) with a maximum corresponding to the cut-off frequency when no cells are present
in the channel. As cell barrier integrity invariably is associated with cell phenotype48 and by extension
EMT status12,74, our platform is thus able to provide insight into the kinetics governing TEV-mediated
EMT. This is highly applicable to predicting therapeutic response and modelling the relationship between
TEV/drug treatment dose/time and epithelial barrier integrity. 

Compared to previous studies, which assessed the effects of MDA-TEVs up to 48 hours post
treatment76,77, we demonstrate continuous monitoring of MDA-TEV-induced EMT over a 9 day period and
elucidate/establish a linear relationship between MDA-TEV treatment time and epithelial barrier
integrity/EMT status. The ability to continuously monitor a transient process in a dynamic system is ideal
for assessing drug response over time. To validate the electrical readouts, biomolecular assays were
carried out to assess the change in cell phenotype and determine EMT. 

Biological validation of OECT measurements by immunofluorescence and immunoblots. In our study, to
validate the electrical readouts and establish cut-off frequency and impedance as a credible figure of
merit for EMT, we determined cell phenotype and defined EMT status by analysis and quantification of
gene expression of classic EMT markers using immunoblots and ELISA. Additionally, we performed IF
confocal imaging to assess protein expression and location profiles and measure cell height and
morphology. IF confocal imaging was performed both on samples fixed 48 hours after treatment, as
previous studies report TEV-induced changes within this timeframe76,77, and on samples fixed on OECTs
treatment day 9. An N-cadherin based ELISA was performed on treatment day 7 and whole-cell lysates
were collected on treatment day 9 for immunoblot analysis. 

After 48 hours of exposure to MDA-TEVs or TGF-β1, vimentin expression markedly increased in the
treated cells and remodelling of F-actin is apparent with the appearance of actin stress fibres inside the
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cells, as opposed to the cortical thin actin bundles in the non-treated cells (Fig. 4a, see supplementary
discussion 3). After 9 days of treatment, F-actin stress fibres are still present (Fig. 4b). Additional
confocal IF images of MCF10A cells stained for E-cadherin,N-cadherin, and nuclei are available in Fig. S6.
Cell density, as measured by the number of nuclei per area, decreased by 23% and 44% with MDA-TEV
and TGF-β1 treatment, respectively (Fig. 4c). This is caused by individual cells occupying a larger area,
which indicates a flattening of the cells, consistent with the transformation from the apical-basal polarity
of epithelial cells to the back-front polarity of migratory mesenchymal cells74. The accompanying
functional changes to the cells was captured by the OECT measurements, as cut-off frequency increased
in the same 48-hour period (Fig. 4d), indicating that changes to lateral cell-cell adhesion have already
begun and is readily detectable by the OECT. This holds promise for the utilisation of the OECT platform
to provide better temporal resolution of TEV-induced EMT. 

To further substantiate these findings, confocal microscopy was employed to evaluate the height of cells
hosted on the OECT channel, as changes in cell height can be used to imply phenotypic switching during
EMT79. Z-stacked confocal images of cells in the OECT channel, labelled for F-actin and nuclei, were
obtained on day 9 of the experimental period (Fig. 4b, Fig. S7, Supplementary Videos 1-3). Cell height
varied between non-treated and treated cells, mirroring the trend of cell layer resistance derived by OECT
monitoring (Fig. 4e), and clearly demonstrating the unique ability of our platform to directly correlate a
biological event with a corresponding electrical readout, both occurring in the channel. To assess the
degradation of cell-cell junctions and define EMT, the samples were probed for several hallmark EMT
proteins. Treated cells had increased expression of vimentin, N-cadherin, and fibronectin, (mesenchymal
markers) and decreased expression of E-cadherin (epithelial marker), while F-actin expression remain
constant (Fig. 4f-h). This evidences the occurrence of the cadherin switch (from E- to N-cadherin) and
corroborates vimentin upregulation as seen on confocal images (Fig. 4a). ELISA-based N-cadherin protein
expression revealed that N-cadherin on treatment day 7 in the MDA-TEV- and TGF-β1-treated cells was 19-
and 15-fold higher, respectively, compared to the non-treated cells (Fig. 4f). Cells treated with HEK-EVs did
not exhibit differential expression of these markers compared to non-treated cells (Fig. 4g-h), indicating
that it is specifically MDA-TEVs that mediate EMT. 

Our biological validation data strongly indicate that MDA-TEV treatment promotes EMT in MCF10A cells.
Additionally, we demonstrate the multiplexing capability of the OECT platform by correlating the height of
cells in the transistor channel to the cell layer resistance, Rcell, measured in the same channel. This ability
to directly correlate an electrical signal with a biological readout is highly beneficial for furthering our
understanding of EMT. 

