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ARTICLE OPEN

Integrating flexible electronics for pulsed electric field delivery
in a vascularized 3D glioblastoma model
Marie C. Lefevre1, Gerwin Dijk1,2, Attila Kaszas1, Martin Baca1, David Moreau1 and Rodney P. O’Connor 1✉

Glioblastoma is a highly aggressive brain tumor, very invasive and thus difficult to eradicate with standard oncology therapies.
Bioelectric treatments based on pulsed electric fields have proven to be a successful method to treat cancerous tissues. However,
they rely on stiff electrodes, which cause acute and chronic injuries, especially in soft tissues like the brain. Here we demonstrate
the feasibility of delivering pulsed electric fields with flexible electronics using an in ovo vascularized tumor model. We show with
fluorescence widefield and multiphoton microscopy that pulsed electric fields induce vasoconstriction of blood vessels and evoke
calcium signals in vascularized glioblastoma spheroids stably expressing a genetically encoded fluorescence reporter. Simulations
of the electric field delivery are compared with the measured influence of electric field effects on cell membrane integrity in
exposed tumor cells. Our results confirm the feasibility of flexible electronics as a means of delivering intense pulsed electric fields
to tumors in an intravital 3D vascularized model of human glioblastoma.

npj Flexible Electronics            (2021) 5:19 ; https://doi.org/10.1038/s41528-021-00115-x

INTRODUCTION
Glioblastoma multiforme (GBM) is a highly aggressive malignant
primary brain tumor and one of the most challenging diseases
to treat in oncology1. Despite available treatments based on
surgical resection, radiotherapy, and chemotherapy, the prog-
nosis remains very poor with a median survival time after
diagnosis of ~15 months2. Radical resection of the primary
tumor mass is not curative due to the high degree of
invasiveness of GBM. Infiltrating tumor cells stay within the
surrounding brain area, leading to disease progression and
recurrence3. Even after combining radical resection and multi-
modal therapies, ~70% of the cases of GBM patients will
experience disease progression within one year of diagnosis4.
Accordingly, improving existing diagnostics and treatment tools
is vital, as well as the development of novel approaches for the
treatment of recurrent glioblastoma.
Bioelectric therapies show great potential for the treatment of

cancer, although they are poorly clinically applied to treat human
brain cancers. Indeed, it still raises skepticism related to a lack of
supportive data, especially in GBM treatments5. These therapies
use intense pulsed electric fields (PEFs) of sufficient intensity to
modify the permeability of cellular membranes and influence the
tumor microenvironment. One of the most established of these
methods is electrochemotherapy (ECT), which improves the
intracellular delivery of chemotherapy drugs including bleomycin
and cisplatin by the application of PEFs6. The significant
advantage of ECT is its selectivity. Indeed, as the threshold for
depolarization is higher for excitable cells, it is possible to
specifically targets tumor cells without harming neurons, by
optimizing pulse parameters, such as pulse duration or electric
field intensity6–9. Recently, an alternative to ECT has been
suggested, based on the enhanced delivery of extracellular
calcium ions via electroporation6. Calcium ions are involved in
many cellular processes and by elevating the intracellular calcium
concentration in cells one can enhance tumor necrosis10.
Irreversible electroporation (IRE) is another well-characterized
bioelectric therapy based on PEFs. In this case, electric pulses

are used to ablate large volumes of tissue in a non-thermal way by
inducing irreversible cell membrane disruption. However, it is still
not clear whether cell death occurs by necrosis, apoptosis, or both
mechanisms11,12. PEFs also disrupt the tumor microenvironment,
besides their direct effect on tumors. They trigger neural and non-
neural vasoconstriction mechanisms depending on the voltage.
Low-voltage stimuli induce reversible vasoconstriction through
neural pathways, while high-voltage stimuli activate both path-
ways, as discussed in more details in Brinton et al. paper13. This
results in a disruption of the vascular perfusion, which can impact
drug delivery and tumor survival14–16. All of the above treatments
are delivered via the surgical insertion of rigid metal electrodes
into tissue for an acute treatment period that lasts in the range of
seconds to minutes, followed by removal of electrodes devices.
Insertion of rigid electrode materials into the brain is traumatic

to tissue. Implanted metal electrode materials cause several issues,
such as mechanical mismatches and foreign body inflammatory
responses17. The brain is particularly sensitive to insertion and
micromotions of implanted stiff electrodes, which are known to
causes acute and chronic injuries due to inflammation and
astroglial scarring18. In addition to being invasive and mechani-
cally non-conformable, currently used electrodes mainly target
small areas and demand the application of high voltage pulses,
which can cause damage to nearby healthy tissue the brain19.
The emergence of plastic bioelectronic technologies opens