MDA-TEVs do not influence TWIST1 and TFPI2 DNA methylation levels. Next, we sought to gain
mechanistic insight into MDA-TEV-induced EMT via epigenetics analysis. Epigenetic remodelling is
prevalent during breast cancer metastasis80 and DNA methylation of tumour and metastasis suppressor
genes is a hallmark of circulating tumour cells81. Gene promoters, especially key tumour suppressor
genes, are unmethylated in normal tissues and highly methylated in cancer tissues82. In this way, gene



Page 11/36

promoter hypermethylation is a pathway for repression of gene transcription (transcriptional silencing),
and conversely, gene promotor hypomethylation (loss of DNA methylation) may promote gene
expression83. Oncogene BCR-ABL1-positive EVs released from leukaemia cells have been demonstrated
to increase global DNA methylation levels in recipient cells84. With this in mind, we sought to determine
whether MDA-TEVs influence DNA methylation by analysing the methylation status of the tumour
suppressor gene tissue factor pathway inhibitor 2 (TFPI2) and the pro-metastatic transcription factor
TWIST1. TWIST1 represses E-cadherin and promotes EMT76 and is negatively associated with TFPI2 in
breast cancer patients, as TFPI2 suppresses breast cancer progression through inhibiting TWIST-integrin
α5 pathway85. TFPI2 is downregulated in breast cancer cells lines compared to MCF10A cells and
methylation in the TFPI2 promotor has been found in highly invasive breast cancer cells86. TWIST1
transcripts were reportedly upregulated after MDA-TEV treatment76,77 (Fig. 5a) and we observed a down-
regulation of E-cadherin between treatment and non-treatment conditions (Fig. 4g-h), indicating E-
cadherin repression. However, MDA-TEVs do not appear to carry TWIST1 (Fig. 5b)

A MethyLight-based approach was used to determine the methylation of these markers87. This was
based on previous work published by Chettouh et al (2018), which looked at markers of Barrett’s
oesophagus for methylation88. We found that neither TFPI2 nor TWIST1 was significantly differentially
methylated between non-treated and MDA-TEV-treated cells (Fig. 5c). Surprisingly, TFPI2 displayed higher
levels of methylation compared to TWIST1 across both conditions. This raises the question of whether
TFPI2 (and TWIST1) methylation status in MCF10A cells could potentially contribute to the cell line’s
intrinsic phenotypic plasticity for mesenchymal transition. 

Interesting, immunoblot analysis revealed that TWIST1 protein was differentially expressed between the
two conditions (Fig. 5a, d), which could suggest that TWIST1 protein expression is being repressed post-
transcriptionally in non-treated MCF10A cells, e.g. by CPEB1/2 and miR-58089. miR-580 acts as a
negative regulator of TWIST1 expression in MCF10A cells and is downregulated in MCF10A cells which
have undergone EMT89. As cells treated with MDA-TEVs exhibit relatively higher levels of TWIST1,
TWIST1 protein expression could be upregulated post-transcriptionally by other regulatory mechanisms,
e.g. MDA-TEV-delivered miR-580-siliencing circular RNAs90, or even be induced by upregulation of
transcriptional factors, e.g. HMGA291. Further immunoblot analysis revealed that TWIST1 was not part of
MDA-TEV cargo, although highly expressed in MDA-MB-231 cells (Fig. 5b). These results collectively
indicate that MDA-TEVs are dysregulating endogenous TWIST1-repression in MCF10A cells via
mechanisms other than epigenetic remodelling or direct protein transfer. 

Heparin treatment blocks TEV-induced EMT. Given that EMT determines the most lethal feature of cancer,
metastasis, it represents an attractive target in oncology. However, direct targeting of EMT effector
molecules is, in most cases, pharmacologically challenging92. Previous anti-EMT strategies have targeted
signalling pathways, molecular drivers, or the mesenchymal cells themselves93, and several clinical trials
targeting EMT are ongoing94. Recent efforts using nitrofen and its analogues to interfere with the process
of EMT have proven efficacious in blocking TNBC metastasis and invasiveness both in vivo and in



Page 12/36

vitro95. Such reports underscore the importance of identifying pharmacological targets against EMT to
prevent metastasis. Moreover, as EMT increases drug resistance96, targeting EMT could also attenuate
cancer cell stemness and increase the effectiveness of more classic chemotherapeutic97. There is
therefore an imminent need to elucidate the role of TEVs in EMT to identify new anti-cancer strategies
that target TEVs.

We selected heparin as a possible TEV-targeting, anti-EMT treatment and leveraged our platform to
screen this candidate drug. Heparin is a glycosaminoglycan commonly used as an anticoagulant drug.
However, it is reported to have anti-cancer effects in humans98–101 and has been shown to decrease
metastasis in animal models102. The mechanism for heparin’s anti-metastatic effect has been proposed
to be a blocking function in tumour cell/platelet interactions103,104. In addition to this mechanism,
heparin’s anti-cancer role may involve regulating TEV uptake into recipient cells105. EVs depend on cell-
surface heparan sulfate proteoglycans (HSPGs) for their internalisation and functional activity and
heparin is a competitive inhibitor of cell surface receptors dependent on HSPG coreceptors7,105,106.
Heparin treatment of cells and/or EVs is known to interfere with TEV binding to the cell surface7,105,106

(Fig. 6a), and heparin has been reported to partially block EV-transfer of EGFRvIII mRNA into recipient
cells105 and significantly reduce EV-mediated stimulation of cancer cell migration and invasion4,7. This
function makes HSPGs a potential target for inhibition of TEV-mediated tumour development and
proliferation. To test the efficacy of heparin in preventing MDA-TEV-induced EMT, a two-factor factorial
experiment was designed, where cells were incubated with or without MDA-TEVs in the presence or
absence of heparin (Fig. 6b).

Heparin treatment of cells effectively ablated the EMT-promoting effect of MDA-TEVs and heparin itself
does not appear to adversely affect the barrier forming properties of the MCF10A cells (Fig. 6c, Fig.
S10), the expression of several mesenchymal and epithelial markers (Fig. 6d-e), nor the viability of cells
(Fig. S2). We hypothesize that if heparin treatment blocks MDA-TEV-induced EMT, then it may have an
impact on cancer metastasis and could therefore be a putative starting point in developing an effective
new drug for treating metastatic TNBC. An asymptotic regression was used to test if heparin treatment
time significantly predicted the normalised cut-off frequency (Fig. 6f). The fitted regression model was:

 
Normalised cut-off frequency =  

(2)

The overall regression was statistically significant (R2=.872, F(2,62)=210.63, p< .000) and it was found
that heparin treatment time significantly predicted normalised cut-off frequency (α=0.92, β=-3.52, γ=0.16,
p=0.0013), which compares well with the same model applied to the non-treated condition (Fig. S5). This
demonstrates our ability to readily model the transient drug response and compare it to a control
condition. Furthermore, it has been reported that persistent heparin treatment is necessary to abrogate the
malignant effects of TEVs and inhibit TEV-induced tumour progression107. To test the transient effect of
heparin treatment, cells were concurrently treated with heparin and MDA-TEVs for 3 days, after which the
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cells were washed in PBS and heparin treatment was ceased while MDA-TEV treatment continued (Fig.
6g.). Our results confirm the transient effect of heparin treatment and demonstrate that persistent
treatment of cells with heparin concurrently with exposure to MDA-TEVs is necessary to prevent MDA-
TEV-induced EMT. This also demonstrates the ability of the OECT to continuously monitor drug response
and investigate the temporal relationship between measured pharmacodynamic response and
pharmacokinetics non-invasively and in a facile manner. 

Outlook
Here, we demonstrate real-time, label-free, non-invasive monitoring of MDA-TEV-induced EMT using
OECTs and produce quantitative time-series data that can be readily modelled to extract information on
the kinetics governing TEV-driven epithelial barrier disruption. Our platform provides label-free high-
content and multiparametric readouts of a transient pathological process, and we correlate the functional
electrical measurements with biological readouts to establish a novel figure of merit for determining EMT
status in vitro. Further, by employing OECT-based phenotypic drug screening, we identify heparin as a
potent TEV-targeting, anti-EMT drug. Our approach provides continuous monitoring of therapeutic
response in a dynamic and relevant cell-based disease model, enabling anti-metastatic drug screening
that is facile and readily scalable for medium-high throughput operation.  

By recapitulating a model of invasive ductal carcinoma and integrating it with OECTs, we developed a
disease-relevant model amenable to probing by electrical measurements. This allowed us to capture the
dynamics of MDA-TEV-induced EMT over a longer period of time, compared to studies using
conventional cell-based assays76,77, and allows integration of cells directly onto an electroactive
substrate, for better compatibility with biomolecular assays. The compatibility of our platform with
optical imaging and end-point biomolecular assays for multiparametric readouts is crucial for
establishing OECT-based measurements as functional and robust figures of merit for EMT status, and is
necessary for validation and qualification of analytical performance and biological in vivo relevance, and
for adoption by industry and regulatory agencies29. Further, our platform facilitates quantitative
translation to in vivo outcomes, as it readily allows modelling of pharmacokinetic/pharmacodynamic
(PK/PD) relationships to elucidate the causative relationship between drug exposure and response108. .
On the other hand, OECT monitoring represents a new tool for elucidating the role of TEVs in EMT and
metastasis, with the potential to implicate specific EV subtypes, reveal dose-response relationships, and
explore the function of EVs derived from cancerous/non-cancerous cell lines and clinical samples.
Moreover, our platform is amenable to integration with models recapitulating other pathologies, where
epithelial barrier function serves as a functional readout of pathogenesis/disease progression. 

Given the high incidence and mortality rate of cancer, technologies that allow researchers to explore other
therapeutic windows between normal and cancer cells that can be exploited to treat cancer and reduce
the off-target effects of pharmacological modulation19 are required. Our platform could be used to
explore pharmacological strategies against TEV dysregulation and aid the development of antimetastatic
therapeutic strategies that target EMT.
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Methods
Cell culture: MDA-MB-231 epithelial breast cancer cells (ATCC HTB-26) were cultured according to
supplier’s instructions with Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific, TFS)
and supplemented with 10% (v/v) foetal bovine serum (FBS; Merck), 50 U/mL penicillin, 50 μg/mL
streptomycin, and 1% (v/v) GlutaMAX (TFS). MDA-MB-231 cells were cultured to 80% confluency before
passaging and did not exceed 15 passages. Human embryonic kidney 293 cells (HEK-293; kind gift from
Marc Borsotto, Université de Nice Sophia Antipolis, France) were cultured with Advanced DMEM (TFS)
and supplemented with 10% (v/v) FBS (Merck), 50 U/mL penicillin and 50 μg/mL streptomycin (TFS), 1%
(v/v) GlutaMax (TFS), and 50 μg/mL gentamicin (TFS). HEK-293 cells were cultured to 70–80%
confluency before passaging and did not exceed 15 passages. MCF10A human mammary epithelial cells
(ATCC CRL-10317) were cultured according to supplier’s instructions with Mammary Epithelial Cell
Growth Medium Basal Medium (CC-3151; Lonza) and supplemented with growth supplements BPE, 2 ml;
hEGF, 0.5 ml; Hydrocortisone, 0.5 ml; and insulin, 0.5 ml from MEGM SingleQuots Supplement Pack (CC-
4136; Lonza) and 100 ng/ml cholera toxin (Sigma Aldrich). MCF10A were cultured to 70-80% confluency
before passaging and did not exceed 10 passages and trypsin neutralising solution (TFS) was used
during subculturing. All cell lines were incubated at 37 °C with 5% CO2.