the way for less invasive implanted treatments. Compared to
metal or silicon-based electrodes that are rigid, thin conductive
plastic film electrodes have lower Young’s modulus20. Their use
as substrates results in more flexible, soft electrodes that have
better compliance with biological tissues. In addition to their
good mechanical properties, plastic electronics allows large-area
sensing and stimulation on curvilinear surfaces21. We propose to
integrate flexible electronic technology into tumors for the
treatment of cancer with implanted devices using their delivered
electric fields.
In testing electrode technologies, one typically starts with

in vitro models before in vivo preclinical experiments on animals.
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Although cost-effective, convenient, and easy to set up, in vitro
models have many limitations as they fail to mimic the complex
microenvironment of native tumors22. In vivo models are more
robust but also more expensive, time-consuming, and raise ethical
issues. For this reason, intermediate models are an interesting
alternative for testing and developing therapies. The in ovo model
presented in this work combines a living organism—a quail
embryo—and an in vitro 3D model of glioblastoma tumor. Indeed,
three-dimensional cell culture allows one to generate spheroids of
glioblastoma cells. These spheroids exhibit many features of
avascular tumors, such as gradients in oxygen and nutrients, or a
necrotic core23–25. Engineered tumors are grafted into the
embryonic membrane of a quail, the chorioallantoic membrane
(CAM). This membrane is highly vascularized and has been
extensively used to study angiogenesis and the efficiency of the
drug delivery to tumor models26,27. At an early stage of
development, quail embryos have no immune system, thus
tumors can be grafted in the CAM without being recognized as
a foreign body26. Spheroids of glioblastoma secrete growth
factors, mainly because of hypoxia, which induces angiogen-
esis28–30. As a consequence, new blood vessels will grow from the
existing vasculature of the quail embryo, vascularizing the tumor
and supplying nutrients and oxygen31.
In this work, we present a complete model for the study of a

flexible electronic PEF delivery system implanted onto glioblas-
toma tumors. We first describe the development of the 3D
vascularized biological model of glioblastoma and then use this
model to deliver PEFs with flexible electronics to spheroids of
GCaMP6f-expressing glioblastoma cells grafted in the chorioallan-
toic membrane. Next, we demonstrate the influence of PEFs
delivered by our flexible interdigitated electrodes on the vascular
constriction of blood vessels. Finally, we investigate the dose-
dependency of PEF-induced calcium signals in vascularized
spheroids, measuring the influence of repeated applications of

PEFs on tumor cell membrane integrity with widefield fluores-
cence and two-photon microscopy.

RESULTS
3D model of glioblastoma and integration of flexible
electronics
A vascularized human brain cancer model was used as a platform
for testing flexible electronics as a means of delivering pulsed
electric fields to tumors. Interdigitated electrodes were designed
to deliver an electric field between electrode fingers (Fig. 1a)19.
Gold electrodes were deposited onto a thin layer of the organic
polymer Parylene-c, resulting in a flexible and biocompatible
device20,32,33. This substrate is transparent, allowing fluorescence
imaging through the device.
For the development of the in ovo model of glioblastoma,

several techniques were combined (Fig. 1b). The liquid-overlay 96-
well plate method of 3D-cell culture was used to produce
spheroids of glioblastoma mimicking avascular brain tumors
(Fig. 1b.1). In parallel, quail eggs were opened to obtain a shell-
less culture of quail embryos (Fig. 1b.2). The graft of the spheroids
in the CAM induced vascularization of the tumor (Fig. 1b.3-5). The
flexible electronic device was placed directly on the vascularized
tumor and the effect of PEFs was measured with fluorescence
microscopy (Fig. 1c).
The flexibility and the biocompatibily of our electrodes were key

points to have a good interaction with tissues, first with the in ovo
model of GBM, but also with brain in the future. The substrate
chosen for this purpose was the Parylene-c. This organic polymer
has a much lower Young modulus (2.76 GPa) than standard stiff
silicon electrodes (150–170 GPa), which reduce significantly the
mechanical mismatch with soft brain tissues (3–100 kPa)34. The
use of this polymer resulted in a highly conformable probe, which
adjusts to curvilinear surfaces as demonstrated by placing it on