MCF10A cells display characteristics of luminal ductal cells but not of myoepithelial cells (Fig. 1) and
they make up the mammary ductal microenvironment of the terminal ductal lobular unit, which is the
origin of most pathologic breast lesions109.

Isolation of EVs: For EV harvesting, MDA-MB-231 and HEK-293 cells were cultured until 80% confluent,
washed twice with phosphate-buffered saline (PBS; TFS), and incubated with serum-free culture medium
for 48 hours before the conditioned medium (CM) was collected for further processing. CM from MDA-
MB-231 and HEK-293 cells was processed using a protocol adapted from110. In brief, CM was centrifuged
at 4 °C, 3,000 x g for 30 min to remove cells and cellular debris. The supernatant was centrifuged at
4 °C, 100,000 x g for 4 h (Type 50.2 Ti Fixed-Angle Rotor, Beckmann XL-90 Ultracentrifuge) to pellet out
EVs. The pellet was resuspended in 500 μL MCF10A cell culture medium or PBS (depending on the
downstream application) and stored at 4 °C. For cell experiments, EVs were used within 2 days of
isolation, and for particle imaging (TEM) and size analysis, EVs were analysed on the same day. 

Transmission electron microscopy (TEM): Exosome samples were visualized by TEM using negative
staining method. 10 μL sample was applied on glow-discharged carbon-coated copper grids for 2 min,
washed twice in Milli-Q water for 30 s each, and stained with 1% (w/v) water solution of uranyl acetate
for 2 min at RT. Imaging was performed on a FEI Tecnai G20 electron microscope, operating at 200 kV, 20
micron objective aperture, and images were recorded with an AMT camera. 

Immunogold staining: TEVs from MDA-MB-231 cells were stained incubated with mouse anti-CD63 (TFS,
1:5 000) followed by anti-Ms conjugated with 20nm gold nanoparticle (1: 5000; TFS) for 2 hrs. TEVs were
spun through a G25 column (Cytiva) after each incubation step and imaged using TEM. 
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EV size, concentration and zeta potential characterisation: Nanoparticle tracking analysis (NTA) was used
to determine the size and particle concentration of EVs. Samples were diluted 100-fold in PBS and
tracked on a Nanosight NS500 (Malvern). Zeta potential was determined using a folded capillary zeta cell
(DTS1070, Malvern) and a Zetasizer Nano ZSP (Malvern). Samples were dispersed in PBS (pH 7.4) and
the Smoluchowski model was applied. 

Cell lysate and EV sample protein extraction: Cultured cells were washed twice with cold PBS and
solubilised in 1 mL radio immunoprecipitation assay buffer (RIPA) Lysis and Extraction Buffer (TFS)
supplemented with 10 μL Halt Protease Inhibitor Cocktail and 10 μL EDTA (TFS) immediately before use.
Samples were incubated on ice for 5 min with agitation (20-30 min for MCF10A cells), aspirated buffer
was collected into a microcentrifuge tube and centrifuged at 4 C; 14,000 x g for 15 min to pellet cell
debris. The supernatant (cell lysate) was collected and stored at -80 °C pending further analysis. EV
protein samples were prepared by resuspending pellets post-ultracentrifugation in the supplemented RIPA
buffer. 

Western blot: The total protein content of cell lysates and EV samples was quantified using a Qubit 4
Fluorometer (TFS) per manufacturer’s instruction. Samples were diluted in lithium dodecyl sulfate (LDS)
sample buffer (4X Bolt; Invitrogen), denatured by heating for 10 min at 70 °C, and subjected to
electrophoresis using precast NuPAGE Novex 4-12% Bis-Tris Proteins Gels (Invitrogen) in NuPAGE MES
SDS Running Buffer (Invitrogen) under non-reducing conditions at constant 200 V for 30 min. The same
amount of protein (between 10-25 μg) from each sample was loaded into the gel wells. Proteins were
electrotransferred onto PVDF Transfer Membranes (TFS) using NuPAGE Transfer Buffer (Invitrogen).
Membranes were blocked with 5% (w/v) BSA in PBS (TFS, Oxoid) with 0.1% (v/v) Tween-20 (PBST; TFS)
for 1 h. For EV blots: Membranes were probed with mouse anti-CD9 (Invitrogen; 1:5 000), mouse anti-
CD63 (TFS, 1:5 000), mouse anti-annexin A1 (TFS; 1:5 000), and rabbit anti-calreticulin (Abcam; 1:5 000)
monoclonal primary antibodies for 1 h in PBST. For cell lysate blots: Membranes were probed with mouse
anti-vimentin (Abcam; 1:1 000), mouse anti-F-actin (Abcam, 1:500), rabbit anti-E-cadherin (Abcam; 1:1
000), mouse anti-N-cadherin (1:1 000), mouse anti-TWIST1 (1:250), and mouse anti-GADPH (Sigma-
Aldrich; 1:25 000) monoclonal primary antibodies for 1 h in PBST. This was followed by incubation with
HRP-conjugated anti-mouse IgG H&L (Invitrogen; 1:10 000) and anti-rabbit IgG H&L (Abcam; 1:10 000)
secondary antibodies in PBST for 1 h. All incubations were carried out on a shaker at RT or 4 °C. Western
blots were washed 3-5 times in PBST for 5 min after each incubation step and were visualised using
Pierce enhanced chemiluminescence (ECL) Western Blotting Substrate (TFS) on a G:BOX Chemi XX6
(Syngene). Band intensity was quantified using ImageJ Software Band function and normalised with
GADPH to compare relative protein expression between conditions. 

Cell-based EMT experiments in OECTs: OECTs were cleaned thoroughly with Milli-Q water and
isopropanol prior to sterilising by immersion in 70% ethanol for 24 hours. The devices were left in a sterile
MSC to promote evaporation of ethanol before incubating with normal culture medium overnight. Cloning
cylinders with an area of 0.5 cm2 doubled as culture wells which were stuck onto OECT devices with
PDMS. The wells defined the area in which the cells were cultured, with 3-6 channels and a gate electrode
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accessible within each well. MCF10A cells were then seeded at 1x104 cells/cm2 and cultured for 3 days
until cell coverage was ~70-80%, covering all channels fully, at which point the cells displayed a
polygonal morphology, characteristic of an epithelial phenotype (Fig 3a). MCF10A cells are usually
serum-starved for EMT studies73 but the normal culture medium does not contain serum, therefore, the
base medium was kept the same for all conditions. Treatment was started on day 3 (called treatment day
0) and cell culture media either pre-supplemented with 200 μg MDA-TEVs, 185 μg HEK-EVs, 10 ng/ml
TGF-β1, heparin, or without supplementation. The discrepancy in dose between MDA-TEVs and HEK-EVs
is due to the slight difference in protein-to-vesicle ratio of each EV type (see Table 1). EV dose, as
measured by total protein content and correlated with vesicle concentration (see Table 1), was
normalised to the number of MCF10A cells seeded to ensure that an equal number of cells were exposed
to an equal number of EVs (in this case 12 x 109 vesicles per 5,000 cells seeded), regardless of culture
area and medium volume. EV doses of 50-200 μg are typical77,111,112 and a 5 ng/ml dose of TGF-β1
induces EMT in MCF10A cells73, but prolonged treatment with 5 ng/ml TGF-β1 (6 days) is necessary to
induce EMT in MCF10A cells72, therefore the dose was increased to 10 ng/ml113 to accelerate this
process. Supplemented exogenous EVs were isolated from their respective cell lines every 2 days and
used fresh to prevent degradation of EV function by prolonged storage times. Electrical measurements
were performed prior to medium changes. Cells in the OECTs were either fixed for immunofluorescence
(IF) staining or lysed to collect whole-cell lysates for immunoblot analysis on treatment day 9 (after 12
days of culture). Experiments were also performed in 100 mm petri dishes and 24-well plates in parallel
with OECT experiments. 

Heparin treatment. Cells were incubated with or without 200 μg MDA-TEVs in the presence or absence of
10 μg/ml4,7,105 heparin sodium salt from porcine intestinal mucosa (Sigma-Aldrich). Heparin treatment
was refreshed every 48 hours concurrently with medium changes (supplemented with MDA-TEVs or not).
In the transient heparin treatment study, cells were treated with MDA-TEVs and heparin concurrently until
day 3, after which time the cells were washed thoroughly with PBS three times105 and treated with MDA-
TEVs for the remainder of the experiment. 

Fabrication of OECTs: OECTs were microfabricated on glass substrates based on established protocols
using standard photolithography and parylene C peel-off techniques114,115. The process starts with the
first layer of photoresist (AZ5214) being spin coated and exposed to ultraviolet light using contact aligner
to create Au electrodes and interconnection pads. The photoresist patterns were generated with AZ 726
MIF developer, followed by metal sputtering of 10 nm Cr and 100 nm Au and a standard lift-off process
using hot dimethyl sulfoxide. Next, we coated the second layer of photoresist AZ9260 on the substrates
and developed them using AZ developer. A parylene C layer was deposited to insulate the gold
interconnects. The OECT channel and gate were patterned by reactive ion etching, using a second layer of
parylene C, which was peeled off to yield a channel length and width of 50 μm or 100 μm and a gate
dimension of 500 x 500 μm2.
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Organic Electrochemical Transistor Measurements: OECTs were characterized using a dual-channel
source-meter unit (NI-PXI) with custom-written control code in LabVIEW. All measurements were
performed using the integrated planar gate electrodes. The channels studied were either 50x50 μm or
100x100 μm in length and width. 