Fig. 1 Integration of flexible electronics onto a vascularized 3D tumor model. a Flexible interdigitated electrodes and the scheme of the tip.
b Steps of the development of the in ovo model of glioblastoma. c Spheroid of U87 cells obtained by 3D cell culture observed under the
microscope. d Shell-less culture of a quail embryo with a zoom on the grafted spheroid. e–g pictures of vascularized spheroids observed by
fluorescence microscopy. On e and f, vasculature was visualized by injecting Texas Red dextran into the circulation. On (g) in addition to the
intravascular injection of Texas Red dextran in the circulatory system (red), spheroid was labeled intravitally with a viability marker (green).
h Flexible interdigitated electrodes placed on the in ovo model of glioblastoma, observed by fluorescence microscopy with the same markers
than (g). Scale bars: a 2mm, c 100 µm, d left: 1 cm, right: 200 µm, e–h 400 µm.
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the irregular surface of a phantom brain made in agarose (Fig. 2a).
The surface of the device is hydrophilic, as the measured static
contact angle with water is 68.8 ± 5.2° (n= 3)35, and it sticks to the
membrane of the embryo (Fig. 2b and Supplementary Video 1).
Finally, it has a good resistance to bending as it was still functional
after reaching a bending radius of 0.2 mm (Fig. 2c).
The biocompatibility of the flexible electrodes was assessed by

performing electrochemical impedance spectroscopy (EIS). Differ-
ent probes (n= 5), either new or used for previous experiments,
were placed in situ on the chorioallantoic membrane of the
embryos (N= 5) on DAY 0 and the EIS was measured every day
(Fig. 2d). From DAY 0 to 7, no significant changes were observed
in the electrode impedances (Fig. 2e). The stable impedance
values confirm that both the electrode integrity is intact and that
there were no significant changes in biological environment, and
so no foreign body response, which was previously reported to
increase electrode impedance over time36. Moreover, no visual
damage was observed on the embryo after removal of the probe,
in contrast with the bleeding caused by the insertion of standard
stiff electrodes (Supplementary Fig. 1). Figure 2e shows the
impedance measured in vitro in phosphate-buffered saline (PBS)

before and after the experiment, as well as the average
impedance on the embryo. The impedance in situ was higher
than in vitro for frequencies >100 Hz which is typical for an
epithelial cell layer that covers an electrode37. No change was
observed in the impedance before and after the experiment,
indicating no electrode degradation and stable performance
in time.
In order to understand the dosimetry of the flexible device,

numerical simulations were performed to model the spatial
distribution of the electric field delivered to the biological model.
The distribution of electric field was investigated at the electrode
in contact with a saline solution on a 300 μm-thick layer. Using the
electro-ohmic quasi-static solver (Sim4life, Zurich), the spatial
distribution was simulated evaluating the intensity of the electric
field as a function of the distance from the electrodes in the XZ
plane (Fig. 3a, b). Results showed that the electric field decreased
to less than 1% of the maximum intensity at a distance of 130 μm
from the surface of the microelectrodes (Fig. 3c), demonstrating
the highly focal surface delivery of our flexible electronic device.
U87-spheroids were formed using a variation of the liquid-

overlay 96-well plate method. The target was obtaining spheroids

Fig. 2 Mechanical and electrical characterization of flexible electrodes. a Flexible device placed on the surface of a phantom brain made in
0.6% (w/v) agarose in deionized water. b Flexible device sticking to the CAM. c Flexible device bended between two jaws, with a bending
radius of 0.2 mm. d Electrochemical impedance spectroscopy of the flexible interdigitated electrodes in situ over time. DAY 0 to 2: N= 5, DAY
3 and 4: N= 4, DAY 7: N= 2). e Impedance spectroscopy in vitro in PBS, before and after the experiment, and the average impedance in situ.
N= 5. Error bars indicate standard deviations. Scale bars: a, b 5mm, c 1mm.

Fig. 3 Numerical simulations of the electric field. a Spatial distribution of the electric field as a function of distance from the electrodes. b Zoom
on a region of interest with only subset of interdigitated electrodes. c View of the electric field magnitude along the green line represented in b.
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with a diameter exceeding 400 µm to induce the formation of a
hypoxic core38. Indeed, without supply of oxygen and nutrients
provided by the blood, avascular tumors may become necrotic or
apoptotic39, which in turn triggers the angiogenic switch, a
transition between the avascular state and a stage of active blood
vessel growth mainly driven by hypoxia28. Hypoxic cells in the
tumor express growth factors such as vascular endothelial growth
factor (VEGF), which induce angiogenesis and thus the formation
of new blood vessels that can supply the tumor28–30.
Next, the goal was achieving spherical spheroids, meaning a

coefficient of roundness above 0.8 (see Materials and methods for
calculations), in order to be reproducible between experiments.
The roundness and diameter of the spheroids were studied,
depending on the number of cells seeded and the time. After
7 days of growth, the majority of spheroids were spherical with a
diameter above 400 µm, except for spheroids made of 5000 cells,
whose diameter was 387 ± 17 µm (n= 44 spheroids). A total of
10,000 cell-spheroids, 15,000 cell-spheroids, and 20,000 cell-
spheroids had respective diameters of 443 ± 11 µm, 474 ± 13 µm,
and 487 ± 14 µm (n= 44 spheroids). In total 10,000 cell-spheroids
were arbitrary chosen for the rest of the experiments.
After implantation of a tumor in the CAM, embryos were

observed with fluorescence microscopy. Neo-angiogenesis was
observed within 1–2 days as blood vessels developed from the
CAM to irrigate the implanted tumors. Some grafts were
performed using the viability marker Calcein-AM to label
spheroids (Fig. 1b5) to illustrate the extent of this vascularization.