Extraction of cell layer resistance from Z vs frequency plots: The electrochemical impedance spectra
(EIS) was obtained from the OECT channels using the source, drain and gate as the three electrode setup
and a custom made MATLAB code as described earlier by Rivnay et al70. EIS was performed at a
frequency range between 100 kHz to 0.1 Hz at V = 0 V vs VOC with an AC amplitude of 10 mV. We
extracted the resistance value for each condition by using equation 1 and the impedance magnitude
value at 2 kHz, assuming that capacitance contribution to the overall signal is negligible.   

Confocal Microscopy: Viability assay: the viability of cells growing on the OECT platform was checked by
evaluating plasma membrane intactness and enzymatic activity via a two-colour fluorescence
cytotoxicity/viability assay (LIVE/DEAD™ Viability/Cytotoxicity Kit, for mammalian cells, Invitrogen). The
assay was performed at the end of the experimental period (culture day 12), by removing cell growth
medium, washing thoroughly with PBS and adding the reagents. After 1-hour incubation, the reagent was
replaced with PBS before visualization with a confocal microscope. Immunofluorescence staining: All
samples were fixed with 4% paraformaldehyde (PFA, ThermoFisher Scientific) for 10 min, at room
temperature; then, samples were thoroughly washed with PBS and stored at 4 oC until ready to use. Prior
to immunofluorescently labelling the samples, cells were permeabilized in 0.1% v/v Triton X-100 (Fisher)
for 10 min and then blocked for nonspecific binding with 1% wt/v BSA (TFS) and 0.1% v/v Tween-20
(TFS) in PBS for 1 hour at room temperature. The primary and secondary antibodies used are: Phalloidin-
iFluor 594 Reagent (abcam), Bisbenzamide H (Hoechst 33342) (abcam). Images were obtained using an
epifluorescence/confocal microscope (Axio Observer Z1 LSM 800, Zeiss), using 10x/0.45 and 20x/0.8,
(Plan-Apochromat, Zeiss) objective. The 2D micrographs shown are representative of three different
frames/locations of each. Z-stacks and cell height: For each condition/treatment, z-stacked confocal
images were acquired from at least one channel of the respective OECT devices (independent samples).
After acquiring these, the height of cells on the OECT channel was measured using the ortho-view (x/z
and y/z planes) and graphic features/tools of the confocal microscope software (Axio Observer Z1 LSM
800, Zeiss; ZEN blue edition 3.4. The mean cell height for each condition/channel/sample was calculated
from at least eight measurements: the z plane was fixed in the middle/center of each cell layer on the
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respective OECT channel, as identified by the z-stack series data, and x and y locations were varied within
this frame to account for variations of the cell layer height on this surface/plane.  

Enzyme-linked immunosorbent assay (ELISA): To investigate the expression of mesenchymal marker N-
cadherin in MCF10A cells before and after treatment with MDA-TEVs, an ELISA assay was done.
Following the manufacturer’s protocol, a Human N-cadherin DuoSet ELISA kit (R&D Systems) was utilized
to measure the concentration of N-cadherin in MCF10A lysates on day 7 of treatment. Absorbance at 450
nm, as recommended, was measured for all samples, and the concentration of N-cadherin was found
using the absorbance and concentration of the protein standards and the absorbance of the unknown
concentration samples. The concentration of N-cadherin protein present in MCF10A lysates was
normalized by total protein content. 

Cell density from IF micrographs: IF images were analysed using ImageJ software. Cell count was
performed using the software. Images were converted to 8-bit, and the threshold was adjusted to
minimise noise and amplify contrast. The binary tools Fill Holes and Watershed were used to
automatically determine cell borders. Cells were automatically counted using the Analyze Particles tool.
Both cell counts including and excluding image borders were performed, and their mean was used as the
final cell count. 

DNA extraction and methylation qPCR: QIAamp DNA mini kit (Qiagen) was used to extract DNA from TEV-
treated un-treated MCF10A cells according to the manufacturer’s protocol. A total DNA input of 300 ng
was bisulfite converted using the EZ DNA Methylation Gold kit (Zymo) following manufacturer’s protocol.
For the qPCR assay, a TaqMan approach was used involving gene-specific primers and probe targeting
the methylated sequences. No amplification detected was considered to be non-methylated DNA for the
target. Each sample was run in triplicate for the two genes; TWIST1 and TFPI2, and for the house-keeper
gene B-actin used to control for variances in DNA input. A standard curve was initially established using
fully methylated DNA (Merck), and each subsequent qPCR run included a calibrator (1:100 dilution) to
allow for quantification and negative controls.

Each PCR contained a final concentration of 1x LightCycler Probes (Roche), 0.6 µM each primer, 0.2 µM
probe, 2.5% DMSO, 1M betaine and 2 µL bisulfite converted DNA in a final reaction volume of 10 µL.
Reactions were carried out using a LightCycler 480II (Roche) using the following qPCR thermal cycling
conditions; 95oC for 10 mins, 50 cycles of 95oC for 15 sec, 60 oC for 60 sec including data acquisition.
Methylation was determined as previously described by Chettouh et al., (2018):

A= methylation value of gene of interest in each sample; B = methylation value of the gene of interest in
the calibrator; C= amplification value of β actin in each sample; and D= amplification value of β actin in
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the calibrator. 