Flexible electronic delivery of PEFs to the vasculature of the
embryo
PEFs have a known effect on the tumor microenvironment as they
disrupt perfusion by blood vessels, and thus lead to reduced
blood flow and oxygenation in tumors. The study of this
phenomenon is important for bioelectric therapies such as ECT,
as it can affect the kinetics of drug delivery14,40. We first used our
model without grafting a tumor to validate the delivery of electric
fields by our flexible electronic device.
Experiments were performed on a random selection of blood

vessels. A pulse train of 5, 100 µs monophasic voltage pulses were
delivered at 20 V with a resulting current measured at the
terminals of 100mA. After applying PEFs, the blood vessels near
the microelectrodes showed vasoconstriction (Supplementary
Video 2). One example shown is that of a 296 µm-wide blood
vessel (Fig. 4a, b). After 120 s of beginning of the experiment, the

diameter decreases to 257 µm, corresponding to a vasoconstric-
tion of 13%.
Normalized diameters of blood vessels were compared over

time to evaluate flexible electronic delivery of PEFs (Fig. 4c). Blood
vessels were grouped depending on their diameter: large (more
than 300 µm), medium (between 200 and 300 µm) and small (less
than 200 µm). With the same parameters for the delivery of PEFs,
diameters decreased of 11.3 ± 1.6% (Mean ± SD) for large blood
vessels (N= 6 blood vessels from n= 4 eggs), 16.3 ± 4.8% for
medium blood vessels (N= 11 blood vessels from n= 7 eggs) and
25 ± 3.5% for small blood vessels (N= 3 blood vessels from n= 2
eggs). Negative controls were performed without pulse delivery
showing vessel diameter remained stable throughout all experi-
ment, indicating that vasoconstriction was indeed due to PEF
delivery.

Flexible electronic control of tumor calcium signals
PEFs delivery to tumors by flexible electrodes was confirmed by
measuring calcium signals by fluorescence imaging in vascular-
ized spheroids. The flexible interdigitated device was implanted
onto the vascularized tumor preparation and PEFs were delivered
at a series of voltages to determine the dose–response relation-
ship (Fig. 5a). Fluorescence intensity was normalized to initial
signals and measured over time thereafter. The change in
fluorescence, and thus tumor cell intracellular calcium, was shown
to increase as a function of the applied voltage as shown in
Fig. 5b. A significant increase in fluorescence was observed
immediately after pulse delivery with an EC50 of 16.3 V, where the
EC50 is the voltage at which a half-maximum response is reached.
Control experiments, where no voltage pulse was delivered
showed no change in fluorescence.

Manipulation of tumor cell membrane integrity by flexible
electronic delivered PEFs
Flexible electrodes implanted onto the biological preparation
were used to deliver repeated application of PEFs to disrupt the
membrane integrity of tumor cells. We compared the uptake of
the red fluorescent indicator propidium iodide (PI) into vascular-
ized tumor spheroids following repeated pulse trains. PI is a
nucleic acid-binding fluorophore that is cell impermeant and thus,
can enter only in cells with compromised membranes41. It is
commonly used as an indicator of electropermeabilization
following the delivery of pulsed electric fields. Trains of 5 pulses
(20 V–100 µs–1 Hz) were repeated every 30 s and the fluorescence

Fig. 4 Vasoconstriction induced by flexible electronic delivery of PEFs. a, b view from the top of the device placed on the vascularized
tumor and a zoom on the region of interest at the beginning (a) and the end (b) of the experiment. Texas Red dextran was injected into the
vascular circulation to visualize blood vessels with fluorescence microscopy at λexc= 595 nm. White arrows show the location of the measure,
performed between the dotted lines depicting the edges of the blood vessel at the beginning (yellow) and the end (blue) of the experiment.
Scale bars: (a, b) left panel: 400 µm, right panel: 100 µm. b Normalized diameter over time after PEFs delivery (5 pulses–20 V–100 µs–1 Hz)
depending on the blood vessel diameter. The pulse train is represented in blue. Negative control: N= 3, large blood vessels: N= 6, medium
blood vessels: N= 11, small blood vessels: N= 3. Error bars indicate standard deviations.
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of the spheroids was compared (Fig. 6a). An increase in PI
fluorescence was observed after applying 4, 10, or 20 trains of
PEFs, compared to control experiments, which was performed
without delivering PEFs resulting in no change in fluorescence. In
parallel, we followed the change in GCaMP6f, representing tumor
intracellular calcium over time to assess the influence of repeated
delivery of PEFs (Fig. 6b). An increase of fluorescence was
observed following each train of pulses, but the amplitude was
shown to decrease over time.
The depth of the electric field influence on tumor cell

membrane integrity was verified by two-photon microscopy,
which showed that spheroids pulsed with flexible electrodes
(Fig. 6d) showed increased PI fluorescence, as compared to control
samples (Fig. 6c). Analysis of the cross-section of the spheroid
before and after pulsing (trains of 5 pulses (20 V – 100 µs – 1 Hz)
repeated 10 times), confirmed that the increase in PI fluorescence
(Fig. 6f), and thus electropermeabilization, occurred at a depth
(Fig. 6g) similar to that predicted by our model (Fig. 3.c). The
obtained results show that repeated stimulation by flexible
electrodes induces PI uptake in vascularized tumor spheroids,
demonstrating electropermeabilization at the surface of the
tumor, as predicated by simulations of the electric field under
the device surface.

DISCUSSION
In this work, we present a complete model permitting the
integration of flexible electronics into intravital vascularized
glioblastoma tumors. The combination of an optimized liquid-
overlay 96-well plate method and the ex ovo CAM model allowed
us to produce vascularized brain tumors. This preparation is a

good compromise between in vitro and in vivo experiments, as it
is a more complex model of solid tumor compared to cell culture
monolayers, without the inconvenience, cost, and ethical issues
associated with animal models. Experiments with this preparation
are only limited in time by the survival of the embryo up to
12 days, thus allowing 7 days of observation. The method is
inexpensive, fast, reproducible, high-throughput, and raises less
ethical issues (requiring no animal experimentation authorization
in Europe). It allows complete access to the circulatory system of
the embryo, which can be useful for following drug uptake. As the
embryo has no immune response, there is no foreign body
response either to the xenograft tumor (human) or the electronics,
as demonstrated by impedance spectroscopy. It is therefore an
outstanding system for testing flexible electronic devices under
intravital conditions before moving towards preclinical animal
studies.
We used our model to investigate vasoconstriction triggered by

PEFs to demonstrate that flexible electronics are capable of
bioelectric therapies previously shown in our work with rigid
metal electrodes15 and others42. Vasoconstriction of blood vessels
exposed to PEFs was observed to depend on their diameter, as
previously shown42. This decrease of diameter implies an even
greater decrease of the blood flow as the flow rate in a cylindrical
pipe is proportional to the fourth power of the diameter
(Poiseuille’s equation)43.
Some variability was expected as the electric field decreases

with the distance from the electrodes in the orthogonal
direction44. We showed that this model is suitable for the study
of vascular effects of PEFs, which may be used to develop
implantable flexible electronic devices to reversibly control blood
perfusion for applications in surgery or wound healing.

Fig. 5 Effect of PEFs on calcium signaling. a Picture from the top of the device placed on a U87-GCaMP6f spheroid grafted in the
CAM observed at λexc= 490 nm and a zoom on the region of interest. The fluorescence is measured on the ROI depicted in yellow.
Scale bars are respectively 400 µm and 100 µm. b Normalized fluorescence intensity measured over time depending on the voltage
applied. c Dose–response: maximum fluorescence change depending on the voltage applied: 0 V (n= 7), 5 V (n= 5), 10 V (n= 4), 15 V (n= 5),
20 V (n= 3), 25 V (n= 3), 30 V (n= 2). Error bars indicate standard deviations.
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Finally, we demonstrated the potential of flexible electronics
to control cellular signals in vascularized tumors stably expres-
sing a fluorescent calcium sensor. Stimulation via the device was
capable of elevating intracellular tumor calcium in a dose-
dependent manner with the applied electric field. Significantly,
transient and reversible increases in GCaMP6f fluorescence were
measured at applied voltages ranging from 10 V to 30 V,
showing it was possible to repeatably stimulate intracellular
calcium signals in tumor cells.
Two-photon microscopy was used to show the focal nature of

the electric field delivered by the flexible electrode device as a
function of tissue depth in tumors, confirming numerical
simulations. As expected, cells in the first 20–25 µm of the
interdigitated electrode surface were electropermeabilized.
Repeated electrical stimulations and subsequent increases in
GCaMP6f fluorescence intensity in glioblastoma spheroids,
showed that calcium signals in these tumors could be controlled
with the device. The intracellular calcium concentration of cells is
tightly regulated in cells and serves as a universal signal45.
Prolonged excursions of intracellular calcium can be used to
induce apopotosis or necrosis, and indeed is the means by which
calcium electroporation can be used to kill cancer by the