Sequence Name Nucleotide Sequence

TWIST1_Forward CGTCTACAACTCCTCGTAAAACTACG

TWIST1_Reverse TCGGGTAGTTCGGTTTAGGGTAAG

TWIST1_Probe [6FAM]ACTCCCGCCGCCGCTACTACTACC[TAM]

TFPI2_Forward TGTAGGGGGTCGGGCGGTTC

TFPI2_Reverse CGCTCGCCCCGCATAAAACG

TFPI2_Probe [6FAM]CGTTTGGCGGGAGGAGGTGCGCGGTT[TAM]

Beta-actin_Forward TGGTGATGGAGGAGGTTTAGTAAGT

Beta-actin Reverse AACCAATAAAACCTACTCCTCCCTTAA

Beta-actin_Probe [6FAM]ACCACCACCCAACACACAATAACAAACACA[TAM]

Statistical Analysis: For all experiments performed in this study, variance analysis was performed using a
one-way or two-way ANOVA, depending on the number of factors, to find significant differences between
conditions. F- and p-value were reported using the following convention: F(df regression, df residual) = [F-
value], p = [p-value]). All data were plotted and analysed using Microsoft Excel and OriginLab Pro and
they were presented as mean ± s.e.m. Statistical significance levels were determined as follows: *p ≤
0.05, **p ≤ 0.01, and ***p ≤ 0.001. Each biological independent experiments correspond to biological
replicates where cells from different passages were used; n = total number of biological replicates. 
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Figures

Figure 1

Schematic 1: A model to recapitulate invasive ductal carcinoma integrated with an OECT platform for
investigating TEV-induced EMT. EMT has been implicated in the initiation of metastasis, as epithelial
cells at the invasive front of carcinomas acquire migratory and invasive properties to break through the
basement membrane and disseminate via circulation to form metastases in distal organs1. Post-
internalisation, recipient cells exhibit physiological changes associated with alterations of their
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transcriptome and proteome2,3. TEV exposure results in increased expression of several mesenchymal
markers, including α-smooth muscle actin and Snail4, decreased expression of epithelial markers,
including β-catenin5 and tight junction protein ZO-16, and reciprocal changes in E-cadherin and N-
cadherin expression2 – the so-called cadherin switch. Functionally, TEVs enhance the migratory and
invasive properties of recipient cells4,7. TEVs may further facilitate premetastatic niche formation8,
promote angiogenesis9, alter host immune response10, and induce pro-metastatic inflammatory
response11. By integrating a highly relevant model of breast cancer metastasis associated EMT on
OECTs, we unlock real-time monitoring of this malignant process with multiparametric readouts.

Figure 2

(a) Immunoblots of MDA-MB-231 and HEK-293 whole-cell lysates and (T)EV samples. Proteins were
separated on SDS-PAGE gels and membranes were blotted with indicated antibodies. CD9, predicted: 25
kDa; CD63: smeared band between 35-60 kDa (multiple glycosylated forms influence gel migration,
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therefore CD63 appears as a smear in the 30-60 kDa range, as expected63.); annexin A1, predicted: 38
kDa; calreticulin, predicted: 55 kDa (other bands may indicate presence of dimers and multimers).
Unedited immunoblots are available in the SI (Fig. S1). (b) Concentration (mean ± s.e.m.; n=5 acquisitions
from one sample per EV type) and size distribution, calculated by NTA, of EVs, with peak particle sizes of
153 ± 5.1 nm and 112 ± 12.7 nm for MDA-TEVs and HEK-EVs, respectively. (c) Representative negative
stain TEM micrographs of indicated EVs (n=3 independent biological samples). (c.i.) MDA-TEVs. Scale
bar, 200 nm. (c.ii.) MDA-TEV with 20 nm gold nanoparticles conjugated via CD63 antibody (white arrow).
Scale bar, 150 nm. (c.iii) Close-up of MDA-TEV. Scale bar, 100 nm. (c.iv) Smaller MDA-TEVs. Scale bar,
100 nm. (c.v) HEK-EVs. Scale bar, 200 nm. (c.vi) Close-up of HEK-EV. Scale bar, 100 nm.
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Figure 3

(a) Brightfield image of cells on the OECT device and zoomed in view of the channel with cells stained
with viability/cytotoxicity kit probes (green-LIVE: calcein AM). The black boxes are the source and drain
electrodes and the darkened area between them is the PEDOT:PSS channel. (b) Typical time evolution of
the OECT frequency-dependent response as cells grow and form a confluent layer under normal culture
conditions (non-treated). Inset graph shows the evolution of the impedance for non-treated cells. A
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confluent layer of cells grown on the transistor channel induces a shift in the OECT cut-off frequency,
from 860 Hz (dashed black line) to 140 Hz (solid blue line), and an increase in impedance from 4.9 kΩ to
26.4 kΩ. (c) Typical in-line monitoring of the cut-off frequency, as derived from the transconductance vs
frequency plot, and the cell layer resistance (Rcell), as derived from the impedance vs frequency plot of
non-treated cells. The vertical dotted line represents the baseline without cells on the device and the
shaded area represents the treatment window. Equivalent representative cut-off frequency and Rcell plots
are available for all conditions in Fig. S3. (d) Cut-off frequency normalised to day 0 (treatment start day)
over time for the four experimental conditions: non-treated; 200 μg MDA-TEVs; 185 μg HEK-EVs; and 10
ng/ml TGF-β1 (mean ± s.e.m.; s.e.m. indicated by lightly coloured areas; n=3 and 2 for non-treated/MDA-
TEV and HEK-EV/TGF-β1, respectively). Data points before treatment day 0 are omitted for clarity. (e)
Normalised cut-off frequency from treatment day 9 compared across the four conditions (mean ± s.e.m).
Two-way ANOVA. *** p≤0.001.
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Figure 4