combination of electropermeabilization in the presence of high
extracellular concentrations10. Adding extracellular calcium has
some risks in the brain as it can influence neuronal excitability by
interactions with membrane phospholipids that alter the intra-
membrane electric field or through Calcium sensing receptors46,47.
Here we propose a means of dysregulating intracellular calcium

in tumor cells by repeated stimulation and electrical control with
an implanted flexible electronic device. Although the custom
pulse generator used in the current study was not designed to be
left in the biological preparation, an implantable stimulator system
for integration with the flexible electrode system is under
development for close loop stimulation.
Flexible and biocompatible interdigitated microelectrodes were

designed and validated in this work for their capability to deliver
PEFs and disrupt the tumor microenvironment. These electrodes
are highly conformable and can be implanted on the surface of
the CAM or tumor without affecting viability of the embryo.
Moreover, they remain stable in biological environments and can
be reused. The use of a transparent substrate allowed optical
imaging with widefield fluorescence and multiphoton microscopy
through the device. The design can easily be adapted as standard
techniques of flexible electronic microfabrication are used. Future

Fig. 6 Uptake of PI due to PEFs. a Spheroids observed at λexc= 550 nm before and after application of PEFs. b Normalized fluorescence
intensity of calcium signals (λexc= 490 nm) measured over time of spheroids subjected to 10 trains of PEFs (red ticks). Trains of 5 pulses
(20 V–100 µs–1 Hz) are delivered every 30 s. c, d Two-photon maximum intensity projections of implanted spheroids at (c) control and (d)
pulsed states (five 20 V pulses with 100 µs pulse width at 1 Hz, repeated 10 times at 30 s interstimulus intervals). e Zoom-in to the region
marked with the square on d. f–g Raw (f) and normalized (g) side projection pixel intensity profile of propidium-iodide staining from control
spheroid (blue) and after pulsing (red). FWHM: full width at half maximum. Scale bars: 100 µm.
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microfabrication strategies can include the addition of thin
layers of the conductive polymers PEDOT:PSS to increase charge
injection to the biological sample48, or implementation of organic
ion pumps to electronically elute charged chemotherapeutics via
iontophoresis49,50.

METHODS
Tumor cell lines and culture
Human U87-MG glioblastoma cells (ATCC HTB-14) were purchased from
Sigma and maintained at 37 °C in a 5% CO2 humidified atmosphere. Cells
were cultured in Dulbecco’s Modified Eagle’s Medium + GlutaMAX™-I
(10567-014, Gibco) supplemented with 10% fetal bovine serum (S181BH,
VWR), 100 units mL−1 of penicillin, and 100 µgml−1 of streptomycin
(15140-122, Gibco).

Generation of U87-GCaMP6f stable cell line
U87 cells were genetically modified by lentiviral transduction. Lenti-X 293 T
cell line (63218, Takara Bio) is a HEK 293T-derived cell line optimized for
Lenti-X virus production, which is able to deliver a gene of interest into
cells. Lenti-X 293 T cells were cultured in Dulbecco’s Modified Eagle’s
Medium containing 4.5 g L−1 of glucose, L-glutamine, sodium pyruvate,
and sodium bicarbonate (D6429, Sigma), supplemented with 10%
tetracycline-free FBS (631105, Takara Bio), 100 units mL−1 of penicillin
and 100 µgml−1 of streptomycin (15140-122, Gibco). pGP-CMV-GCaMP6f
(40755, Addgene) is a plasmid created by Douglas Kim containing the
gene GCaMP6f and a selection marker conferring resistance to puromy-
cine51. Plasmid DNA was extracted with GeneJET plasmid Maxiprep Kit
(K0492, Thermofisher) following the protocol given by the supplier.
For the production of the virus containing the gene of interest, Xfect

single shot transfection reagent (631447, Takara) was used following the
protocol provided by Takara (111814). Briefly, 25 µg of plasmid DNA was
diluted in sterile water for a final volume of 600 µL and added to a tube of
Xfect single shots reagent. After 10 seconds of vortexing, the tube was
incubated 10min at room temperature to allow the production of
nanoparticles. The content of the tube was added dropwise on the
culture of Lenti-X 293 T cells. Cells were incubated at 37 °C for at least 4 h.
Then, the virus production in the supernatant was confirmed by using
Lenti-X™ GoStix™ Plus (631280, Takara).
Before the infection with the lentivirus, U87-MG cells were grown for

4 days in Dulbecco’s Modified Eagle’s Medium + GlutaMAX™-I (10567-014,
Gibco) supplemented with 10% tetracycline-free FBS (S181BH, VWR),
100 units mL−1 of penicillin and 100 µgml−1 of streptomycin (15140-122,
Gibco). Supernatant containing the virus was added on the target cells
with 5 µgmL−1 of Sequa-brene (S2667, Sigma), a product that enhances
the efficiency of the lentiviral infection. After 6 h of incubation at 37 °C, the
medium was replaced by a fresh one. Transducted cells were selected by
using 0.5 µgmL−1 of puromycine (A11103, Gibco) in the media. A stable
U87-GCamp6f cell line was generated from a single transducted cell.