(a) Representative confocal images of immunofluorescently labelled MCF10A cells on treatment day 2;
after 5 days of culture and 48 hours after addition of 200 μg of MDA-TEVs and 10 ng/ml TGF-β1, as
indicated. Cells were stained for F-actin, vimentin, and nuclei. Insets show a close-up of cells. Scale bars,
50 μm. (b) Representative x/z and y/z orthogonal views (ortho-views, right) of each cell layer in the OECT
channel (treatment day 9), obtained by z-stacked confocal images. PEDOT:PSS channel is indicated by
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white dotted lines. Cells were stained for F-actin and nuclei. Scale bars, 50 μm. White arrows indicate cells
with a rounded morphology. (c) Cell density on treatment day 2 across conditions. Cell number was
determined by counting cell nuclei from 5 frames (mean ± s.e.m.). One-way ANOVA. (d) Normalised cut-
off frequency from treatment day 0, 2, and 9 across conditions (mean ± s.e.m.; n=3 and 2 for non-
treated/MDA-TEV and TGF-β1, respectively). Two-way ANOVA. (e) Cell height in channel derived from
orthogonal projections (mean ± s.e.m.; min. 8 measurements taken from different x- and y-positions; see
Fig. S7, Supplementary Videos 1-3) and the cell layer resistance measured in each specific channel as
derived from impedance (Z) plots. One-way ANOVA. (f) ELISA-based N-cadherin protein on treatment day
7 across conditions (mean ± s.e.m.). One-way ANOVA. (g) Immunoblots of whole-cell lysates collected on
treatment day 9. Equal quantities of protein were separated on SDS-PAGE gels and membranes were
blotted with indicated antibodies. Vimentin, predicted: 54-75 kDa; E-cadherin, predicted: 97 kDa; N-
cadherin, predicted: 125-135 kDa; fibronectin (slightly smeared due to glycosylation78), predicted: 262-285
kDa; F-actin (slightly smeared), predicted: 42 kDa; and GADPH, predicted: 37 kDa. Unedited blots are
available in Fig. S8. (h) Quantitative values of protein expression derived from immunoblots presented as
Log2 fold-change versus non-treated condition expression level (mean ± s.e.m.; n=3). Two-way ANOVA. *
p≤0.05, ** p≤0.01, *** p≤0.001.
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Figure 5

MDA-TEVs modulate TWIST1 protein expression but not DNA methylation level. (a) Immunoblots of
whole-cell lysates collected on treatment day 9. (b) Immunoblot of MDA-TEVs and MDA-MB-231 whole-
cell lysate. Equal quantities of protein were separated on SDS-PAGE gels and membranes were blotted
with indicated antibodies. TWIST1, predicted: 21 kDa; GADPH, predicted: 37 kDa. Unedited blots are
available in Fig. S9. (c) Total methylation (%) relative to house-keeping gene β-actin (mean ± s.e.m.; n=1).
(d) Quantitative values of protein expression derived from immunoblots presented as fold-change versus
non-treated expression level (mean ± s.e.m.; n=3). *** p≤0.001, n.s. = non-significant.
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Figure 6

Heparin blocks MDA-TEV-induced EMT. (a) Schematic showing the proposed mechanism by which
heparin binds to spike glycoproteins to out compete cell surface HSGPs and prevent EV adhesion and
uptake. Created with Biorender.com (b) Two-factor factorial design to assess the effect of heparin
treatment on MDA-EV-induced EMT. (c) Comparison of the normalised cut-off frequency on treatment day
9 between cells treated with MDA-TEVs in the absence (-) or presence (+) of heparin (mean ± s.e.m.; n=3).
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(d) Immunoblots of whole-cell lysates collected at the end of the experiment. Equal quantities of protein
were separated on SDS-PAGE gels and membranes were blotted with indicated antibodies (same
antibodies as listed in Fig. 4). Unedited immunoblots are available in Fig. S8. (e) Quantitative values of
protein expression derived from immunoblots presented as Log2 fold-change versus non-treated
expression level (mean ± s.e.m.; n=3). (f) Asymptotic regression model fitted to the drug response data
points. (g) Heparin treatment temporarily blocks MDA-TEV-induced EMT. Cells were treated with heparin
between day 0 and 3 (green coloured area) while exposed to MDA-TEVs. Washing cells with PBS to
remove heparin and subsequently exposing cells to MDA-TEVs lead to an increase in cut-off frequency
(dark blue coloured area). Data points before treatment day 0 are omitted for clarity (mean ± s.e.m.; s.e.m.
indicated by lightly coloured areas; n=2 and 3 for the transient heparin treatment condition (dark blue
data points) and MDA-TEV (+/-) heparin (red and light blue data points), respectively. * p≤0.05, **
p≤0.01, *** p≤0.001.
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