Tumor spheroids
Spheroids were produced using a variation of the liquid-overlay 96-well
plate method52. A solution of 1% (v/w) agarose (Sigma Aldrich) was
prepared in deionized water and autoclaved. After heating up the
solution one minute in the microwave, 75 µL was added in each well to
form a meniscus on the bottom of the well. After 10 minutes at room
temperature, the agarose cooled down and jellified to form a non-
adherent round-bottom well. Glioblastoma cells were rinsed with
Phosphate Buffer Saline solution (Thermofisher D8537) and detached
using 1 mL of 0.25% Trypsin-EDTA (1X) (Gibco 25200-056) at 37 °C. The
desired quantity of cells was added per well, in a total volume of 150 µL
per well. Half of the media was changed every 2-3 days. This method of
generating spheroids is reproducible, inexpensive and high-throughput.
Indeed, it requires 7 days and only very little material to produce
hundreds of spheroids with a similar size exceeding 400 µm. Moreover,
spheroids are easy to handle and can be collected and grafted using a
standard 1000-µL pipette.

Growth monitoring of spheroids
To study the growth of spheroids over time, 2 × 104 cells, 1.5 × 104 cells,
1 × 104 cells and 5 × 103 cells in 150 µL of medium were respectively added
in 24 wells of a 96-well plate. Half of the medium was changed every

2–3 days. Spheroids were analyzed from day 6 to day 15 using the software
Zen 2 Lite Carl Zeiss Microscopy GmbH with a microscope and a camera
from Carl Zeiss. Roundness is determined with the software ImageJ, by
fitting an ellipse to the spheroid. The square of the length of its primary
axis is compared to the square of the diameter of a circle of the same area
to determine the roundness. The calculation is based on Eq. (1):

Roundness ¼ 4 ´
Area

π ´ Major Axis½ �2 (1)

Area and [Major Axis] correspond respectively to the area and to the length
of the primary axis of the best fitting ellipse. A roundness of 1 corresponds
to a circle whether a roundness of 0 corresponds to an elongated ellipse.
The measure of the diameter was performed with the software Zen 2

Lite, only on spheroids with a coefficient of roundness over 0.8. The
diameter of each spherical spheroid was measured on a view from the
bottom.

Ex ovo CAM assay
The chorioallantoic membrane (CAM) assay was developed with quail eggs
and adapted from previously described protocols15,31. Fertilized eggs of
Japanese quail (coturnix japonica) were obtained from Japocaille (Saint
Euphrône, France) and incubated at 37 °C on trays with an automatic
rotator that turned eggs every 2 h, with a humidity of 57%. The day when
eggs were set in the incubator was considered as the Embryonic Day (ED)
0. On ED3, the eggs were gently opened and the embryos were poured
into a plastic weigh boat, covered with a second weigh boat, and
transferred to a standard humidified incubator at 37 °C as shell-less culture.
On ED6, a small incision was performed with a needle to open the CAM
membrane. A spheroid was placed on the incision with a pipette and the
embryo was returned to the incubator until further experiments.
To assess the viability of the tumor after grafting, spheroids of U87-MG

were incubated for 30min at 37 °C with 5 µM Calcein-AM (BD Biosciences
354216) solution, a viability marker, before the graft. Except for this
experiment, spheroids of U87-GCamp6f were used.

Fabrication of flexible and biocompatible microelectronics
Interdigitated electrodes were made in our cleanroom. Each electrode had
6 interdigitated fingers of 50 µm with an interelectrode gap of 50 µm. The
fabrication process was based on methods reported previously53. In total
of 7 µm of parylene C were deposited by a SCS Labcoater 2 on a clean
glass slide. Metal electrodes and connection leads were patterned using a
lift-off process with a bi-layer of LOR5A resist and S1813 photoresist.
Photoresist was exposed with a SUSS MBJ4 contact aligner. An adhesion
layer of 10 nm chromium and 150 nm of gold were evaporated with a Boc
Edwards thermal evaporator and the photoresist was lifted off. The outline
of the probe was etched with a scissor. Finally, the device was washed with
deionized water to delaminate the device from the glass slide.

Characterization of flexible microelectronics
The conformability of the device was tested on a phantom brain made in
0.6% (w/v) agarose in deionized water. The maximum bending radius was
measured with a lab-made machine. The static contact angle with water
was measured 3 times with a goniometer (Apollo Instrument OCA200).
Electrochemical impedance spectroscopy was performed with a

PalmSens4 from 1 Hz to 500 kHz and 3 measurements points per decade.
A 2-electrode setup was used where one of the interdigitated electrodes
functioned as the working electrode and the other as the counter
electrode. Measurements were performed each day, e.g., every 24 h.

Numerical modeling
Simulations of the electromagnetic dosimetry were performed using
Sim4Life developed by ZMT, with the Electro Ohmic Quasi-static solver. In
order to characterize the device, calculations have been done for 20 V on a
saline solution. The parameters used for the simulations are described
in Table 1.

PEF delivery on the CAM model
PEFs were delivered using a pulse generator built in our laboratory. In total
5 positive pulses of 100 µs with a repetition frequency of 1 Hz were
delivered. The voltage was set with a precision of 1 V at the desired value.
The current and the voltage were measured at the terminals of the
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electrodes using National Instruments system. Each assay lasted 180 s and
the train of pulses started after 10 s of the experiment.
For the experiments on vasoconstriction, flexible electrodes were placed

directly on a random selection of blood vessels with a diameter in the
range of 70 to 483 µm wide (N= 23 blood vessels in n= 11 embryos). The
electrodes were placed directly under the microscope thanks to an
electrophysiology micromanipulator (Sutter Instruments, MPC-200) imple-
mented with a lab-made holding device on which the probe is fixed. The
voltage was set to 20 V, corresponding to 4 kV cm−1 for a gap of 50 µm
between the fingers. Dextran Texas Red 70,000 (10mgmL−1 in PBS,
ThermoFisher D1830) was injected directly in the eye of the embryo to
visualize the blood vessels. The diameters of the blood vessels were
measured over time with the software ImageJ.
For the experiment on calcium signaling, electrodes were placed on

U87-GCamp6f spheroids one or two days after grafting. The voltage was in
a range of 5–30 V corresponding to 1–6 kV cm−1. Fluorescence data
extraction was made using the software ImageJ, respecting the following
steps. First the spheroids were automatically detected using the threshold
function of ImageJ and regions of interest data over time were exported
into Excel. Values were then corrected by linear regression to remove
effect of photobleaching, and finally were normalized according to Eq. (2):

ΔF ¼ F tð Þ � F0
F0

(2)

F(t) corresponds to fluorescence intensity at a given time t and F0 the
average fluorescence intensity calculated on the 10 s preceding the
delivery of PEFs.
For both experiments, measures were done at least in triplicates, except

for 30 V in the calcium signaling experiment, as there was most of the time
appearance of bubbles disturbing the measurements. Negative controls
were performed by placing the devices on the desired area but delivering
no PEFs.
For the experiment on Propidium Iodide (PI) uptake, 10 µL of 15 µM PI

were added on top of the vascularized spheroid and a picture of the initial
fluorescence was taken, before placing the electrodes on top of the tumor.
The voltage was set to 20 V and 1, 4, 10, and 20 trains of 5 positive pulses
of 100 µs with a repetition frequency of 1 Hz were delivered every 30 s.
After removing the electrodes, 10 µL of PI were added on top of the
spheroid and a picture of the final fluorescence was taken, with the same
parameters of exposure. A control was performed by following the
protocol, but without delivering PEFs.

Imaging by fluorescence microscopy
Imaging was performed with a CMOS camera (Prime 95B, Photometrics)
and an illumination system for fluorescence microscopy (pE-4000,
CoolLed). Images were recorded using the software WinFluor (University
of Strathclyde, Glasgow). The blood vessels dyed with Dextran Texas Red
70,000 were visualized at λexc= 595 nm. The U87 spheroids dyed with
Calcein-AM and the U87-GCaMP6f spheroids were observed at λexc=
490 nm. The PI uptake was visualized at λexc= 550 nm. The values of
fluorescence were corrected by using an exponential regression, in order
to remove the effect of photobleaching of the dye.

Two-photon imaging
The preparation was positioned underneath a 16X objective (Nikon LWD
16x/0.8 NA) under IR camera guidance, using 15 µM PI in PBS as immersion
fluid. Switching to two-photon mode, a control z-stack of the spheroid was
acquired on a dual-scanhead two-photon microscope (FemtoS-Dual,
Femtonics Ltd, Budapest, Hungary) equipped with a femtosecond pulsed
laser tuned to 989 nm (Mai Tai HP, SpectraPhysics). Following the
placement of the electrode, five 20 V-pulses were applied with 100 µs

pulse width at 1 Hz, repeated 10 times at 30 s interstimulus intervals. Then
the electrode was removed and another z-stack with parameters identical
to the control one was acquired. Data were analyzed using the MES
software package (Femtonics Ltd., Budapest, Hungary) running under
Matlab (Mathworks).

DATA AVAILABILITY
The data generated and analyzed during the study are available from the
corresponding author.
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